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Zusammenfassung

In dieser Arbeit wurden die strukturellen und optischen Eigenschaften einer

mit Wasser bedeckten Cu (110) Oberfläche mit Hilfe der Dichtefunktion-

altheorie untersucht.

Es wurden einige stabile Adsorptionsstrukturen wie: bspw.: Wasserclus-

ter (Monomere, Dimere, Trimere, Tetramere und Pentamere), verschiedene

hexagonalen Monoschichten, teilweise dissoziierte Wassermonoschichten und

drei unterschiedliche Arten von Ketten, auch eine aus Pentagon-Ringen, un-

tersucht. Für eine Kupferoberfläche im Kontakt mit Wasserdampf, wurden

die energetisch stabilen H2O/OH absorbierten Strukturen, unter Benutzung

der großkanonischen Freien Energie”, bzw. deren Änderung aufgrund von

Adsorption, verglichen. Im nachfolgenden werden diese Strukturen als ther-

modynamisch stabil bezeichnet.

Es wurden weiters Temperatur-Druck Phasendiagramme berechnet und

herausgefunden, dass unter den vielen energetisch stabilen Strukturen (d.h.

Strukturen mit positiver Adsorptionsenergie) nur eine kleine Anzahl ther-

modynamisch stabil sind. Diese sind: i) die Klasse der teilweise energetisch

entarteten hexagonalen Deckschichten, ii) eine teilweise dissoziierte Wasser-

struktur, die den Bjerrum Defekt im Wasserstoffbindungsnetzwerk enthalten

und iii) die Pentagon-Kette.

Aufgrund der geringen Masse der Wasserstoff Atome können auch phonon-

ische Effekte eine Rolle spielen. Die Nullpunktschwingungsenergie verringert

die Adsorptionsenergie um bis zu 0.1eV und die Änderung der Freien Energie

aufgrund des zusätzlichen Schwingungsfreiheitsgrad kann bis zu -0.2eV pro

adsorbiertem Molekül bei 500 K betragen. Die Nullpunktschwingungsenergie

und die Freie Energie der Schwingung der adsorbierten Moleküle ändern je-

doch nicht die relative (großkanonische) Stabilität. Um die van der Waals

Wechselwirkung zu berücksichtigen wurde ein semiempierisches Verfahren

angewandt.

Reflexions- Anisotropie Spektroskopie (RAS) ist ein schnelles und zerstör-



ungsfreies optisches Verfahren, welches verwendet wird, um die Oberfläche

unter verschiedenen Umgebungen, bpsw. Vakuum oder Elektrolytlösungen,

zu charakterisieren. Die elastooptischen Koeffizienten des homogenen Mate-

rials wurden aus der Theorie hergeleitet und die Änderung des RAS Spek-

trums der reinen Cu(110) Oberfläche aufgrund der Oberflächenrelaxation

wurde aus der elasto-optischen Theorie berechnet. Weiters wurden die RAS

Spektren für die thermodynamisch stabilen Strukturen berechnet. Diese

Spektren dienen als Referenz für RAS Experimente, bspw. zum Bestimmen

der Adsorptionsstruktur durch den Vergleich mit dem Experiment.

Die Berechnungen zeigen, dass die RAS Spektren sensitiv von der Ad-

sorptionsstruktur abhängen. Unterschiedliche Adsorptionsstrukturen von

Wasser ergeben unterschiedliche RA Spektren. Die Position der beobachteten

Peaks werden durch die (Oberflächen-) Bandstruktur bestimmt. Es wurde

im wesentlichen herausgefunden, dass die Oberflächenzustände und ihr spek-

traler Respons sich nicht oder kaum verändern (“not quenched”), wenn das

Wassermolekül in intakter Form adsorbiert.



Abstract

In this thesis the structural and the optical properties of the water covered

Cu(110) surface are studied using density functional theory within the inde-

pendent particle approximation.

Several stable adsorption structures are investigated such as water clus-

ters (monomer, dimer, trimer, tetramer and pentamer), different hexagonal

monolayers, partially dissociated water monolayers and three different types

of chains (among them a chain that consists of pentagon rings). For a cop-

per surface in contact with water vapor, the energetically stable H2O/OH

adsorbed structures are compared thermodynamically using the adsorption

free energy (change of free energy due to adsorption). Several phase dia-

grams with respect to temperature and pressure are calculated. It is found

that among the large number of energetically stable structures (i.e. structures

with positive adsorption energy) only a limited number of them are thermo-

dynamically stable. These thermodynamically stable structures are 1- the

class of almost energetically degenerate hexagonal overlayers, 2- a partially

dissociated water structure that contains Bjerrum defects in the hydrogen

bond network and 3- the pentagon chain.

Since hydrogen atoms are light weight their vibrational effects can be

considerable. Zero point vibration decreases the adsorption energy up to 0.1

eV and the free energy arising from the vibrational degree of freedom of the

adsorbed molecules can reach up to -0.2 eV per adsorbed molecule at 500

Kelvin. However, the zero point energy and the vibrational free energy of

the adsorbed molecules does not alter the relative stability of the adsorbed

structures. To account for the long range van der Waals interactions, a semi-

empirical scheme is applied.

Reflectance Anisotropy Spectroscopy (RAS) is a fast and non destructive

optical method that can be used to probe the surface in different conditions

such as vacuum and electro-chemical environment. Elasto-optical coefficients

of the bulk are calculated from the first principles and the change of the RA



spectrum of the bare Cu(110) surface due to surface relaxation is studied as-

suming elastooptic theory. The RAS of the thermodynamically stable struc-

tures are calculated. By comparing the experimental RAS with all of the

calculated spectra (of the thermodynamically stable structures) it is possible

to determine the adsorption geometry in the experiment. The origins of the

peaks are studied in the band structure and it is observed that surface states

are not quenched when water adsorbs in intact form.
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Chapter 1

Background material

1.1 Density Functional Theory

Density functional theory is an attempt to describe quantum mechanical

many body systems. For this theory Hohenberg and Kohn stated that all

the properties of an interacting many particle system can be uniquely deter-

mined by a functional of the ground state density of the system [1]. Density

functional theory has been made applicable by the Kohn-Sham approach [2].

1.1.1 Born-Oppenheimer Approximation

Born-Oppenheimer or adiabatic approximation, is usually the first approxi-

mation in electronic structure calculations. The nuclei are much more mas-

sive than the electrons, so they will be stationary compared to the electrons.

This can be seen in the full Hamiltonian of an electronic system (equ. 1.1).

Because of the nucleus weight (M) the second term at the right side is small.

This means that we can separate the dynamics of the electrons and the nu-

clei. In the Hamiltonian of the electrons (equ. 1.2), the place of the nuclei

acts as a parameter that determines the interaction potential between the

electrons and the nuclei (last term equ. 1.2). After solving the Schrödinger

1



equation for electrons, the resulting energy of the configuration will be used

as the potential energy, V ({RI}), for the Hamiltonian of the nuclei (equ.

1.3).

H =
∑
i

(
−1

2
∇2

i )+
∑
I

(
−1

2M
∇2

I)+
1

2

∑
i 6=j

1

|ri − rj|
+

1

2

∑
I 6=J

ZIZJ
|RI −RJ |

−
∑
i,I

ZI
|ri −RI |

(1.1)

He =
∑
i

(−1

2
∇2

i ) +
1

2

∑
i 6=j

1

|ri − rj|
−
∑
i,I

ZI
|ri −RI |

(1.2)

Hn =
∑
I

(− 1

2M
∇2

I) +
1

2

∑
I 6=J

ZIZJ
|RI −RJ |

+ V ({RI}). (1.3)

Here the atomic units are used in which e = me = ~ = 1/(4πε0) = 1.

Application of the adiabatic approximation reduces in each step the number

of the variables of the wave function that should be solved for.

1.1.2 Hohenberg Kohn Theorem

Different methods are devised to solve the Hamiltonian of the many electron

systems. These methods initially were based on finding approximations to

the wave function of the system. In this approach the wave function after

applying the adiabatic approximation will be a function of 3n variables (n

being the number of the electrons). This means for example for a cluster

of palladium with 100 atoms, the wave function will be a function of 13800

variables. This big number of variables makes the calculation of properties

of the system a very cumbersome task. Hohenberg and Kohn in their famous

theorem proved that there is a one to one correspondence between the Hamil-

tonian and the ground state density of the electrons. This means the system

can be uniquely determined by its ground state density of the electrons. Suc-

cessful application of this theorem reduces the number of the variables of the
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problem from 3n variables to 3 variables. This staggering simplification of the

problem has opened new horizons in computational chemistry and material

science.

In the Hamiltonian of an N electron system (equ. 1.2) the last term which

can be called external potential (vext) determines the Hamiltonian. The first

theorem of Hohenberg and Kohn says [3]:

Theorem 1 For any system of interacting particles in an external potential

vext(r), the potential vext(r) is determined uniquely, except for a constant, by

the ground state particle density n0(r).

Since the density of the states also determines the number of the electrons,

together with the external potential the whole Hamiltonian and therefore

all the system and ground state wave function is determined. The second

Hohenberg-Kohn theorem, which gives the Density Functional Theory its

name, says:

Theorem 2 A universal functional for the energy E[n] in terms of the den-

sity n(r) can be defined, valid for any external potential vext. For any partic-

ular vext, the exact ground state energy of the system is the global minimum

value of this functional, and the density n(r) that minimizes the functional

is the exact ground state density n0(r).

Using equ. 1.2, this functional can be written with respect to its compo-

nents:

E[ρ] = T [ρ] + Vee[ρ] + Vne[ρ] = FHK [ρ] +

∫
ρ(r)v(r)dr (1.4)

where T is the kinetic energy, Vee is the electron-electron interaction, Vne

is the electron-nucleus interaction, v is the local potential representing the

electron-nucleus potential and

FHK [ρ] = T [ρ] + Vee[ρ]. (1.5)

3



1.1.3 Kohn Sham Equations

The Hohenberg-Kohn theorem proves the existence of a functional that by

minimizing it gives the ground state energy. But that theorem does not

introduce the form of the functional. Kohn-Sham gave a practical importance

to density functional theory by replacing the many body system with an

equivalent independent particle system. In this method, the original system

is replaced by an auxiliary system of independent electrons with the ground

state electron density equal to the original system. The Hamiltonian of this

system contains the usual kinetic energy operator and an effective potential

in which the many body effects plus external potential are collected in it.

For this non interacting system, FHK [ρ] will be

F non interacting
HK = J [ρ] + Ts[ρ], (1.6)

where Ts[ρ] is the summation of single particle kinetic energies and J [ρ] is

the classical electrostatic repulsion between electrons. The difference between

FHK of the original and auxiliary systems is called exchange-correlation en-

ergy,

Exc[ρ] = T [ρ]− Ts[ρ] + Vee[ρ]− J [ρ]. (1.7)

This quantity contains the many body effects and a successful calculation

attempts to approximate this functional and its functional derivative with

respect to density (which is called exchange-correlation potential) as accu-

rate as possible. The simplest approximation to the exchange-correlation

potential is called Local Density Approximation (LDA) [2, 4, 5]. In this ap-

proximation the exchange-correlation potential of the uniform electron gas

is used. While LDA seems very limiting, surprisingly also for strongly vary-

ing electron density systems (like molecules) acceptable results are achieved.

Further improvements to the approximation, in addition to the local density

information, contain derivatives of the local density in the functional. This

class of approximation of the functionals is called Generalized Gradient Ap-

4



proximation (GGA). These functionals usually give better results compared

to LDA functionals.

1.1.4 Wave function plane wave expansion

The problem of solving the Schrödinger equation of an N electron system,

using Kohn-Sham theorem is converted to solving N separate Kohn-Sham

Schrödinger equations for the N independent pseudo electrons. The wave

function of each electron can be expressed in different types of basis. For

the crystalline systems due to periodicity of the system it is convenient to

choose plane waves as the basis set for expanding their wave functions. Due

to the Bloch theorem, the eigenstates of the wave function of an electron in

a periodic potential consists of a cell periodic part, uk(r), and a phase factor

that varies across the cells,

ψ(r) =
∑
k

exp(ik.r)uk(r). (1.8)

Since uk(r) is periodic, it can be expanded with plane waves

uk(r) =
∑
G

CGk exp (iG.r), (1.9)

where G are the points on the reciprocal lattice. Then the wave function can

be expanded in pure plane waves as

ψ(r) =
∑
G,k

CGk exp (i(G + k).r). (1.10)

In practice the summation with respect to G can not be performed to infinity.

This summation is truncated after some G which is determined with the so
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called cutoff energy (in atomic units)

Ecut =
|k + G|2

2
. (1.11)

In comparison to the valence electrons, the core electrons contribute little

to chemical bonding. The wave function of core electrons is highly localized

around the nucleus and does hardly overlap with the wave function of the

core electrons of the neighboring atoms. From another point of view, since

core wave functions are highly localized, it is difficult to expand them with

plane waves, i.e. a lot of plane waves are needed to approximate them.

For reducing the number of electrons in the calculation and making softer

wave functions inside a core region, the original potential is replaced with

a pseudopotential. Pseudopotentials are made in a way that (I) outside of

a core radius rc the wave function (ψps) has to fit to the all-electron wave

function ψae , (II) ψps should be nodeless, (III) both, the pseudopotential and

the all electron method should give the same eigenenergies, and (IV) the norm

of the both wave functions should be the same [6, 7]. By removing the norm

conservation condition, a new class of pseudopotentials are made which are

called Ultrasoft pseudopotentials. Using this type of pseudopotentials makes

the calculations converging with a much smaller number of plane waves [8].

1.2 RAS

Reflectance Anisotropy Spectroscopy (RAS) measures the relative difference

of reflectance at normal incidence at a surface (x,y) for two linearly polarized

light beams with orthogonal polarization direction:

∆r

r
= 2

rx − ry
rx + ry

.

Through out this study, over (110) surfaces, x is [11̄0] and y is [001] direction.
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RAS is a powerful optical tool to investigate the surface in UHV, gaseous

and liquid environments, while the two latter environments are difficult to

study with UHV-based methods. This makes it useful to study surfaces in

situ for applications such as monitoring growth of thin layers. As an example

Zettler et al. used RAS for in situ monitoring of the growth GaAs(001) in a

MOVPE reactor [9].

Since light can penetrate into the bulk region, the reflected light will be

influenced by the surface and the bulk region. For the cubic crystals because

of the isotropy of the bulk part, the observed anisotropy can be related to

the surface only. The Reflectance Anisotropy (RA) spectrum is related to

the complex dielectric function of the anisotropic surface and the isotropic

bulk. This dependence makes the study of the spectrum difficult. It is needed

first to model the surface and then the optical properties of the surface for

understanding the experimental data.

1.2.1 Models for RAS

The reflectance anisotropy spectra of the surface of cubic crystals can be

calculated by the three phase model introduced by Aspnes et al. [10, 11].

In this model a thin film is on one side in contact with a semi infinite bulk

cubic crystal and on the other side is in contact with vacuum (Fig. 1.1).

The reflectance difference ∆r/r is related to the Surface Dielectric Anisotropy

(SDA), ∆εs, and the bulk dielectric function εb as [11]:

∆r

r
=
−2ωid

c

∆εs

εb − 1
(1.12)

where ω is the frequency of light, d is the thickness of the surface layer and

c is the speed of light in vacuum. εs and εb are complex dielectric functions

defined as ε = ε(1) + iε(2).

This relation by providing a connection between SDA and RAS is used

to examine the hypothesis about anisotropy in the electronic structure of

7



Figure 1.1: Aspnes Three phase model for RAS

a surface. Cole et al. [12] modeled SDA with a system which has an al-

lowed transition with frequency ωt in x direction and no allowed transition

at the same frequency in y direction. Using this model, the surface dielectric

function will be:

εxs = 1 +
S/π

ωt − ω + iΓ/2
; εys = 1,

where S is the oscillator strength, ωt the transition energy and Γ the width

of the transition (Full width at half maximum). The peak in the RAS of

Cu(110) at about 2.1 eV is attributed mostly to the transition between the

surface states at Ȳ [13]. Cole et al. [12] successfully applied this model to

Cu(110) and the resulting spectrum, surprisingly well, reproduced the main

features of the RAS.

The RA spectrum can contain specific features at energies at which the

bulk dielectric function has resonances. Anisotropic perturbation of bulk

state transitions in x and y directions due to termination of the bulk will

result in an anisotropy signal in RA which is proportional to the derivative

of the bulk dielectric function with respect to energy [14]. In the following we

will elaborate more on this notion. Considering the bulk dielectric function

as a function of E − Et + iΓ and assuming εx and εy as perturbation of the

8



bulk dielectric function, we can write εx and εy as [14]:

εx = εb(E − Et −∆Etx + iΓ + i∆Γx),

εy = εb(E − Et −∆Ety + iΓ + i∆Γy),
(1.13)

where ∆Et and ∆Γ are the modification to the transition energy and the line

width of the transition. Taylor expansion of the functions in relation 1.13 up

to first derivative gives:

∆εs = εx − εy

= (∆Et − i∆Γ)
dεb
dE

,
(1.14)

where ∆Et = ∆Etx − ∆Ety and ∆Γ = ∆Γx − ∆Γy. Replacing ∆εs in equ.

1.12, the RAS will be

∆r

r
=
−2ωid

c

(∆Et − i∆Ω)

εb − 1

dεb
dE

. (1.15)

Stahrenberg et al. [15] for the first time used the derivative model on met-

als for studying the effect of the surface perturbed bulk states in RAS of

Cu(110). A similar approach was used by Bremer et al. [16]. Stahrenberg

et al. quenched the surface states by exposing the Cu(110) surface to air to

inhibit transitions in Ȳ point of Surface Brillouin Zone (SBZ) of Cu(110).

Calculated RA using the derivative model at 2.1 eV reproduces the exper-

imental spectrum around this region. The onset of the dielectric function

near 2.1 eV is due to a ∆5 → ∆1 transition near the X high symmetry point.

Bremer et al. modeled the spectrum by including perturbation of the bulk

∆5 → ∆1 transition, transitions between parabolic surface bands near the Ȳ

and anisotropic Drude parameters. These findings by utilizing the derivative

model, showed that some features of the RAS around 2.1 are due to surface

modified bulk states.

9



Stahrenberg et al. [15] by comparing the surface band structure of Cu(110)

and symmetry considerations claimed that the peak in RAS of Cu(110) at

4.2 eV is due to a transition from a resonant (with bulk) surface state to an

empty surface state at X̄.

The peaks at 4.4 eV and 4.9 eV are assigned to the modified d-band

bulk transitions [17]. The peak at 4.4 eV is related to EF → Lu1 and the

4.9 eV peak is related to L′2 → Lu1 . The temperature dependence of these

peaks is found to be in accordance with the thermal shift of the associated

optical transition which supports these assignments. The features in the 4

eV region are very sensitive to the morphology and the order of the atoms

on the surface [16, 18, 17].

Sun et al. [19] studied adsorption on Cu(110) surface. They separated

the feature near 2.1 eV into two contributions at 2.0 and 2.2 eV. They showed

that physisorption (Xe) quenches the 2.0 eV and the peak maximum shifted

to 2.2 eV, while the signal at 2.2 eV was affected only by chemisorption (CO

and O). These properties show that the 2.0 eV signal is related to surface

state transitions, while that at 2.2 eV is related to the modified bulk state

transitions. Figure 1.2 summarizes the discussed origins of the features in the

RAS of Cu(110). These main features are also labeled for future reference.

Reflectance anisotropy spectroscopy is used to study more complicated

cases such as adsorption and metal/electrolyte interfaces. Smith et al. [20]

using RAS proposed an adsorption configuration for adenine on the Au(110)/electrolyte

interface.

1.2.2 First principles studies

Origins of features of RA spectrum are difficult to study because of the

complicated dependence of the dielectric function on surface structure. First

principles methods are needed to accurately model the surface and pinpoint

the origins of features of RAS. Until late 1990s, surface optic simulations were

mostly performed using Semiempirical Tight-Binding (SETB) calculations

10
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to the feature at 2.1 eV.
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[21, 22]. In this approach some fitting procedure, using experimental bulk

properties are needed. Then the fitted parameters are used to model the

surface. This method can cover many-body effects in an un-quantified way.

Earlier RAS first principles calculations were performed by Manghi et al.

[23] in 1990 for GaAs(110) and GaP(110) surfaces using the single particle

approach within local density approximation. By modeling surface with a

slab they showed that a very large contribution to RA, for the surface under

study, comes from bulk states that are perturbed due to surface boundary

conditions (also known as modified bulk states).

Most of the first principles computer programs assume 3 dimensional peri-

odicity to model the solids. Termination of the bulk to create a surface breaks

the 3 dimensional translational symmetry. Three dimensional translational

symmetry is one of the presumptions of most of the mathematical and nu-

merical methods. To overcome this problem simulations are performed using

periodic slabs. Del Sole [24] showed that RAS simulations can be performed

using slabs with limited thickness of about 20-30 Å. Early calculations except

producing main features did not quite resemble an experimental spectrum

qualitatively and quantitatively. However by increasing available computa-

tional power it turned out that by taking into account the convergence of

the calculations (for example with respect to the density of the sampling

of the k space) the current methodology can produce experimental results

very well. For example in 2000, Schmidt et al. [25] could reproduce RAS of

InP(001)(2x4) surface using DFT-LDA and a relatively high density k-point

mesh (1024 points in SBZ). In their calculation, due to systematic underes-

timation of the band gap in DFT-LDA calculations, the main features of the

spectrum are red shifted. To shift the features to their correct energy posi-

tion many-body effects to some degree should be taken into account. In that

study Schmidt included self-energy effects using the lowest approximation

known as GW approximation (GWA).

First principle calculations on metals started later than semiconductors.
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One of the first ab initio calculation on metals was performed by Martin

et al. [26] in 2001 on a W(110) surface using LDA approximation. In their

calculation they could assign the 3.4 eV resonance feature to transitions from

occupied surface states to unoccupied d-states. In the same year Monachesi

et al. [27] performed first principles calculation on a Cu(110) surface using

a slab with 11 layers, 6 layers of vacuum and 752 k-points in the irreducible

bulk Brillouin zone and 256 k-points in the irreducible surface Brillouin zone

and took into account intraband transitions by approximating them using

the experimental plasma frequency. Even though they did not reproduce

the experimental spectrum, it contained some of the main features of the

spectrum. Monachesi et al. in their next study [28] by taking advantage of

the local nature of the linear muffin-tin orbital (LMTO) method, resolved

dielectric surface anisotropy, layer by layer and found that it almost vanishes

after the second layer. While Monachesi et al. [27] attributed the deviation

from the experimental spectrum possibly to local-field effects, Harl et al.[29]

showed that the problem with deviation of first principles LDA calculations of

RAS is due to the convergence with respect to the parameters such as number

of the layers and the density of the sampling of the Brillouin zone. Also they

found out that it is necessary to calculate the plasma frequency with the

same ab initio method that is used to calculate the dielectric function to

achieve convergence. They could reproduce the RA spectrum using a 21 layer

slab and a dense k-point set (40 × 24 × 1 grid for the Cu(110) surface unit

cell).
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Chapter 2

Structures of water on Cu(110)

2.1 Introduction

The interaction of water with solid surfaces is fundamental to research in

fields as diverse as corrosion, cellular biology, and atmospheric chemistry

[30, 31]. Despite substantial research efforts, the structural properties of

water are at best incompletely understood. This holds for the ubiquitous

liquid phase [32, 33] as well as for thin substrate-supported water films and

clusters prepared in the laboratory [34, 35, 36]. In order to explore the mutual

interaction of water monomers and its modification by the substrate, the

experimental and theoretical research focuses on well defined model systems

that are accessible to both advanced surface-sensitive probes as well as first-

principles calculations. The adsorption of water on the Cu(110) surface is

one prominent example in this respect. However, while many experimental

and theoretical studies have been devoted to this system, the results do not

yield a consistent picture yet.

An early experimental study by Spitzer and Lüth [37] indicates molecular

adsorption for temperatures below 90 K, with the H2O molecules bonded via

the oxygen. They observed dissociative adsorption of water, occurring at

temperatures above 90 K. Preference for an island growth of weakly bonded
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water monomers with a local c(2×2) structure has been concluded by Mari-

ani and Horn [38] from photoemission experiments. The experimental find-

ing of dissociative adsorption at relatively low temperatures [37, 39] was

attributed to radiation damage in Ref. [40]. Even up to 428 K surprisingly

large quantities of molecular water were detected [41]. Using low-energy

electron diffraction, Schiros et al. [42] found a hydrogen-bonded, hexagonal

(7×8) structure for the molecularly adsorbed water monolayer. Yamamoto et

al. [43] ascribed the wettability of Cu(110) to partical dissociation of water

molecules on this surface. An autocatalytic water dissociation on Cu(110) at

near ambient conditions is reported in Ref. [44]. In some cases, stoichiometry

deviations in the water overlayer result from adsorption on O-preadsorbed

substrates or electron bombardment [43, 45]. Scanning tunneling microscopy

(STM) experiments [45] gave microscopic insight in the partially dissociated

water structure and indicated its stabilization by Bjerrum defects, possibly

mediating multilayer growth. Also, a plethora of further water structures on

Cu(110) were observed by STM, indicating the formation of chains consisting

of H2O and OH [46] or assembled from ring-like structures [47]. These rings

were attributed to water pentagons [48], thus contrasting with the ubiqui-

tous hexagon structures resembling ice Ih typically found for metal-adsorbed

water [49].

The experimental studies above are accompanied by or complemented

with numerous theoretical works on water adsorption at Cu(110). Density-

functional theory (DFT) was applied to gain insight into the adsorption struc-

ture and energetics for single monomers [50, 51, 46, 52], dimers [51], trimers,

tetramers and small clusters [53, 54], chain structures [46, 48] and complete

monolayers [50, 42, 52, 55, 45, 56].

What is missing, however, is a comprehensive study, where the water

adsorption structures starting from single monomers, small clusters to one-

dimensional chain structures and complete monolayers are investigated on

the same footing. The present work shall fill this gap. Based on DFT
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total-energy calculations for a large variety of structures, surface phase di-

agrams are calculated that give insight into the thermodynamically stable

H2O/Cu(110) surface structures. Since molecular vibrations affect the ad-

sorption free energy, the effect of zero point and thermal vibrations in the

stability of structures is evaluated. The influence of dispersion forces on the

water adsorption is studied using a semi-empirical DFT-D scheme.

2.2 Methodology

The calculations are performed using Density Functional Theory (DFT)

within the GGA approach as implemented in the Vienna Ab initio Simu-

lation Package (VASP) [57]. The electron-ion interaction is described by the

Projector-Augmented Wave (PAW) scheme [7]. The electronic wave func-

tions are expanded into plane waves up to a kinetic energy of 400 eV. Conver-

gence tests with larger energy cutoffs show that the total adsorption energies

reported here are converged within 10 meV, while the error bar for adsorp-

tion energy differences is below 5 meV (cf. fig. 2.1 ). Gaussian smearing

with an energy broadening of 0.2 eV is used.

The surface is modeled by periodically repeated slabs. Each supercell

consists of seven Cu layers plus the adsorbed water as well as a vacuum region

of about 10 Å. The uppermost four Cu layers as well as the adsorbate degrees

of freedom are allowed to relax until the forces on the atoms are below 50

meV/Å. The Brillouin zone integration is performed using Monkhorst-Pack

meshes with a k-point density equivalent to 8× 12× 1 for a (1× 1) surface

unit cell. For the accurate calculation of chain-chain interactions we found

it necessary to increase the k-point density by a factor of nine.

We use the PW91 functional [58] to describe the electron exchange and

correlation energy within the GGA. It describes the hydrogen bonds in solid

water (ice Ih) in good agreement with experiment [59, 60].

The accurate modeling of loosely bonded adsorbates is a major challenge
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for density-functional theory (DFT), because the currently used XC energy

functionals do not properly describe the long-range van der Waals (vdW) in-

teractions [61, 62, 63, 64, 65, 66]. The importance of vdW forces for surface

wetting properties was recently pointed out by Michaelides and co-workers

[67]. In order to account approximately for dispersion interactions, we use

a semi-empirical, so-called DFT-D scheme [68, 69] based on the London dis-

persion formula. Reuter and co-workers [64] compared molecular adsorption

energies calculated within various DFT-D schemes for coinage metal sur-

faces with experiment and concluded that the approach by Ortmann et al.

[68, 69] – the one which is used in the following – provides results in the

”right ballpark and could even be semiquantitative”. It should be kept in

mind, however, that the accurate description of dispersion forces for complex

systems is still an open problem [65]. Even more realistic and numerically far

more involved approaches than DFT-D, such as the vdW density-functional

(vdW-DF) method [70] do not necessarily lead to an accurate description of

adsorption phenomena [66]. In this sense the present DFT-D results should

be cautiously interpreted as indications for the trend that can be expected

from the inclusion of vdW effects.

The present Cu(110) surface calculations were performed using the equi-

librium lattice constants of 3.634 and 3.599 Å calculated within DFT-GGA

and DFT-D, respectively. The experimental value at room temperature

amounts to 3.615 Å. The calculations of the clean Cu(110) surface yield

a shrinking of the distance between the first and the second layer of -9.5%

(DFT-D: -7.6%) and an increase in distance of 3.9% (DFT-D: 4.1%) between

the second and third layer. This agrees with the experimental observations,

see, e.g., Refs. [71, 72].

The adsorption energy calculated here refers to the difference in en-

ergy (per adsorbed molecule) between the relaxed adgeometry and the clean

Cu(110) surface plus the energy of the respective water molecules calculated

in gas phase. In the case of structures containing hydroxyl groups it is as-
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sumed that the dissociated hydrogen atoms bond separately on the bare

copper surface and the energy of this bonding is considered in the calcula-

tion of the adsorption energy. In the calculation of the adsorption energy of

these type of structures we also have considered the case in which dissociated

hydrogens meet each other and desorb as H2. Calculations (tab. 2.1) show

that in this case the adsorption energy of related structures is reduced. So

this scenario is less favorable comparing to the case that hydrogen atoms

remain adsrobed. Therefore for the rest of this work we have only considered

hydrogen being undesorbed. For the isobar-isothermal processes the relevant

thermodynamical potential that will be minimized at equilibrium is Gibb’s

free energy G = F + PV . The volume V is the volume occupied by the

adsorbed structure which for a surface supercell is of order of 10× 10× 1 Å3.

For pressures of order 100 Pa, PV is of order 1E-7 eV. Then for pressures

and volumes under study this value is negligible, and G quite safely can be

approximated by F . In order to compare energetically adsorption models

with different coverages, the thermodynamic grand canonical potential

Ω(µH2O) = Gsurf(ni)− nH2Oµ
H2O

≈ Fsurf(ni)− nH2Oµ
H2O

≈ Esurf(ni)− nH2Oµ
H2O

needs to be calculated [73], where Fsurf (ni) is the surface free energy which

we approximate by the total surface energy Esurf (ni) at zero temperature

and nH2O is the total number of adsorbed water molecules. Given that the

adsorption energies calculated here are far larger than the typical electronic

or vibrational contributions to the free energy [74, 75], this approximation

seems justified. In fact, our calculations indicate an error bar of about 15 meV

per molecule to result in energy difference between structures by neglecting

the molecular vibrations at 500 K. Also the neglect of the Zero Point Energy

(ZPE) (see, e.g., Ref. [76]) does not affect the relative stabilities of surface
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energies or noticeably the calculated phase diagrams. The grand canonical

potential can be conveniently related to the adsorption energy Eads by

Ω(µH2O) = (EH2O@gas − µH2O − Eads)θ = (−∆µH2O − Eads)θ (2.1)

where EH2O@gas is the total energy of a water molecule in gas phase and θ is

the coverage. The coverage θ is calculated as the fraction of occupied 1× 1

surface unit cells by adsorbed water or hydroxyl molecules.

In order to relate the calculated surface energies to experimental observ-

ables such as pressure and temperature, we also calculate the change of the

water chemical potential using the approximation of a polyatomic ideal gas

[77] (cf. Appendix C)

∆µH2O(p, T ) = kBT

[
ln(

pλ3

kBT
)− ln(Zrot)− ln(Zvib)

]
. (2.2)

Here kB is the Boltzmann constant, T the temperature, p the pressure, λ =√
h2/2mπkBT the de Broglie thermal wave length,

Zrot =

√
πI1I2I3(2kBT )3/2

σ~3
,

and

Zvib =
∏
α

[
1− exp

(
−~ωα
kBT

)]−1

are the rotational and vibrational partition functions, respectively. Ii’s are

the three principal moments of inertia, σ is the symmetry number that is 2

for water, and ωα’s are vibrational modes of water. The calculated values for

the water chemical potential agree well with the data in the JANAF database

[78] for the respective pressures and temperatures.
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Table 2.1: Calculated adsorption energies in eV (within DFT and DFT-D) for
the energetically most relevant geometries per water/hydroxyl molecule. The
adsorption energies for non-stoichiometric structures are calculated assumed
that the hydrogens adsorb on Cu(110). Respectively if the value is in bracket
hydrogens desorb as H2.

Structure EDFT−D
ads EDFT

ads previous DFT
s1 (Monomer) 0.585 0.357 0.375 [52]

s2 (Dimer) 0.753 0.431 -
s3-1 (Trimer) (bent) 0.827 0.495 0.457 [54]
s3-2 (Trimer) ([11̄0]) 0.819 0.486 0.458 [54]

s4 (Tetramer) 0.885 0.519 0.504 [54]
s5 (Pentamer) 0.838 0.509 -
m1 (H-down) 1.001 0.559 0.554 [52]

m2 (H-up) 0.867 0.526 0.514 [52]
m3 (Chain-like) 0.989 0.564 0.560 [52]
m4 (H-up-down) 0.956 0.561 -

d1 0.789 0.468 0.632 [52]
d2 0.894 (0.770) 0.602 (0.542) 0.655 [45]
d3 0.999 (0.916) 0.658 (0.618) 0.700 [45]

c1 (Pentagonal chain) 0.955 0.590 0.59 [48]
c2 (Mixed H2O and OH) 0.878 (0.795) 0.591 (0.552) -

c3 (Pure OH) 0.560 (0.312) 0.398 (0.279) -

2.3 Stable phases of water on Cu(110)

The experimentally observed water overlayer structures can be categorized

into (a) single monomers or small clusters consisting of a few molecules and

(b) extended, periodic structures such as one-dimensional chains or two-

dimensional overlayers.

We first optimized the atomic geometries of small clusters consisting of up

to five water molecules, considering adsorption structures suggested earlier

[52, 54]. The most relevant structures are shown in Fig. 2.3. In all cases, a

number of plausible starting configurations with adsorption in on-top, hollow,

long-bridge or short-bridge sites was probed and structurally relaxed. In
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Figure 2.2: Adsorption sites on Cu(110) surface. red, green, yellow and blue
are respectively: on-top, long-bridge, short-bridge, and hollow sites

Figure 2.3: Schematic top and side views of energetically favorable monomer
and cluster adsorption geometries. Large, medium, and small circles repre-
sent copper, oxygen, and hydrogen atoms.
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gies Eads for the energetically most favored cluster geometries consisting of
up to five molecules.

case of the monomer, the energetically most favorable geometry yields a

DFT adsorption energy of 0.357 eV (cf. compilation of values in Tab. 2.1).

Including vdW interactions considerably increases the adsorption energy to

0.585 eV. In both cases the most stable geometry is placed in on-top position,

but within DFT-D the molecule faces the hollow rather than the long-bridge

site.

Increasing the cluster size initially enhances the adsorption energy per

water molecule, as shown in Fig. 2.4, since the additional hydrogen bonds

between the water molecules stabilize the adsorption configuration. We find

this increase to saturate by increasing the size of the chain. In fact the most

stable cluster consisting of four molecules found here has a slightly higher

adsorption energy per atom than the pentamer, because a cyclic tetramer is

commensurable with favorable substrate bonding positions, thus it exhibits

an extra hydrogen bond which leads to higher adsorption energy. It is inter-

esting to note that the energetic preference for tetramers does not depend

on the use of DFT or DFT-D. This agrees with the findings by Carrasco et

al. [67], who concluded that ”while dispersion is important for the absolute

adsorption energy of water it is of less importance to the atomic structure”.
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Figure 2.5: One dimensional chain structures. Oxygen atoms in water and
hydroxyl groups are colored differently.

The comparison of s3-1 and s3-2 shows the interplay between water-water

hydrogen bonds and favorable adsorption sites: Water prefers to form ice-

like structures which favors the bent structure. On the other hand, however,

the on-top sites on Cu are preferred adsorption sites. The trade-off yields

in our calculations a slightly (∼1-2%) higher adsorption energy for the bent

structure. Again, this result does not depend on the use of DFT or DFT-D.

In order to model the experimentally observed chain structures, we study

the structures shown schematically in Fig. 2.5. Thereby c1 is a chain of

water molecules arranged in pentagons along the [001] direction. Structures

c2 and c3 are parallel to the [11̄0] direction. Structure c2 consists of H2O

and OH in the ratio of 2:1 and c3 consists of hydroxyl groups only. The c1

pentagon structure has been proposed in Ref. [48]. In order to probe possi-

ble chain-chain interactions we performed calculations for a variety of c1-c1

chain distances. It is found that the DFT adsorption energy increases by

increasing the distance d between the chains, i.e., there is a repulsive inter-

action between the chains. As shown in Fig. 2.6, the chain-chain interaction

within DFT scales approximately with 1/d (with only minor modifications
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for DFT-D), indicating an electrostatic charge-charge repulsion with little

influence of substrate screening. Although the energy modification due to

the long-range repulsion is clearly very small and approaches the numerical

and methodological accuracy of our calculations, the trend found here may

explain the self-assembly of equally spaced parallel chains as observed exper-

imentally [47, 46, 48]. The 1/d scaling of the chain-chain interaction energy

is modified for smaller distances in case of DFT-D calculations. In fact, in

case of the c3 structure seemingly an attraction between the rows is caused

by the vdW interaction. However, the energy differences are so small that

this finding may as well be related to numerical artifacts.

In order to analyze the interaction between c1 chains in more detail, we

study the electron redistribution due to the formation of this structure, see

Fig. 2.7. It was calculated by subtracting from the electron density of the

structure with water adsorbed, the sum of the electron charges of the bare sur-

face and the water molecules at the same positions, non-interacting with the

surface. The laterally integrated electron density shown right hand side (rhs)

indicates charge accumulation between the top surface Cu atoms and hydro-

gen atoms that are closest to the surface. The bottom panel in Fig. 2.7 shows

the electron density redistribution in the plane parallel to the surface between

surface atoms and adsorbate. Obviously, the above mentioned electron accu-

mulation occurs mainly below the vertically standing water molecules. From

the left panel in this figure it is clear that the electron accumulation un-

derneath the water molecule does not cause a microscopic image charge in

the metal, in contrast to heuristic arguments from macroscopic electrostatics

sometimes found in literature [79]. This may explain the point charge-like

repulsion (∝ r−1) between neighboring chains. It is further seen (right panel

of Fig. 2.7) that the adsorption induced electron density redistribution in

the metal decays fast. Already in the third layer it is reduced to about 10%

of the surface value. However, it should be kept in mind that the chain-chain

interactions may also be affected by Friedel oscillations of the substrate elec-
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trons [80, 81] as well as by adsorption-induced strain fields in the substrate

[82].

Experimentally, also water-hydroxyl chains were observed in low temper-

ature experiments [46]. Here this structure is modeled with the c2 geometry

shown in Fig. 2.5. The chain forms along the [11̄0] direction and consists in

each unit cell of two water molecules which constitute the backbone of the

chain and are connected by a hydrogen bond and a hydroxyl group. This

chain also interacts repulsively (stars in Fig. 2.6) with its neighbor chains;

the repulsive interaction causes again the appearance of a self-ordered par-

allel chain structure as observed in the experiment [46]. Structures like c3,

suggested in Ref. [46], consist of a sequence of two OH molecules (Fig. 2.5)

that are assumed to form a stable configuration. In the chain structures c1

and c2 hydrogen bonds interlock the building blocks (water and hydroxyl)

of the chain and keep its integrity. In contrast, the c3 chain is different

in the sense that it does not form bonds between the constituting (OH)2

units. Consequently, the present DFT and DFT-D simulations (performed

with the same high density k-point mesh used above to calculate the chain

interactions) show that stretching the chain even by a factor of three does

not reduce the adsorption energy which means the OH molecules do not have

a significant interaction with each other. From this result we conclude that

the c3 structure proposed in Ref. [46] does not describe probable OH group

chains.

Finally, we consider structures derived from hexagonal ice Ih-like bond-

ing configurations that correspond to monolayer coverage within a c(2×2)

translational symmetry [37, 38, 42, 52, 45]. At low temperature water ad-

sorbs on the clean Cu(110) surface and does not dissociate owing to the high

activation energy for dissociation of water molecules [52]. This overlayer con-

sists of two sublayers, in the one closer to the surface water molecules (i.e.

their bonds) are parallel to the surface (Fig. 2.8). Water molecules in the

second layer can be oriented differently. Depending on the direction of the
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Figure 2.8: Models for complete monolayers formed by water molecules
within a c(2×2) translational symmetry.

non-hydrogen bonded OH they are either called H-down or H-up (m1/m2 in

Fig. 2.8). Chain-like configurations such as m3 are also conceivable. Water

molecules on close-packed surfaces like Pt(111) adsorb in H-down configura-

tion [83]. On the open surface of Cu(110) a mixture of H-down and H-up

is observed experimentally [42]. The DFT results in table 2.1 are in agree-

ment with the observation, that – despite the pure H-down configuration is

more stable than the pure H-up – their mixture (m4) makes the structure

even more stable, most likely due to the optimized dipole-dipole interaction.

Given the large number of possibilities to arrange patterns of H-up and H-

down molecules, structures that are energetically even more favorable than

the one found here cannot be excluded. Moreover, the precise energetic or-

dering of the monolayer structures is sensitive with respect to the usage of

DFT or DFT-D: Within the latter, the pure H-down structure is the most

stable structure. Obviously, dispersion interactions may be decisive for the

adsorption geometry in case of energetically nearly degenerate structures.

Experimentally, on oxygen preadsorbed Cu(110) surfaces, or after elec-

tron bombardment of the water covered surface, adsorption structures con-
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Figure 2.9: Extended overlayer structures containing hydroxyl groups in
addition to water. Bjerrum defect is modeled with d3. Oxygen atoms in
water and hydroxyl groups are shaded differently.

taining hydroxyl groups are observed [43, 45]. Previously suggested struc-

tural models for this overlayer containing both water molecules and OH

groups are shown in Fig. 2.9. The d1 [52] and d2 structures [45] have a

(2 × 2) unit cell and contain equal amounts of H2O and OH. In case of

the Ru(0001) surface, d1-type structures were found to be more stable than

hexagonal water structures [34]. The present calculations – irrespective of

whether or not vdW is included – find the partially dissociated d1 structure

to be less stable than the intact H-down structure on Cu(110), in contradic-

tion to the findings of Ren and Meng [50, 52]. This may be a result of the

finer and more isotropic k-point sampling in the present work. The structure

d3 contains two Bjerrum defects per (2 × 6) unit cell (dashed black rect-

angle in the bottom panel of Fig. 2.9), for each defect two H atoms face

each other, not contributing to hydrogen bonding. This structure has been

experimentally observed [45] on oxygen precovered surfaces at T ≤ 140K in

ultra high vacuum STM and under electron exposure [42, 45, 40]. It contains
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H2O and OH groups with a ratio of 2:1 and is energetically most favored

among the OH containing structures considered in the present work, both

within DFT and DFT-D. The calculations show that the lower coordination

of some oxygen atoms in the d3 structure leads to stronger hydrogen bonds;

they are about 0.1 Å shorter than in d2.

The construction of surface phase diagrams based on calculations of the

grand-canonical potential provides a consistent way of energetically compar-

ing surfaces with different coverages and stoichiometries. This approach has

been applied already to a variety of water-solid interfaces, see, e.g., Refs.

[84, 85]. A phase diagram can be calculated using the grand canonical po-

tential (equ. 2.1). As it is clear from this equation, the difference between

chemical potential of gaseous water at temperature T and zero Kelvin is

needed. This value can be calculated for each temperature and pressure us-

ing the polyatomic ideal gas approximation (equ. 2.2). The calculated phase

diagrams show which structures (and under which experimental conditions)

are thermodynamically stable and may be observed. Figure 2.10 shows phase

diagrams calculated within DFT (2.10.a and b) and DFT-D (2.10.c and d).

Thereby the Fig. 2.10.a contains all energetically relevant adstructures con-

sidered in our study, and Fig. 2.10.b is restricted to molecular adsorption

and does not consider structures that contain additional OH groups which

can be created due to adsorption of water on oxygen preadsorbed surfaces,

electron bombardment or partial thermal dissociation at temperatures above

150 K [40]. Among all adstructures considered in the present work, the d3

structure containing hydroxyl groups and Bjerrum defects is most stable. At

increasingly drier conditions, i.e., for lower values of µH2O, the clean surface is

favored. For ultra high vacuum conditions (≈ 10−7 Pa), the water desorption

will occur at a temperature of 175 K, according to the DFT calculations. This

agrees with temperature programmed desorption (TPD) experiment showing

a water desorption peak at 185 K [56]. In the absence of preadsorbed oxygen,

water desorption occurs at 160 K which is in accordance with TPD peak at
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Figure 2.10: Calculated phase diagrams of the Cu(110) surface. (a) and (b)
are DFT and (c) and (d) are DFT-D calculations. The rhs plots (b) and (d)
restrict the energetic comparison to structures where only water molecules
and no separate hydroxyl groups are present on the surface. The chemical
potential of water is with respect to the chemical potential of water at zero
temperature.
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165 K [46, 56]. These results are depicted in Fig. 2.11. In this case DFT also

predicts a narrow range of preparation conditions where between the water

monolayer-covered (m1 represents here the family of energetically nearly de-

generate water monolayer structures) and the bare surface, pentagon chains

(c1 structure) will be stable. As shown in Fig. 2.6, the chain adsorption en-

ergy depends on the chain distance. Accordingly, different chain structures

become stable for different values of the water chemical potential, giving rise

to a continuous phase change. This is demonstrated in the small inset of

Fig. 2.10.b. The calculations thus predict a smooth change from the bare

surface, to a water-chain covered surface with decreasing chain distance to

the formation of a closed two-dimensional overlayer. This agrees with the

experimental observation [48] of a decreased chain distance upon increasing

the water dosage. From the many adstructures considered here, only few

correspond to thermodynamically stable structures: a hexagonal network of

water-hydroxyl trimers containing Bjerrum defects (d3), ice-like water mono-

layer (m1) and water chains consisting of pentagons (c1). Of course, this does

not necessarily mean that no other structures will occur. Obviously also ki-

netics and non equilibrium experimental preparation conditions dictate the

water film morphology, in particular in low-temperature and low-pressure

experiments, where structures such as c2 chains or water clusters have been

experimentally prepared (e.g. clusters assembled by STM in Ref. [54]).

The influence of the vdW interactions on the surface phase diagram is

shown in Figure 2.10.c and d, which contains the present DFT-D results.

Mainly the transition temperature between water-covered and bare surfaces

is increased due to the dispersion forces. We find a shift between about

60 K for low pressures and 150 K at near ambient pressures. Comparing

the calculated data to experiment, the DFT-D results seem closer to the

measured findings at higher temperatures (Fig. 2.11). For example in Ref.

[41] large quantities of molecular water on the surface were observed up to

428 K in 1 Torr. On the other hand, due to slight changes of the relative
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Figure 2.11: Water desorption temperature for any given pressure calculated
with DFT and DFT-D. Squares show the experimental values from Refs.
[46, 56]. The gray line corresponds to the desorption temperature when only
H2O is on the surface.
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adsorption energies, the (experimentally observed) c1 chain does not occur in

the phase diagram anymore. It is now less favored than the m1 monolayer.

This is not necessarily an indication that this structure is only kinetically

stabilized, but may be an artifact of the specific DFT-D implementation

used here. We mention that Carrasco et al. [67], using a modified version

of vdW-DF, found no reversal of the energy ordering between c1 and the

monolayer structures due to dispersion forces. As stressed in Ref. [67] ”we

are still some way from quantitative first principles predictions of wetting and

related phenomena”. Possibly only numerically very involved schemes like

the random phase approximation within the adiabatic-connection fluctuation

dissipation theorem [86] will provide a definite answer to energetic subtleties

such as the stability range of the c1 structure.

2.4 Studying vibrational and thermal effects

Thermal and vibrational effects as mentioned in section 2.2 are omitted in

the above results. In this section we will have a closer look at these effects.

Molecules due to their quantum nature vibrate in the ground state. Since

vibrational modes change upon adsorption, there is a contribution to adsorp-

tion energy from zero point vibrations. Zero point energy can be calculated

as:

EZPE =
1

2

∑
i

~ωi, (2.3)

where summation is over the vibrational modes. Vibrational modes are cal-

culated using frozen phonon method as implemented in VASP code. In this

method dynamical matrix is calculated by calculating forces upon finite dis-

placement of atoms. Figure 2.12 shows the effect of considering ZPE in

adsorption energy. As it is clear from this figure, considering this effect does

not affect the comparative order of structures. Adsorption energy is low-

ered between 0.040 to 0.120 eV. Relative change is about 10% to 20% of the
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Figure 2.12: Effect of considering ZPE in adsorption energy. For water
dissociated structures, ZPE of separately adsorbed H atom is also counted.
The lines are for guiding eyes.

calculated adsorption energy without ZPE.

Thermalized structures occupy higher accessible energy levels. Here higher

energy levels come from vibrational degrees of freedom. Vibrations create an

average energy and entropy at the same time that are dependent on tem-

perature. For a thermalized system the more relevant quantity to study is

“adsorption free energy” rather than “adsorption energy” since it also ac-

counts for thermal energies and entropy. For a thermalized structure, the

free energy is

F surf = Esurf − TSvib

= Esurf@T=0 K + Uvib − TSvib

= Esurf@T=0 K + F vib.

(2.4)
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Figure 2.13: Contribution of thermal vibrations in free energy of the adsorp-
tion structures with respect to temperature

The relation for vibrational free energy F vib is calculated in appendix B.

Figure 2.13 shows the vibrational free energy per H2O/OH molecule for the

adsorbed structures using equ. B.4. Calculations show that in the range of

zero to 500 Kelvin this energy changes from zero up to at maximum 0.2 eV. In

figure 2.14 the adsorption free energy is depicted. To calculate this diagram

both the vibrational free energy and ZPE are considered. As this figure

shows, excluding the s1 monomer structure, the range of different adsorption

free energies changes from 0.180 eV at zero Kelvin to 0.165 eV at 500 Kelvin.

So for comparing the stability of different structures there is a 15 meV error

bar by ignoring the vibrational effects.

2.5 Conclusion

DFT and DFT-D calculations for ultrathin water films and water clusters ad-

sorbed on the Cu(110) surface were performed. Surface phase diagrams were
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Figure 2.14: Effect of vibrational free energy and ZPE in adsorption free
energy of the adsorbed structures

calculated that allow a consistent energetic comparison of the many struc-

tures proposed previously for this system. Starting from single admolecules,

the adsorption energy is found to increase with increasing cluster size up to

four molecules forming tetramers. Although the adsorption energy increases

considerably (by more than 0.2 eV) upon including van der Waals interac-

tions, the relative energetic order of the cluster geometries is robust with

respect to the use of DFT or DFT-D for the calculations. The comparison of

the cluster adsorption energies with either complete ice-like water monolayers

or Bjerrum-defect stabilized water-hydroxyl group layers shows that the for-

mer are unstable with respect to coalescence, irrespective of whether or not

vdW forces are included. In addition to the completely water covered sur-

face, however, an additional phase is found to be thermodynamically stable.

It consists of parallel chains formed by water pentagons. These chains inter-

act repulsively due to Coulomb forces and are thus expected to self-assemble

with equal distances. The chain-chain distances decrease with increasing wa-
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ter dosage in such a way to realize a gradual transition between the bare

and the completely water-covered surface. The various monolayer structures

considered here as well as the pentagon chain structure are close in energy.

Dispersion forces increase the calculated desorption temperatures by about

60 (at lower pressures) to 150 K (at higher pressures), which in near ambient

conditions is in very good agreement with the experiments that are expected

to be close to thermodynamic equilibrium.
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Chapter 3

Optical properties of bulk Cu,

Cu(110) and H2O/Cu(110)

3.1 Introduction

We study optical properties of bare and water adsorbed Cu(110) surface. We

calculate the dielectric function of bulk copper which is used for calculating

the RAS of bare and water adsorbed surfaces. In chapter 2 studies showed

that among the large number of adsorption structures only a limited number

of them are thermodynamically stable, so the RA spectra of water adsorbed

surfaces are calculated only for those stable structures. Theoretical calcula-

tions can identify the source of anisotropy and features of the RAS in the

band structure. Calculated RAS for all of the stable structures, can be used

as a guide to determine what structure is present on the surface at a specific

experiment.

Strain in the surface layer can affect the RAS. Elasto-optic effect can be

used to describe the change in RAS due to strain. We calculate the elasto-

optic coefficients of copper and use the coefficients to explain the difference

between RAS of relaxed and unrelaxed Cu(110) surface.
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3.2 Bulk copper

As it is clear from the three phase model of Aspnes (equ. 1.12), RAS is a

function of surface anisotropy, SDA, and bulk dielectric function. In this

section the dielectric function of the bulk copper is calculated. This function

is used to calculate RAS of Cu(110) in the next section.

In the DFT calculation, the exchange correlation interaction potential is

PW91 which is of GGA type of functionals and the interaction of electrons

and core is calculated using Projector Augmented Wave (PAW) method.

The bulk lattice constant is calculated by minimizing the energy with

respect to the ionic positions. Plane waves are expanded until a kinetic

energy of 341.6 eV. To increase the speed of convergence of the calculations

with respect to the number of K-points, the occupancy of the bands are

smeared using the method of Methfessel-Paxton [87, 57]. Calculations using

up to 2176 K-points results in a lattice constant equal to 3.634 Å±(2.75E-

02)%

3.2.1 Band structure

In the DFT frame work the band structure is approximated by energy lev-

els of the independent Kohn-Sham particles. This approximation not only

gives qualitatively but also surprisingly – to some extent – good quantita-

tive results. However, omission of many-body effects such as self-energy and

excitons causes deviations from experimental band structure. A well known

problem of local density approximation is the underestimation of the band

gap. Figure 3.1 shows the calculated band structure. The d-bands in the

calculation, compared to experiment, are shifted upwards. For instance the

position of the beginning of the d-bands at X (X5) is shifted from its experi-

mental value of -2.01 eV (with respect to the Fermi level) [88] to -1.5 eV and

Γ12 is shifted from -2.78 eV to -2.23 eV. The width of d-bands is increased;

for example X5 − X1 is changed from the experimental value of 3.17 eV to
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Table 3.1: Parameters that are used for calculating the dielectric function of
the bulk copper.
K-points smearing type smearing Cutoff energy No. of Bands

1330 Methfessel-Paxton 0.2 eV 340 eV 12

3.3 eV in DFT. It is customary for semiconductors to correct this narrowing

of the band gap in DFT calculations by a rigid shift of the conduction bands

(so called scissors operator). As it is clear from our calculation for copper

this deviation is band and k-point dependent and a rigid shift by scissors

operator can not fully correct the band structure. Marini et al. [89] showed

that the discrepancy between the DFT and the experimental band structure

of copper can be totally accounted for by considering the self-energy.

3.2.2 Dielectric function

The dielectric function of copper is calculated using optical routines imple-

mented in VASP [91]. The calculations will be compared with the experi-

mental spectrum (Fig. 3.2) measured by Johnson and Christy [92]. Current

calculations are performed without considering local field effects. Meanwhile

the study by Marini et al. [93] showed that local field effects are negligible

in the dielectric function of copper.

The parameters used in this calculation are tabulated in table 3.1. While

even 280 k-points result in converged values (Fig. 3.3), increasing the density

of points reduces the spurious oscillations. This effect also can be achieved

by increasing the smearing (Fig. 3.4). Unfortunately by very large smearing

the features in the spectrum will be averaged out and the peaks will be

broadened. Figure 3.4 shows, increased smearing causes the imaginary part

of the dielectric function to become slightly negative in the low energy region.
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The imaginary part of the dielectric function is calculated as [91]:

ε
(2)
αβ =

4π2e2

Ω
lim
q→0

1

q2

∑
c,v,k

2wkδ(εck − εvk − ω)〈uck+eαq|uvk〉〈uck+eβq|uvk〉, (3.1)

Where v and c, denote the valence and the conduction bands, u is the su-

percell periodic part of the wave function, εvk and εck are the energy of the

valence and the conduction band at given k-point, α and β are Cartesian

directions, the vectors eα are Cartesian unit vectors, wk’s are the weight fac-

tor for the k-points that sum up to 1, and Ω is the volume of the supercell.

The δ-function limits the summation to the initial and final pairs of bands

whose energy difference is ~ω. Real and imaginary parts of the response

functions are related by Kramers Kronig Relations (KKR). The real part of

the dielectric function is calculated using this relation as:

ε
(1)
αβ(ω) = 1 +

2

π
P
∞∫

0

ω′ε
(2)
αβ(ω′)

ω′2 − ω2
dω′

The experimental spectrum by Johnson and Christy [92] depicted in Fig.

3.2 consists of the interband and the intraband transitions.

ε(2) = ε(2),inter + ε(2),intra

In order to compare these results with interband DFT calculations we have

to subtract the interband component from the experimental spectrum. The

component of the dielectric function due to intraband transitions is accounted

for by the Drude free electron model.

εintra = 1−
ω2

p

ω(ω + i/τ)
, (3.2)
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where τ is the relaxation time and ωp is the plasma frequency:

ω2
p =

Nce
2

ε0m∗
,

Here, Nc is the number of electrons in the conduction band per unit volume

and m∗ is the effective electron mass. The prarameters that govern the

intraband component are m∗ and τ . These two values can be determined by

fitting the experimental dielectric function below the onset of the interband

transitions to Drude model [92].

Figure 3.4 shows the calculated dielectric function due to interband tran-

sitions and compares it with experimental values. The calculated spectrum

nicely reproduces the main features. Due to the known behavior of LDA

in underestimating the band gap, the spectrum is slightly (≈ 0.4 eV) red

shifted. The onset of the interband transitions comparing to experiment is

about 0.5 eV smaller. Since the red shift slightly changes across the spec-

trum, as indicated before for the band structure, the optical response can not

be corrected with a simple scissors operator and the self-energy effect should

be explicitly considered in the calculations. Marini et al. calculated the

copper band structure using the GW approximation in very good agreement

with experiments [89].

3.2.3 Elasto-optic parameters

As it is mentioned in appendix A.2, elasto-optic parameters (Wij) of a Face-

Centered Cubic (FCC) crystal can be determined with three sets of experi-

ments by applying three different types of strain (ε), e.g. hydrostatic, trigonal

and tetragonal strains (table 3.2) [94, 95]. In this table z′ is the direction

that stress is applied.

Elasto-optic relation (equ. A.2) relates strain and the change of the di-
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Table 3.2: Three applied strains.
Strain tensor ε Type of strain Stress axis z′ 1 0 0

0 1 0
0 0 1

 e Hydrostatic None 0 1 1
1 0 1
1 1 0

 e Trigonal [111] −1
2

0 0
0 −1

2
0

0 0 1

 e Tetragonal [001]

electric function. For example for trigonal strain in Voigt notation,

ε =



ε11

ε22

ε33

2ε23

2ε13

2ε12


= e



0

0

0

2

2

2


,

and the changes in dielectric function,

∆ε =



∆ε11

∆ε22

∆ε33

∆ε23

∆ε13

∆ε12


,
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photoelasticity relation for imaginary part of the dielectric function, gives:

∆ε(2) = e



W11 W12 W12 0 0 0

W12 W11 W12 0 0 0

W12 W12 W11 0 0 0

0 0 0 W44 0 0

0 0 0 0 W44 0

0 0 0 0 0 W44





0

0

0

2

2

2


=



0

0

0

2eW44

2eW44

2eW44


.

Since this relation is written for the imaginary part of ε, here the elasto-optic

coefficients Wij must be imaginary. In tensor notation the above relation is

equivalent to:

∆ε(2) = 2W44e

 0 1 1

1 0 1

1 1 0

 .
After diagonalizing this tensor we have

∆ε(2) =

 ∆ε
(2)
⊥ 0 0

0 ∆ε
(2)
⊥ 0

0 0 ∆ε
(2)
||

 = 4W44e


−1
2

0 0

0 −1
2

0

0 0 1


so

∆ε
(2)
|| = −2∆ε

(2)
⊥ = 4W44e,

which gives the relation between the strength of strain and the change in

dielectric function for trigonal strain. Such relations can be calculated ac-

cordingly for hydrostatic and tetragonal strains. The results are summarized

in table 3.3.

The change in the dielectric function due to strain can be calculated by

ab initio simulations. In order to produce a crystal structure under strain,
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Table 3.3: Relation between strain and change in dielectric tensor
Type of strain ∆ε(2) in Strain principal axes Elasto-optic relation

Hydrostatic

 1 0 0
0 1 0
0 0 1

∆ε(2) ∆ε(2) = (W11 + 2W12)e

Trigonal

 ∆ε2⊥ 0 0
0 ∆ε2|| 0

0 0 ∆ε2||

 ∆ε
(2)
|| = −2∆ε

(2)
⊥ = 4W44e

Tetragonal

 ∆ε2⊥ 0 0
0 ∆ε2|| 0

0 0 ∆ε2||

 ∆ε
(2)
|| = −2∆ε

(2)
⊥ = (W11 −W12)e

the unit vectors of FCC, i.e.:

a1 =

 0.5

0.5

0

 , a2 =

 0

0.5

0.5

 , a3 =

 0.5

0

0.5


are deformed as:

1-Hydrostatic strain

a′i =


 1 0 0

0 1 0

0 0 1

 e+ I

 ai

2-Tetragonal ([001])

a′i =


 −

1
2

0 0

0 −1
2

0

0 0 1

 e+ I

 ai
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3-Trigonal([111])

a′i =


 0 1 1

1 0 1

1 1 0

 e+ I

 ai.

The following procedure is performed for two values of strains ±e and the

resulting elasto-optic parameters are averaged:

1. Apply strain e to the structure and calculate the dielectric function (ε)

2. Calculate changes in the dielectric function (∆ε)

3. Calculate elasto-optic coefficient by dividing changes of the dielectric

function by strain.

It is very important to calculate the relaxed lattice constant very accurately,

otherwise the applied strain would not be around the equilibrium lattice

constant. The range of convergence of lattice constant in these calculations

is a=3.6340±0.0010 Å= 3.6340Å±2.75E-02%. So a strain of 3E-3 (3E-01%)

is about 10 times greater than the accuracy in the convergence of the lattice

constant. Because of using a limited number of K-points (here 3610) for

sampling the Brillouin Zone (BZ), spurious oscillations and consequently

several peaks will appear in the spectrum of the dielectric function. Since

due to strain the energetic position of these peaks changes, the relative change

of the dielectric function near these peaks will be large which leads to big

oscillations in the calculated spectrum of elasto-optic parameters. To avoid

this problem it is necessary to calculate ε with increased smearing (0.4 eV).

The imaginary parts of the calculated elasto-optic parameters of copper

are depicted in Fig. 3.5 and 3.6. The calculations reproduce the experiment

[94, 95] qualitatively well. The main features are present in the calculated

spectrum. Because of the relatively big smearing the peaks are broadened

and the amplitude of the peaks is reduced. The position of the peaks, as
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usual for LDA, are red shifted. In the region around 2 eV there are bumps

in the experimental value of W11−W12 and W44 which are not present in the

calculated spectrum. Since at this energy there is a peak in the spectrum of

W11 + 2W12, possibly the bumps are an artifact of the presence of a back-

ground constant hydrostatic strain in all experimental cases. The real parts

of the calculated elasto-optic parameters of copper are shown in Fig. 3.7.

In this figure (upper panel), the real parts of the experimental elasto-optic

parameters are calculated by applying KKR on the imaginary part of these

parameters. But since the imaginary parts are known for us only in a small

range of energy, KKR will give us the real parts with a small error, especially

at the borders of the energy range of the spectrum. In the lower panel of this

figure the DFT results are depicted. The same method that is applied for

calculating Im(W ) is applied for calculating Re(W ). But in the latter case

the change in the real part of the dielectric function, due to strain, is used

to calculate the elasto-optic parameters.

3.3 Cu(110)

3.3.1 Surface band structure

Since electrons on the surface feel the broken translational invariance along

the z direction, new energy bands related to the reduced symmetry will be

created in the band structure of the crystal which are called surface states.

These states do not penetrate in the bulk region and decay quickly into the

bulk as well as vacuum region. Figure 3.8 shows the band structure of the

bulk (left) copper and Cu(110) surface (right) in the SBZ at Γ̄Ȳ direction.

In this calculation, to make the band structure of the bulk comparable with

the band structure of the slab calculation, the supercell of the bulk is made

in [110] direction and the number of layers in this supercell are made as close

as possible to the number of the layers of the slab supercell. Comparing

these two band structures clearly shows the formation of the surface states
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Figure 3.5: Calculated elasto-optic parameters, Im(W11+2W12), Im(W11-
W12) and Im(W44), of bulk copper compared with experiment [94, 95].
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bulk copper compared with experiment [94, 95].

in the band gap of the bulk states. The bulk band structure (Fig. 3.8.left)

is calculated for k points with only in plane components (kz = 0). Since

bulk states contain not only the in plane components but also the normal to

surface component, it is customary to show the surface states together with

the projected (on to the SBZ) bulk states. To calculate such band structure,

for each fixed (kx, ky) and varying kz, the energy levels are calculated and

plotted in the (k̂x, k̂y) surface. This procedure fills the band structure except

the band gap region. Figure 3.9 shows the band structure that is calculated

in this way. At Ȳ two surface states are observable, one of them is about

0.5 eV below the Fermi level and the second one is about 1.5 eV above the

Fermi level. Investigating this plot at X̄ shows that the lower surface state

moves to the energies over the Fermi level and becomes an unoccupied state.

3.3.2 RAS

In this section the RAS of Cu(110) is calculated. A slab is used to model the

surface. The number of the layers of the slab are increased until RAS is con-
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Figure 3.9: Surface band structure of Cu(110) calculated with DFT.
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verged. The slab is simulated with 21 layers. These layers are separated by a

vacuum region with the thickness equal to 20 layers. In this setup the atomic

positions of the three top layers are relaxed. The Brillouin zone integration is

performed using a k-point mesh with 25×35×1 sampling for a (1×1) surface

unit cell. For smearing the Methfessel-Paxton method [87] with broadening

equivalent to 0.2 eV is used. Exchange-correlation is approximated by the

GGA method. Electron-ion interaction is calculated by the PAW method [7].

The relaxation time for copper is τ = (6.9 ± 07) × 10−15 s [92] which

makes ωτ � 1 at near infrared and higher energies (e.g. at energy 1 eV,

ωτ ≈ 10.4). For the frequencies which ωτ � 1 is valid we can approxiamate

the dielectric function arising from plasma oscillations, εintra, (equ. 3.2):

ε(1),intra ≈ 1−
ω2

p

ω2
,

ε(2),intra ≈
ω2

p

ω3τ
=

ω2
p

ω2ωτ
.

(3.3)

As equation 3.3 shows, in this approximation, the imaginary part of the

contribution of the plasma oscillations in the dielectric function ε(2),intra is

dependent on τ . Since an ab initio calculation of the relaxation time τ is

computationally expensive and out of the scope of this study, we go further

in approximating ε(2),intra to achieve a relation that is independent from τ .

Equation 3.3 shows that the contribution of the plasma oscillations in the

imaginary part of the dielectric function is scaled by the reciprocal of ωτ

suggesting that from near infrared to higher energies ωτ � 1, we might be

able to neglect the effect of plasma oscillations in the imaginary part of the

dielectric function, ε(2),intra = 0. ωτ � 1 is equivalent to τ → ∞ and the

assumption of a collisionless plasma. Figure 3.10 compares the RA spectrum

considering different assumptions about relaxation time. This figure shows

that the effect of collisionless plasma assumption is negligible in RAS. There-
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fore for the rest of this study we use the collisionless plasma approximation:

ε(1),intra = 1−
ω2

p

ω2
,

ε(2),intra = 0,

(3.4)

which gives:

ε(1) = 1 + χ(1),inter + χ(1),intra = ε(1),inter −
ω2

p

ω2
,

ε(2) = ε(2),inter.

(3.5)
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Figure 3.10: Effect of the relaxation time τ in the calculation of RAS. Using
three phase formula of Aspnes for calculating RAS, (Blue) collisionless (τ →
∞), (Green) surface with finite τ (= 6.9×10−15 s [92]) and bulk collisionless,
(Red) bulk and surface with finite τ , and (Black) bulk and surface with finite
τ ; To enforce anisotropy in the relaxation time, τ in [001] direction is 10%
increased.

To achieve convergence in calculation of RAS it is important to calculate

the plasma frequency which is related to the intraband transitions with the
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same ab initio method that the interband transitions are calculated with.

To calculate the dielectric function the summation over all the transitions

and k-points is normalized to the volume of the supercell (equ. 3.1). Since

for slab calculations a large part of the supercell is vacuum, the volume of the

vacuum enters in the normalization, and reduces the value of ε. Also since

the ratio is different among calculations with different number of layers, this

makes ε incomparable between different simulations. This problem can be

addressed by scaling back the result of equ. 3.1 to the real volume of the

slab.

Atoms in the middle layers are needed to be in the bulk state to create the

correct boundary condition of the bulk for the surface layer atoms. Since the

simulation of surfaces is performed by slabs with limited number of layers, to

make sure that the limited size of the supercell does not affect the atoms in

the bulk region, calculations should be converged with respect to the number

of layers. Figure 3.11 shows the effect of the number of layers in the RAS of

Cu(110). Due to this figure, for 21 layers, the RAS is well converged. The

peak near 2 eV is fixed for all calculations while the position of other peaks

has changed. As it is mentioned before the peak near 2 eV is mainly due to

transitions at Ȳ of SBZ. This can be because of the faster convergence of the

surface states comparing to the bulk states as indicated by Harl et al. [29].

For two reasons the early attempts to calculate RAS did not result in high

quality spectrums: The first reason was that the intraband contribution in

the dielectric function was not calculated with the same ab initio footing as

interband transitions [29], and the second was a coarse k-space sampling. To

do a reasonable RAS calculation, the number of non equivalent k-points in

the calculation is needed to be of the order of several hundreds (Fig. 3.12).

Usually smearing accelerates convergence with respect to the number of k-

points. However it can not be arbitrary large since large values of smearing

can result in a broadening of optical features (Fig. 3.13).

The number of energy bands affects the maximum energy where the op-
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Figure 3.11: Calculated RAS for different number of layers
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Figure 3.12: Effect of the number of k-points on the calculated RAS
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Figure 3.13: Effect of the smearing on the calculated RAS

tical calculations are valid. Figure 3.14 compares two different numbers of

energy levels, 192 bands and 320 bands (that is about three times larger than

the number of filled bands). This figure shows that for 192 bands, RAS is

converged until about 18 eV . This value is expected since with 192 bands,

the difference between highest energy level and Fermi level is about 19 eV

while for 320 bands this difference is about 36 eV which expresses the con-

vergence of the RAS up to a much higher energy. Figure 3.15 compares the

converged RAS with the experimental spectrum of Stahrenberg et al. [15]

and in the lower panel shows the real part of the SDA of this calculation. As

it is clear from this figure, the main features of the experimental spectrum

are reproduced while the spectrum is slightly red shifted. The lower panel

shows that the inclusion of the interband transitions strongly affects the SDA

at lower energies. It is also observable that SDA gradually vanished at higher

energies.

Sun et al. [96] studied the effect of adsorption of CO on RAS of Cu(110)

at the energetic position of the feature P44 – the label for each feature of
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Figure 3.14: Effect of the number of bands on the calculated RAS

RAS is introduced in Fig. 1.2. They related the changes of RAS to the strain

field created by adsorption. It is observed that the value of the RAS at this

energy becomes about 0.1% more positive. Figure 3.16 shows the effect of

relaxation of the surface layer on RAS. In fact the not relaxed surface is under

tensile strain in [110] direction. The ab initio calculations show a decrease

in the magnitude of the P44 peak.

3.3.3 Elasto-optic effect on RAS

Here it is tried to see if the elasto-optic theory is in qualitative agreement

with current ab initio calculations. It should be mentioned that the elasto-

optic parameters calculated in section 3.2.3 are directly related to the bulk

properties, and using them for studying surfaces should be accompanied with

caution. As a matter of fact, since the P44 feature is related to the bulk elec-

tronic states, using the bulk elasto-optic parameters are somehow justified.

Strain in the [110] direction is given by the tensor:
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ε =
e

2

 1 1 0

1 1 0

0 0 0

 , (3.6)

or in Voigt notation as

ε =
e

2



1

1

0

0

0

2


. (3.7)

Using the elasto-optic relation A.2 one reads:
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∆ε(2) =
e

2



W11 +W12

W11 +W12

2W12

0

0

2W44


.
=
e

2

 W11 +W12 2W44 0

2W44 W11 +W12 0

0 0 2W12

 (3.8)

Rotating this tensor to the coordinate system of the slab gives

∆ε(2) =
e

2

 W11 +W12 + 2W44 0 0

0 W11 +W12 − 2W44 0

0 0 2W12

 , (3.9)

where in this new coordinate system, the first axis is [110], the second is [11̄0]

and the third is [001]. Therefore change of the imaginary part of the SDA is

given by

∆SDA(2) = ∆(ε
(2)

[11̄0]
− ε(2)

[001])

=
e

2
(W11 +W12 − 2W44 − 2W12) =

e

2
(W11 −W12 − 2W44)

(3.10)

The negative P44 peak is positioned at 3.68 eV in the LDA calculations

(Fig. 3.15). At this energy, the calculated W44 is about 20 and W11 −W12

is about 5 (Fig. 3.5). The unrelaxed slab can be considered the result

of applying a tensile stress that causes a tensile strain equal to 0.57% in

[110] direction to the relaxed slab. Using equation (3.10) the change in

the imaginary part of the SDA should be -0.1. Calculations show that the

imaginary part of SDA changes from 0.25 (in relaxed structure) to 0.23 (in not

relaxed structure) which is equivalent to a -0.02 change in SDA(2). Elasto-

optics results in 5 times bigger changes in this quantity, while predicting

the direction of change correctly. Again it should be emphasized that using
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bulk elasto-optic parameters for studying the surface dielectric function is

inherently an approximation. Also strain is not uniform along different layers

while for the calculation of elasto-optic parameters uniform strain is assumed.

As a result of the strain in [11̄0] direction, other than slight changes in the

magnitude of the RAS there is no new feature created in the spectrum.

3.3.4 Origin of features of RAS – ab initio approach

In section 1.2.1 it is mentioned that the origins of the features of RAS of

Cu(110) are pinpointed mostly using semi-empirical methods. However ab

initio calculations can directly, with no fitting parameters and assumption

about the processes, reveal the origins of the features observed in the RA

spectrum.

The RAS spectrum is rather difficult to study, since the resulting spec-

trum is a function of the surface dielectric anisotropy and the bulk dielectric

function. Fortunately ab initio calculations directly give the SDA. The effect

of transitions in each k-point can be straightforwardly studied. We can di-

rectly calculate the dielectric function, remove transitions in specific k-points

and then observe possible vanishing of the SDA and RAS at specific ener-

gies. This way contributions to the features in the SDA and the RAS can be

identified.

Figures 3.17, 3.18, 3.19 and 3.20 show the effect of removing the high

symmetry points and the points close to them in the SBZ, i.e. Ȳ, X̄, S̄ and Γ̄

(Fig. 3.1 upper panel ). In Fig. 3.21 the effect of removing these k-points are

compared with each other. In these figures besides Re(∆r/r), the real and

imaginary parts of ω·SDA are also compared with full k-point calculations.

Since SDA decreases by increasing energy, to make the changes in SDA still

visible in the mentioned plots at higher energies, SDA is scaled with energy.

To justify this scaling, it should be mentioned that the SDA, scaled with

energy, directly contributes in the RAS (equ. 1.12) and more directly shows

the effect of the SDA in the RAS.
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By removing Ȳ from the summation over k-points in equ. 3.1, the P21

feature is considerably reduced and the energetic position of the peak is

shifted to lower energies (Fig. 3.17). Investigating the Kohn-Sham eigen-

values at Ȳ shows that the transition corresponding to this peak is between

the two surface states. These surface states have an energy difference about

0.2 eV higher than the energetic position of the peak. The RAS, starting

at energies around P42 to higher energies, has become bigger (here more

negative), which means anisotropy has become more by removing transitions

at Ȳ. The transitions involved in this energy range are transitions from flat

d-bands to the unoccupied surface state. SDA is defined as εx − εy, where x

is in [11̄0] and y is in [001] direction. The middle figure ( ω · SDA(2)) shows

that the SDA has become more positive at the above mentioned regions after

removing the transitions at Ȳ. This means that these transitions are allowed

for a y polarized light. This reasoning can be confirmed by using selection

rules. The surface state at lower energy in atoms of the first layer is mostly

a py like orbital while the higher energy surface state is more s and px like.

Selection rules arising from conservation of angular momentum allow transi-

tions in which ∆l = ±1. So a transition from p (l = 1) to s (l = 0) orbitals is

allowed. The parity selection rule (which expresses the criteria to have non

vanishing electric dipole transition matrix elements) says that for an allowed

optical transition, the parity of the initial and final wave function has to be

different (Tab. 3.4).

Table 3.4: Parity of orbitals with respect to x,y and z directions. x denotes
[11̄0] and y denotes [001]

s px py pz dz2 dxz dyz dxy dx2 − dy2
x + − + + + − + − +
y + + − + + + − − +
z + + + − + − − + +

Here we have the transition s→ py; in y direction, s has even parity and

py has odd parity while in x direction both s and py have even parity. This
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means a transition is allowed for the y-polarized and forbidden for x-polarized

light.

Removing the region around X̄ from k-points affects RAS at a wider

range of energy (Fig. 3.18). The main effect is eliminating the P42 feature.

Even though RAS has changed to a larger value due to omitting S̄ (Fig. 3.19

and 3.21.b), but the P42 peak still exists despite removing S̄, so P42 can

not be related to transitions at S̄. Without transitions at the S̄ region the

energetic positions of P44 and P49 shift to lower energies. Investigating the

band structure in this energy range shows that anisotropy is mostly between

transitions from d orbitals to p i.e. between dz2 → px and dz2→ py and

between dx2−y2 → px and dx2−y2 → py. For the energy in the middle of

these two features (P44 and P49) also there exists anisotropy between px

→ s and py → s transitions. Removing transitions at Γ̄ point (Fig. 3.20,

3.21), increases the SDA and RAS in the region between P21 and P42. These

diagrams show that removing transitions at this symmetry point, comparing

to the other high symmetry points, has the least effect on the features of the

RAS.

3.4 Optical properties of H2O/Cu(110)-RAS

3.4.1 Methodology

The calculations are performed using DFT within the GGA approach as

implemented in the Vienna Ab initio Simulation Package (VASP) [57]. The

electron-ion interaction is described by the PAW scheme [7]. The electronic

wave functions are expanded into plane waves up to a kinetic energy of 400

eV. Gaussian smearing with an energy broadening of 0.2 eV is used.

The optical response is calculated for the thermodynamically stable struc-

tures calculated in chapter 2. The surface is modeled by periodically repeated

symmetric slabs. Slabs are chosen symmetric since the calculated optical re-

sponse will have contribution from both sides of the slab. The number of
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Figure 3.17: Effect of removing the transitions in the region near Ȳ (black
line) on (up) the RAS, (middle) the imaginary and (down) the real part of
ω · SDA. Blue line denotes taking into account all k-points.
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Figure 3.18: Effect of removing the transitions in the region near X̄ (black
line) on (up) the RAS, (middle) the imaginary and (down) the real part of
ω · SDA. Blue line denotes taking into account all k-points.
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Figure 3.19: Effect of removing the transitions in the region near S̄ (black
line) on (up) the RAS, (middle) the imaginary and (down) the real part of
ω · SDA. Blue line denotes taking into account all k-points.
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Figure 3.20: Effect of removing the transitions in the region near Γ̄ (black
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layers is 21.

The Brillouin zone integration is performed using Monkhorst-Pack sam-

pling with a k-point density equivalent to 25 × 35 × 1 for a (1 × 1) surface

unit cell. We use the PW91 functional [58] to describe the electron exchange

and correlation energy within the GGA.

3.4.2 The RAS of the water covered Cu(110), 2x2 struc-

tures

Based on the convergence test calculations of the bare 2 × 2 × 21 super-

cell and H-down water adsorbed surface (Fig. 3.22, 3.23), we will compare

RAS of these two surfaces up to 17 eV. As shown in Fig. 3.24 (and more

clearly in Fig. 3.25 that is the same plot up to 5 eV), P21 (that is mostly

due to transitions between surface states at Ȳ and ∆5 → ∆1 near X) and

P42 (that is mostly due to surface states at X̄ ) are weakened which may

be considered as a sign of quenching the surface states, while investigating

the band structure shows that the surface states are not quenched. In the

next paragraph we will show that electronic states which are involved in the

transitions accountable for P21 have different orbital decomposition (before

and after adsorption) that leads to a different amount of anisotropy between

adsorbed and bare surfaces. Withstand of the surface states against adsorp-

tion could be considered contradicting with the conclusion of Sun et al. [19]

in which the surface states are considered sensitive to both physisorption and

chemisorption.

By doubling the size of the supercell, the size of the BZ becomes half.

So the bands will be back-folded into the new BZ. This makes Ȳ, X̄ and

S̄ of the 1 × 1 cell to back-fold into Γ̄ of a 2 × 2 supercell. This makes

comparing transitions and the band structure between cells with different

size very complicated. It means that we can not directly tell how the bands

change due to adsorption comparing to the 1 × 1 cell band structure. In

order to explain how the states at Ȳ and Γ̄X̄ (which is the projection of ΓX
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to SBZ) change, first we find the counterpart of these bands in Γ̄ and Γ̄X̄ of

the 2× 2 cell. This is done by observing the position of the respective band

relative to the Fermi level and finding the bands in the band structure of the

2× 2 supercell that have the same distance from the Fermi level. To confirm

the correctness of this correspondence, the orbital character of the spotted

bands are also compared with their equivalent band of the 1 × 1 cell. This

way it is observed that the two surface states (first one at 0.49 eV below the

Fermi level with py orbital character and the second one at about 1.50 eV

above the Fermi level with s, pz and dyz orbital character) are still present

and keep their orbital character after adsorption, which means the change

in the SDA is not arising from modification of the surface states at Ȳ1×1.

The second contribution to P21 arises from anisotropy of the ∆5 → ∆1

transition near the X high symmetry point. Studying the bare surface at

this k-point using the selection rules, shows a strong anisotropy (transitions

that are more allowed for y-polarized rather than for x-polarized light) at

2.13 eV for the transition d → Fermi level (Fig. 3.1 at about 80% of GX)

with py and pz character. After adsorption of water molecules, the orbital

character of the initial (d-like) states and final states (at Fermi level) changes

and destroys the anisotropy. The initial and final states change as follows:

(I) decomposition of d-like states into dxy, dyz, etc. changes, and (II) the

orbital character of one of the states at the Fermi level changes and becomes

more distributed among s, p and d orbitals and also spreads slightly into the

water molecules. These changes in the orbital nature of the bands, not only

diminishes the anisotropy that was initially in favor of y-polarized light but

also makes transition for the x-polarized light slightly more favored.

Adsorption of water creates a large peak at 14 eV. This signal arises

because of (a) a large positive SDA(2) at around 12.3 eV and (b) a large

negative SDA(2) at around 14.5 eV. The former positive peak is because of

anisotropy in these transitions: (I) From a d-like state at -4.02 eV to the state

with s and pz character at 8.39 eV (with respect to the Fermi level), and (II)
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from a d-like state at -3.47 eV to the state with s, p and d components

at 8.89 eV. In both cases either the initial or the final state wave function

spreads into the water adsorbed region. So the presence of anisotropy in the

dielectric function in this energy region can be traced back to adsorption of

water on the surface. The negative peak of SDA(2) at around 14.5 eV arises

from transitions (I) d-like state (-3.55 eV)→ the state with s and p character

(11 eV), and (II) d-like state (-1.72 eV) → p-like state (12.8 eV).
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Figure 3.22: Convergence of RAS with respect to the number of bands for
the bare 2× 2× 21 supercell. The calculations show a convergence up to 17
eV for 832 bands

As discussed in chapter 2, the hexagonal structure with H atoms pointing

upwards (H-up structure) also is an energetic stable structure which is found

in a mixture with H-down structure. Figures 3.26 and 3.27 show the calcu-

lated RAS spectrum of this structure. Compared to the RAS of the H-down

structure, H-up to the same amount reduces the P21 peak while moving this

peak to higher energies. Other than this shift of the energetic position of the

peak there is not a large difference between these two RA spectra in energy
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Figure 3.23: Convergence of RAS with respect to the number of bands for
H2O adsorbed surface, m1 (H-down) 2× 2× 21 supercell.

range up to 5 eV. At the energy range of 10-11.50 eV RA of H-up increases

comparing to the bare surface while RA does not change or slightly decreases

in the middle of this range for the H-down structure.

3.4.3 The RAS of the water covered Cu(110), pen-

tagon chain and partial dissociated structure

The supercell needed for the calculation of the RAS of the c1 (pentagon) chain

is of 2 × 6 × 21 size. This calculation can be considered a relatively large

calculation that approaches the computational limits. To reduce the size of

this calculation the cutoff energy is reduced to 300 eV. Also the ratio of the

number of the conduction bands to the valence bands is decreased. As Fig.

3.28 shows the results are still well converged for a cutoff energy (ENCUT)

equal to 300 eV. Figure 3.29 compares the RAS of the bare surface (simulated

with a 2 × 6 × 21 supercell and reduced number of bands) with previous
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Figure 3.24: (upper panel): Effect of adsorption of water on RAS of Cu(110)
surface with H-down structure. (middle and lower panel): Imaginary and
real part of ω · SDA. The blue line is the adsorbed and the black line is the
bare surface.
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Figure 3.25: (upper panel): Effect of adsorption of water on RAS of Cu(110)
surface with H-down structure. (middle and lower panel):Imaginary and real
part of ω × SDA, plotted until 5 eV. The blue line is the adsorbed and the
black line is the bare surface.
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Figure 3.26: (upper panel): Effect of adsorption of water on the RAS of
Cu(110) surface with H-up structure. (middle and lower panel): The imagi-
nary and real part of ω · SDA. The blue line is the adsorbed and the black
line is the bare surface.
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Figure 3.27: (upper panel): Effect of adsorption of water on RAS of Cu(110)
surface with H-Up structure. (middle and lower panel): Imaginary and real
part of ω · SDA, plotted until 5 eV. The blue line is the adsorbed and the
black line is the bare surface.
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calculations (performed with higher relative number of bands). This figure

shows that the results are still relatively well converged for up to around 5.5

eV. This is expected since by investigating the energy levels it is observed

that the difference between the highest energy level and the Fermi energy

level is more than 7 eV. So we will present the RAS of c1 chain up to 5.5 eV.
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R
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Figure 3.28: Convergence of RDS of 2×2×21 H-down supercell with respect
to cutoff energy

Figure 3.30 shows the calculated RAS of the pentagon chain. The main

changes with respect to the bare surface are the reduction of the amplitude

of the P21 peak and the increase of the P42 peak. Increasing of the P42 peak

makes this structure distinguishable from H-down and H-up structures.

While the RAS of the pentagon chain does not contain strong unique

features, the RAS of the partial dissociated structure (d3) much stronger

alters the RAS of the bare surface (Fig. 3.31). The P21 peak is almost

annihilated. Investigating the band structure at Γ̄ of the 2×6 supercell shows

that the surface states responsible for the P21 peak do not exist anymore.

There are other modifications to the RAS, namely the P42 peak is very
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Figure 3.29: Comparing convergence of the RAS of the 2 × 6 × 21 bare
supercell (1728 bands) and the 2 × 2 × 21 bare supercell (832 bands) with
the well converged RAS of the 1× 1× 21 bare supercell.
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strongly amplified, the P44 peak is amplified and shifted to higher energies,

and the shoulder between P21 and P42 is transformed clearly to a peak.

The SDA(2) diagram directly shows the strong transition anisotropies.

These transitions can be traced back to the band structure. The peak of

the SDA(2) at 3.1 eV contains a transition from a surface state at -1.3 eV

(this surface state is plotted in Fig. 3.32) to a state at 1.8 eV above the

Fermi level. Near the negative peak of the SDA(2) at 3.5 eV there is a strong

anisotropic transition at 3.6 eV caused by a transition from a state at -0.3

eV to a state at 3.3 eV.

3.4.4 Summary

The main purpose of this work is to investigate the optical properties of the

water covered Cu(110) surface. For this reason at first the optical properties

of the bulk copper and the bare Cu(110) surface are investigated. The optical

properties consist of the dielectric function, photoelasticity, Surface Dielectric

Anisotropy (SDA) and Reflectance Anisotropy Spectrum (RAS). We showed

that the density functional theory, using independent particle approximation

can be applied to calculate these properties with a reasonably well qualitative

and quantitative accuracy.

The RAS of the bare surface has been analyzed for the origin of the

features at the high symmetry points of the surface Brillouin zone.

The calculated elasto-optic parameters for the bulk copper are applied

to predict the change in the SDA and the RAS due to surface relaxation of

the bare Cu(110) surface. This approach predicts the direction of the change

of the SDA correctly while the amplitude of the change is overestimated.

The quantitative discrepancy in this case is expected since the elasto-optic

parameters are calculated for the bulk crystal while in the slab case, the

strain in the unrelaxed slab is experienced by a few surface layers only.

The adsorption structures that are found in chapter 2 to be thermody-

namically stable are used to study optical properties of the water covered
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Figure 3.30: (upper panel): Effect of adsorption of water on RAS of Cu(110)
surface with pentagon chain structure. (middle and lower panel): Imaginary
and real part of ω · SDA, plotted until 5 eV. The blue line is the adsorbed
and the black line is the bare surface.
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Figure 3.31: (upper panel): Effect of adsorption of water on RAS of Cu(110)
surface with partially dissociated water (d3) structure. (middle and lower
panel): Imaginary and real part of ω ·SDA, plotted until 5 eV. The blue line
is the adsorbed and the black line is the bare surface.
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Figure 3.32: Electron distribution of the state that at Γ̄ of the 2×6 supercell
of the partially dissociated water structure (d3) resides at 1.3 eV below the
Fermi level. The higher density of electrons at the surface compared to the
bulk region shows that this state is a surface state.
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surface. In that chapter it is shown that among the large possible adsorp-

tion structures only a limited number of them are thermodynamically stable.

Those structures are hexagonal overlayers (H-down and H-up), a pentagon

chain and partially dissociated water.

Our study shows that for the adsorption of water in the intact form, the

surface states remain unaltered possibly in contradiction to the assumption

of Sun et al. [19] in which the surface states are considered sensitive to both

physisorption and chemisorption.

The calculated RAS of the different adsorption structures can be used as

a reference to determine which structure is present in a specific experiment.

The RAS of the H-down and the H-up have very slight differences, the two

spectra are distinguishable from each other considering the shift of the P21

peak to slightly higher energies for H-up. Also at the energy range 10-11.5

eV the RAS of the H-up structure increases compared to the bare surface,

while the RAS of the H-down is smaller. The RAS of pentagon chain in

comparison with the other structures has the least difference from the RAS

of the bare surface, probably because of the lower coverage compared to

the full coverage of the other adsorption structures. One can distinguish

between the RAS of the pentagon chain and the hexagonal overlayers by

observing the P42 peak. This peak is strengthened after adsorption of water

in the pentagon chain structure while it is quenched after adsorption of a

hexagonal water structure. The partially dissociated water overlayer has the

most pronounced effect. This structure completely removes the P21 feature

while strongly enhances the P42 and P44 features and moves the P44 feature

to higher energies. Also the shoulder between P21 and P42 is transformed

to a large peak.
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Appendix A

Photoelasticity

A.1 Strain

Strain is a second rank tensor that quantifies the relative change of distances

due to applied forces on a solid. Strain for the one dimensional case (Fig.

A.1) can be defined as [97]:

e = lim
∆x→0

∆u

∆x

In higher dimensions “e” becomes a tensor eij = ∂ui
∂xj

. In this case to sepa-

rate deformation from rotation, the strain tensor is defined as the symmetric

part of “e”:

εij =
1

2
(eij + eji).

A.2 Photoelasticity

Strain in a crystal causes changes in the dielectric function. This phenomenon

is called photoelasticity. The dielectric function εij like strain is a second rank
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Figure A.1: Strain is the relative change of the length ∆x

tensor. Therefore they can be related by a forth rank tensor [98, 97]:

∆εij = Wijmnεmn (A.1)

Since εij and εmn are symmetric tensors, the number of the elements of Wijmn

reduces to 36. Equation (A.1) can be written in matrix presentation which

is called Voigt notation.

∆εI = WIJεJ (A.2)

where,

∆ε ≡



∆ε1

∆ε2

∆ε3

∆ε4

∆ε5

∆ε6


≡



∆ε11

∆ε22

∆ε33

∆ε23

∆ε13

∆ε12
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and

ε ≡



ε1

ε2

ε3

ε4

ε5

ε6


≡



ε11

ε22

ε33

2ε23

2ε13

2ε12


For cubic crystals with m3m symmetry class such as FCC crystals the 36

elements of WIJ reduce to 3 independent parameters [97]

W =



W11 W12 W12 0 0 0

W12 W11 W12 0 0 0

W12 W12 W11 0 0 0

0 0 0 W44 0 0

0 0 0 0 W44 0

0 0 0 0 0 W44


.

Hence to determine the elasto-optic parameters (WIJ), the values of three

different photoelastic experiments are needed.
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Appendix B

Vibrational effects in Free

energy

Applying the harmonic oscillator approximation we can calculate vibrational

modes of a group of atoms [99]. Each vibrational mode with frequency ω

can have a discrete energy level (1
2

+ n)~ω. The partition function for each

vibrational mode can be calculated as

Zvib(ω) =
∞∑
n=0

exp

(
−

(1
2

+ n)~ω
KT

)
. (B.1)

The free energy corresponding to this mode is calculated as:

Fvib(ω) = −KT lnZvib(ω)

=
1

2
~ω +KT ln

(
1− exp

(
− ~ω
KT

))
.

(B.2)

Contribution of all the vibrational modes are simply the summation over all

modes,

Fvib =
V

(2π)3

∫
dk
∑
s

Fvib(ωks) (B.3)
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Where V is the volume containing a big number of supercells and inte-

gration is in the first Brillouin zone.

If for each supercell we have M adsorbed atoms, we have 3M optical

branches (3M modes that at k = 0 do not vanish) instead of 3(M − 1) , this

is since these atoms are “adsorbed”, and are in interaction with the surface,

k = 0 vibrations also are relevant and are not trivial translations. In other

terms considering the M adsorbed atom and 1 particle representing fixed

surface atoms we have 3((M + 1)− 1) = 3M non-vanishing modes at k = 0.

Using the Einstein solid model we replace the dispersion relation of each

mode with a single frequency. Rewriting F vib for each supercell and using

the Einstein approximation:

Fvib =
∑
i

Fvib(ωi)

=
∑
i

1

2
~ωi +KT

∑
i

ln

(
1− exp

(
− ~ωi
KT

))
,

(B.4)

where ωi’s are vibrational modes calculated at Γ point.
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Appendix C

Chemical potential of a

polyatomic ideal gas

A polyatomic ideal gas of molecules (with zero spin and angular momentum)

has three type of degrees of freedom: translational, vibrational and rotationl.

The partition function of this gas is the product of the translation, vibration

and rotation partition functions

Z = Ztrans · Zvib · Zrot. (C.1)

The free energy can be calculated as

F = −KT ln(Z) = −KT ln(Ztrans · Zvib · Zrot)

= Ftrans + Fvib + Frot.
(C.2)

The ideal gas is rarefied to a degree that particles (molecules) do not

interact with each other and can be considered as semi-closed systems. This

allows us to write the statistical distribution (the probability to be in a spe-

cific state) for each molecule independent from other molecules. We can write

the partition function for translational degree of freedom for each molecule
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as:

ztrans =
1

(2π~)3

∫ ∫
exp(−ε(p)/(KT ))d3pdV, (C.3)

where p is the momentum and ε(p) = p2/2m is the translational energy of

the molecule. Performing this integration results in

ztrans = V (
mKT

2π~2
)3/2, (C.4)

where V is the volume of the gas and m is the mass of each molecule. For a

gas containing N molecules, the partition function is

Z =
zN

N !
=
zNtrans · zNvib · zNrot

N !
. (C.5)

The free energy will be

Ftrans = −KT lnZtrans = −KT ln
zNtrans

N !
(C.6)

Using Stirling’s approximation for big numbers lnN ! ≈ N ln(N/e), the free

energy will be

Ftrans = −NKT ln

(
eV

N

(
mKT

2π~2

)3/2
)
. (C.7)

Using the equation of state of an ideal gas PV = NKT :

Ftrans = −NKT ln

(
eKT

P

(
mKT

2π~2

)3/2
)
. (C.8)

The vibrational part of the free energy per molecule is calculated in sec.

B. For a gas containing N molecules, the free energy is simply N times the
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value given by equ. B.4,

Fvib = N
∑
i

1

2
~ωi +NKT

∑
i

ln

(
1− exp

(
− ~ωi
KT

))
. (C.9)

The next component of free energy is the rotational part. Since poly-

atomic molecules have a large moment of inertia, their rotation can be treated

classically [77]. The rotational energy of each molecule is

εrot =
M2

ξ

2I1

+
M2

η

2I2

+
M2

ζ

2I3

, (C.10)

where I1, I2, and I3 are principal moments of inertia and ξ, η, and ζ are axes

of a coordinate system which are aligned with the principal axes of inertia of

the rotating molecule. The rotation partition function of the molecule is

zrot =

∫ ′
exp(−εrot/(KT ))dτrot, (C.11)

where

dτrot =
1

(2π~)3
dMξ dMη dMζ dφξ dφη dφζ ,

and the differentials dφξ, dφη and dφζ are three infinitesimal angles of ro-

tation. In the integration, the prime denotes integration over all physically

different orientations of the molecule. If a molecule has an axis of symmetry,

for any given orientation there are rotations around this axis that keeps the

molecule indistinguishable before and after rotation. The number of these

rotations (including the 2π rad rotation), is called symmetry number and is

denoted by σ. For example this number for H2O is 2. One can perform the

above integration over all the angles and divide the result by σ. Integration

over angles of rotation can be performed as follows: For a fixed rotation

along ζ axis, dφξ dφη create a differential element of solid angle for this axis.

Hence integrating over φξ and φη results in 4π. Integration over φζ gives 2π.

Integration over Mξ, Mη and Mζ is performed from −∞ to +∞. Therefore
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rotation partition function of a single molecule is:

zrot =
8π2

σ(2π~)3
(2πKT )3/2(I1I2I3)1/2 =

(2KT )3/2(πI1I2I3)1/2

σ~3
. (C.12)

The rotational partition function of a gas of N molecules is Zrot = ZN
rot and

the rotational free energy of the gas is

Frot = −KT lnZrot

= −NKT ln
(2KT )3/2(πI1I2I3)1/2

σ~3
.

(C.13)

The total free energy is F = Ftrans + Fvib + Frot. Knowing the total free

energy, one can calculate Gibb’s free energy G = F + PV . Using the state

equation of the ideal gases PV = NKT , we have

G = Ftrans + Fvib + Frot +NKT (C.14)

G =−NKT ln

(
KT

P

(
mKT

2π~2

)3/2
)

+N
∑
i

1

2
~ωi +NKT

∑
i

ln

(
1− exp

(
− ~ωi
KT

))
−NKT ln

(2KT )3/2(πI1I2I3)1/2

σ~3
.

(C.15)

This equation shows that the Gibb’s free energy of a gas of water molecules at

zero temperature equals total energy of zero point vibrations G(P, T = 0) =

N
∑

i
1
2
~ωi. The chemical potential is defined as µ = G/N . For ∆µ(P, T ) =
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µ(P, T )− µ(P, T = 0) we have

∆µ(P, T ) =−KT ln

(
KT

P

(
mKT

2π~2

)3/2
)

+KT
∑
i

ln

(
1− exp

(
− ~ωi
KT

))
−KT ln

(2KT )3/2(πI1I2I3)1/2

σ~3
.

(C.16)

Slightly reordering the above relation gives:

∆µ(P, T ) =KT ln

(
P

KT

(
2π~2

mKT

)3/2
)

−KT ln
∏
i

(
1− exp

(
− ~ωi
KT

))−1

+KT ln
(2KT )3/2(πI1I2I3)1/2

σ~3
.

(C.17)
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[6] Hamann D., Schlüter M., Chiang C. Physical Review Letters 43, 1494

(1979) 6

[7] Kresse G., Joubert D. Physical Review B 59, 1758 (1999) 6, 17, 58, 69

[8] Vanderbilt D. Physical Review B 41, 7892 (1990) 6

[9] J-T Z., M P., T T., A S., E S., M Z., W R. Thin Solid Films 313–314

(1998) 7

[10] McIntyre J.D.E., Aspnes D.E. Surface Science 24, 417 (1971) 7

[11] Aspnes D.E. Journal of Vacuum Science & Technology B: Microelec-

tronics and Nanometer Structures 3, 1138 (1985) 7

103



[12] Cole R.J., Frederick B.G., Weightman P. Journal of Vacuum Science &

Technology A: Vacuum, Surfaces, and Films 16, 3088 (1998) 8

[13] Hofmann P., Rose K., Fernandez V., Bradshaw A., Richter W. Physical

review letters 75, 2039 (1995) 8

[14] Rossow U. Applied Surface Science 123-124, 237 (1998) 8, 9

[15] Stahrenberg K., Herrmann T., Esser N., Richter W. Physical Review B

61, 3043 (2000) 9, 10, 11, 62, 64

[16] Bremer J., Hansen J., Hunderi O. Applied Surface Science 142, 286

(1999) 9, 10

[17] Sun L., Hohage M., Zeppenfeld P., Balderas-Navarro R., Hingerl K.

Surface Science 527, L184 (2003) 10

[18] Martin D., Davarpanah A., Barrett S., Weightman P. Physical Review

B 62, 417 (2000) 10

[19] Sun L.D., Hohage M., Zeppenfeld P., Balderas-Navarro R.E. Physica

Status Solidi (C) 3026, 3022 (2003) 10, 75, 89

[20] Smith C.I., Bowfield a., Dolan G.J., Cuquerella M.C., Mansley C.P.,

Fernig D.G., Edwards C., Weightman P. The Journal of chemical physics

130, 044702 (2009) 10

[21] Weightman P., Martin D.S., Cole R.J., Farrell T. Reports on Progress

in Physics 68, 1251 (2005) 12

[22] Shkrebtii A.I., Sole R.D. Surface science 331-333, 1288 (1995) 12

[23] Manghi F., DEL S.R., A. S., E. M. Physical review. B, Condensed

matter 41, 9935 (1990) 12

[24] Sole R.D., Onida G. Physical Review B 60, 5523 (1999) 12

104



[25] Schmidt W., Esser N., Frisch A., Vogt P., Bernholc J., Beschtedt F.,

Zorn M., Hannappel T., Visbeck S., Willig F., Richter W. Physical

Review B 61, R16335 (2000) 12

[26] Martin D., Zeybek O., Sheridan B., Barrett S.D., Weightman P., Ingles-

field J.E., Crampin S. Journal of Physics: Condensed Matter 13, L607

(2001) 13

[27] Monachesi P., Palummo M., Del Sole R., Ahuja R., Eriksson O. Physical

Review B 64, 1 (2001) 13

[28] Monachesi P., Palummo M., Del Sole R., Grechnev a., Eriksson O. Phys-

ical Review B 68, 1 (2003) 13

[29] Harl J., Kresse G., Sun L., Hohage M., Zeppenfeld P. Physical Review

B 76, 20 (2007) 13, 60

[30] Henderson M. Surface Science Reports 46, 1 (2002) 15

[31] Hodgson a., Haq S. Surface Science Reports 64, 381 (2009) 15

[32] Wernet P., Nordlund D., Bergmann U., Cavalleri M., Odelius M., Oga-

sawara H., Näslund L.a., Hirsch T.K., Ojamäe L., Glatzel P., Pettersson
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