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Chapter1 
Introduction

Recently, the development of quantum devices has attracted much attention, 
which could open perspectives for further developments, especially in computer 
physical technology [1.1-1.13]. Although many experiments were performed in the 
fabrication of contacts based  on  individual molecules or even atoms in recent year, 
they only focused at the molecule-scale or atom-scale resistors. In this research field, a 
fundamental point which is hardly addressed, is the development of actively 
controllable devices such as quantum switches, which allow to control the current 
through an atom-scale device by an independent gate electrode. 

The group of Th. Schimmel reports a series of innovative experiments, which 
allow the controlled and repeatable switching of an atomic-scale quantum point 
contacts by means of an independent gate electric field [1.14-1.18].The switch can be 
applied as a basic functional electric unit, and it shows us an incredible stability at room 
temperature: after several days and several thousand times transition between the “on 
state” and ”off state” it still works. It shows great potentialities and probability of 
application.  However the basic principle of such a switch is not clear yet, and the 
investigation of the process close to the apexes of metal electrodes is rather important to 
understand the atomic-scale metal reconstruction and electronic properties under the 
extra electronic field in a liquid environment, which obviously could help us to improve 
and apply the technology of quantum switch [1.19-1.36]. 

Fig. 1.1  Diagrammatic sketch of the experiment setup. Pb is located on the narrow gap 
between two Au working electrodes (WE) [1.17].
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The diagrammatic sketch of the experiment setup is shown by Fig. 1. Before the 
beginning of electrochemical deposition, the container is thoroughly streamed with 
inert gas (Ar) to create a practical Oxygen-free environment, which can prevent the 
oxidation reaction of lead.  To grow the atomic-scale Pb contacts, two polycrystalline 
gold working electrodes (WEs) are set (thickness approx. 100 nm, 50 nm apart ). They 
were covered with an insulating polymer which can minimize the ionic conduction. The 
distance between them is approximately 50 nm. The electrolyte is made from 1 mM 
Pb(NO3)2 and 0.1 M HNO3 in bidistilled water. The lead  reference electrode (RE) and 
the counter electrode (CE) (two lead wire with 0.5 mm diameter and 99.998% purity) 
are set by a computer-controlled potentiostat which the potentials of the WEs are 
related to. Between two WEs, the voltage of  -12.9 mV is used to measure the 
conductance.

Fig. 1.2 The Ag quantum switch working process [1.37].
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The gate potential ( U G ) (blue curves) control the source-drain conductance 
G sd  of the Ag atomic-scale quantum switch (red curves) directly. The last two 

figures  in fig.1.2 show us the details of U G  and G sd changes from 140s to 200s in 
the figures above [1.37].

The size of the switch is rather small, the distance between two contacts is on the 
scale of the electron wavelength, the quantum effect of the electron is notable and can 
be observed directly. The conductance of such switches is quantized, the value of the 
conductance is multiples of the conductance quantum G0 , which is equal to the 

2 e2/h . E  is the charge of an electron and h is Planck's constant. 
Fig. 1.2 shows us a stable switch process observed on silver atomic-scale quantum 

switch, similar results are also observed for lead. The source-drain conductance 
changes between the  “off state” (insulation state) and “on state” ( G sd = G0 ), 
which obviously is controlled by the gate potential directly. The switch open potential 
is in the range between -18 mV and -36 mV and closed by the control potential between 
6 mV and 15 mV [1.14, 1.17, 1.37]. 

The switching process between 0 to G0  costs only about 50 μs after the control 
potential is changed, different switches have characteristic differences depending on the 
different geometry of contact and ion concentration of the environment. However these 
switch processes are highly repeatable, more than 1000 switching events were recorded 
from the experiments of numerous different contacts [1.14, 1.17, 1.37].

The experimental data indicate several important points:

First, the geometries of the contacts should be well-ordered, most probably in a 
“crystallized” structure, after several dissolution-deposition processes. Here we address 
a general idea of the structures of contacts (Fig. 1.3). Most possibly, contacts are 
formed by (111) surface, (100) surface, in particular stepped surfaces, which were 
chosen to simulate the contact surfaces in our study (for stepped surfaces (211), (311), 
(511), (711) are used ).  More details of these surfaces will be presented in Chapter 4.

Fig. 1.3 The diagrammatic sketch of the contacts which might be formed by (111) 
surface, (100) surface and stepped surfaces
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Second, the “off state” corresponds to a high stable “phase off” of the switch, and 
“on state” is related to another stable “phase on” under the control potential. Normally 
“phase off” is more stable than “phase on”, but the stability relation reverses when the 
control potential reaches a certain value.

Third, the stability and repeatability of the switch indicate an existence of a stable 
and certain kind of pathway between “phase off” to “phase on”.

What happens during this switch process? or in other words, what are the 
differences between these two “phases”? In my opinion, there are three possibilities:

1, Because of the liquid environment, the structures of water layers near the 
contacts may change when the extra potential changes, and this may cause the 
difference of the electric properties. In Chapter 5, we investigate the metal-water 
interface, and compare the results with some experimental data.

2, Under potential control , the barriers of self-diffusion may change and this make 
it possible to transform the structure to a more stable structure. In Chapter 6, the 
processes of self-diffusion on different surfaces are investigated. 

3, The deposition of the metal ions in the solution and dissolution of the contact 
may happen, and make the transformation between the “on” and “off” phase. This 
situation is more complicated than the two above, and it is the next step of our 
investigation.

The main purpose of our study is to find one or several primary mechanisms of 
the quantum switch. Finally we summarize our results in Chapter 7.
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Chapter 2 
Theoretical Background

In the research area of computational simulation, there are two basic kinds of 
methods: ab initio simulation and empirical methods. Ab initio simulations are often 
based on three basic postulate - non-relativistic approximation, Born-Oppenheimer 
approximation and orbital approximation. Without any other assumption,  ab initio 
simulations can get the physical parameter of the systems from solving the 
Schoerdinger equation accurately, such as the electron density, total energy and so on. 
This method has high accuracy, and the results normally show agreement with the 
experimental data. Correspondingly, the system which is suitable for it is rather small, 
only about several hundred of atoms. Empirical methods calculate the physical 
parameter of the system by using empirical parameter. Although the accuracy of this 
method is limited, nowadays for large scale systems (several thousand of atoms or even 
larger) it is still necessary. It is widely used in biology area.

2.1 Density functional theory

Hohenberg and Kohn first laid out the core of density functional theory (DFT) in 
the 60s of the twentieth century [2.5]. Nowadays, DFT is widely used in physics, 
chemistry and biology simulation, because of many advantages of DFT, such as fast 
convergence, little memory requirement and so on. Kohn won the Nobel Prize for his 
contribution in DFT area in 1999.

2.1.1 Hartree-Fock Theory

Although in my work, Density functional theory (DFT) simulation is used, I 
have to start with the introduction of Hartree-Fock theory, not only for following the 
history of  ab initio simulations [2.1, 2.2], but also for introducing important concepts 
such as self-consistency and electron exchange and correlation [2.3].
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One of the main aim of the whole chapter is to solve the time independent 
Schroedinger equation

                              H =E                                                          (2.1)

H is the Hamiltonian,  is the eigen wave function of the system and E is 
corresponding eigen energy.

The Hamiltonian of the Schroedinger equation for chemical systems can be 
written in a well-defined form,

     H=T nuclT elV nucl−nuclV nucl−elV el−el            (2.2)

In the system with many atoms, the Hamiltonian should include the kinetic 
energy of the nuclei and the electrons (the first and second part of the formula 2.2) 
respectively, and also the potential energy between nuclei-nuclei, nuclei-electrons and 
electrons-electrons (the last three terms, respectively). The details form of each part can 
be given as follow,

T nucl=∑
1

L P I
2

2M I

                                           (2.3) 

T el=∑
1

N Pi
2

2m
                                             (2.4) 

V nucl−nucl=
1
2∑I≠J

Z I Z J e2

∣R I−RJ∣
                               (2.5) 

V nucl−el=−∑
i , I

Z I e2

∣r i−RI∣
                                  (2.6) 

V el−el=
1
2∑i≠ j

e2

∣ri−r j∣
                                    (2.7) 

The nuclei are numbered by capital letter, and electrons are marked by lowercase 
one. Thus Z I stands for the charge of the I-th nucleus and r i means the 

displacement of i-th electron. The parameter 
1
2 in equation 2.5 and 2.7 is to make 

sure that the interaction between same pair is not counted twice.
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In principle, what is left to do is only to solve this many body Schroedinger 
equation. Unfortunately, it is impossible to solve it exactly nowadays. So it is necessary 
to make some approximations that will make it possible to solve the  Schroedinger 
equation at least within a reasonable accuracy. The following part will be devoted to 
three basic postulate - non-relativistic approximation, Born-Oppenheimer 
approximation and Hartree-Fock approximation.

The central idea of non-relativistic approximation is to neglected the relativistic 
effects, except heavy elements with localized wave function for the core electrons 
because of the high kinetic energies. In other words, normally the mass of the electrons 
can be seen as a constant value.

Born-Oppenheimer approximation can be described as follows. Since the mass 
of atomic nucleus is far larger than the mass of electrons, the atomic nucleus' velocity is 
significantly slower than electrons'. In Born-Oppenheimer approximation, the motion of 
the  nucleus can be seen as non-correlated with the motion of electrons, in other words, 
the motion of electrons can be dealt with in a static picture with respect to the nuclei. In 
this way,  the eigen wave function of the system  can be divided into two parts.

r , R =R∗r                                    (2.8)
 
Put formula (2.8) into the  Schroedinger equation (2.2), we can get the equation 

of nucleus and electrons separately.

−∑
A

1
2Ma

▽A
2REt RR=ER              (2.9)

−∑
P

1
2
▽P

2 r , RV r , Rr , R=E tr , R     (2.10)

R is the wave function of nucleus formula (2.9) is the eigen equation of 
nuclei, and r , R is the electrons' wave function, formula (2.10) is the eigen 
equation of electrons.  From the discussion above, we can easily understand that the 
nuclei should be fixed in formula (2.10), in other words, the distances between nuclei 
should be constant. The Hamiltonian of electrons can be written as follows,

H=∑
p

1
2
▽p

2−∑
pq

1
r pq

−∑
A
∑

p

Z A

r pA
                       (2.11)

and we can also get the eigen energy of electrons E(R)

E R=Et R−∑
AB

Z A Z B

RAB
                                (2.12)

13



We separate the motion of electrons and nucleus, and get the electrons' and 
nuclei' equation separately.

Hartree approximation. Although we separate the equation of electrons and 
nuclei, it is still a hard work to solve the many-electron system. As a first approximation 
we assume,

q1 , q2 , ... q3=1q12q2...3q3                   (2.13)

This equation means that the total wave function of the electron system can be 
described as the product of every single electron wave function separately, and every 
single electron wave function is only related to the coordinate itself. The physical 
meaning of this approximation is that every single electron can be described as a 
electron in the average field  created by nuclei and all electrons including the particular 
electron itself. In this way, the Hamiltonian of electrons' system can be written as the 
sum of effective single electron operator F i  :

H=∑
i

F i                                                    (2.14)

The single electron operator F i  includes the kinetic energy and potential 
energy of single electron. From equation (2.13) and (2.14), we can easily get the single 
electron's equation so called Hartree equations [2.4].

F i i=ii                                                  (2.15)

i is the eigen energy of single electron (orbital energy). 
Obviously, the single electron operator F i  include the kinetic energy and 

potential energy of single electron V(i) which was established by all electrons including 
the particular electron itself, in other words, V(i) can be seen as a function of the other 
electrons' distribution. Interestingly enough, this forms a cycle: To get the distribution 
of the electrons, we have to solve the  single electron's  Schroedinger equations, but 
solving the equations ask for the distribution of the electrons also. The normal way to 
deal with this kind of problem is as follow: We start with some random guess for the 
wave functions which enter the effective one-particle Hamiltonian. In this way, the 
Hartree equations can be solved to get the new wave functions. This cycle will continue 
repeatedly until the self-consistency is reached, for example, the difference between the 
old and new eigen value smaller than a certain tiny number which can be seen as the 
results would not change any more. This method is called self-consistent field (SCF) 
method. 

Although the Hartree ansatz obey the Pauli prinple which every electronic state 
only can and only can be occupied by one electron, the anti-symmetry of the electronic 
many-body wave function is not fulfilled. The anti-symmetry requirement is to replace 
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the product wave function by a single Slater determinant. Considering this 
antisymmetry part, we will get Hartree-Fock equation

F i  i=∑
i
ii                                          (2.16) 

F=− h2

2m
▽2V extV H−V X                               (2.17)

The V ext correspond to the potential energy of nuclei interaction. The so 
called Hartree energy V H  is related to the classical electrostatic energy of the 
electronic charge distribution. The V X part which is called exchange term which is 
caused by the antisymmetry of electronic wave function. 

2.1.2 Kohn-Sham equations

The basic idea of  density functional theory can be described as follow: All of 
the properties of a many electron system including the total energy can be regarded 
according to the Hohenberg-Kohn theorem as a functional of electron density  r  . 
It is based on the Rayleigh-Ritz variational principle which states that the expectation 
value of the total energy of system with the ground state energy (the electron density 
0 r  )  is always smaller than the expectation value using other states (the electron 

density i r  ).
As a first step, by the derivation Schroedinger equation for electrons (formula 

2.1) is solved. Using this wave function, the energy of electrons follows from the 
definition of DFT

E=∫r V ne r d r 〈∣ T e V ee∣〉                      (2.18)

In this formula, V ner   is the potential energy between nuclei and electrons 
and V ee r  is the electron-electron potential energy.  The electron density is defined 
as:

r =N∫∣r1, r2,. .. rn∣
2 dr 1, dr2,. .. drn                       (2.19)

The electronic Hamiltonian can be specified by the number of the electrons and 
the potential V ne r  . Hence the electronic wave function and other properties are 
also  determined by these two parts. Like the  electronic energy:
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E=E [N ,V ne ]                                                  (2.20)

Hohenberg and Kohn first put forward the Hohenberg-Kohn theorem [2.5].
1. If two electron systems, one subject to the potential v1r  and the 

other to v2 r  have the same ground state density, then necessarily

v1r −v2r =const                                          (2.21)

We can easily get the following corollary. The ground state density uniquely 
determines the potential and thus all properties of the system, including the system 
wave function.

2. For any positive integer N and potential v r  , it exists a density 
functional F []  with the form

E v , N  []=F []∫ v r r d 3 r                             (2.22)

Formula (2.22) yields the minimal value of E v , N [n] at the ground state 
density of N electrons in the potential v0r  . The minimal value of E v , N [n] is 
then the ground state energy of this system.

Hence, for any electron density  r  that satisfies the normalizing condition, 
we can get:

E [ ' ]E 0[0]                                                    (2.23)

Obviously, as the electron density determines the number of  electrons, we can 
get the electron energy by electron density from formula (2.22)

E []=∫r  V ne r d r F HK []                       (2.24)

In this formula, F HK [] includes electronic kinetic energy and the  repulsive 
energy between electrons. The repulsive energy can be divided into  the Coulomb 
repulsive energy and the exchange correlation potential

F HK []=T e []V ee[]=T e[] J []xc []        (2.25)

Then, we can easily get the chemical potential  :

=V ne
∂F HK []

∂
                                           (2.26)
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Kohn and Sham divide the energy function into two parts [2.6-2.8], one can be 
expressed analytically, all other parts were put together into the so called exchange-
correlation part. In a local effective external potential V eff ( Kohn–Sham potential), 
we could create a fictitious system of non-interacting particles (typically electrons) that 
generate the same density as any given system. For the created system, the 
Schroedinger equation can be written as:

−ℏ2

2m
∇2V eff r ir =eii                              (2.27)

The electron density can be expressed as:

r =∑
i

N

∣i r ∣
2                                           (2.28)

 Then the formula 2.25 can be be written as:

s=V eff 
∂T s[]
∂

                                            (2.29)

where T s  is the kinetic energy of the fictitious system ,so called the Kohn-
Sham kinetic energy, which can be written as the following expression:

T s []=∑
i=1

N

∫ dr i
*r−ℏ

2

2m
∇ 2i r                      (2.30)

. 
The total energy of the real system is expressed as a functional of the charge 

density as:

E []=∫r V ner d r T s[]J []E xc[]      (2.31)

V ne  is the external potential acting on the real system (for example,the 
electron-nuclei interaction potential for a molecular system.) J  is the Coulomb 
energy, and E xc [] is so-called the  exchange-correlation energy

Then, we can get the expression of the Kohn–Sham potential V eff
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V eff =V ne
∂ J []
∂

 ∂
∂

T e []−T s[]xc []

V eff=V ne
∂ J []
∂

V xc

       (2.32)

where the last term

V xc≡
∂E xc[]
∂r 

                                           (2.33)

is the exchange-correlation potential.
Formula 2.26 and 2.27 are the Kohn-Sham equation. The most significant point 

of Kohn-Sham approach is using a fictitious system of non-interacting elecrons to 
replace  the respective term of the Hamiltonian in real system. Thus, all remaining terms 
are included in the exchange-correlation potential, which is the only unknown in the 
Kohn-Sham approach. Then the form of the exchange-correlation functionals is the next 
issue we must deal with in DFT.

2.1.3 Exchange-Correlation Functional

From the last section, the major problem of DFT consists of finding an 
expression of exchange-correlation functional. Nowadays, the most widely used 
approximated functional are the local density approximation (LDA) and generalized 
gradient approximation (GGA).

LDA is the approximation which is generally synonymous with a functional 
based on the homogeneous electron gas (HEG) model. In general, the LDA can be 
written as follow

E xc
LDA []=∫r xcdr                                      (2.34)

where xc which is also a function of  electron density, is the exchange-
correlation energy density in a homogeneous electron gas, whose density is only taken 
at the position r. In other words, the LDA potential is a totally local function only 
related to  r  . The  exchange-correlation energy can be decomposed into two parts, 
exchange term and correlation term,

E xc=E xE c                                                   (2.35)
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The exchange energy part of the homogeneous electron gas is analytically 
known. The exchange energy density employs expression [2.7, 2.11].

x []=−
3
4
 3


1
3 

1
3                                          (2.36)

Hence, the expression of the exchange energy is

E x
LDA []=∫r  x dr=−3

4
 3


1
3∫

4
3 dr             (2.37) 

Analytic expressions of the correlation part can not be derived. Normally, we get 
the numerical values from different electron densities in order to fit the analytic 
formula. Thus, there are several LDA functional with different analytic forms for 
correlation energy, like Vosko-Wilk-Nusair (VWN) [2.12], Perdew-Zunger (PZ81) 
[2.13] and Perdew-Wang (PW92) [2.14].

The LDA functional shows rather satisfactory results on lattice constant and 
geometries calculations. But still some results are not good enough, like the binding 
energy and chemical reaction barriers[2.16, 2.17]. In order to improve the accuracy of 
inhomogeneous systems, the GGA approach is widely used. Comparing with the LDA, 
although the GGA approach is still local, it introduces the gradient of electron density in 
order to correct the heterogeneity of electron density, which has the following form

x /c
GGA=x /c

LDAx /c 
∣∇ ∣
4/3                            (2.38)

The results of  binding energy are significantly improved bu using the GGA 
functional, the absolute error of small molecules is also satisfactory [2.18]. There are 
several GGA functional with different x /c , such as Perdew and Wang functional 
(PW91) [2.19] and Perdew-Burke-Ernzerhof functional (PBE) [2.20], which are all 
widely used.

2.1.4 Plane wave basis sets

Most of the problems related to the Schroedinger equation has already been 
addressed in the section above, but still an important one remains. For the systems with 
finite number of electrons, like molecules and clusters, the Kohn-Sham equations can be 
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solved in the real space mesh [2.21]. But how should one deal with a periodic system? 
For such systems, we usually expand  the wave function with a discrete plane wave 
basis set.

K , i r =∑
G

cKG , i e
i KG ⋅r

                              (2.39)

That wave function 2.39 satisfies the Bloch's theorem, K is the wave vector 
within the first Brillouin zone, G is the reciprocal lattice vector. For technical reasons, it 
is not possible and also not necessary to expand the wave function with the whole plane 
wave basis set, because one basis set includes infinite number of plane waves. What one 
usually does is setting an energy maximum of plane wave, so called cutoff energy. Then 
the accuracy of the calculations can be easily controlled by the value of the cutoff 
energy

E cutoff =
ℏ2

2m
∣KG∣2                                    (2.40)

For the infinite systems, of course, the number of k points are also infinite. 
However, wave functions at the k points close enough to each other can be seen as 
identical, so that representing the total wave function using only finite number of k 
points become possible. Considering the system symmetries, some special k points 
which are first described by Monkhorst and Pack, can simply consist of an equispaced 
grid of k points [2.22]. Then it is possible to calculate any expectation value by the 
formula 2.41, using the integral over the reciprocal unit cell volume V and summation 
over all bands n, by simply replacing the integral with a finite summation of the given k 
point set.

< X >= 1
V ∑n

∫
V

d k X nk  f nk                        (2.41)

2.1.5 Pseudopotential approximation

Generally speaking, the physical and chemical properties of materials are mainly 
determined by the outer electrons, so called valence electrons [2.23]. To increase the 
calculation efficiency, it is reasonable to distinguish between valence and core 
electrons, and replace the core electrons together with the nucleus by an effective core 
potential.  
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This approximation is illustrated in detail in Fig. 2.1. It clearly shows that the 
core electrons potentials are replaced by a weaker and smoother one within the core 
region, determined by the core radius r c . Both the pseudopotential and the wave 
function are almost identical to the real one outside the core region. A pseudopotential 
with larger cutoff radius means more rapidly convergent but less transferable,which is 
less accurate to reproduce realistic feature. Inside the core radius, although all of the 
wave functions are replaced, the pseudo wave function preserves the norm and 
scattering properties of all electrons system. The following formula shows us the form 
of the norm-conserving pseudopotential

V pseudor=∑
lm
∣Y lm>V l r <Y lm∣                         (2.42)

|Y lm> denotes spherical harmonics, which are called semi-local functions, 
because they are only located in the radial part, but not in the angular part.

The  pseudopotential approach decreases the number of the electrons which 
should be calculated, the simulation efficiency is improved significantly. 

Fig. 2.1 An example of pseudopotential approximation [2.24]. The wave 
funcrion  (the above curves) and potential (the below part) comparison between all 

electrons system (blue and dashed lines) and  pseudopotential approximation one (red 
and solid lines).
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2.1.6 Supercell approach

From the section above, we can easily conclude that the model we build up has 
to be periodic in all three dimensions, because of both the Bloch's theorem and the plane 
wave basic set we employed. It is satisfied for bulk calculation, but how can we deal 
with surface systems which are the subject of my study?

For surface systems, one has to deal with the half-infinite vacuum perpendicular 
with the surface and also a half-infinite bulk along this direction(usually the vacuum is 
along z direction). What I have done is to use the supercell approach: using a finite 
number of layers to simulate the half-infinite bulk part, of course with sufficient 
thickness. And these finite layers can be repeated, the repeated parts are separated by 
adding a sufficiently large vacuum between them (fig.2.2)

Fig.2.2 Sketch of supercell approach: Using a repeated slab of finite thickness and a 
large vacuum periodically in Z direction to model the metal surfaces [2.3]. In this 

figure, Pb(211) surface is used as an example.

For the reliability of this surface model, the thickness of the vacuum and slab 
layers is rather important. The vacuum area must be large enough (at least 10Å) to 
avoid the interaction between opposing surfaces/ adsorbates. In my work, even a much 
larger vacuum (usually 20Å) is needed, because of the stepped surfaces and the water 
adsorbates. To check whether the thickness of layers is enough will be discussed in 
detail in next chapter.
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2.2 Ab initio molecular dynamics

Molecular dynamics (MD) is a computer simulation method which yields the 
physical movements of atoms and molecules in a period of time. From the MD 
simulation, one can get not only the trajectories of atoms but also the processes of some 
physical phenomenons of systems,  in particular, the non-equilibrium system in a 
relatively short period of time (normally 1 to 10 ps). As some details of the atoms can 
not be observed directly in the experiments, the MD simulation becomes a good 
supplement of experiments. Because of this advantage, MD method is widely used in 
the study of condensed matter physics area, such as the growth of crystal [2.25], epitaxy 
[2.26], diffusion process [2.27],  surface and phase reconstruction [2.28, 2.29] and so 
on.

In the normal MD simulation, the trajectories of atoms are given by the 
interaction of the atoms and molecules, which is determined by numerically solving the 
Newton's equation of motion. But the MD simulation with the empirical/semi-empirical 
force fields has some problems which might lead to significant error. First, the electron 
polarization is typically ignored. Second, the empirical potential can not get the electron 
properties, like bonding properties, because the empirical potential ignores the 
interaction between the local electron structure. Third, the accuracy of the simulation 
results directly depend on the chosen potential model and parameter. Different potential 
models and parameters usually lead to a totally different results.

Fig.2.3 Flow-chart diagram of a simple AIMD simulation
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To solve these problems, the most important point is a new potential which does 
not depend on any empirical data and parameter. Undoubtedly, DFT is a good choice. 
In 1985, R. Car and M. Parrinello theorized the ab initial molecular dynamics (it is also 
called CP method) which combine the DFT and MD for the first time [2.30]. Since then, 
AIMD becomes one of the most important method in the simulation area.

The main idea of the AIMD is rather simple which is shown by figure 2.3 
clearly. The whole simulation is divide into two steps. First step, get the potential which 
depend on the electron density by DFT calculation. Second step, from the potential, one 
can easily get the state of atoms at time t t by a numerical scheme to solve the 
classical equations of motion using the positions and forces we get in the first step. 
Then we repeat the process until the period of the time ttmax , tmax is the run time 
we set at the very beginning.

In my research, AIMD is used to check the stability of the water structures on 
the substrates, and get the vibrational spectra under different temperature to compare 
with the experimental data.
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2.3 Nudged elastic band method

To determine a lowest energy path for the atoms rearrangement from one stable 
state to another is an important and interesting area in theoretical chemistry and in 
condensed matter physics. Chemical reactions and diffusion processes are the common 
examples of this area, which are all defined by a reaction coordinate for transition state 
[2.31]. The saddle point energy which is the potential energy maximum along the 
minimum energy path (MEP) is also important. It shows the activation energy barrier 
[2.32], which determine the transition rates within harmonic transition state theory 
[2.33]. There are several different methods for finding the MEP [2.34]. In my work, the 
so called nudged elastic band (NEB) method is used, which has already been proofed 
solving a wide range of problems successfully [2.35, 2.36], such as the diffusion 
processes at metal surfaces [2.37], atoms exchange in sputter deposition [2.38] and 
formation of a contact [2.39].

The main idea of the NEB method is rather simple. First several initial 
configurations (we call these configurations 'images') between initial and final states are 
selected. All of these images are connected by spring forces along the 'expected band', 
which is set by the option 'SPRING' in the VASP code. In my work, the spring forces 
are set to be equal to −5.0 eV /A2 . Another component of the force which is 
perpendicular to the 'band' is created by the system potential. When the routine runs, 
each image optimizes while maintaining equal spacing to neighboring images.

Generally speaking, at least 8 images are needed for a complex system to get 
both the reaction path and the barrier. But the convergence usually is very slow if 8 
images are used at the very beginning, because nobody can make sure that the initial 
guesses are close enough to the final results. Actually, the guesses are usually rather 
'bad' in some complicated system. What I have done is to divide the calculation into two 
steps. First, only one image is chosen. The result of first step will point out the MEP. 
And then the other images which are added around this optimized image should not far 
away from the reality answer.
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2.4 Physical properties

Using the methods described before, it is now possible to solve a large number 
of surface science problems. In the following part, I will roughly address some physical 
properties and concepts which are widely used in theoretical surface science. Some of 
these properties can directly be compared with experimental data to confirm the details 
of the experimental phenomenon, such as adsorption energy, work function changes, 
vibrational spectra, band structure and so on. Others like density of states (DOS), or 
charge density difference, though these properties are not corresponding to the 
measured data, they are proved to be valuable theoretical tools to understand and predict 
the reality phenomenons.

2.4.1 Adsorption energies

Adsorption is a very important process in the field of surface science. 
Adsorption process is involved in a large number of physical phenomenons, such as the 
growth of crystal, heterogeneous catalysis and so on.

Adsorption is a process in which atoms, ions or molecules from gas, liquid or 
dissolved solid stick to a surface. Generally speaking, adsorption is a consequence of 
surface properties. In a ideal bulk system, all the bonding requirements of the atom are 
already filled. However, the atoms on the surface are not fully coordinated, so that they 
can bind adsorbates. There are two kind of adsorption, physisorption in which the 
interaction between surface and adsorbates is due to van der Waals forces and 
chemisorption in which the adsorbates form chemical bonds with the surfaces. The 
exact nature of the adsorption depends on the details of the species involved [2.40].

The definition of adsorption energy is the energy change during the adsorption 
process. In the DFT calculation, the adsorption energy is defined as the total energy 
difference between the separated two systems, clean substrate and the adsorbates in the 
vacuum, and the adsorbate system. It can be described by the following formula 2.39

E ads=E tot−Eclean surface−E adsorbates                            (2.43)

where E tot is the total energy of the substrate with the atoms/molecule 
adsorbed on it, Eadsorbates is the total energy of isolate adsorbates in the vacuum.

Although adsorption energy can not give a full description of the adsorption 
process, it indicates the interaction strength between substrate and adsorbates, and 
shows the properties of surfaces indirectly.
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2.4.2 Work Function

In solid-state physics, the work function is defined as the minimum energy 
needed  to remove an electron from a solid at 0K.

At the very beginning, the definition of work function comes from the 
thermionic emission experiment. This experiment shows the phenomenon that a large 
number of electrons are able to escape at a sufficiently high temperature. From the 
experiment, the relationship between the emission current and the temperature is as 
follow,

i=a e
−

W
k B T                                                         (2.44)

In formula 2.40, W is the work function.
First, we try to explain this phenomenon by classical statistical mechanics. In 

classical electronic theory, the electrons in metal can be seen as free particles in a 
certain potential well (fig.2.4 a)). The depth of the potential well V indicates the 
minimum necessary work needed to remove electron from the metal. The electrons in 
the potential well obey the classical distribution. The velocity distribution is,

dn=n0
m

2 k B T

3/2

e
− mv2

2kB T d v                                 (2.45)

where dn is the electron density in the velocity zone form v to vd v . 
d v=dv x dv y dv z . n0 is the number of electrons in a volume unit. Hence, we can 

get the emission current from formula 2.41, if we set x coordinate axis as the emission 
direction.

i=n0
m

2k B T

3 /2

∫
−∞

∞

dv y∫
−∞

∞

dv z ∫
1
2 mv 2V

dv x −qv xe
− mv 2

2kB T
 (2.46)

Because only the electron with kinetic energy larger than V can move outside 
the metal, at x direction only these electrons are counted. The result of formula 2.42 is,

i=n0 q
k B T
2m


1/2

e
−

V
k B T                                      (2.47)
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Comparing formula 2.43 with 2.40, the result from classical electronic theory 
agree with the experimental data, and also explain the physical meaning of work 
function, which is the depth of the potential well V.

Although formula 2.43 describes the relationship between emission current and 
temperature quite well, the work function given by this model shows a rather large 
error. Why? Because the classical model can not describe the metal system correctly. It 
is necessary to use a quantum model (fig.2.4 b)). In this model, V gives the necessary 
work to remove a electron from the bottom of conduction band.

Fig.2.4 a) the potential well of metal in classical model. b) the potential well of metal in 
quantum model

Similar with the classical theory, we can get the emission current from the 
velocity distribution. To make it easy to understand, here we consider the simplest 
condition,

E k =ℏ2 k 2

2m
                                             (2.48)

For this condition, we can easily get,

v k =1
ℏ ∇ k E=ℏ k

m

E k =1
2

mv2
                                    (2.49)
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From formula 2.45, the quantum states number of a volume unit in d v is,

N s=2 d k
23

=2 m
2ℏ


3

d v                                 (2.50)

Then the number of electrons can easily be calculated by multiplying formula 
2.46 with the Fermi-Dirac distribution function f(E),

dn=2  m
2ℏ


3 1

e
 1
2

mv2−EF /k B T
1

d v                          (2.51)

Because the kinetic energy of electron which escape from the metal ( 
1
2

mv2 ) 

is larger than V, then actually  1
2

mv2−EF  should be much larger than k BT , it 

mean the number '1' at the denominator can be ignored,

dn≈2 m
2ℏ


3

e
E F

k B T e
−

mv 2

2kB T d v                              (2.52)

The only difference between formula 2.44 and 2.51 is the factor,

n0
m

2 k B T


3/2

2 m
2ℏ


3

e
E F

k B T                        (2.53)

Then the emission current of quantum theory can easily be written from formula 
2.43,

i=−
4mk B T 2 q

2ℏ3
e
−

V−EF

k B T                            (2.54)

In the quantum theory, we get a new explanation of work function

W=V−E F                                            (2.55)

E F is the fermi energy. The work function can be understood by another way. 
As the electrons spill out into the vacuum, the center of the negative and positive 
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change separate. This creates an electrostatic dipole layer at the surface [2.41]. In order 
to move the electron through the electric field of the dipole layer at the surface, extra 
work has to be done. Hence, it is important to point out that the work function is a 
property of the material surfaces, but not the characteristic of the bulk material alone. 
There are two contribution to the work function: an intrinsic one due to the binding of 
the electron and the effect of the dipole layer at the surface [2.3, 2.41].

2.4.3 Charge Density Analysis

In the DFT calculation, the most direct and most important information we get is 
the charge density. In other words, almost all the other properties could energetically be 
described by the charge density, such as the geometries of the surfaces, the interaction 
process and so on. For example, the charge density could directly and clearly reflect the 
bonding formation and  anti-bonding level by the accumulation and depletion of 
electron density.

For more complicated system, like adsorbate-covered surfaces, the charge 
density redistribution is not so easy to analysis. In this situation, it is more valuable  to 
analyze the charge density difference, which is given by the following formula:

n=ninteracting system−∑
i

nnon−interacting systemi                  (2.56)

While n is the charge density difference, the interacting system is the 
system which we would like to investigate. The non-interacting system is the isolated 
system of surface or adsorbate. In this way, the charge density redistribution due to the 
interaction is clearly illustrated. There are some other analysis of charge density, like 
“atoms in molecules” theory [2.42, 2.43], using electron localization function to classify 
bonds [2.44-2.46].

 
2.4.4 Density of States 

Comparing with the band structure, the density of states is a more common tool 
for the discussion and determination of the bonding processes at surfaces, especially for 
the understanding of the adsorption process [2.47]. The physical meaning of the density 
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of states (DOS) is the number of states in the interval of energy E~E  per energy 
difference E . The DOS is closely related to the band structure, it can be seen as 
the visualization of the band structure. Many properties, such as the electronic specific 
heat, paramagnetic susceptibility and so on, can directly be related to the DOS. There 
are some different kind of DOS, like the total density of states, the local density of 
states and projected density of states.

 The local density of states (LDOS) is defined as the 

n r , ε=∑
i
∣i r ∣

2ε−εi                                  (2.57)

which gives the DOS at a local position r . From the definition of  DOS, we 
can easily get the expression by the formula 2.53

n ε=∫n r , εd 3 r                                           (2.58)

And the electron density could be written by

n r=∫
ε fermi

n r , εd ε                                           (2.59)

The projected density of states (PDOS) is another rather common tools, which is 
the density of states projected on a certain orbital, for example, s orbital, p orbital or d 
orbital. It can be calculated by:

naε=∑
i
|<i|a>|

2ε−εi                          (2.60)

For the s and p orbital, the PDOS is usually gradual and broad, which means the 
electron on these orbital is rather delocalized. Although the s electrons also contribute 
significantly to the molecule-metal interaction, however, this interaction is rather 
similar for all metals. In contrast, the occupation of the d-band is very element specific, 
and therefore it is the specific interaction of the d-band with adsorbates that 
distinguishes one d-band metal from another one.[2.48, 2.49].

The main principle of the d-band model is that the binding energy of an 
adsorbate to a metal surface closely depend on the electronic structure of the surface. 
Considering a simple situation: hydrogen adsorbing on a transition metal surface. As 
shown in figure 2.5, the interaction is formally split into two parts: contribution of the 
s,p states and contribution of the d state. The s and p states lead to a renormalization of 
the energy level, which make the atomic level broader and shift it to a lower energies.

The renomalized level then strongly hybridize with the d-states of metal surface, 
and split into a bonding and a anti-bonding contribution. For the metals, of course, the 
bonding state is full. The situation of the anti-bonding state which is fully or partially or 
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non occupied depends on the local electronic structure of the metal at the surface, which 
could be shown in the surface PDOS. An increased filling of anti-bonding state lead to a 
weaker interaction between substrate and adsorbates. So a experimentally-determinable 
parameter which strongly relates to the filling of the anti-bonding state is introduced, so 
called the center of the d-band [2.50]. A smaller difference between the d-band center 
and the fermi level indicates a stronger bonding between substrate and adsorbates. 
Similarly, a larger difference means a weaker bonding.

Fig.2.5 Schematic drawing of the interaction of an atomic level with a transition metal 
surface [2.65].

2.4.5 Vibrational spectra

vibrational spectra constitutes one of the important pillars of modern analytical 
chemistry which is an important tool in chemical structure determination [2.51-2.54]. 
Today the theoretical prediction of vibrational spectra become another common tool in 
the field of computational chemistry [2.55-2.60]. It could directly be compared with the 
experimental data.

 The vibrational spectra simulation under a certain temperature is based on the 
results of AIMD simulation. Although there are several different spectra simulation, 
like power spectrum, IR spectrum and Raman spectrum, only the power spectrum which 
is obtained by a fourier transform of the auto-correlation of the particle velocities [2.61] 
is used in my work. 

All  vibrational spectra simulations are calculated by the fourier transform of 
different auto-correlation functions, power spectrum rely on  particle velocities, IR 
spectrum use the molecular dipole moments and Raman spectrum is derived from 
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molecular polarizabilities. The auto-correlation function is given by the Wiener-
Khintchine theorem [2.62, 2.63].

< f  f t>=
1

2∫|∫ f t e−i t dt |2 eit d      (2.61)

so that the Fourier transform of f(t) is taken.
The power spectrum relies on the nuclear velocities, which could easily be 

obtained from a MD simulation. For each atom, the vector auto-correlation functions of 
the velocity is calculated and the sum of all the correlation function of a molecule is 
fourier transformed to get the power spectrum of that molecule [2.51, 2.64]. The power 
spectrum features peak for each normal mode vector, and could be compared with the 
experimental data directly.
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Chapter 3 
Computational details

All DFT calculations in this thesis were performed using the Vienna ab initio 
simulation package (VASP) [3.1, 3.2] within the generalized gradient approximation 
(GGA) to describe the exchange-correlation effects, employing the Perdew, Burke and 
Ernzerhof (PBE) exchange–correlation functional [3.3]. It has already been shown that 
this functional gives a reasonable description of water systems [3.4, 3.5, 3.6]. 

Generally speaking, there are two methods to model the surface: fixed several 
layers with the bulk structure to simulate the part which is far away from the surface, 
and some relaxed layers either on one side (Fig.3.1.a) or on both sides (Fig.3.1.b) to 
model the part neighboring the superficies.

Fig.3.1 The models of Pb(111) surface. a) one-side-relaxation model. b) both-side-
relaxation model.

The surface energy of two side model is determined according to 

E surf=
1
2
E tot−N∗Ebulk                                  (3.1)
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where Etot, N and Ebulk are the total energy of the surface system, the number of 
the atoms in the surface system, and the energy of bulk system per atom. Because there 
are two side relaxation, it is easy to understand the factor ½ at the front of the formula.

 The formula of one side model surface energy can be understood in this way: 
We do two step separately. First step, we cut a piece from the bulk, the energy is equal 
to

E 1=
1
2
Eunrelax−N∗Ebulk                               (3.2)

Eunrelax is the total energy of the surface system without relaxation.
The second step is the relaxation, and the energy difference is:

 E 2=E tot−E unrelax                                       (3.3)

The surface energy is the sum of these two part. So the one side model surface 
energy can be written as

E surf=E tot−
1
2

Eunrelax−
1
2

N∗Ebulk                       (3.4)

Fig.3.2. The surface energy of Pb(111) surface converge with respect to the 
number of layers.

The black line use the one side relaxation to simulate the surface and the red line 
use the both side relaxation model.  
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In this case, it is necessary to do some calculations to test the surface energy 
convergence with the number of the layers. A example of Pb(111) surface is shown in 
Fig.3.2. It is clear that both methods get almost the same results. And after five layers, 
when the number of layers increases, the surface energy almost does not change. Table 
3.1 shows us the necessary layer number for the surfaces, according to our calculation.

Table 3.1. the necessary layer number of the surfaces

surface (1 1 1) (1 0 0) (2 1 1) (3 1 1) (5  1 1) (7 1 1)
Layer number 5 5 15 10 15 20

The number of k-point which is necessary for the calculation depends on the 
necessary accuracy and the properties of the system. Usually metallic systems require 
much more k-point than semiconducting and insulating systems. The smearing method 
is another significant factor of the k-point number, because different methods converge 
with totally different speed. And the error of the system as a function of k-points 
depends on the properties of the system. For example, for fcc and bcc metal, a set of 
9x9x9 k-points leads to a completely different error. Therefore the convergence with 
respect to the number of k-points is absolutely necessary.

Fig.3.3. The total energy of Pb(111) surface converge with respect to the number 
of K-point
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Fig.3.3. shows us how the total energy of Pb(111) surface converges with 
respect to the number of k-points. As an example, it is clear that for this system the set 
of 11x11x1 k-points is enough for the calculations. From our calculations, a k-points set 
of 11x11x1 is necessary for flat surfaces of all three metals (Au, Ag, Pb).

As we explained in the definition of k-point above, it is easy to understand that 
the larger the real space we chose, the smaller k-space of this system is. When we use a 
larger supercell in our calculation, less k-points should be needed. So the total energy of 
supercell convergence with respect to the number of k-points is also checked. Fig. 3.4 
shows us the example of (2X3) Pb(511) supercell. And it demonstrates that a 3x3x1 k-
points set yields rather good results. All the supercell simulations in this thesis except 
some special calculations (for example density of states calculation, band structures 
calculations) used a 3x3x1 k-points set.

Fig. 3.4. The total energy of Pb(511) surface by two by three supercell converge 
with respect to the K-point

For a periodic system, the natural way we solve the Kohn-Sham equations, is  to 
expand the wave function in a discrete plane wave basis set. 
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K ,i r=∑C i.KG ei KG ⋅r                             (3.5)

where G represent the reciprocal lattice vectors and K is to make sure G lie 
within the first Brillouin zone. The plane waves in the form above obey the Bloch's 
theorem completely.

In principle, an infinite number of plane waves could perfectly describe the 
electronic wave function in the system. In fact, only a limited number of plane waves is 
used. The Encut-tag specifies the cut-off energy for plane wave basis set in eV in the 
Vasp. It determines the size of the plane wave basis. All of the plane waves with the 
kinetic energy smaller than the Encut value are included in the basis set.

In general, the cut-off energy should be chosen according to the pseudopotential, 
a default value is given in the POTCAR files. But sometime the default cut-off energy 
in the POTCAR result in serious errors, which means that the basis set is not large 
enough. Therefore, a test of energy convergence with respect to the cut-off energy is 
also necessary.

Fig.3.5 The total energy of water molecule converge with respect to the value of the 
Encut
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Next step I have checked the necessary value of Encut. In fig.3.5, the total 
energy of isolated water molecule increases and decrease rapidly from 240eV to 360eV, 
and converges at 400eV when the water total energy is equal to -14.22eV, which shows 
a rather good agreement with other calculation results [3.4, 3.7- 3.10]. And this value 
will be used frequently in the following chapters. The rapidly changed total energy 
indicates that the value of Encut is rather important for the accuracy of our calculation. 
Obviously, default value is not enough and in all of our calculation 400eV is used as the 
value of Encut.

Since water is a kind of polar molecule, we compare the results of water-metal 
system with and without dipole-moment correction. The system we used was the single 
water adsorbed on the lead flat surface. The results are shown in the table 4.2. It is clear 
that the effect of the dipole-moment correction is rather small in our system. The 
difference between these two kind of calculations is smaller than 0.001eV (1%). 
Obviously , it is not necessary to use dipole-moment correction in our calculation.

Table 3.2
comparison of adsorption energy with and without dipole-moment 

correction

system without  dipole-
moment(eV)

with  dipole-
moment(eV)

difference(%)

Pb(100) -0.183 -0.183 0.14
Pb(111) -0.165 -0.164 0.83

In our calculations, all of the surfaces were modeled with a vacuum region of 20 
Å. The geometry of the water–metal systems was optimized by relaxing all atoms of the 
water layers and the uppermost two layers for flat surfaces ((100), (111) surface) the 
uppermost four layers for (311) surface, five layers for (211) and (511) surface and 
eight layers for (711) surface.
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Chapter4 
Clean metal surfaces: Au, Ag and Pb 

As the first step of my study, we start with the calculation of bulk metal 
properties. Obviously, the value of the calculation results can not be one hundred 
percent equal to the experimental one, the similarities of these data is a significant 
aspect to weigh the accuracy of the calculations. There are two ways to get the lattice 
constant in principle. Either (A) use the option of “ISIF = 3” in the INCAR file of the 
DFT simulation, which means that the calculation will change both the shape and the 
volume of the unit cell automatically to get the optimized bulk structure. Or (B) 
calculate  the energy at many different lattice constants around the experimental value, 
then get a fitted curve of the  “lattice constant- energy”, and determine the value with 
lowest energy. 

Figure 4.1. The total energy change with the lattice constant (red curve). The 
blue X point is the result of method B. The dashed line is the experimental result.
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All of these three materials we considered are face-centered cubic (fcc) metals. 
Fig.4.1 shows the lattice constant of lead derived from the two methods. Obviously, the 
two methods give the same theoretical result of the lattice constant of lead. The value is 
5.02 Å, and 1.4% larger than the experimental value of 4.95 Å [4.1] in agreement with 
previous studies[4.2]. Table 4.1 also shows the lattice constants of  Au and Ag, and the 
error of the theoretical data are all acceptable (all of them are smaller than 3%). 
Ignoring the overall error due to the exchange-correlation functional, the numerical 
errors of the lattice constant are rather small. Thus all of the following calculations are 
based on these theoretical values.

Table 4.1 The lattice constant of Pb Au and Ag

element Theoretical value(Å) Experimental 
value(Å)

error(%)

Pb 5.02 4.95 1.4
Au 4.17 4.08 2.2
Ag 4.16 4.09 1.7

Fig.4.2. The substrates which are used in our calculation. a) (111) surface b) 
(100) surface c) (211) surface d) (311) surface e) (511) surface f) (711) surface

Figure 4.2 shows us the examples of the substrates we used in the following, 
including two flat surfaces ( a) (111) and b) (100) surface) and four stepped surfaces ( c) 
(211), d) (311), e) (511) and f) (711) surface). Since there will be some atoms or 
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molecules adsorbed on these substrates, a larger periodic cell which formed by several 
unit cell, a so called supercell, is necessary in our research. For all of the three metals, if 
not specified differently, the supercell are set as follow: three by three supercell for flat 
surfaces and two by three supercell for stepped surfaces

Fig.4.3: {100}- faceted terrace and {111} – faceted step edge on fcc (511) surface

Generally speaking, the stepped surfaces we investigate can be seen as a 
combination of (111) surface and (100) surface. It is shown clearly in fig.4.3, as a 
example, (511) surface is composed by a “terrace”( {100} orientation) and a step edge 
({111} orientation). For a stepped surface (N 1 1), the numerical value N determines the 
length of the terrace. And whether N is odd or not decides that the terrace is {100} or 
{111} orientation. Since there are only few experiments addressing stepped surfaces, a 
main reason in our research to investigate surfaces is to get a general idea of the stepped 
surfaces' properties. The electronic properties of stepped surfaces particular at step edge 
will be presented in the following investigation.

The interlayer distance is defined in figure.4.4, which is the distance between 
two neighboring layers after relaxation. Stepped surfaces are rather open surfaces, 
especially at the step edge. Since the coordination number of step edge atoms are lower 
than the atoms at terrace and flat surfaces, the interlayer distances should change 
considerably comparing with the bulk value. And most importantly, the bulk interlayer 
distance of the stepped surfaces is rather small, for example , it is only 0.96Å for lead 
(511) surface. Thus small absolute movement lead to a large relative change. Thus it is 
also very interesting to investigate the change of the stepped surfaces' layers after 
relaxation.
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Fig4.4: Definition of the interlayer distance of flat surface (above) and stepped surface 
(below). The bulk interlayer distance and the obtained values for the interlayer distance 

d ij  are given in Table 4.2.

Table 4.2 Inter-Layer distance of Pb surfaces after the DFT-GGA relaxations. The 
relative change to the bulk interlayer distance is shown in Fig.4.5 not only for Pb but 

also for Ag and Au surfaces. All of the values in this table are in the units of Å. Labels 
are as defined in Fig. 4.4

surface d 12 d 23 d 34 d 45 d 56 d 67 d 78 d 89 dbulk

Pb(100) 2.37 2.59 --- --- --- --- --- --- 2.50
Pb(111) 2.74 2.93 --- --- --- --- --- --- 2.89
Pb(211) 0.88 0.92 1.06 0.98 0.99 1.14 --- --- 1.02
Pb(311) 1.22 1.54 1.45 1.59 --- --- --- --- 1.51
Pb(511) 0.89 0.97 0.87 1.03 1.00 0.97 --- --- 0.96
Pb(711) 0.56 0.74 0.56 0.74 0.62 0.73 0.73 0.75 0.70

In table 4.2 the relaxations of the top crystal layers with respect to the bulk 
values are tabulated. Generally speaking, a contractive relaxation of the first layer 
usually happens, because of the smoothing of  the electron density at metal surfaces. 
This trend is clearly shown in the first data column of table 4.2. For the flat (111) and 
(100) surfaces, because they are relative densely packed, the contraction is rather small, 
only 5.1% and 5.2% comparing with the lead bulk crystal. But for the stepped surfaces 
which are more open, it is rather significant, the contraction is 13.7%,  19.2%, 7.2% and 
20% (in the order of Pb(211) Pb(311) Pb(511) and Pb(711)). Furthermore, for most of 
the metal surfaces, the contraction of the first layer leads to an expansion of the second 
inter-layer distance, such as Pb(100), Pb(111), Pb(311) and Pb(711). But this 
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phenomenon is not general, which is demonstrated for Pb (211), and Pb(511) and 
Cu(511)[4.3 4.4]. The other two metals (Au and Ag) show rather similar behavior, and 
the interlayer distance data are shown in the Appendix A.

For the more open surfaces, in particular the stepped surfaces, the changes after 
relaxations are more complicated than flat one, but still similar trends exist, especially 
for the same surfaces of different metals. To make this trend more clearly, fig.4.5 shows 
the relative change of the optimized inter-layer distance compared with the bulk. The 
percentage Δ is calculated by the following formula

=
d ij−d bulk 

d bulk
×100 %                                         (4.1)

d ij  is defined in Fig. 4.4. Negative and positive values represent contraction 
and expansion of the layers.

Fig. 4.4 Relative change of the optimized inter-layer distance compared with the bulk. 
The same kind of surfaces are in the same color, for example, Pb(211), Ag(211) and 

Au(211) are all in black. The same element are marked in the same geometric drawing, 
for instance, lead is denoted by circles, silver by squares and gold by triangles.
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Although the extent of the contraction and expansion is different, as I mentioned 
above, the change in the trends of the same kind of surfaces are almost identical except 
for the Pb(511) surface. I think the main reason is that the electronic structure of lead is 
rather different to silver and gold, which can cause different properties. We note that at 
least all of the surfaces have something in common: the first layer distance are all 
contractive, which can be explained by a simple model proposed by Finnish and 
Heine[4.5]. In this explanation, as the electrons could move freely in the metal, the 
electron density should become smooth (as a simple sketch, it is marked as a straight 
line in fig. 4.5), but not the same as it in the bulk (dashed line in fig.4.5). Hence, the 
electron should transfer from the “+” part to the “-” part, and this charge redistribution 
will certainly make the “electrostatic center” lower. The ionic cores will then contract 
from the original position (the hollow small ball) to a new equilibrium one (the solid 
one) under the Coulomb force. This simple model can explain the behavior of the first 
layer quite good, but it can not describe the other layers which is much more 
complicated. Due to the different electron structures and surfaces, the change of the 
other layers are totally different (fig.4.4). 

Fig. 4.5 Sketch of the electron smoothing and the first inter-layer contraction at a metal 
(111) surface.

Table 4.3 shows the main results for all of the surfaces we used in our study, 
together with experimental data published by Mezey and Gibel [4.6], in order to derive 
trends among different surfaces and metals.  In the experimental results, the surface 
energies are measured at room temperature and at the melting point. We get the value at 
0K linearly by these two point. Although this value is only a roughly approximation, it 
can give us a general idea and make it comparable with the theoretical results. We 
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noticed that the theoretical results of surface energies are about 0.5 times the value of 
the corresponding experimental one extrapolated at T= 0K. 

To figure out the reason for this large disagreement between experimental and 
theoretical results, we should focus on the large uncertainty associated with this kind of 
experiment. First, the experimental techniques which can determine the surface free 
energies are mainly based on the measurements of surface liquid-metal tension at 
melting point. They can only be applied to the isotropic crystal or polycrystalline 
elements, but not to a particular surface [4.6]. It could be seen as an average surface 
energy at a given temperature. Second, although in principle the surface energy at 0K 
can be obtained by extrapolation of experimental data at different temperature, this 
method might also contribute the uncertainty. At last, of course no experiment is 
performed in an ideal state. Many conditions could lead to an error, such as defects and 
impurity. 

We then compared our findings with many other computation results. Although 
the number of studies of stepped surfaces is still limited, it is not so hard to get the 
reference of the flat surfaces, in particular closed packed surfaces.  As a example, the 
surface energy of Ag(111) for different functionals and basis sets is listed in appendix 
B. Almost all of the studies using GGA based DFT study with PBE/RPBE exchange-
correlation functional have rather similar results compared to ours, such as the value 
using numeric atomic orbital (NAO)/ exact-muffin-tin-orbital (EMTO) basis sets with 
PBE functional and in projector augmented wave (PAW)/ NAO with RPBE functional 
[4.6, 4.10]. On the other hand, LDA based DFT using the full-potential linear- muffin-
tin-orbital (FP-LMTO)/ the full charge density (FCD) shows a better agreement with the 
experimental value[4.7- 4.9]. It is believed that LDA yields these results because of a 
fortuitous error cancellation. 

Table 4.3 Surface energies of flat and stepped Pb/Ag/Au surfaces. The experimental 
value are extrapolated to different temperatures. T0/ Ta/ Tm are corresponding for the 

surface energy at 0K/298K/melting temperature.

Surface Surface energy (eV/atom) Surface energy (J/m2)
Pb(111) 0.047 0.35
Pb(100) 0.061 0.39
Pb(211) 0.048 0.37
Pb(311) 0.050 0.38
Pb(511) 0.053 0.38
Pb(711) 0.054 0.39
Experimental Pb

(T0/Ta/Tm) (J/m2)[4.7] 0.60/0.53/0.47
Ag(111) 0.075 0.80
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Ag(100) 0.093 0.86
Ag(211) 0.079 0.90
Ag(311) 0.082 0.92
Ag(511) 0.086 0.92
Ag(711) 0.087 0.90
Experimental Ag

(T0/Ta/Tm) (J/m2)[4.7] 1.38/1.30/1.05
Au(111) 0.066 0.71
Au(100) 0.091 0.84
Au(211) 0.070 0.79
Au(311) 0.075 0.83
Au(511) 0.079 0.83
Au(711) 0.082 0.84
Experimental Au

(T0/Ta/Tm) (J/m2) [4.7] 1.76/1.63/1.35

 

According to table 4.3, the trend in the surface energies of the three metals is the 
same. For the flat surface, Esurf (111) < Esurf (100) is rather obvious and easy to 
understand, because the (111) surface is the closed packed surface. Furthermore, the 
stepped surfaces, (211), (311), (511) and (711), are also considered. For the stepped 
surface (n 1 1) with odd n, the trend Esurf (311) < Esurf (511) < Esurf (711) is observed. As 
these kind of surfaces are in fact N(100)X(111) as mentioned above, this phenomenon 
can be explained easily. When the number of n increase, the (100) part formed in the 
stepped surface gets larger, the surface energy will get closer to the pure (100) surface. 
Imagine that if the n is large enough, the (n11) surface energy will approach that of the 
(100) surface. We noticed that although all of  the three metals have this stepped 
surfaces trend, the surface energies (unit J/m2) of Ag stepped surfaces are all larger than 
of Ag(100) as well as metal Cu (appendix C). But for Au and Pb, the values are smaller 
and rather similar as (100) surface. 

Usually, to make a step edge on (100) surfaces needs extra energy, and its' 
sometimes  rather large, that's why the surface energy of Cu/ Ag stepped surfaces[4.4, 
4.11] are large. But we should note that, to make a step edge also means to add a (111) 
surface piece onto the (100) surface, which will decrease the surface energy. For some 
heavy metal like Au and Pb, this energy decreasing caused by a (111) surface piece 
maybe even larger than the formation energy of the step edge, which will make the total 
surface energy lower. Unfortunately, the principle of this phenomena is still not 
completely clear yet.  To make it clear, more elements should be calculated. 

50



The charge density difference of the Pb flat and stepped surfaces comparing with 
bulk crystal are shown in fig.4.6. At the flat surfaces Pb(100) and Pb(111), the charge 
distribution is rather delocalized, which the charge density isosurface with the value of 
0.01 eV / Å3 is smooth and flat covering the surface. The charge accumulation 
isosurface is a little bit further away from the surface than the depletion one, but the 
distance is rather small. For stepped surfaces in particular Pb(511) and Pb(711), the 
charge distribution is localized at the stepped edge, but rather delocalized at the 
terraces. It indicates that the step edge has unique electron properties which is different 
from the flat surfaces. This point will be demonstrated in the next two chapters. The 
other two metals, Ag and Au, show rather similar results compared lead, so that I will 
not discuss them here. 

Fig.4.6 Fig. 6. Isosurface plots of charge density differences upon Pb flat surfaces: a) 
Pb(100), b) Pb(111) and stepped surfaces c) Pb(211), d) Pb(311), e) Pb(511), f) 

Pb(711). value 0.01 e/Å3. Charge accumulation, i.e. accumulation of electron density, is 
plotted in blue, charge depletion in yellow. In contrast to the previous figures, the Pb 

atoms are colored in grey. 
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Fig.4.7 d density of state of Pb bulk, Pb(111) and Pb(100) surfaces

The figure of Density of State (DOS) are usually used to analyze the interaction 
of the substrate and adsorbate. The Newns-Anderson model and the simpler d-band 
model (details in Chapter 5/ introduction) have been proved particularly useful in the 
development of an understanding of reactions at the solid-gas or solid-liquid interface. 
It is particularly important to understand which properties of the surface determine its 
chemical reactivities. The d-orbital density of states (dDOS) is rather important in the 
solid-liquid interfaces, some recent studies suggest that the d-band model could explain 
the strength of the metal-water interaction [4.12]. We all know that Pb's outermost 
electron structure is 6s26p2, but interestingly enough the water-lead interaction is as 
strong as other metal like Ag, Au, which will be discussed in detail in the next chapter. 
Fig. 4.6 shows us the dDOS of Pb surface. It illustrates that the fully occupied d-band of 
Pb lies far below the Fermi energy indicating that it hardly contributes to the bonding to 
adsorbates so that the bonding is dominated by the s- and p-orbitals
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Chapter 5
Water-metal interfaces 

5.1 Introduction

The results with respect to water-Au interfaces of this chapter have been 
published in Surf. Sci. 606, 886-891, and parts of the text are taken from this reference. 
The experimental data concerning Au and Ag electrodes are taken from H. Ibach's 
work[5.5, 5.49].

The atomic level understanding of metal–water interfaces is of strong current 
interest [5.1– 5.9], not only from a fundamental but also from an applied point of view, 
in particular in the context of electro-chemistry, corrosion, and atmospheric science 
[5.10]. Stepped surfaces are particularly interesting [5.11– 5.13] as they are present in 
any realistic surface and often exhibit specific electronic [5.13], chemical [5.14] and/or 
catalytic [5.15– 5.17] properties. To systematically study the effects of steps on the 
properties of metal–water interfaces, vicinal surfaces are well-suited since they have a 
well-defined step structure.

Although the structure of water layers, especially the stratification of liquid water 
near electrode surfaces, has been studied intensively, for example by experiments using 
grazing incidence X-ray and scanning tunneling microscopy (STM) [5.10, 5.18– 5.23], 
still the structure of water at metal surfaces, in particular at structured surfaces remains 
unclear. On hexagonal densely-packed (111) substrates, usually it has been assumed 
that water forms crystalline ice-like layers because of the matching hexagonal geometry 
[5.18, 5.19, 5.24– 5.29], however, recent ab initio molecular dynamics studies [5.6, 
5.30] have indicated that at temperatures above 150 K the water layers start to become 
disordered. On more strongly interacting metal substrates such as Ru Rh and Ni, water 
tends to form half-dissociated water-layers [5.7, 5.27, 5.31], however, their formation 
might be kinetically hindered [5.21].

At non-hexagonal or stepped surfaces, the situation is even less clear since these 
substrates do not support a hexagonal arrangement of the water molecules. The 
resulting structure will be a consequence of the balance between water–water and 
water–metal interactions which are of comparable strength [5.26, 5.32, 5.33] so that it is 
not trivial to make any structural predictions.

Recently, vibrational spectra of water adsorbed on Au(100), Au(511) and Au (11 
1 1) were measured at low temperatures (140 K) using electron energy loss 
spectrometry (EELS) by H. Ibach [5.5]. This work was motivated by the observed large 
reduction of the Helmholtz capacitance or inner-layer capacitance on stepped gold and 
silver surfaces [5.13].
54



Fig. 5.1.1 Experimental results of energy loss spectra of Au(100), Au(1111) and 
Au(511) surfaces at 140 K. a) with 1L of water, b) with 3L of water[5.5].

In single adsorbed water layers, not all hydrogen atoms of the water molecules 
can be hydrogen-bonded to other water molecules. For example, in the ice-like 
hexagonal bilayers on (111) substrates every second water molecule has a hydrogen 
atom pointing either up (H-up) or down towards the surface (H-down). These water 
structures have comparable energies, their stability depends on the particular substrate 
[5.6, 5.27]. In vibrational spectra of water layers, the presence of the hydrogen-bonded 
(HB) hydrogen is reflected by a mode at about 3400 cm−1, whereas non hydrogen-
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bonded (NHB) hydrogen leads to a peak at 3700 cm−1 [5.5, 5.34]. The EELS spectra of 
water adsorbed on Au(100) at 140 K display in the O-H-stretch regime only a peak at 
3390 cm−1. The absence of the NHB hydrogen peak was taken as an evidence for a H-
down water layer on Au(100) [5.5]. On stepped Au surfaces, on the other hand, 
significantly different vibrational spectra were found. Most importantly, the spectra 
contain a peak close to 3700 cm−1 which has been attributed to the presence of NHB 
hydrogens. Based on these findings, Ibach proposed three different structural models for 
a water layer on Au(511) involving distorted hexagonal rings which were all assumed to 
be consistent with the observed vibrational spectra [5.5]. However, a final assessment of 
the true water structure solely based on the vibrational spectra could not be made.

These experimental data  can be seen as a object of reference  to investigate the 
metal-water interface, especially the water structures at stepped surfaces. In this chapter, 
the properties of single water molecule adsorbed on different metal surfaces are 
discussed first. Then, considering water layers on flat and stepped gold surfaces, we 
have addressed structural and electronic properties of water layers on Au(100) and 
Au(511) by performing periodic density functional theory (DFT) calculations. The 
stability of several water structures has been evaluated. In addition, ab initio molecular 
dynamics (AIMD) simulations have been performed at temperatures of 140 K and 300 
K in order to assess the thermal stability of the water layers and to derive vibrational 
spectra. Furthermore, we have analyzed the electronic structure of the water–Au 
systems. Additionally, the water-silver interface has been investigated. Silver has rather 
similar properties as gold, such as the lattice constant. A comparison between 
experimental and theoretical results will also be shown. At last, the lead-water interface 
will be addressed.

In the electronic structure theory, the d-band model has been proved particularly 
useful in the understanding of the breaking and making bonds at metal surfaces. This 
model can be simply described as follow:

When a molecule adsorbs on a transition metal surface, depending on the shape of 
the band which the metal states form, the interaction will result in a broadened single 
resonance if the metals states are broad and delocalized or split into bonding and anti-
bonding resonances of the states are narrow and localized. The second one will form a 
strong chemical interaction.
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5.2 Adsorption of single water molecule on metal 
surfaces (Au, Ag and Pb)

Although it is almost impossible to get any experimental data about the 
adsorption of a single water molecule on metal surfaces, it is necessary to investigate 
this system as the first step in the study of metal-water interfaces. Before we start to 
address the water structure, some basic data are needed. And more importantly, it could 
help us to get the key point of the interaction between the water molecules and the 
substrate from a complex water-metal system in the following.

Fig.5.2.1: The possible adsorption position of a water molecule on a) (100) 
surface b) (111) surface c) (511) surface as a example of stepped surfaces. 
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Generally speaking, water molecules are assssumed to adsorb at the top ssite of 
the metal surface through their oxygen atoms, which is also been proved by our 
investigation. But there are only few investigations about water molecule at stepped 
surfaces, experimentally or theoretically. In our work, many starting positions of water 
molecule on both flat and stepped surfaces have been tried, as shown in figure 5.2.1. 

Figure 5.2.2: Top and side view of the relaxed single water molecule adsorbed on a a) 
Pb(100) surface, b) Pb(111) surface, c) Pb(211) surface, d) Pb(311) surface, e) Pb(511) 

surface and e) Pb(711) surface. 
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Figure 5.2.1 shows the possible adsorption position of a water molecule on a) 
(100) surface b) (111) surface c) (511) surface as an example of stepped surfaces. A, B 
and C positions are the top site, homo-site and bridge site, respectively. For stepped 
surfaces, the top site of atoms with different environment are signed as A, A' and A''. 
And also the adsorption condition of the water molecule is considered, like Hydrogen 
atom pointing up (H-up) or down (H-down) towards the substrate and parallel to the 
surface.

First, we address the results on flat surfaces. All of the calculations indicate the 
same result: top site is the favorable adsorption position for single water molecule not 
only on lead surfaces (shown in figure 5.2.2 a) and b)) but also on gold and silver. The 
water molecules are always parallel to the surfaces. Although Au(100) surfaces are not 
stable usually, in order to compare with other metals, and to get the trend we still 
investigate water on  unreconstructed Au(100).
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5.3 Water structures on flat and stepped gold 
surfaces

5.3.1. Geometry

   First we address the water structure on the flat (100) surface. Water structures on 
(100) surfaces are significantly less frequently studied than water structures on the 
hexagonal (111) surfaces [5.10, 5.19].
    Au(100) surfaces prepared in ultrahigh vacuum are always reconstructed with the 
uppermost layer forming an incommensurate, approximately hexagonal structure [5.5, 
5.42]. Because of the difficulties associated with describing incommensurate structures 
within a periodic supercell approach, we have not made any attempt to model the 
reconstructed Au(100) surface. Rather, the results of Ibach for the Au(100) surface 
might be compared to simulations for water layers on Au(111) [5.6]. In contrast, the 
Au(511) surface which consists of (100) terraces does not reconstruct [5.43]. In order to 
have a reference for water on the (100) terraces, we consider a water layer on 
unreconstructed Au(100).
    According to a DFT study using an Au12 cluster to model the Au(100) surface 
[5.44], an isolated water molecule is most strongly bound to bridge and on-top 
positions. However, to the best of our knowledge, except for the recent study of Ibach 
[5.5] there are no studies addressing the microscopic structures of water layers on 
Au(100). Water on Pt(100), on the other hand, has been the subject of a few studies 
[5.34, 5.45, 5.46]. Typically it has been assumed that water forms a rectangular 
structure with every surface atom covered by a water molecule on Pt(100) [5.45, 5.46]. 
For Au(100), we have adopted a similar structure as our starting point. The optimized 
structure obtained within a 2×2 geometry assuming an H-down configuration is 
illustrated in Fig. 5.3.1. There are two inequivalent water molecules per unit cell, one 
with a hydrogen atom pointing down, the other one bound with the oxygen atom to the 
underlying Au atom. Still, the water structure is rather flat with the distance between 
oxygen atoms of the water molecules and the underlying Au atom being about 3.6 Å. 
Every water molecule is bonded to two neighboring water molecules with a O-O 
distance of 2.8 Å which is quite typical for the H-bonded oxygen atoms. The O-O 
distance to the other two neighboring water molecules is 0.5 Å larger so that they can be 
regarded as not being bonded. This results in a water structure formed by an H-bonded 
zigzag chain.
      The choice of the water structures on Au(511) considered as the initial 
configurations for the structure optimization was motivated by the suggestions proposed 
by Ibach [5.5]. In addition, we tried several other structures. However, all these 
structures relaxed basically towards the structures shown in Fig. 5.3.1. The structures 
depicted in Fig. 5.3.1 b and c possess a 1×3 periodicity whereas the structure in Fig. 
5.3.1 d corresponds to a 1×2 periodicity. The water coverage is the same in all 
structures with six (Fig. 5.3.1 b and c) and four (Fig. 5.3.1 d) water molecules per unit 
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cell. The adsorption energies per water molecule are listed in Table 5.3.1. The most 
stable structure corresponds to the one shown in Fig. 5.3.1 b but the one depicted in Fig. 
5.3.1c is within the accuracy of our calculations practically degenerate.

Fig. 5.3.1 Top and side view of the relaxed water structure on Au(100) (a) and 
Au(511) (b–d).

 
These two structures are rather similar, they only differ in the position of the H-up 

water molecules. In the following, we concentrate on the structure shown in Fig. 5.3.1 b 
which is in fact rather close to the one proposed by Ibach (Fig. 8a in Ref. [5.5]). It is 
formed by a complete hexagon located on the (100)-like terraces. Hexagons of adjacent 
terraces are connected by distorted rectangles and octagons. Note that the water 
molecules at the lower step edge are in an H-down configuration. Thus the water layer 
can become rather smooth with all oxygen atoms located almost in one plane. The 
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distances of the oxygen atoms to the underlying metal atoms are 3.30 Å, 4.17 Å and 
3.84 Å, starting from the water adsorbed at the upper site of the step edge towards the 
one adsorbed at the lower site. The water molecules at the middle of the terrace are 
rather far away from the surface, even 0.33 Å further than those above the lower site of 
the step edge. Still, the height difference with respect to a (511) plane within the water 
layer of about 0.3 Å is much smaller than the height difference between the uppermost 
substrate atoms (0.7 Å). Note that there is only one H-up and one H-down molecule per 
unit cell, the other water molecules are oriented more or less parallel to the surface. The 
average distance between the oxygen atoms of two neighboring water molecules on the 
same terrace is 2.78 Å, whereas it is enlarged to 3.13 Å across the step edge. Finally, the 
optimized water structure within the 1×2 geometry (Fig. 5.3.1 d) is significantly less 
stable than the structures within the 1×3 geometry so that it is rather unlikely that it is 
realized.

Table. 5.3.1
Water adsorption energies in eV per H2O molecule on Au(100) and on 

Au(511) for the structures illustrated in Fig. 5.3.1.

Structure Au(100) Au(511)b Au(511)c Au(511)d

Eads (eV/H2O mol.) -0.39 -0.44 -0.43 -0.3

          5.3.2.      Ab initio molecular dynamics simulations

Recently it has been shown that the observed work function change of metal 
surfaces upon the adsorption of a water layer can only be understood if a thermally 
induced random orientation of the water molecules is assumed [5.6]. In order to assess 
the stability of the water layers on Au(100) and Au(511) at finite
temperatures and to derive the vibrational spectrum, AIMD simulations at 140 K and 
300 K have been performed for a run time of 8 ps. Snapshots of the initial configuration 
and the final configuration at both temperatures are shown in Fig. 5.3.2.

On Au(100), the rectangular structure obviously dissolves at 140 K (see Fig. 
5.3.2b). Instead, a more open hydrogen-bonded network of water molecules evolves 
with almost all water molecules oriented in a plane perpendicular to the (100) surface. 
At 300 K which is in fact above the desorption temperature of water monolayers from 
Au surfaces, the resulting structure becomes even more open, reflecting the fact that the 
adsorbed water layer is not thermodynamically stable at room temperature. The run 
time of the simulations has just not been long enough for the desorption to be 
completed.

The water structure on (100) surfaces certainly deserves further attention. However, 
here we rather focus on the water structure on stepped Au for which a proposal for a 
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possible structure exists based on the limited width of the terraces. Interestingly enough, 
on Au(511) the water layer hardly changes its structure at 140 K, and even at room 
temperature, there is no indication of any structural rearrangement prior to desorption 
which sooner or later should occur at this temperature. In addition, there is no sizable 
reorientation of the water molecules which has been observed on (111) surfaces, also 
for more strongly interacting substrates such as Pt or Ru [5.6]. Single water molecules 
are only bound with an adsorption energy of −0.088 eV to the Au(100) surface which is 
even lower than the adsorption energy of −0.13 eV calculated for the water monomer 
bound to Au(111) [5.27]. At the lower step edge of the Au(511) surface, however, we 
find a much larger water monomer adsorption energy of −0.257 eV. Obviously, the 
water molecules strongly bound to the step edge atoms pin the water structure and lead 
to a high thermal stability of the water monolayer on Au(511).

Fig. 5.3.2. Snapshots of the AIMD simulations on Au(100) (a,b,c) and Au(511) 
(d,e,f) in top and side view. Panels a and d: initial conditions; b and e: t=8 ps, T=140 K; 

c and f: t=8 ps, T=300 K.
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As mentioned above, the oxygen atoms of the water molecules at the upper side of 
the steps are located much closer to the Au atoms than the oxygen atoms above the 
terrace sites. This means that the interaction of these water molecules at the terraces 
with the underlying Au atoms is much weaker. This much weaker binding might then 
conversely lead to a stronger water–water binding. Thus it is very likely that in total the 
thermal stability of the water layers at Au(511) is caused by the pinning of the water 
molecules at the steps together with the weaker metal–water and the stronger water–
water interaction above the terraces.

Fig. 5.3.3. Trajectories of the oxygen atoms of the water molecules indicated by the 
dark lines derived from the AIMD simulations at 140 K on Au(100) (a) and Au(511) 

(b).

Since snapshots can sometimes be deceiving, in Fig. 5.3.3 we have plotted the 
trajectories of the oxygen atoms of the water molecules along the AIMD runs at 140 K 
on Au(100) and Au(511). On Au(100), the trajectory shows that the water molecules 
leave the initial position and wander around, which means the water reconstruction and 
desorption has already started at 140K. The trajectories confirm the picture already 
derived from Fig. 5.3.2 : on Au(100), there is a substantial restructuring of the water 
layer. This shows a weak interaction between the water layer and the surfaces and also 
the instability of the water structures on flat gold surface, which indicates a liquid-like 
properties near the gold flat surfaces.

 In contrast, on Au(511) the water molecules are rather stationary, in particular 
those at the step edge. It is clear that the water molecules vibrate around the equilibrium 
position. It shows a rather high stability of water structure at 140K and indicates a 
crystal-like properties near the gold stepped surfaces.
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Using the Fourier transform of the velocity auto-correlation function, we derived 
the vibrational spectrum of the water layers on Au(100) and Au(511) in order to allow 
for a direct comparison with the experiment [5.5]. In order to reduce the dependence of 
the calculated spectra from the initial conditions, the results shown in Fig. 5.3.4 have 
been averaged over five different configurations after the thermalization of the water 
layer was completed.

Fig. 5.3.4. Calculated vibrational spectra of the water layer on Au(100) and 
Au(511) derived from the Fourier transform of the velocity auto-correlation function. 

Experimentally observed modes [5.5] are indicated by dashed lines.

One of the prominent features observed in the experiments is a hydrogen scissor 
mode at 1630 cm−1  on both Au(100) and Au(511). In the O-H stretch regime, on 
Au(100) there is a single mode at 3390 cm−1 , whereas three modes have been 
identified on Au(511), two stretching modes at 3320 cm−1  and 3485 cm−1  which 
have been attributed to H-bonded (HB) hydrogen, and a stretching mode at 3685 

cm−1  associated with non-H-bonded (NHB) hydrogen [5.5]. These modes are 
indicated as dashed lines in Fig. 5.3.4.
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On Au(100), we find two sharp features in the calculated vibrational spectrum at 
about 1600 cm−1  and 3500 cm−1  which are related to the hydrogen scissor mode 
and O-H stretching mode, respectively. Interestingly enough, in spite of the rather open 
structure of the water layer (see Fig. 5.3.2b) with hydrogen atoms being non-bonded 
and bonded both to Au and to oxygen atoms, there is only one distinct peak in the O-H 
stretch region. The frequencies of the non-H-bonded hydrogen atoms might be red-
shifted, as already suggested to explain the experimental results with only one peak in 
the O-H stretching region [5.5]. Note that AIMD simulations of water on Au(111) 
performed at 300 K yield similar results as those obtained here for Au(100), namely one 
hydrogen scissor mode at about 1600 cm−1  and also only one broad peak centered 
around about 3500 cm−1  [5.6].

Although DFT-derived vibrational frequencies often exhibit discrepancies 
compared to the experiment [5.47], the fact that both a red-shift and a blue-shift are 
obtained indicates that water on Au(100) might be not an appropriate model to describe 
water on reconstructed Au(100) (according to the experiment results, mostly like 
Au(111) surfaces).

For Au(511), on the other hand, there is a rather good agreement between measured 
and calculated water vibrational frequencies. This agreement might to a certain degree 
be fortuitous. Furthermore, it should be noted that the height of the peaks do not agree 
with the experiment which is not surprising considering the fact that we have not 
included the dipole selection rules in the simulation of the vibrational spectra. Still, the 
fact that the hydrogen scissor mode as well as the three-fold splitting of the O-H stretch 
mode is qualitatively and quantitatively reproduced indicates that the structural model 
for the water layer on Au(511) illustrated in Fig. 5.3.1b should be correct.

5.3.3. Electronic properties

In order to obtain a deeper understanding of the properties of water layers on 
Au(100) and Au(511) we have also analyzed their electronic structure. In Fig. 5.3.5, the 
d-band local density of states (LDOS) is plotted for a Au atom in the uppermost layer of 
Au(100) and Au (511) in the absence and the presence of a water layer where the 
energy minimum structures of water depicted in Fig. 5.3.2a and d have been used. Note 
that on clean Au(511) and in the presence of water there are inequivalent surface atoms. 
In order to keep Fig. 5.3.5 clearly laid out, we have selected one specific surface atom 
for both Au(100) and Au(511), namely one located below a hydrogen atom, however, 
the findings for the other surface atoms are rather similar. Fig. 5.3.5 in fact confirms 
what has already been found in the case of water layers on Pt(111) [1.6, 1.28]. Because 
of the relatively weak interaction between water molecules and metal atoms, the LDOS 
of the metal surface is hardly influenced by the presence of water.

In spite of the small change in the LDOS of the metal substrate, there is still a 
significant polarization of the water molecules upon the adsorption of the water layer 
[1.6]. This is illustrated in Fig. 5.3.6 where isosurfaces of the charge density differences 
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upon water adsorption on Au(100) and Au(511) are plotted. On Au(100), there is a 
particular strong charge accumulation of electron density below the water molecule 
being oriented parallel to the surface and bound via the oxygen atom to the Au atom 
whereas there is a considerable charge depletion below the H-down water molecule 
(Fig. 5.3.6c). On Au(511), the charge rearrangement is mainly localized at the step 
edge, however, qualitatively a similar pattern of charge depletion and accumulation as 
on Au(100) arises (Fig. 5.3.6d). This charge rearrangement also contributes to the 
water-induced work function change.

Fig. 5.3.5. Local density of states (LDOS) of the d-states of a Au atom in the 
uppermost layer of Au(100) and Au(511) in the absence and the presence of a water 

layer in the energy minimum structures.

In Table 5.3.2, the work function of clean and water-covered Au(100) and Au(511) 
is listed together with the water-induced work function change ΔΦ which corresponds 
to the difference of these two values. Experimentally, for Au(100) a work function of 
5.22 ± 0.04 eV was measured [5.48]; our calculated value of 5.022 eV compares 
reasonably well with the experiment. However, the calculated water induced work 
function changes of −0.093 eV and −0.057 eV for Au(100) and Au(511), respectively, 
seem at first sight to be surprisingly small considering the large polarization of the 
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water layers just discussed. In order to understand this result one has to take into 
account that both water layers correspond to H-down layers, i.e. the water molecules not 
oriented parallel to the surface bind with their hydrogen atoms to the surface. In the 
water layer on Au(511), there is also one H-up water molecule but two H-down water 
molecules per unit cell. H-down water layers have an intrinsic dipole moment that 
would increase the work function [5.6]. The fact that we find slight work function 
decreases upon the water adsorption indicates that the intrinsic water dipole moment is 
over compensated by the strong polarization of the water layers illustrated in Fig. 5.3.6. 
Similar results have been found for water layers adsorbed on strongly interacting 
hexagonal substrates such as Ru(0001) [5.6].

Fig. 6. Isosurface plots of charge density differences upon water adsorption on 
Au(100) (panels a and c, value 0.004 e/Å3) and Au(511) (panels b and d, value 0.009 

e/Å3). Charge accumulation, i.e. accumulation of electron density, is plotted in yellow, 
charge depletion in blue. In contrast to the previous figures, the Au atoms are colored in 

brown. Panels c and d show a close-up of the regions with the largest charge 
rearrangement. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.)

68



At stepped Au and Ag surfaces, a reduced Helmholtz capacitance has been found 
compared to the corresponding flat surfaces [5.13]. It has been speculated that this 
reduction is due to a lower polarizability of the water molecules at the steps [5.13]. Now 
we have not performed any calculations for varying external electric fields or electrode 
potentials which is beyond the scope of the present paper; hence we cannot directly 
derive any facts with respect to the polarizability of the water layers. Still it is 
interesting to note that according to Fig. 5.3.6b on Au(511) the water layers are only 
polarized close to the steps. The water molecules above the terraces hardly show any 
polarization which can be related to the fact that their position is further away from the 
metal atoms so that they are only weakly interacting with the substrate. On 
unreconstructed Au(100), on the other hand, all water molecules in the first water layer 
are strongly polarized (see Fig. 5.3.6a).

It is now tempting to assume that the polarizability of the water molecules is related 
to the strength of their interaction with the metal substrate. Hence it might well be that 
not the water molecules at the steps exhibit the smaller polarizability but rather the 
water molecules above the terraces which are located further away from the metal 
atoms. A definite statement, however, can only be made after the polarizability of the 
water molecules has been explicitly determined.

Table 5.3.2

Work function in eV of clean and water-covered Au(100) and Au(511) 
and water induced work function change ΔΦ.

Surface Φ(Au) Φ(H2O/Au) ΔΦ
Au(100) 5.022 4.929 −0.093
Au(511) 5.041 4.984 −0.057
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5.4 Single water layer on Ag surfaces

After the successfully investigated water structures on Au(100) and Au(511) 
surface, Ibach focussed on the similar metal silver [5.49] which also exhibits the 
peculiar reduction of the Helmholtz capacitance by Beltramo [5.50]. From our DFT 
simulation, we found that only the water molecule above the step edge directly bonds to 
Au(511) surface, while water molecules above terraces are located at an relatively large 
distance to the surface atoms. In other words, they are not bonded directly to the surface 
atoms, which might be an explanation for the low capacitance [5.51]. Because of the 
similar lattice constant and surface properties, we could expect that the water structure 
on Ag(511) should be similar to the one on Au(511). However, these two surfaces also 
have characteristic differences which might cause different water structures. That's what 
we are interested in.

Fig.5.4.1 Spectra of water adsorbed on Ag(115) for 1L, 1.5L, 3L, and 10L exposure are 
displayed as circles, squares, up-triangles and down-triangles, respectively. The 

decomposition of the OH-stretching regime into 4 modes is shown for 1.5L by the solid 
lines 
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The experiments were performed in an ultra-high vacuum chamber ( below 1×10−

11 mbar) using thecylindrical mirror Auger-spectrometer, low energy electron 
diffraction (LEED) and an electron energy loss spectrometer (EELS) [5.52-5.54]. The 
stepped surface was first sputtered to clean the layer that was damaged by the polishing 
procedure, then heated to 1100K and then annealed. At last the surface was checked 
through measuring the LEED patterns.

Water layers were deposited with the sample placed near the water vapor inlet 
with the sample kept at about 130K. Note that 1×10-6 mbars correspond to 1L (1L = 1 
Langmuir, originally defined as 1×10-6Torrs). As the density of water molecules in a 
single layer is about 5×1014cm-2 , in the experiment about 1.5L yields a surface 
coverage equivalent to a single water layer [5.49].

Fig. 5.4.1 shows us the main results of spectra of water adsorbed on Ag(511). 
Note that the spectrum of 1.5L also shows 4 peaks,  a hydrogen scissor mode at 1630

cm−1 ,  two stretching modes at 3345 cm−1  and 3465 cm−1  which have been 
attributed to H-bonded (HB) hydrogen, and a stretching mode at 3690 cm−1  
associated with non-H-bonded (NHB) hydrogen. This result is almost the same as on 
Au(511), where the four modes are at 1630 cm−1 ,  3320 cm−1 , 3485 cm−1  and 
3685 cm−1 . This result confirms that the water structure on Ag(511) should also be 
similar to the one on Au(511).

Fig. 5.4. 2 Top and side view of the relaxed water structure on Ag(511) surface.

The first step of the DFT investigation is still to determine the most stable water 
structure on Ag(511). Several different initial structures were calculated in 1x2 and 1x3 
supercells. The most stable structure is shown in Fig.5.4.2, which different initial 
structures assumed automatically after optimization.
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As the first step, still, the water structure on Ag(511) is determined. Several 
different structures are tried in both 1 x 2 and 1 x 3 supercell including the same struture 
as the most stable water structure on Au(511) surface. Fig. 5. 4.2 shows the structures 
that all  initial structures change automatically to after relaxzation. Fig. 5.4.2 a and b 
correspond to a 1 x 3 periodicity and fig.5.4.3 c is in a 1 x 2 supercell. The water 
coverage rate is the same as on Au(511), which is with six in  1 x 3 periodicity and four 
in  1 x 2 periodicity. The most stable structure is shown in Fig. 5.4.2 a, but  Fig. 5.4.2 b 
has quite similar adsortion energy (table 5.4.1).

Table. 5.4.1
Water adsorption energies in eV per H2O molecule on Ag(511) for the 

structures illustrated in Fig. 5.4.2.

Structure Ag(511)a Ag(511)b Ag(511)c

Eads (eV/H2O mol.) -0.43 -0.42 -0.30

Since the lattice contant of Ag is rather similar to the one of Au, it is no surprise 
that the most stable structure on Ag(511) is almost the same as Au(511), which is 
formed by a hexagon located on the (100)-like terraces connected with other hexagons 
by rectangles and octagons. Although the water layer is not as flat as on Au(511), the 
structure which has two H-down water adsorbed at lower site of step edge make the 
whole water layer rather flat and smooth. The average distance between the O and the 
underlying metal atoms are 3.8Å , 3.86 Å and 2.96 Å corresponding to the water 
molecules adsorbed on the lower site of step edge, terrace and higher site of step edge, 
respectively. Interestingly enough, the O-O distance between water molecules above the 
terrace is 3.03 Å, whereas it reduces to 2.85 Å across the step edge. The relatively weak 
interaction between water molecules in the same terrace is the most significant 
difference between the structures on Ag(511) and Au(511). It indicates a  stronger 
interaction between the water molecule and upper site of the step edge that one of the 
water molecule above the the upper site of step edge is about 0.5 Å closer than the one 
on Au(511), which can be seen clearly in Fig. 5.4.2 a. The water structure within the 1 x 
2 supercell is formed by a rectangles and octagon located across the step edge, there is 
one water molecule above every surface atom at the upper site of the step edge, which 
also indicates the relatively strong water-metal interaction at the step edge. But this 
structure is relatively unstable, as it has a rather low adsoption energy.
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Fig. 5.4.3 Snapshots of the AIMD simulations on Ag(511)  in top and side view at 
different temperature. Panels a : initial conditions; b : t=8 ps, T=140 K; c: t=8 s, T=300 

K.

The snapshots of  AIMD results after 8ps at both 140K and 300K are shown in 
Fig.5.4.3. At 140K, the water structure hardly changed compared to the initial 
configuration, it exhibits a rather good stability, just like we observed on Au(511). But 
interestingly enough, the water structure totally dissolves, and note that some water 
molecule start to escape from the surface, a more open water structure forms. This 
indicates that the desorption of water has already started at 300K. 

We are rather interested in the different stability of water structures on Au(511) 
and Ag(511). From the DFT calculation, we get the adsorption energy of a single water 
molecule on Ag(511) adsorbing on the upper site of the step edge, which is -1.40 eV. It 
is much larger than the one on Ag(111) (-0.56 eV). The water at the step edge strongly 
interact with the substrate, which make the water  molecules located at a unfavorable 
position to form a Hydrogen bond, in other words, the water -water interaction is 
weaker. This weaker water-water interaction lead to the breakdown of the water 
structure, and water used to adsorb at the terrace move around and start to desorb, 

73



Fig. 5.4.4. Trajectories of the oxygen atoms of the water molecules indicated by the 
dark lines derived from the AIMD simulations on Ag(511) surface  at 140 K (a) and 

300K (b).

The trajectories at 140K and 300K shown in Fig.5.3.4 are even more illustrative. 
The water molecules, in particular, water at the step edge, are rather stationary at 140K, 
but still the vibration of other water molecules are stronger than on Au(511). Some 
water molecule even left the equilibrium position, though it went back finally, this point 
is what we can not get from the snapshot. It indicates the onset of the break up of this 
structure. The trajectory confirm the picture already derived fromFig. 5.3.3, at 300K the 
water structure totally dissolves, water molecules go everywhere and start to desorb 
from the surface.

Fig. 5.3.5 shows us the vibrational spectra of water layer on Ag(511) at 140K using 
the Fourier transform of the velocity auto-correlation function, so that we could 
compare with the experimental data directly. The spectra has already been averaged 
over five different initial configuration in order to reducer the dependence from a single 
initial structure.
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Fig. 5.4.5. Calculated vibrational spectra of the water layer on Ag(511) at 140 K 
derived from the Fourier transform of the velocity auto-correlation function. 

Experimentally observed modes [5.49] are indicated by dashed lines.

On Ag(511), four peaks were found in the calculated vibrational spectrum at 1630
cm−1 , 3345 cm−1 , 3465 cm−1 and 3690 cm−1 . The four features were related 

to the experimentally observed mode separately: a hydrogen scissor mode, two 
stretching modes which are attributed to H-bonded hydrogen and a stretching mode 
associated with non-H-bonded hydrogen. It also shows a rather good agreement 
between experimental and calculated water vibrational sprectra, which is rather similar 
to the one on  Au(511). Although the height of the peaks do not agree with the observed 
data because  dipole selection rules were not considered in the simulation, the 
agreement of both Au(511) and Ag(511) indicate that the structure shown in fig. 5.3.2 a 
is correct. The structural model is quite stable on Au(511) and Ag(511), and shows a 
crystal-like properties at 140K.
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Fig. 5.4.6  Local density of states (LDOS) of the d-states of a Ag atom at the upper step 
edge on Au(511) surface in the absence and the presence of a water layer in the 

minimum structures.

The Local d-states density of state of one Ag atom at the upper step edge in the 
presence of a water molecule is compared with the Ag atom located in the same 
position on a clean substrate surface in Fig. 5.4.6. As we expect, the relatively weak 
physical adsorption of water molecules hardly influence the LDOS of the metal 
surfaces.

Comparing with water layer on Au(511), the charge density difference shows 
similar results: Since the water molecule above the terrace is relatively far away from 
the substrate, the water molecule and the terrace hardly polarize, which also indicates 
the weak interaction between these two. On the other hand, the water layer at the upper 
site of the step edge polarized even stronger than on Au(511), showing a strong 
interaction between them. Compared with the charge density difference of clean 
Au(511), the charge strongly polarized at the upper site of the stepped edge.
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Fig. 5.4.7 Isosurface plots of charge density differences upon clean Ag(511) 
surface(panel a, value 0.01 e/Å3) and water adsorption on Ag(511) (panels b, value 0.01 

e/Å3). Charge accumulation, i.e. accumulation of electron density, is plotted in blue, 
charge depletion in yellow. In contrast to the previous figures, the Ag atoms are colored 

in grey. 
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5.5 Water layers on flat Pb surfaces 

For lead surfaces, the situation is a little bit different compared with silver and 
gold. There are only few experiments addressing this metal, in particular with respect to 
the liquid solid interface. So there is little information about the water structures on Pb 
surfaces, especially at stepped surfaces. As we have already determined the structures 
on Au and Ag surfaces, it seems to be a good idea to use the trends of the water layers 
on stepped surfaces derived from the results of gold and silver, then assume similar 
structures, like we have done on silver surfaces. And this is what we tried first, but then 
we found it impossible. The lattice constant of Pb is 5.02Å , which is 20% larger than 
those of Ag (4.17Å ) and Au (4.16 Å ), note that there is hardly any difference between 
Au and Ag. The results of this part will illustrate the water structure difference caused 
by the larger lattice constant. 

It is really hard work to derive the water structure at the stepped surfaces, even if 
we decide to get the structures by putting the water molecules one by one onto the 
surfaces. As the stepped surfaces (n11) can be seen as a combination of (111) and (100), 
we decided to obtain the water structures on flat Pb surfaces in order to get a general 
idea for stepped surfaces.

Generally speaking, the ice-like hexagonal water structure is considered as the 
normal structure on the metal (111) surfaces at low temperature[5.6, 5.55, 5.56]. On 
some metal which have stronger water- metal interaction like Pt (111), this structure is 
stable even at room temperature [5.6]. So the ice-like layer was chosen as the initial 
water structure on the Pb (111) surface. We tried H-up, H-down structures and the H-
up/H-down mixture structures. After the relaxation, whatever the starting structure is, 
the optimized water structure changed into the H-down one automatically. Obviously, 
the H-down structure is more favorable.

Figure 5.5.1 Top and side view of the relaxed ice-like water structure on Pb(111). The 
Pb ,O and H are colored by grey, red and white.
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 Figure 5.5.1 shows us the most stable ice-like water structure on Pb(111) after 
relaxation. The water layer is formed by hexagons. There are two kinds of water 
molecules, one bounds to two other water molecule through an H-bond, the other has a 
hydrogen atom pointing down towards the metal surface. All of the water molecules 
adsorb at the top side of the Pb atoms, as is also true for single water molecules 
adsorbed on the other metal surfaces.

From the side view figure, we note that the water layer is rather flat, which is a 
basic requirement to determine weather it is a complete water layer. The distance 
between the oxygen and metal surface is about 3.7Å . The distances between oxygen 
atoms are not all the same. The shortest one is about 3.01Å, and the average distance is 
3.5Å. The angle of O-H-O is almost 180 degree. Generally speaking, the bonding 
distance of H-bond is 2.0Å to 3.8Å, and the angle of  O-H-O should be between 120º 
and 180º. The larger the angle is and the shorter the H-bond is, the stronger the H-bond 
is.[5.10] Hence, the water layer on Pb(111) form a rather weak H-bond. The reason will 
be discussed later.

When we checked the adsorption energy of the water layer, we obtained as 
surprisingly low value at only -0.25 eV/water molecule. It is a very small value which is 
only almost one half of the water layer adsorption energy on Ag(111). We will show 
that the reason of this small value is not any weak interaction between lead and water 
molecule. According to the results for single water molecules adsorbed on Ag(111) and 
Pb(111), the value is almost the same. And the distance between the O atom and the 
surface is also in the usual range compared with Ag and Au surfaces.

The adsorption energy per water molecule is calculated by the formula

E=Etot−nE substrate−NE H 2O/N                            (5.5.1)

where Etot is the total energy of our system, Esubstrate is the energy of the substrate 
per unit cell, n is the number of metal atoms in unit cell which formed the supercell, N 
is the number of water molecule in the supercell, EH2O is -14.22eV.

From this formula, it is not difficult to understand that this adsorption energy is 
not “pure” adsorption energy but includs the water-water interaction. To determine the 
“pure” water metal interaction, the isolated water layer with the same geometry of the 
metal water system should be calculated (table 5.5.1). This EH2O layer energy is obtained 
by the following formula

E H 2O layer=Eisolated water layer−NEH 2O/N              (5.5.2)

The physical meaning of  E
H2O layer

 is the strength of water-water interaction (H-
bond) per water molecule.

As shown in tab. 5.5.1, the difference between the adsorption energy on Pb(111) 
and Ag(111) is about 0.196 eV, it is almost the same as the energy difference from the 
hydrogen bonding within the water layer on these two metal surfaces (0.174 eV), which 
means that the interactions between water molecules and the Pb/Ag surfaces are almost 
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the same, the difference is only about 0.02 eV. This result indicates that the low 
adsorption energy on Pb(111) is mainly caused by the weak interaction between the 
water molecules. As mentioned above, water molecule prefer to adsorb at the top of the 
metal surface atom. The lattice constant of Pb is 20% larger than for Ag and Au. This 
causes the distance between the water molecules to be larger, in other words, it will 
make the hydrogen bond between water molecules weaker. 

Table 5.5.1 The difference between adsorption energy on Pb(111) and 
Ag(111) compared with the energy difference for the isolated water layers

Eads/H2O(eV) Ewater-water(eV) Lattice constant(Å)
Pb(111) -0.254 -0.221 4.95
Ag(111) -0.450 -0.395 4.09

Diff 0.196 0.174 21%

Because of the large lattice constant, it is likely that the most stable water 
structure on Pb is different compared to the one on Au/Ag surfaces. Hence we regarded 
water structures with a higher coverage.

Unfortunately, it seems that there are only few studies about the (100) surfaces. 
According to these studies, most of them agree that the water structure should be 
formed by rectangles, which means that there is a water molecules adsorbed on top of 
every surface metal atoms. Compared with our results, the top site is always the most 
favorable site on Pb surfaces. So this rectangle structure guess is reasonable. Hence, we 
have started with this structure on Pb(100) (fig.5.5.2).

Fig. 5.5.2 Top (a) and side view (b) of the water structure on Pb(100) with 100% 
coverage.

According to our calculations, the water structure on Pb(100) does not form 
rectangles like on Cu(100) [4.4] or on Au(100). The water molecules accumulate and 
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form parallel zigzag water chain. There are two kinds of water molecule in the chain, a 
H-up and a H-down water molecule. The average distance between two neighboring 
oxygen is 2.75Å . There is no hydrogen pointing towards the water in other chain. The 
nearest O-O distance between two neighboring water chain is 4.38Å , which is much 
too large for a H-bond. Hence, there is no H-bond formed between the water chain. This 
structure can also be explained by the large lattice constant of Pb.

Fig. 5.5.3 Top (up-site figures) and side views (down-site figures) of the water 
structures on Pb(100) with different coverage

Note that, it is really hard to unambiguously define a complete water single layer. 
Both the water-metal and water-water interaction exist, and the values of these two 
contributions are in the same order of magnitude. More importantly, these two parts are 
not independent. Generally speaking, the stronger one part is, the weaker the other one 
is. To determine a complete water layer, in particular, to compare two water layers with 
different coverage, the adsorption energy can not be considered as the only standard, 
but only as a reference point. More water molecules will form more H-bonds. Hence, it 
is also rather important to have a look at the water structures, like whether the layer is 
still flat, or what is the distance between two water molecules.

Using a 2x2 supercell, water structures with different water coverage are 
calculated, from 25% to 200%.The definition of the water coverage is the number of 
water molecules divided by the number of  the metal atoms in the first layer. So the 
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water layer we showed in fig. 5.5.2 corresponds to 100% coverage. Figure 5.5.3 shows 
us the most stable one for every  water coverage.

A single water molecule adsorbs at the top site of the surface atom, as I mentioned 
earlier. The second water molecule adsorbs at the hollow site. Although the top site is 
the most favorable site of water adsorption, the distance between two top sites is too 
large to form a H-bond. So these two water molecules favor the balance of the water-
water and water-metal interaction – to adsorb at the second most favorable site, hollow 
site, and form a much stronger H-bond (O-O distance 2.80Å ) . The adsorption energy 
at 50% coverage is 3 times larger than the one at 25% (table 5.5.2). Three water 
molecules form a triangle structure. The water molecules roughly stay at the top site, 
but slightly closer than the Pb atoms to form the H-bond. The O-O distance is 2.78 Å, 
and the angle of these three water molecules is 113 degree.

The 100% coverage water structure has already been analyzed above. Two  zigzag 
water chains without any H-bond bonded with each other are formed in the supercell. 
Hence we suppose that the 100% coverage water structure still is not the complete 
single layer on Pb(100), and higher water coverages should be checked. The results 
justify our guess.

The 125% coverage water layer is formed by hexagons and rectangles. One 
rectangle is connected by four hexagons. Comparing with the 100% layer, one more 
water molecule adsorbs at the hollow site between two zigzag chain. From the side view 
of fig. 5.5.3 e, it is clear that the water layer is rather flat. The average O-O distance is 
2.98 Å, the shortest bond is 2.87 Å, and the largest one is 3.23 Å. Obviously, the water-
water interaction is much stronger than for the 100% structure. 

When the number of water molecules continuously increases, the second water 
layer starts to form. One water molecule adsorbs at a position much higher than the 
other, and the whole water layer becomes rough (fig. 5.5.3 f). The water structures with 
even higher coverage rate show clearly that the second water layer is formed gradually, 
a complex hydrogen-bonded network of water molecules results. From table 5.5.2, note 
that the adsorption energy per water molecule increases when the water coverage gets 
larger. This can be explained by the increasing number of H-bonds, when one more 
water molecule adsorbs on the surface.
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Fig. 5.5.4 Top (up-site figures) and side views (down-site figures) of the water 
structures on Pb(111) with different coverage

Table 5.5.2 The adsorption energy of water layers as a function of the 
coverage on Pb(100).

Water coverage Adsorption energy (eV/ water molecule)
25% -0.07
50% -0.22
75% -0.27
100% -0.36
125% -0.40
150% -0.45
175% -0.45
200% -0.5
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Furthermore, water layers with different coverages at Pb(111) is also calculated 
within a 3×3 supercell. Unlike other metals, for example Ag, Pt or Au, a higher 
coverage water layer can also form a single water layer on Pb(111) (Fig.5.5.4 c). 

Table 5.5.3 The adsorption energy of the water layers with different water 
coverage on Pb(111) surface.

Water coverage Adsorption energy (eV/ water molecule)
33% -0.06
66% -0.25
100% -0.37

As mentioned earlier, one single water molecule prefers to adsorb at the top site, 
and the 66% coverage water molecules as well. The structure for 100% coverage is 
more interesting. The O atoms are located almost in one plane, and there are three 
different kinds of water molecules in a supercell, one H-up, one parallel and one H-
down water molecule. The water molecules are no longer adsorbed on the top site of the 
surface, and the distance between O atom and substrate is 0.6 Å larger than for the 66% 
coverage structure, which indicates that the interaction between water layer and the 
surface is weaker than for the 66% one. But a much larger adsorption energy (0.12 eV/ 
water molecule) indicates a stronger water-water interaction (table 5.5.3). Water layers 
on both Pb(111) and Pb(100) shows rather different structures compared with other 
metals, hence we estimate the water structures on stepped surface should also be 
different.
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Chapter 6
 self-diffusion on Pb flat and stepped 

surfaces 

In this chapter, some results have been taken from the pulication which has been 
published in Electrochim Acta 140, 505-510 (2014).

As I mentioned in the first chapter, the main goal of my investigation is to 
understand the principle of the quantum switch. The fundamental elementary process 
occurring in the switch is the deposition of metal atoms from the electrolyte to the 
metallic electrodes and the formation of a contact. The specific metal structure growing 
on the electrode upon metal deposition is controlled by diffusion processes. Hence a 
crucial part in the modeling of the atomic-scale switch is the determination of metal 
self-diffusion paths and the corresponding diffusion barriers.

As a possible mechanism, a novel switching mechanism has beens uggested that is 
based on the collective deposition of metal atoms from the electrolyte onto the 
switch[6.1, 6.2, 6.5]. Still, the exact nature of the collective process was not clarified. 
Here we report the results of a theoretical effort in order to elucidate elementary steps in 
the collective switching mechanism on an atomic scale and to develop concepts to 
describe the corresponding processes.

The fundamental elementary process occurring in the switch is the deposition of 
metal atoms from the electrolyte onto the metallic electrodes and the formation of a 
contact. The specific metal structure growing on the electrode upon metal deposition is 
controlled by diffusion processes [6.6- 6.10]. Hence, a crucial part in the modeling of 
the atomic-scale switch is the determination of metal self-diffusion paths and the 
corresponding diffusion barriers[6.11].

As the first step, Monte Carlo simulations [6.12] of the breaking of contacts in a 
two-dimensional geometry based on simple model potentials have already been done. 
These simulations provide insights into the statistical nature of the motion of the 
electrode atoms. In particular, they show how the elementary processes – atoms moving 
over diffusion barriers – transform into collective many-body processes when the 
junction is ( slowly) closed. These simulations also suggest that exchange processes 
play an important role in the contact formation at the nanoscale.

In order to check whether exchange processes indeed occur at realistic electrode 
surfaces, we have then determined metal diffusion paths using total-energy calculations 
based on density functional theory ( DFT ). As the specific metal, we have considered 
lead which has also been used as an electrode material in the quantum conductance 
switch [6.13]. To the best of our knowledge, diffusion processes on stepped Pb surfaces 
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have not been addressed yet by DFT calculations, but by a computational study [6.14] 
based on embedded atom potentials.

Note that the controlled formation of nano-structures at metal surfaces is of critical 
importance not only for the realization of the electrochemical quantum conductance 
switch, but also for several further applications at surfaces and interfaces, including 
heterogeneous[6.15- 6.20] and electro-catalysis [6.21- 6.23], quantum [6.24- 6.27] and 
magnetic data storage [6.28, 6.29]. However, in spite of the fact that such important 
diffusion processes have been studied in detail [6.30- 6.32], it is fair to say that the 
atomic level understanding of these processes, in particular at complex, structured 
surfaces, is still limited. It is also important to note that the formation of the contact in 
the switch occurs at the electrochemical solid/liquid interface which adds further 
complexity to the system [6.33- 6.35].
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6.1 single atom adsorbed on Pb surfaces

Barriers for self-diusion of Pb on Pb substrates were calculated due to the 
importance of diffusion for growth processes. After metal deposition on a surface, the 
resulting surface structure is determined by the fact whether the deposited atoms 
propagate further on via diffusion and how facile the diffusion is. Generally speaking, 
there are two kinds of diffusion mechanisms, the hopping mechanism and the exchange 
mechanism which are illustrated in Figs.6.1a and b, respectively. The hopping 
mechanism is typically considered as the usual mode of the diffusion by which atoms 
move between the adjacent equilibrium sites. It is mainly operative on closed packed 
metal surfaces. In the exchange mechanism, the adatom displaces a surface atom which 
then becomes the adatom. It has typically been observed on (100) surfaces such as 
Pt(100) [6.36] or Ir(100) [6.37]. Whereas in the hopping mechanism the transition state 
corresponds to the hopping atom in a two-fold coordination, in the exchange 
mechanism there are two atoms in a three-fold coordination at the transition state on a 
(100) flat surface. Which mechanism is operative is hence determined by the fact 
whether one atom in a two-fold situation is more favorable than two atoms in a three-
fold configuration. Thus the exchange mechanism is operative at flat metal surfaces that 
favor a three-fold coordination with the three-valent aluminum being the prototypical 
example. On stepped surfaces, however, the diffusion across a barrier is hindered by the 
relatively large Schwoebel-Ehrlich barrier while the exchange mechanism might 
involve rather high-coordinated congurations.

Fig.6.1 illustration of a) hopping diffusion, b) exchange diffusion on a (100) surface. 
The original and final adatoms are colored by green and light blue. 
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As the first step to address the diffusion paths, we determined the optimum 
adsorption position of a Pb adatom on flat and stepped Pb surfaces (see Fig.6.3). For 
these surfaces, all possible positions ,including the top sites, bridge sites and hollow site 
located at the upper site of the step edge were considered. The lower ste of the step edge 
and the terrace (Fig. 6.2), are evaluated to find the initial position of  and meta-stable 
transition poition of the diffusion processes, in particular, for stepped surfaces. For 
Pb(111) and Pb(100) we find, as expected, that the equilibrium geometry corresponds to 
the three fold hollow site (Fig.3 a) and the four fold hollow site ( Fig.3b), respectively. 
On Pb(111), the adatom adsorption height is 2.23Å , the distance to the nearest 
neighbors is 3.13 Å which is 12% shorter than the interatomic distance in the bulk. As 
for Pb(100), the adatom adsorption height is 1.96Å , and the distance to the nearest 
neighbors is 3.21 Å which is 9% shorter than the interatomic distance in the bulk. These 
trends are typical for adsorbed metal atoms and can be explained in terms of the 
correlation between bond strength and coordination [6.38].

Fig. 6.2 Possible initial and meta-stable transition position that have been simulated at 
stepped surface, including top sites (A), bridge sites (B) and hollow sites (C)

As all other considered (n11) stepped surfaces with odd n have rather similar 
properties, the results of diffusion processes are also similar. We focus in the discussion 
on the Pb(511) surfaces and just report the results for the other stepped surfaces. On 
Pb(511), the adatom prefers to adsorb at the lower side of the step edge in direct contact 
with one step atom in an bridge-like site with respect to the atoms of the lower terrace 
(Fig.3c). Because of this bridge-like conguration, the adsorption height is 3.27 Å with 
respect to the lower terrace, and the distance between the adatom and the step edge is 
3.39Å .
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Fig6.3  Optimized position of Pb adatoms on different surfaces. The adatoms in the 
most stable position are depicted in light grey in a) and b) and is blue in c) which 

surface atoms are shown in dark grey and the adatoms in meta-stable transition position 
are shown in light red (for d, e).

 a) Pb(111) surface, b) Pb(100) surface, c) Pb(311) surface, d) Pb(511) surface and e) 
Pb(711) surface.

The meta-stable transition position is also very important for the diffusion process 
in perpendicular direction at stepped surfaces. As could have been expected, the  meta-
stable transition position of stepped surface is at the four-fold hollow sites of the 
terrace, as the terrace can be regarded as a piece of (100) surface.
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6.2 diffusion processes of self-diffusion

6.2.1 self-diffusion on flat surfaces

        Table 6.2 shows the diffusion barriers on the flat Pb(100) and Pb(111) surfaces. On 
the Pb(111) surface, we obtained an energy barrier of only 0.01 eV for the hopping 
mechanism and 0.11 eV for the exchange mechanism which is about 10 times larger 
than for the hopping process. But interestingly enough, on Pb(100) the diffusion barrier 
of the exchange mechanism is 0.47eV which is 0.17eV lower than for hopping one 
indicating that the exchange diffusion is the favorable mechanism on Pb(100).

Fig. 6.4 shows us the minimum energy path of favorable mechanism on Pb(111) (a) 
and Pb(100) (b) surfaces. The configuration A, B and C are related to the initial state, 

intermediate state of favorable mechanism and the other mechanism.
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Table 6.2 The diffusion barriers on Pb flat surfaces 

hopping(eV) exchange(eV)
Pb(111) 0.01 0.11
Pb(100) 0.64 0.47

        The diffusion constant is given by the Arrhenius formula:

 D=D0 exp −Ed /K B T  ,

        where Ed is the diffusion barrier. Many studies show that the prefactor D0 for 
exchange diffusion is usually 10 – 15 times larger than the one for hopping diffusion 
[6.39, 6.40] , hence the exchange is obviously favored for Pb(100), which is similar for 
Au(100). The large barrier difference between the hopping and exchange diffusion is 
easy to understand, as the (111) surface is the closed packed surface, the distance 
between the neighbouring surface atom is the smallest, so for a surface atom to break 
the bond and move out cost energies, and that is the reason why the exchange diffusion 
process is rather unfavouable. But for (100) surface, this process becomes much easier. 
Note that the two atoms exchanging each other are rather close to each other at the 
transition state, only about 3.15Å . Furthermore, the dimer is only 1.44 Å above the 
surface, so that the two atoms can be described as practically being five fold 
coordinated. Hence it is obviously this high coordination that makes the exchange 
diffusion on Pb(100) more favorable than the hopping diffusion.
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6.2.2 self-diffusion on stepped surfaces

       At stepped surfaces, the diffusion paths are much more complex than on the flat 
surfaces. First of all, one has to distinguish diffusion along the step edge from diffusion 
perpendicular to the step edge, i.e. across the step edge. For the exchange mechanism 
along and across the step edge, there are several possibilities. All the atoms in light grey 
and white in Fig.6 may be partners in the exchange diffusion of the adatom along and 
perpendicular to the step.

Fig.6.5 Surface atoms (in light grey) which might exchange with the adatom (in 
blue). a) diffusion along the step edge. b) diffusion perpendicular to the step edge. The 

atoms colored in light grey may be involved in the diffusion across the terrace while the 
atoms colored in white may be part of the exchange mechanism across the step. 

The minimum energy diffusion paths on Pb(511) are illustrated in Figs.5 and 6. As 
shown in Fig.5, for the diffusion along the step edge, the barrier of hopping diffusion is 
0.39eV lower than for the exchange mechanism. The hopping process occurs close to 
the step edge ( inset B of Fig.5 ) and involves some relaxation of the step edge atoms. 
This relatively low barrier can be explained by the fact that the coordination of the 
hopping atom does not change signicantly along the diffusion path. In the exchange 
mechanism, on the other hand, the step edge atom has to detach almost entirely from the 
lower terrace making this mechanism rather unfavorable. The mechanism is quite 
similar to the diffusion process on Al(110) in the so-called in-channel diffusion [6.39].
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Fig. 6.6 Minimum energy path of the hopping mechanism for the diffusion along 
the

 step at Pb(511). Insets A and B illustrate the initial and transition state of the 
hopping mechanism. The barrier for the exchange mechanism is indicated by the 

dashed line, its configuration is shown in inset C 

For the diffusion across the terrace perpendicular to the step edge, the exchange 
mechanism is most favorable, as Fig.6 shows. The diffusion in the middle of the terrace 
is almost the same as the diffusion process on the flat Pb(100) surface with a very 
similar energy barrier. Across the step edge, the energy barrier for the exchange process 
is much lower than for the hopping mechanism. The high barrier in the hopping 
mechanism of 0.93eV is caused by the low coordination at the transition state, whereas 
in the exchange process ( inset A of Fig.6 ), the coordination number of the adatom is 
only reduced from five at the initial state at the lower edge of the step to four at the 
transition state leading to a relatively low diffusion barrier.
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Fig. 6.7 Minimum energy path of the hopping and exchange mechanisms on 
Pb(511) across the step edge. Insets A and B show intermediate states of the exchange 
diffusion whereas insets C and E illustrate intermediate states in the hopping diffusion. 

Inset D shows the metastable intermediate on the terrace. 

Table 6.2 Diffusion barriers at stepped Pb surfaces for diffusion along the 
steps ( para) and across the steps ( perp).

surface Hopping (eV) Exchange (eV)
Pb(311)para 0.33 0.36
Pb(311)perp 0.95 0.57
Pb(511)para 0.36 0.75
Pb(511)perp 0.93 0.41
Pb(711)para 0.37 0.73
Pb(711)perp 0.97 0.56
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Fig. 6.8 The minimum energy path of diffusion at stepped surfaces both along the step 
edge (left panels) and across the step edge (right panels). The barriers of unfavorable 

mechanism are shown in dashed line

 
All calculated diffusion barriers at the considered stepped Pb surfaces, Pb(311), 

Pb(511) and Pb(711), are listed in Table 6.2. As already mentioned above, all of the 
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stepped surfaces have rather similar properties, as far as diffusion is concerned. 
Whereas along the steps the hopping mechanism is favored, across the steps the 
diffusion occurs in a exchange mechanism. These results are in qualitative agreement 
with previous calculations using the embedded atom method [6.14]. As a consequence, 
the diffusion barriers along and across the steps do not differ substantially facilitating 
the particle transport on the surface.

Fig.6.8 shows the minimum energy path of diffusion at stepped surfaces. As we 
have already mentioned, the properties of the stepped surfaces are similar. The shape of 
the curves are rather similar with each other. Another interesting point is that the longer 
the terrace is, the more similar diffusion process is with the one on the (100) surface. 
Note that the middle peak of Pb(711) diffusion across the step edge, the curve is almost 
the same as the (100) one, not only with respect to the barrier but also with respect to 
the shape.

Upon changing the electrode potential and thus the charge state of the surface, a 
new
equilibrium structure of a nanostructured electrode might result [6.41, 6.42]. To assume 
the new equilibrium configuration, deposition and transport processes have to occur. It 
is true that also the diffusion barriers can vary as a function of the electrode potential 
[6.43, 6.44], and we are currently addressing this issue in an ongoing project. Also the 
structure of the aqueous electrolyte at stepped surfaces is modified compared to flat 
electrodes [6.45, 6.46]. However, it has been estimated from the dipole moments of the 
diffusing metal particles in the initial and the transition state that diffusion barriers do 
not change substantially as a function of the electrode potential [6.44]. Thus the already 
rather low diffusion barriers for Pb self-diffusion on flat and stepped surfaces enable 
fast structural changes upon changing the equilibrium conditions. Hence our results are 
consistent with the proposed atomic mechanism occurring in the electrochemically 
controlled atomic-scale quantum conductance switch[6.1, 6.5, 6.13].
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 Conclusions

My work has focussed on the water-metal interface and the diffusion processes on 
stepped and flat Pb, Au, Ag surfaces, in order to understand the quantum switching 
processes at the electrode.

We first tested the parameter for modeling the surface system and for the accuracy 
of DFT calculation. Then some basic properties of clean flat and stepped surface have 
been addressed including the lattice constant, surface energy,  interlayer distance, 
charge density difference and density of states.

For a better understanding of the water – metal interaction, a single water molecule 
adsorbed on different surfaces has been simulated. The strength of the metal-water 
interaction depends on the properties of the metal. Generally speaking, the adsorption 
energy of single water molecule on the stepped surfaces is much larger than on the flat 
surfaces.

The structural, electronic and vibrational properties of a water layer on Au(100) 
have been addressed, Au(511) and Ag(511) have been studied by first principles total 
energy calculations and ab initio molecular dynamics simulations. On Au(100) a 
structural model based on a (2 x 2) surface unitcell does not seem to be realistic.

We obtained the most stable water structures on Au(100), Au(511) and Ag(511). 
From the calculated vibrational spectra, several fundamental aspects have been derived. 
On Au(100), an OH stretching mode can be found at 3500 cm−1 and no NHB 
hydrogen stretching mode was obtained which might be caused by the weak interaction 
between water layers and the Au(100) surface. 

On stepped surfaces, three peaks can be found around 3500 cm−1 (3300 cm−1

,3500 cm−1  and 3600 cm−1 for Au(511), 3345 cm−1 ,3465 cm−1  and 3690
cm−1 for Ag(511) ), where the appearance of two HB hydrogen stretching modes 

might be caused by the influence of the step edge. The simulation results with respect to 
the positions of the peaks agree with the experimental data quite well.

AIMD simulations show that at 140K on Au(100) the rectangular structure is 
thermodynamically not stable whereas on Au(511) and Ag(511) the calculated structure 
is quite stable at 140K, there is even hardly any change of the structure on Au(511) at 
300K. The charge density difference shows a rather localized and strong polarization of 
water at the step edge on Au(511) and Ag(511). All of the phenomena indicate a strong 
interaction between step edge and water layer, and rather different electronic properties 
compared with flat metal surfaces.

As the lattice constant of Pb is much larger than Au and Ag, we find different water 
structures of a single layer on Pb(100) and Pb(111) surfaces. We also addressed the 
water structures with different coverage on both surfaces.

Using first principles electronic structure calculations we have addressed 
elementary processes that may be relevant to the collective switching mechanism 
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occurring in the atomic-scale quantum conductance switch. The DFT calculations 
indeed revealed that diffusion processes across the steped edges of nanostructured 
surfaces are facilitated through the exchange mechanism making diffusion across the 
steps almost as facile as along the steps. This can be helpful to elucidate the atom 
transfer at the electrode during the switching process.
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Appendix A
 Inter-Layer distance of Au, Ag and Pb surfaces after the 
DFT-GGA relaxations. All of the value in this table is in 

the unit of Å.

surface d 12 d 23 d 34 d 45 d 56 d 67 d 78 d 89 dbulk

Au(111) 2.44 2.40 --- --- --- --- --- --- 2.41
Au(100) 2.07 2.09 --- --- --- --- --- --- 2.08
Au(211) 0.64 0.74 1.06 0.78 0.86 0.86 --- --- 0.85
Au(311) 1.00 1.41 1.21 1.28 --- --- --- --- 1.26
Au(511) 0.67 0.59 1.05 0.71 0.81 0.82 --- --- 0.80
Au(711) 0.49 0.53 0.39 0.84 0.55 0.51 0.62 0.60 0.58
Ag(111) 2.41 2.41 --- --- --- --- --- --- 2.40
Ag(100) 2.06 2.11 --- --- --- --- --- --- 2.08
Ag(211) 0.75 0.78 0.93 0.84 0.85 0.86 --- --- 0.85
Ag(311) 1.11 1.32 1.25 1.27 --- --- --- --- 1.25
Ag(511) 0.73 0.70 0.89 0.77 0.81 0.82 --- --- 0.80
Ag(711) 0.52 0.58 0.49 0.67 0.57 0.56 0.60 0.60 0.58
Pb(100) 2.37 2.59 --- --- --- --- --- --- 2.50
Pb(111) 2.74 2.93 --- --- --- --- --- --- 2.89
Pb(211) 0.88 0.92 1.06 0.98 0.99 1.14 --- --- 1.02
Pb(311) 1.22 1.54 1.45 1.59 --- --- --- --- 1.51
Pb(511) 0.89 0.97 0.87 1.03 1.00 0.97 --- --- 0.96
Pb(711) 0.56 0.74 0.56 0.74 0.62 0.73 0.73 0.75 0.70
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Appendix B
The surface energy of Ag(111) surface with different 

exchange-correlation functional and basis sets.

method Surface energy (J/m2)
PBE/PAW(our study) 0.80

PBE/NAO[4.6] 0.77
PBE/EMTO[4.10] 0.89

PBEsol/EMTO[4.10] 1.23
RPBE/PAW[4.6] 0.57
RPBE/NAO[4.6] 0.58

LDA/FP-LMTO[4.8] 1.21
LDA/FCD-LMTO[4.9] 1.17

Experimental Ag
(T0/Ta/Tm) (J/m2)[4.7] 1.38/1.30/1.05
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Appendix C
surface energy of metal Cu

Surface Surface energy (J/m2)
Cu(100) [4.4] 1.45
Cu(111) [4.4] 1.30
Cu(311) [4.11] 1.82
Cu(511) [4.11] 1.68
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