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Innsbruck, Austria 

Abstract 

Over the last five decades, computer simulation and numerical modeling have become valuable 

tools complementing the traditional pillars of science, experiment and theory. In this thesis, 

several applications of computer-based simulation and modeling shall be explored in order to 

address problems and open issues in chemical and molecular physics. Attention shall be paid 

especially to the different degrees of interrelatedness and multiscale-flavor, which may – at least 

to some extent – be regarded as inherent properties of computational chemistry. In order to do 

so, a variety of computational methods are used to study features of molecular systems which 

are of relevance in various branches of science and which correspond to different spatial and/or 

temporal scales. Proceeding from small to large measures, first, an application in astrochemistry, 

the investigation of spectroscopic and energetic aspects of carbonic acid isomers shall be 

discussed. In this respect, very accurate and hence at the same time computationally very 

demanding electronic structure methods like the coupled-cluster approach are employed. These 

studies are followed by the discussion of an application within the scope of plasma-wall 

interaction which is related to nuclear fusion research. There, the interactions of atoms and 

molecules with graphite surfaces are explored using density functional theory methods. The 

latter are computationally cheaper than coupled-cluster methods and thus allow the treatment 

of larger molecular systems, but yield less accuracy and especially reduced error control at the 

same time. The subsequently presented exploration of surface defects at low-index polar zinc 

oxide surfaces, which are of interest in materials science and surface science, is another surface 

science application. The necessity to treat even larger systems of several hundreds of atoms 

requires the use of approximate density functional theory methods. Thin gold nanowires 

consisting of several thousands of atoms represent the largest systems included in this thesis. 

Thermal properties of those wires are investigated using classical molecular dynamics schemes 

which represent the most coarse-grained as well as the computationally least demanding 

methods used. 

Keywords: astrochemistry; carbonic acid; plasma-wall interaction; graphite surfaces; surface 

science; zinc oxide surfaces; polar surfaces; surface defects; nanotechnology; gold nanowires; 

coupled-cluster; DFT; SCC-DFTB; molecular dynamics simulations; split-step Fourier method 
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Abriss 

Computersimulationen und computergestützte Modellierung haben sich über die zweite Hälfte 

des vorigen Jahrhunderts bis heute neben Experiment und Theorie zu einer wertvollen, dritten 

Säule naturwissenschaftlicher Methodik entwickelt. In dieser Arbeit sollen Anwendungen 

computergestützter Forschung im Bereich der chemischen und molekularen Physik vorgestellt 

werden. Das Augenmerk soll dabei im speziellen auch auf zwei Aspekte der numerischen 

Chemie gelegt werden: Die erst seit kurzem verfügbare Vielzahl an Methoden ermöglicht es 

Theorie und Experiment nicht nur in Ausnahmefällen oder mit extremem Aufwand zu 

verknüpfen und erleichtert zumindest zu einem gewissen Grad die Anwendung von Techniken, 

die mehrere räumliche und zeitliche Größenordnungen überbrücken können. Dazu werden 

eine Reihe von numerischen Methoden zur Erforschung der Eigenschaften verschiedener 

molekularer Systeme benutzt, welche zum einen Relevanz in unterschiedlichen 

Wissenschaftsdisziplinen zeigen und zum anderen sich in räumlicher wie zeitlicher 

Dimensionierung um einige Größenordnungen unterscheiden. Ausgehend von den kleinsten 

Skalen wird zuerst das astrochemisch relevante Molekül Kohlensäure (H2CO3) unter 

Zuhilfenahme sehr genauer aber gleichzeitig numerisch sehr aufwändiger, quantenchemischer 

Methoden in Bezug auf Schwingungsspektroskopie und Energetik untersucht. Dieser Studie 

folgt die Diskussion von Anwendungen vergleichweise effizienterer, aber auch ungenauerer wie 

auch weniger systematischer Dichtefunktionalberechnungen zur Untersuchung der 

Wechselwirkung von Atomen und Molekülen mit Graphitoberflächen im Zusammenhang mit 

einem Teilgebiet der Fusionsforschung. Im Anschluss werden Oberflächeneigenschaften 

sogenannter polarer Zinkoxidoberflächen diskutiert. Diese Systeme verlangen aufgrund der 

hohen Anzahl innerer Freiheitsgrade, die zur Charakterisierung der Defektstrukturen 

notwendig sind, die Benutzung von genäherten Dichtefunktionalmethoden. Den Abschluss 

dieser Arbeit bilden Studien thermischer Eigenschaften von dünnen Gold-Nanodrähten, 

welche die größten Systeme, bestehend aus mehreren tausend Atomen, darstellen, die im Zuge 

der hier präsentierten Forschung untersucht wurden. Die dafür verwendeten klassischen 

Molekulardynamikmethoden haben gleichzeitig die meisten inhärenten Näherungen sowie die 

kleinsten Anforderungen hinsichtlich Rechenzeit und technischem Aufwand aller in dieser 

Arbeit benutzten numerischen Verfahren. 

Stichworte: Astrochemie; Kohlensäure; Plasma-Wand Wechselwirkung; Graphitoberflächen; 

Oberflächenwissenschaften; Zinkoxidoberflächen; Polare Oberflächen; Oberflächendefekte; 

Nanotechnologie; Gold Nandrähte; Coupled-cluster Methoden; DFT; SCC-DFTB; Molekular-

dynamiksimulationen; Split-step Fourier Methode 
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Preface 

The invention of digital computers has revolutionized science. The last decades have revealed 

how computational sciences can help in order to study complex phenomena which would 

otherwise require expensive, dangerous or intractable experiments. Philosophers of science are 

nowadays speaking of “science in the age of computer simulation” and “experiments in silico”. 

Rockets are launched to place satellites in Earth’s orbit or to start space missions, drugs are 

designed, new materials and technical devices are invented, and many people tend to base their 

decision about taking or not taking an umbrella with them on daily weather forecasts. In these 

few examples use is made at least partially of the predictive power of numerical simulations. 

Unsurprisingly, also in chemistry, computer-aided modeling and numerical simulations have 

led to a variety of successes over the last decades. So was the Nobel prize in chemistry awarded 

to Linus Carl Pauling (1901-1994), who is considered as one of the founders of quantum 

chemistry and molecular biology, for “studying the nature of the chemical bond (molecular 

structure of proteins)” in 1954. In 1966, Robert Sanderson Mulliken (1896-1986) was awarded 

the Nobel prize in chemistry for “studying the chemical bond and electron structure of 

molecules using the orbital method”. In 1981, the Nobel prize in chemistry was awarded to 

Kenichi Fukui (1918-1998) and Roald Hoffmann (�1937) “for their theories, developed 

independently, concerning the course of chemical reactions”. In 1998, the Nobel prize in 

chemistry was shared between Walter Kohn (�1923) for the “development of density functional 

theory” and Sir John Anthony Pople (1925-2004) for the “development of computational 

methods in quantum chemistry (GAUSSIAN computer programs)”. Most recently, in 2013, the 

Nobel prize in chemistry was awarded to Martin Karplus (�1930), Michael Levitt (�1947) and 

Arieh Warshel (�1940) “for the development of multiscale models for complex chemical 

systems”. “It has revolutionized chemistry. When you solve equations on the computer, you 

obtain information that is at such detail it is almost impossible to get it from any other 

method,” commented Prof. Kersti Hermansson (�1951) when interviewed by the news agency 

Reuters about the Nobel prize in chemistry in 2013. 

 From that perspective, it is thus an honor and a pleasure to make my first steps in 

science in the reputable research field of computational chemistry. Although these steps are 

undoubtedly way tinier ones than those of the giants mentioned above, they are intrinsically 

based on the work of preceding generations. For this reason, it is my sincere wish to express 

herewith my appreciation and gratitude. However, as I am trying to find my way within and 

hopefully beyond those giant’s footsteps, there will be people entering the field of 

computational chemistry after me. This is the reason why the purpose of this thesis is twofold. 

First, it is part of the requirements in order to finalize my PhD studies. Second, it is, however, 

also my aim to present a glimpse into the research area of computational chemistry and the 

variety of applications that the collection of tools within the scope of this field allows to 

explore. Over decades of development, a whole “forest” of methods has emerged in 

computational chemistry which can make it difficult to grasp more of it than some of its 
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specific “trees”. It is thus my wish that this work may serve as a starting point in order to enter 

this complex and fascinating field and that the interested may profit from reading. 

 In this respect, I tried not only to compile a summary of the actual research conducted 

over the past three years, but to point out the intrinsic foundation of computational chemistry 

in quantum mechanics, the interrelations between methods, the interdisciplinary nature of 

computational chemistry and how actual applications are embedded in multiscale modeling 

frameworks. The summaries of the research articles, for which full versions are included in the 

appendix, shall serve as guides to the papers facilitating to grasp the main points on a first 

reading. The focus is thus rather on exemplary case studies and answers to specific questions 

than on mere technical details. The latter may be found in the collection of references at the 

end of this thesis. Over all parts of this thesis I try repeatedly to put in focus the interrelations 

between methods, disciplines and scales in order to avoid the “forest” getting out of sight over 

the inspection of single “trees”. 

One specific aspect of relations between methods that came across my studies rather 

often (and which becomes apparent also several times in this thesis) is the reliability and 

accuracy that some density functional theory (DFT) methods may yield although being 

computational much less demanding than ab-initio approaches and despite of DFT’s lack in 

systematic improvability. There exist expectations in the ab-initio community that DFT will 

vanish as soon as systematic ab-initio methods become capable of treating comparable system 

sizes. In fact, a lot of development is going on in the direction of improving the time-scaling of 

ab-initio methods, the invention of smart algorithms, etc. However, there is a lot of method 

development within the scope of DFT, too. Further, the intrinsic difference, namely that the 

electron density depends only on three spatial coordinates whereas the degrees of freedom of 

the electronic wave function increase vastly with increasing system size, cannot be neglected. 

The question arises if the next years will still be the dawn or already the dusk of DFT. At least 

to this end, the upcoming decades will be an exciting time in computational chemistry. 

 I began these preliminary remarks with acknowledging scientific giants, I shall finalize 

them in the same way. In this respect, I sincerely express my gratitude to Prof. Michael Probst. 

His steady support, patient guidance and invaluable knowledge have undoubtedly been a 

prerequisite for this work. 
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1 General Introduction and Framework 

„The underlying physical laws necessary for the mathematical theory of […] the whole 

of chemistry are thus completely known, and the difficulty is only that exact 

application of these laws leads to equations much too complicated to be soluble.“ 

Paul Adrien Maurice Dirac (1902-1984), see Ref. [1] 

The physical laws mentioned in the famous quotation of Dirac put above are the laws of 

quantum mechanics, a theory developed at the beginning of the last century. In these times, it 

was recognized by scientists that a physically sound description of matter at spatial dimensions 

substantially smaller than those governing man’s everyday life needs a new scientific framework, 

completely different from the until then well-established classical mechanics. One key 

observation leading to the formulation of quantum mechanics was the recognition of the wave-

like character of massive particles. The latter becomes apparent in the famous double-slit 

experiment. For short, it can be shown that an interference pattern can be obtained using a 

beam of electrons (or atoms) passing through a double-slit (of a certain spatial dimension) in a 

wall and detecting the location of the impact of these electrons (or atoms) behind the wall. 

Thus, the concept of the “wave-particle duality” of matter entered physics. That means that 

electrons (and, in principle, all kinds of massive projectiles) behave in some respects like 

particles and in other respects like waves which has until then been known only for light. This – 

at first sight paradoxical – finding was resolved by understanding that electrons (and also light 

and other kinds of matter) can neither be described as waves nor as particles, but as something 

else obeying laws that – at that times – still had to be developed, i.e. the laws of quantum 

mechanics. The fact that the wave nature of matter can usually not be observed in the 

macroscopic world, i.e. in everyday life, relies on a relation suggested by Louis de Broglie in 

1923 in which a particle with mass m and at speed v is associated with a wavelength 

 
,

h

mv
λ =  (1.1) 

where 346.6 10h
−= × Js denotes Planck’s constant. The latter was introduced by Max Planck in 

1900 in order to describe the intensity-versus-frequency for emitted black-body radiation in 

agreement with experimental results. In that respect Planck had to introduce the concept of 

energy quantization which was another key ingredient for the formulation of quantum 

mechanics. The smallness of Planck’s constant serves as the reason why quantum effects are 

usually not observable in the macroscopic world. Macroscopic bodies usually have masses that 

are so large that the associated wavelength is too tiny compared to their size that it is not 

resolvable on the scale of their spatial dimensions. The contrary is the case on atomic – and 

even more so – on subatomic scales, i.e. in the microscopic world. With 319.11 10em m
−= ≈ × kg 

and 62.19 10v ≈ ×  m/s, where 2 /kin ev E m=  with the kinetic energy 13.6kinE =  eV (which is 

about the kinetic energy of an electron in Bohr’s model for the hydrogen atom) has been taken 

as a measure for a typical velocity of an electron in an atom, one arrives at 06.26aλ ≈  with the 
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Bohr radius 11
0 5.29 10a

−≈ × m as a measure for the typical extent of an atomic system. Hence, 

at the atomic scale the wave nature of electrons is very apparent. Electrons are the essential 

ingredients constituting the properties of molecular systems. They are responsible for the 

formation and breakage of chemical bonds and thus for chemical reactions, they govern the 

properties of materials which may be seen as supermolecules, they are responsible for the 

interaction between molecules, etc. In short, electronic structure is the foundation of chemistry 

and thus, the theory of quantum mechanics provides the mathematical framework in which a 

proper theoretical description of chemistry has to be embedded. Nowadays, quantum 

mechanics is a well-established theory and has found its way into a vast variety of standard 

textbooks. Further details may be found e.g. in Refs. [2-6]. In the following, the focus will be on 

the appreciation of those theoretical concepts that are considered as specifically relevant for the 

works presented in this thesis. 

 The application of quantum theory to chemistry is known as quantum chemistry. Good 

introductions to this scientific domain may be found in Refs. [7, 8]. A bit simplistic it might be 

stated, that (non-relativistic) quantum chemistry boils down to finding the solution to the time-

dependent Schrödinger equation (or simply the Schrödinger equation). The solution of this 

equation yields the wave function. The concept of the wave (or state) function is rooted in a 

postulate of quantum mechanics which states that for a given physical system such a function 

exists and contains all possible information about the system. The interpretation of the wave 

function was provided by Max Born. Born postulated that, given the wave function, denoted by 

Ψ( , )x t  with x∈R  and t ∈R , of a one-particle, one-dimensional system 

 Ψ
2

( , )x t dx  (1.2) 

gives the probability at time t of finding the particle in the region of the x-axis (defining the only 

one internal degree of freedom of this system) lying between x  and x dx+ . Quantum 

mechanics is thus a probabilistic theory in contrast to classical mechanics which is a 

deterministic one, i.e. the position of the particle can be specified definitely. A properly defined 

wave function must fulfill certain mathematical conditions and the set of all possible wave 

functions forms an abstract mathematical infinite-dimensional Hilbert space. In course of this 

thesis, such details shall be omitted. Further information on the mathematical concepts 

underlying quantum theory may e.g. be found in Ref. [9]. 

In order to retrieve the wave function for a general quantum mechanical system, it is 

necessary to solve the Schrödinger equation. For such a system, the latter reads 

 ( ) ( )Ψ
Ψ

( , )
, , ,

X t
i H X t X t

t

∂ =
∂

ℏ  (1.3) 

and is postulated to describe the time-evolution of a given quantum mechanical system. In 

equation (1.3), / 2h π=ℏ , Ψ( , )X t  denotes the wave function of the system depending on a set 
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of internal variables X  and time t , and ( , )H X t  denotes the (time-dependent) Hamiltonian of 

the system incorporating any interactions within the system as well as the ones between the 

system and any external fields and the kinetic energies of all parts of the system. Note that the 

Hamiltonian is a linear operator acting on the wave function. The above given explanation of 

the Hamiltonian is admittedly very unspecific. However, a more specific form of this operator 

for a typical molecular system will be given below after the introduction of further useful 

restrictions. Note that the Schrödinger equation contains the first derivative of the wave 

function with respect to time. This allows the calculation of the wave function at any time given 

that it is known at one point in time. 

Considering the molecular systems explored in course of this work, the Schrödinger 

equation does not need to be treated in the generality as it is stated above and several further 

restrictions can safely be made. First, the time-dependence of the Hamiltonian can be omitted, 

i.e. ( , ) ( )H X t H X≡ . Second, no external fields are considered and thus, in the following, the set 

X  comprises simply the spatial coordinates of the nuclei and electrons constituting the 

molecular system. Third, the solutions, i.e. the wave functions Ψ( , )X t , shall be restricted to 

such ones that can be written as a product of a function of time and a function of the 

coordinates 

 ( ) ( )Ψ , ( )x t f t Xψ= . (1.4) 

Since the Hamiltonian does not depend on time, it leaves the factor �(�) unaffected, 

i.e. 

 ( ) ( ) ( ) ( ) ( ) ( )[ ] [ ],H X f t X f t H X Xψ ψ=  (1.5) 

where squared brackets have been introduced to clarify that ( )[ ( )]H X Xψ  does not denote a 

simple multiplication but needs to be evaluated first. Insertion of these restrictions into the 

Schrödinger equation (1.3) yields 

 ( ) ( ) ( ) ( ) ( ) .
f t

i X f t H X X
t

ψ ψ
∂

=   ∂
ℏ  (1.6) 

Taking now X  and t  such that ( ) 0Xψ ≠  and ( ) 0f t ≠ , equation (1.6) can be rewritten 

to 

 ( )[ ( )]1 ( )
.

( ) ( )

H X Xf t
i

f t t X

ψ
ψ

∂ =
∂

ℏ  (1.7) 

The left side of equation (1.7) does not depend on X . Therefore, the right side must be 

independent of X  too. Moreover, the right side of equation (1.7) does not depend on t , and so 

also the left side must be independent of t . Since both sides of equation (1.7) are independent 

of both, X  and t , they must be equal to the same constant which is denoted by E  in the 
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following and is postulated to be the energy of the quantum mechanical system. Hence, taking 

first the left side of equation (1.7) and equating it to E  yields: 

 1 ( )
.

( )

df t
i E

f t dt
=ℏ  (1.8) 

  Equation (1.8) is an ordinary differential equation of first order and yields the general 

solution: 

 ( ) / ,iEt
f t Ce

−= ℏ  (1.9) 

with a constant C, which can be included as a factor in the function ( )Xψ  for the expression of 

the time-dependent wave function and which can thus be omitted (set to 1) in equation (1.9). 

 Equating the right side of (1.7) to E yields: 

 ( ) ( ) ( ).H X X E Xψ ψ=  (1.10) 

Equation (1.10) is usually referred to as time-independent, or stationary, Schrödinger 

equation. In summary, for cases where the Hamiltonian does not depend on time, there exist 

wave functions of the form 

 ( )Ψ /, ( )iEt
X t e Xψ−= ℏ  (1.11) 

which correspond to states of constant energy. Since the Hamiltonian is a Hermitian operator, 

the energy E has to be real (being also satisfactory from a physicist’s or chemist’s point of view). 

For the probability density which is involved in the physical interpretation of the wave function 

it follows that 

 Ψ
2 2

( , ) ( ) .X t Xψ=  (1.12) 

Hence, for such wave functions, the probability density does not change with time and 

such states are called stationary. Thus, for time-independent Hamiltonians, finding the solution 

of the Schrödinger equation (1.2) can be boiled down to solving the stationary Schrödinger 

equation (1.10) which mathematically corresponds to solving an eigenvalue problem. However, 

except for very simple systems (such as e.g. one-particle, one-dimensional systems or the 

harmonic oscillator), this task becomes practically insoluble by using pen and paper. The reason 

lies in the complicated form of the Hamiltonian, which, upon the introduction of atomic units, 

see appendix B, reads for a typical molecular system consisting of N nuclei and n electrons: 

 2 2

1 1 1 1 1 1

1 1 1
.

2 2

n N n N n n N N
I JI

i I

i I i I i j i I J II iI ij IJ

Z ZZ
H

M r r R= = = = = > = >

= − ∇ − ∇ − + +∑ ∑ ∑∑ ∑∑ ∑∑  (1.13) 
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In equation (1.13), iIr  denotes the distance between the i-th electron and the I-th nucleus, 

ijr  denotes the distance between the i-th and J-th electron, IJR  denotes the distance between the 

I-th and J-th nucleus, IZ  denotes the charge of the I-th nucleus and 2
µ∇  denotes the Laplacian 

operator which involves differentiation with respect to the coordinates of the µ -th particle 

(either a nucleus or an electron). The distances involved in equation (1.13) are obtained from 

the coordinates of the nuclei and electrons and thus the set X as introduced above corresponds 

to such a set of coordinates in case of the given Hamiltonian. Equation (1.13) nicely discloses 

the hidden difficulty in solving the (stationary) Schrödinger equation. Usually, an ansatz for the 

solution is chosen such that the total wave function is written as a sum over products of one-

particle wave functions, from which each depends only on the coordinates of one particle (may 

it be a nucleus or an electron). Then, the stationary Schrödinger equation (1.10) can be written 

as a system of coupled equations with one equation for each particle. However, the difficulty 

arises now from the fact that each of these equations is coupled to all the other ones, i.e. the 

solution of one of those equations depends on the solution of all the others. From a physicist’s 

or chemist’s point of view, that simply resembles the fact that, in principle, the motion, 

position, etc. of each electron (or nucleus) is coupled to the motion, position, etc. of all other 

constituents of the molecular system. Hence, it is not a surprise that Dirac thought that these 

“equations [are] much too complicated to be soluble.” However, when he put down these words in 

1929 [1], he did obviously not have access to digital computers. Nevertheless, even with the 

help of high-performance computer systems, the direct solution of Schrödingers equations 

remains practically intractable and a vast amount of ideas, approximations, algorithms, 

schemes, etc. has agglomerated over the last six decades into what is nowadays known as 

computational chemistry. In this respect, the continuation of Dirac’s quotation appears 

overwhelmingly farsighted [1]: “[…] much too complicated to be soluble. It therefore becomes desirable 

that approximate practical methods of applying quantum mechanics should be developed, which can lead 

to an explanation of the main features of complex atomic systems without too much computation.” 

1.1 Computational Chemistry 

Computational chemistry basically comprises a large set of numerical schemes, algorithms and 

methods aiming at solving Schrödinger’s equations, i.e. equations (1.3) and (1.10). Since the 

invention of the first digital computers until now, method development has led to great many 

numerical approaches facilitating that task. A thorough overview over the complexity of this 

scientific domain would be completely out of scope of this thesis and for such a purpose Refs. 

[8, 10-12] and references therein may rather be consulted instead. Here, only some specific trees 

of this methodological forest shall be shortly appreciated. The computational methods that 

have been used for the research presented in this thesis can be divided into two main sets: 

electronic structure methods and force-field approaches. 
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Electronic Structure Methods 

These methods aim for the solution of a derivate of the stationary Schrödinger equation as 

presented in equation (1.10). In particular, if the Born-Oppenheimer approximation is 

applicable, see e.g. Refs. [8, 12], then the task of solving equation (1.10) can be facilitated as 

follows. Since the nuclei are much heavier than the electrons they are more inert. Thus, in a 

good approximation, the electrons can be considered as moving in the electrostatic field of 

spatially fixed nuclei. Within this approximation the kinetic energy term of the nuclei, i.e. the 

second term in the Hamiltonian (1.13), can be neglected and the Coulomb repulsion between 

the nuclei, i.e. the fifth term in expression (1.13), remains as a constant. The remaining three 

terms of the Hamiltonian presented above represent the electronic Hamiltonian, i.e. 

 2

1 1 1 1

1 1
,

2

n n N n n

I
elec i

i i I i j iiI ij

Z
H

r r= = = = >

= − ∇ − +∑ ∑∑ ∑∑  (1.14) 

which describes the motion of n electrons in the field of N point charges. By solving the 

stationary Schrödinger equation involving the electronic Hamiltonian, i.e. 

 { } { }( ) { } { }( ) { } { } { }( ); ; ( ) ;elec i I elec i I elec I elec i IH Eψ ψ=r R r R R r R  (1.15) 

yields the electronic wave function { } { }( );elec i Iψ r R , which depends explicitly on the 

coordinates of the electrons, { }ir , and  depends parametrically on the coordinates of the nuclei, 

{ }IR , as does the electronic energy, { }( )elec IE R . This implies that for a different configuration 

of the nuclei a different electronic wave function is obtained, but the nuclear coordinates do 

not explicitly appear in the electronic wave function. The total energy for a system of n electrons 

in the field of N nuclei has to include also the repulsion of the nuclei and thus reads 

 

1

.
N N

I J

tot elec

I J I IJ

Z Z
E E

R= >

= +∑∑  
(1.16) 

The different electronic structure methods aiming to solve the electronic Schrödinger 

equation (1.15) can be divided into the three groups ab-initio methods, density functional 

theory (DFT) approaches and semi-empirical methods. 

Ab-initio methods have the advantage that they do not rely on any empirical parameters 

derived by fitting procedures (to experimental or other numerical data) or by other means. They 

aim to solve the electronic problem from first principles in quantum mechanics. Furthermore, 

they can be made to converge to the exact solution, of course only within the descriptive limits 

of the respective method. A disadvantage of ab-initio methods is usually their high 

computational demand. Hence, the size of the systems that can be treated with such methods is 

often quite limited. The used ab-initio methods in this thesis comprise Hartree-Fock (HF) and 

post-HF methods and are described in more detail in sections 2.1.2 and 2.1.3. 
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DFT approaches the electronic problem in a different way than ab-initio methods, 

which are also named wave function based methods as they directly tackle equation (1.15). DFT 

has another starting point, namely the theorems of Hohenberg and Kohn [13]. The electronic 

problem is solved by minimizing the energy of the electronic system which can be written as a 

functional of the electronic density. More specific information is given in section 2.1.4. The 

application of DFT suffers, however, from the fact that the exact form of the above mentioned 

energy functional is not known. Over the last decades a variety of functionals has thus been 

developed, all with their advantages and disadvantages. Some of these functionals rely on fitting 

to experimental or other numerical data. Other functionals make use of the fulfillment of 

certain physical or mathematical constraints. In general, it may be said that compared to ab-

initio methods, DFT is less systematic and a controlled way in order to achieve a convergent 

result for an arbitrary molecular system appears simply out of scope. Ultimately, the validation 

of DFT approaches relies heavily on comparison with experiment and other kinds of numerical 

investigation. The big advantage of DFT is, however, its comparably low computational cost 

which allows the treatment of systems which can be much larger than what is possible for ab-

initio methods. 

Semi-empirical methods make – more or less – use of parameters which are retrieved 

either from experiment (hence the name “semi-empirical”) or from higher-level theory. Such 

parameterizations can be used to replace (parts of) the Hamiltonian (1.15) by an approximate 

Hamiltonian which then allows an easier and/or faster solution of the corresponding 

eigenvalue equation. Although the computational effort that accompanies such approaches is 

usually less than for ab-initio and/or DFT methods, these methods are often quite limited in 

terms of flexibility. That means that the number of different systems that might be treated with 

such a method including the used set of parameters is rather small. Thorough validation and 

testing can thus be very important if such methods are used. In this work, one method is 

presented that is within the scope of semi-empirical methods, i.e. density-functional tight-

binding with self-consistent charges, see section 2.1.5. The reference data used in course of the 

development of the set of parameters which is employed in conjunction with this method stems 

from higher-level DFT calculations. There exists some controversy about the expression “semi-

empirical” in this context. Some people tend to name a method “non-empirical” when no 

explicit reference to experimental data is made, but only to numerical data from higher-level 

calculation. However, this distinction shall be omitted here. 

Force-Field Approaches 

Force-field methods simply replace the problem of solving equation (1.15) by an expression of 

the energy of a given molecular system in terms of geometrical quantities such as bond lengths, 

bond angles, dihedral angles and so on. The electrons are does not explicitly included in these 

methods. Nevertheless, they are “contained” somehow in the energy expression which is usually 

determined by the use of experimental and/or numerical data. For instance, the interaction 

between helium atoms (in their electronic ground states) can be described well by a two-body 

van-der-Waals potential. If the many-body properties of gaseous helium are of interest such a 



1 General Introduction and Framework 

 
� 10 � 

two-body potential can then be used in order to describe a large amount of atoms in a 

computationally very efficient way. Force-field approaches are well-suited to treat large-scale 

systems comprising thousands of atoms which are usually far beyond the limitations of 

electronic structure methods. However, these methods depend strongly on the quality of the 

interaction potentials and are thus usually not very flexible which leads to a variety of force-

fields in the literature, each with its advantages and disadvantages. 

Computation of Molecular Properties 

The so far introduced methods yield the energy for a specific geometrical configuration of 

nuclei constituting a given molecular system. By calculation of energies for different molecular 

geometries one can obtain the potential energy surface (PES) for the system under 

consideration. Hence, the energy is obtained as a function of the nuclear coordinates. The 

energy can be optimized and thus equilibrium geometries, corresponding to (local) minima at 

the PES, and transition states, corresponding to first-order saddle points at the PES, can be 

computed. Evaluation of higher order derivatives of the energy with respect to the nuclear 

coordinates allows the computation of e.g. the eigenfrequencies of the system and hence the 

numerical estimation of infrared (IR) spectra. If the energy evaluation is coupled to an 

integrator, the time-evolution of the system can be simulated which is known as molecular 

dynamics (MD). 

Five typical questions that are within the scope of computational chemistry studies may 

read as follows: 

a) What is the geometry of a molecule in its electronic ground state, i.e. which 

geometrical configuration of the nuclei yields the lowest energy? 

b) What energy is associated with the removal or the addition of an electron to the 

system, i.e. what are the values for the ionization energy and the electron 

affinity? 

c) Is a given chemical reaction endothermic or exothermic? 

d) How does the IR spectrum of a given molecule look like? 

e) What is the melting temperature of a given molecular ensemble? 

In order to answer these questions, a method has to be chosen and the obtained result 

may crucially depend on this choice. This is exactly the danger which lies at the heart of 

computational chemistry. Many properties of molecules can be computed using a vast variety of 

methods and very often, the difficulty is not in computing numbers but in the validation, 

analysis and interpretation of them. For instance, for question a) a very accurate and systematic 

calculation using an ab initio approach like the coupled cluster scheme might be most suitable. 

However, such an approach is computationally very demanding and often only applicable to 

very small systems involving some tens of electrons. Larger systems will rather need to be treated 

with less systematic methods and a lot of testing and validation work may then be necessary. 

“Real-world” applications usually involve a whole set of questions that are similar to the ones 

mentioned above. Each of these questions may be associated with another type of numerical 
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scheme which is best suited to find an answer in a reasonable amount of time. Hence, in many 

cases a smart combination of different methods used to treat different sub-problems of the 

actual problem is what is actually required. One way to categorize the applicability of 

computational approaches is in terms of system size, may it be on the spatial scale, i.e. the 

number of atoms and/or electrons, for stationary properties, or on the temporal scale 

concerning dynamical properties such as the melting of a material like in question e). Thus, in 

order to model and simulate molecular systems, it is often necessary to use and to combine 

different methodologies at different scales which is known as multiscale modeling and which is 

the topic of section 1.3. The description of different approaches to multiscale modeling is partly 

also described using the specific molecular systems considered within the scope of this thesis. 

Those are introduced in the next section. 

1.2 Molecular Systems Explored in this Thesis 

The systems explored within the scope of this work correspond to different length and time 

scales ranging from single molecules consisting of a few atoms over surface models consisting of 

several tens to a few thousands of atoms and finally to nanosystems comprising ten thousands 

of atoms. Obviously, different methodologies have to be employed in order to study properties 

of these systems. To some extent (see also section 1.3) multiscale approaches are used 

throughout these studies, i.e. different methods especially suited for specific purposes are 

combined in a way that more insight can be gained than would be possible due to the intrinsic 

limitations that each method comes up with. In the following, the different systems are 

presented shortly. More details may be found in the corresponding subsections in section 3 

which present the individual topics separately as well as the results of the investigations. 

On the smallest scales, an investigation of vibrational and energetic properties of 

carbonic acid isomers and oligomers was performed. In particular, infrared (IR) spectra and 

energetic properties of the cis-cis and cis-trans carbonic acid monomers as well as of one carbonic 

acid dimer are studied. These molecules are shown in figure 1.1. Carbonic acid has attracted a 

lot of interest due to the suspicion that it might be existent in detectable amounts in Cirrus 

clouds on Earth and on the polar caps of Mars, although the molecule is a very elusive one in 

general. This stems from the fact that the decomposition reaction into carbon dioxide and 

water, which are also depicted in figure 1.1, is exothermic, at least for the monomers. Hence, if 

carbonic acid is formed it is expected that it decomposes rather fast again into these two 

constituents. The detection of this molecule in a natural environment presents a challenge, 

which might be achieved via the assignment of lines in the observed IR spectra obtained from 

these environments to vibrational modes of carbonic acid isomers and/or oligomers such as the 

dimer shown in figure 1.1. Computational chemistry allows the calculation of these vibrational 

modes. Paper I discusses such calculations as well as the assessment of the accuracies that can be 

obtained and what can be concluded from that in view of the presently existing observations 

and on the way to an eventual detection as mentioned above. Furthermore, paper I discusses 

also the energetics of the decomposition of the carbonic acid dimer into water and carbon. It 
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had not been clear yet if this oligomer is actually more stable than its isolated constituents. In 

paper I, it is shown that the latter is most probably the case. The content of paper I is 

summarized in section 3.1 and a reprint can be found in Appendix A. 

 

Figure 1.1. The (a) cis-cis, the (b) cis-trans isomers as well as (c) the dimer of carbonic acid studied in paper I. The 
constituents carbon dioxide and water are depicted in (d) and (e), respecitvely. 

The next larger sizes of systems in this thesis are the investigations of interactions of 

atoms and molecules with models for the graphite (0001) surface. Such interactions are of great 

interest in the framework of plasma-wall interaction processes which are e.g. of importance in 

nuclear fusion research. In certain parts of nuclear fusion devices plasma or hot gas is in direct 

contact with a wall material. Graphite, or in more generality carbon-based materials, have often 

been envisaged for this purpose due to their very good thermo-mechanical properties. However, 

the reactivity of carbon, especially towards hydrogen, is problematic. In principle, the 

interaction between a projectile and a wall material is governed by the underlying energetics. 

The investigation of the energetics for a variety of atoms and molecules chosen due to their 

expected occurrence in future nuclear fusion scenarios is the content of papers II – IV. In 

particular, in paper II, the very distinct dynamics experienced by atomic hydrogen (isotopes) 

and helium is explored using the different shape of the interaction potentials obtained via static 

DFT calculations as input for dynamic simulations. In paper III, energy barriers and 

deformation effects characteristic for the intrusion of hydrogen, helium, lithium, beryllium, 

boron, carbon, oxygen and neon atoms into graphite are assessed. In paper IV, analogous 

energy barriers are discussed with beryllium, carbon and oxygen hydrides as projectiles. The 

specialty of these studies is the approach chosen for the representation of the graphite (0001) 

surface which per se represents a model for the surface of the wall. In contrast to the 

application of periodic boundary conditions, here, the viability of using molecular clusters as 

surface models has been investigated. The used molecular clusters consist of polycyclic aromatic 

hydrocarbons (PAHs) exhibiting different sizes. These molecules are finite representations of 

the graphite (0001) surface layer, i.e. one graphene sheet, with the free valences of the edge 

carbon atoms saturated by hydrogen atoms. In paper III, the applicability of this model is 
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presented in detail. The used PAHs are depicted in figure 1.2. The papers II – IV are collected 

in appendix A and the respective content is summarized in section 3.2. 

 

Figure 1.2. PAH molecules used as models for the graphite (0001) surface. 

In a third application of quantum chemical methods, bulk systems, nanowires and 

surfaces consisting of zinc oxide (ZnO) are investigated. In particular, the applicability of the 

semi-empirical SCC-DFTB approach is studied and a parameter set developed for a physically 

sound description of ZnO is assessed via comparison to theoretical and experimental data. ZnO 

has many favorable properties – catalytic, photocatalytic, electronic, etc., see section 3.3 – which 

makes it an interesting compound for many technological applications. In many of them the 

surface chemistry of ZnO plays a crucial role. In order to increase the surface area an 

arrangement using many small (nano-) particles can be more efficient than few macroscopic 

samples of this material. Although such nanoparticles are very tiny from an everyday-life 

perspective they are still quite large at a microscopic scale and often comprise thousands or even 

tens of thousands of particles. Such sizes present a challenge for existing electronic structure 

methods, i.e. such methods that still aim for including the electrons in the model. The latter 

can be, however, quite important if electronic properties need to be calculated or assessed. The 

system sizes are, however, too large to allow calculations using e.g. DFT. Thus, computationally 

less demanding methods have to be considered. For such methods, however, a thorough 

assessment and validation of the obtained data is necessary before further conclusions can be 

drawn. In papers V and VI, such validation procedures are presented. Based on the satisfying 

results, a better understanding of ZnO nanostructures and surfaces and especially surface 

defects at polar surfaces, see figure 1.3, is gained and presented in papers V – VII, which can be 

found in appendix A. The content of these papers is summarized in section 3.3. 

The largest systems treated within the scope of this thesis comprise finite and realistic 

models for gold nanowires which consist of many thousands of atoms. These systems are too 

large to be tackled even by semi-empirical methods and a force-field approach has been chosen 

instead. In paper VIII, it is shown how the approach has been validated and what can be 

concluded about the melting of such nanowires in their pristine state and when they are coated 

by surfactants. In preceding experiments, it has been observed that a coating of gold nanowires 
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can increase the melting point. This is specifically important given the well-known fact that the 

melting point for nanostructures is often substantially lower (by hundreds of degrees) than for 

the corresponding bulk material. This effect is known as melting point depression and is 

obviously thought to strongly affect possible technological applications. In paper VIII, it is 

shown that coating of metal nanowires can increase the melting temperature substantially over 

its depressed value. Moreover, the effect of introducing a surface defect in the initial geometry 

of the nanowire on the melting dynamics is explored. The used method is classical MD 

simulations, see sections 2.2 and 2.3. Thus, there is no explicit treatment of the electrons in the 

model in contrast to the other applications. In figure 1.4, different input structures of gold 

nanowires (pristine, exhibiting a defect and coated) are depicted. The content of paper VIII is 

summarized in section 3.4 and a reprint of paper VIII is provided in appendix A. 

 

Figure 1.3. Microscopic cutout of the polar Zn-terminated ZnO(0001) surface inspired by the conclusions of paper 
VI. Oxygens and zinc atoms are represented by red and grey spheres, respectively. Large, small spheres and bonds 
only correspond to atoms in the top surface layer, in the first and second subsurface layer, respectively. 

 

Figure 1.4. Different input geometries used for the study of the melting dynamics of gold nanowires in their 
pristine (a) ideal, (b) defected, see the dislocation, state and (c) when they are coated by surfactant molecules. Gold 
atoms are depicted as gold spheres, surfactant molecules are depicted in blue. 
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1.3 Multiscale Modeling Approaches 

In section 1.1, it was pointed out that each of the methods in computational chemistry comes 

with its own limitations in terms of computational demand. As a consequence, a complete and 

‘homogeneous’ quantum mechanical treatment of a macroscopic system remains practically an 

unrealistic dream. Although less demanding force-field approaches allow the treatment of many 

thousands or even millions of atoms, this is usually still far from the physical dimensions of 

real-world technological devices. At the same time, force-field approaches do not treat electrons 

explicitly anymore and thus do not allow the calculation of electronic properties. However, the 

latter are often of particular importance in real-world applications. It becomes thus clear that a 

physical sound description of a real-world system must somehow deal with linking methods 

applicable to different spatial and temporal scales. This is the reason for the development of 

multiscale modeling approaches. 

In general, macroscopic real-world technological applications often involve the inclusion 

of important features at multiple spatial and/or temporal scales. Multiscale Modeling 

approaches aim for a description of a system using information from different spatial or 

temporal scales and link these information in a systematic way. This is schematically depicted in 

figure 1.5. 

At the quantum scale, the smallest entities included explicitly are electrons. Thus, 

properties like ionization energies, band gaps, reaction enthalpies, etc. are to be computed at 

this scale using e.g. electronic structure methods. Typical length and time scales are of the order 

of hundreds of picometers and tens of picoseconds, respectively. 

At the atomistic scale, the electrons are omitted and included only implicitly in the forces 

acting between atoms or molecular fragments which serve as the smallest entities at this scale. 

At the atomistic scale important structural features and dynamical properties such as diffusion 

coefficients and reaction rates may be obtained using e.g. classical molecular dynamics schemes. 

Typical length and time scales are of the order of tens to hundreds of nanometers and a few to 

tens of nanoseconds, respectively. 

At the mesoscale, the smallest entities consist usually of groups of atoms or molecules 

and numerical approaches often comprise Monte Carlo schemes in order to sample certain 

parts of the phase space to achieve a better description of ensembles of systems closer to 

experimental conditions. Typical length and time scales range from a few nanometers and 

nanoseconds to micrometers and microseconds, respectively. 

The macroscale usually denotes spatial and temporal scales at which the considered 

systems can be represented by continuum quantities such as density and velocity fields rather 

than by a particle picture. This necessitates the condition that an infinitesimal volume element 

contains many enough particles such that the coarseness of the underlying material can be 

neglected and be replaced by an average density. The theoretical framework at the macroscale is 

provided by continuum mechanics and fluid dynamics. Typical lower limits for length and time 
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scales of continuum or fluid models in materials science are in the order of micrometers and 

microseconds, respectively. Upper limits can extend to very long lengths and times considering 

meteorological and astrophysical applications of such schemes. 

 

Figure 1.5. Schematic depiction of the multiscale modeling approach. Arrows connecting different scales can, in 
principle, also connect scales that do not neighbor each other. However, this detail has been omitted for simplicity. 

The numerical schemes employed at the different scales in a multiscale modeling 

approach are usually not independent from each other. Force-field methods depend on 

parameters which are often derived at least partly from higher-level theory at the quantum scale. 

Also computational techniques employed at the mesoscale often make use of parameters 

obtained at the atomistic and/or the quantum scale. The same is true for continuum models. 

This bottom-up interdependence is shown also in figure 1.5 with the solid arrows pointing from 

scale to scale. However, multiscale modeling necessitates the use of top-down feedback-loops as 

well which is depicted in figure 1.5 with the dashed arrows. For instance, the use of a specific 

parameter set for a force-field method might result in unphysical results. Then, the 

development of a better parameter set becomes necessary probably including calculations at the 

quantum scale. 

In the following, multiscale modeling approaches shall be exemplified using two general 

up-to-date technological examples which provide at the same time larger frameworks for two of 

the applications presented in this thesis. In the subsequent section, it shall be zoomed into the 

relevant physical scales within the scope of this thesis, i.e. the quantum scale and the atomistic 

scale. Afterwards, it will be presented what may be considered as multiscale modeling in a 

rather general meaning in the specific applications collected in this work. 

Multiscale modeling approaches in nuclear fusion research 

Nuclear fusion research aims for electricity production due to the conversion of energy released 

due to the fusion of light elements such as deuterium and tritium forming helium, a neutron 
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and kinetic energy. In one attempt, this goal shall be achieved by magnetically confining a 

plasma of deuterium and tritium and achieving a plasma temperature that allows these 

hydrogen isotopes to overcome the Coulomb barrier leading to subsequent nuclear fusion. In 

order to get rid of the fusion product helium and also other plasma impurities, it is important 

to include an exhaust area in a nuclear fusion device where the plasma interacts with the wall, 

neutralizes and can be pumped off by vacuum pumps while deuterium and tritium is envisaged 

to be refilled (at constant rate) into the fusion plasma. While maybe far too simplistic this 

scenario shall now be taken to exemplify the need for a multiscale modeling approach in order 

to describe such a reactor system. 

 The transport of the fusion plasma and the fusion product helium along and across the 

magnetic field lines can be modeled using fluid dynamics codes. From that a flux towards the 

exhaust wall region may be computed at the macroscale. Upon interaction with the wall, the 

latter cannot only be eroded by physical sputtering but also molecules may form at the surface 

and/or projectiles may intrude into the wall material. Moreover, the energy and heat 

transferred to the wall may lead to melting and/or evaporation of the wall material. Such 

phenomena are typically studied at the atomistic scale and give rise to quantities like the 

formation rate of plasma impurities in form of atoms ejected from the wall, molecules formed 

at the wall and also eventually ejected into the plasma, diffusion rates of projectiles into the wall 

material, etc. The particle densities due to impurities ejected from the wall into the plasma are 

usually too low that the transport of these impurities can be treated by continuum models and 

require e.g. the treatment via kinetic Monte Carlo codes which can be regarded as examples for 

modeling at the mesoscale in this framework. Processes such as ionization, recombination, etc. 

affect strongly the transport properties of the different species (impurities as well as fusion 

reactands and products) in the plasma. Ionization energies, reaction energies, ionization cross 

sections, etc. depend on electronic properties and enter both the fluid models and the kinetic 

Monte Carlo schemes as parameters. These properties are, however, calculated at the quantum 

scale. Although many further details have been omitted for simplicity, it becomes clear already 

at this point that a thorough coherent description of such a nuclear fusion reactor necessitates 

the inclusion and linking of many different methods at multiple scales which results in a very 

complex task for state-of-the-art computational science. 

Multiscale modeling approaches in heterogeneous catalysis 

Another research area in which multiscale modeling approaches have become very prominent is 

heterogeneous catalysis. In the following an arbitrary chemical reaction between molecules in 

gas phase in presence of a solid catalyst shall be considered. An example related to the content 

of this thesis for such a case is methanol production from carbon monoxide and molecular 

hydrogen at ZnO surfaces which is of importance in industrial catalysts. As in the example 

concerning nuclear fusion research also here a very simplified picture of the actual problem is 

presented. Whereas energetic aspects of chemical reactions in presence of a catalyst may still be 

computed at the quantum scale, the inclusion of structural effects like surface defects, effects of 

solvents on the surface geometry, etc. might bare the necessity of including larger geometrical 
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configurations out of scope of electronic structure methods. In addition, the exploration of 

dynamical properties like reaction rates, diffusion coefficients, etc. lead to the employment of 

force-field approaches capable of determining these quantities at the atomistic scale. However, 

even at the atomistic scale the studied systems correspond to special cases and simulating a real-

world scenario required averaging over a variety of possible configurations. The latter can be 

achieved by the use of Monte Carlo methods at the mesoscale. Finally, at the macroscale, 

dynamical properties such as heat flow and transport of reaction products and reactants in a 

given industrial reactor geometry can be obtained via continuum models. For the latter, the 

computation of properties at the atomistic scale such as thermal conductivities of parts of the 

industrial device may become necessary which are often not easily accessible from experiments. 

As in the foregoing example concerning nuclear fusion, it becomes clear that for an integrated 

description of the technical system as a whole a multiscale modeling approach is necessary. 

1.4 How is the Research Presented in this Thesis Related to Multiscale Modeling? 

In figure 1.6, the different ways how the research presented in this thesis may be related to 

multiscale modeling are depicted. In this thesis, it is only dealt with systems at the quantum and 

atomistic scale. Thus, the larger scales are excluded from figure 1.6. In the following, the 

different applications and their relations to multiscale modeling are discussed separately. 

The investigation of molecular properties of carbonic acid presented in paper I and 

summarized in section 3.1 does not include anything that can be related to multiscale modeling 

in the strong sense as it treats the molecules under consideration entirely using methods at the 

quantum scale. However, it makes use of two characteristic ideas to extrapolate the description 

of a system to higher accuracy without the complete high accuracy calculation. First, use is made 

of the fact that the energies of molecules are usually much less sensitive to the level of theory at 

which the molecular geometry is optimized than to the level of theory at which the wave 

function is obtained. Therefore, the geometries and vibrational frequencies of the molecules 

under consideration are obtained at using DFT and MP2 methods whereas the energy 

computations involve the much more demanding and much more accurate coupled-cluster 

approach. Although both methods refer to the quantum scale, this represents a coupling of 

different numerical schemes which different limitations in terms of computational demand and 

is therefore depicted also in figure 1.6(a). While DFT can handle geometry optimizations for 

systems involving several hundreds of on a desktop computer in a reasonable amount of time, 

i.e. hours in this case, this is impossible for coupled-cluster calculations. Second, the vibrational 

frequencies reported in paper I may provide input parameters for astrophysical models in order 

to simulate IR spectra of certain stellar environments which might then be compared to 

observational data. The numerical data collected in paper I present thus a starting point for 

modeling at substantially larger (planetary) scales, which is depicted schematically in figure 

1.6(a). 
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Figure 1.6. Schematic depiction of how the different applications presented in this thesis can be related to 
multiscale modeling. 

In contrast to the previous case, the contributions to nuclear fusion research reported in 

papers II – IV and summarized in section 3.2 yield clear relations to multiscale modeling in two 

respects. First, the approach chosen in paper II, i.e. calculating energy barriers at the quantum 

scale and using these data as input for the more coarse-grained split-step Fourier method used 

for the study of elastic scattering of tritium and helium at graphite (0001) surfaces, exemplifies a 

multiscale modeling approach, see also figure 1.6(b). Second, the energy barriers calculated for a 

variety of fusion-relevant atoms and molecules provide a basis for the construction and 

validation of parameter sets for force-fields in order to study the bombardment of such surfaces 

at the atomistic scale, indicated also in figure 1.6(b), which is one of the purposes of the data 

reported in papers III and IV. 

As in the previous case, the applications in structural chemistry reported in papers V – 

VII and summarized in section 3.3 can be regarded as entirely within the scope of a multiscale 

modeling framework. Zinc oxide is an important compound for technical applications in 

heterogeneous catalysis, i.e. as an activating substrate for metal particles in order to convert 

syngas (H2, CO, CO2) into methanol, the third most important chemical product worldwide 

[14]. In such applications ZnO is usually in a solid state and the reactions are hence catalyzed at 
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the surfaces. A profound understanding as well as a sound description at multiple scales of the 

surfaces per se but also of their interaction with solvents and chemical environments is thus 

important. The content of papers V – VII is dedicated to this aim and reports the construction 

and validation of a parameter set for an approximate DFT approach as well as the application 

of this scheme in order to better understand properties of ZnO surfaces and nanostructures. 

This research is embedded in a larger framework aiming for a systematic scheme for the 

development of force-field parameters from higher-level DFT and approximate DFT 

calculations in order to achieve a physically sound description of arbitrary metal oxides at the 

atomistic scale. This scheme is depicted in figure 1.6(c). Via fitting procedures including a small 

training set of input quantities such as bond lengths, cohesive energies, etc. obtained at the 

DFT level, first a parameter set for the used approximate DFT method is constructed. Using 

then the approximate DFT method for the calculation of a larger set of quantities which are 

needed for the parameterization of the force-field approach, as the latter usually yields a large 

number of parameters, can significantly speed up the process of force-field parameterization. 

The reason is simply that the approximate DFT method is less time consuming than actual 

DFT calculations. Another reason for the intermediate step in form of the approximate DFT 

scheme is that realistic structures may have features that are per se already difficult to capture by 

using DFT due its higher computational demand. For instance, the polar surfaces of ZnO are 

highly corrugated and exhibit a high density of surface defects. These disordered structural 

motifs can result in the need of using large model structures which consequently make DFT 

inefficient. Thus, DFT might yield more accurate energies, but at the same time DFT might be 

inefficient in retrieving structural information. In chemistry, both, the energetic and the 

structural information are important. This serves as the basis for the natural need for multiscale 

schemes in chemistry. The research presented in this thesis for the case of ZnO represents some 

specific steps in such a multiscale framework. 

The investigation of the melting dynamics of thin gold nanowires as an application in 

nanotechnology is only implicitly related to multiscale modeling. The relation comes from the 

use of force-fields which contain parameters that where obtained from more profound 

quantum mechanical methods including relativistic corrections which are necessary due to the 

high atomic number of gold. However, this force-field was not developed in the work of paper 

VIII which is summarized in section 3.4. It has been taken from the literature and none of the 

authors of paper VIII had been involved in its development. To make this clear, a dashed arrow 

is used in figure 1.6(d) pointing from the quantum scale to the atomistic scale. The study 

summarized in section 3.4 was completely conducted on the atomistic scale only. 

1.5 The Interdisciplinary Nature of Computational Chemistry 

It may have become clear so far that the richness of tools and methods collected in the 

framework of computational chemistry allows the latter to be a link between many research 

domains such as physical chemistry, structural chemistry, biochemistry, astrochemistry, ion 

physics, biophysics, materials science and nanotechnology, to name just a few. Moreover, it 

provides also a link to fundamental scientific domains such as mathematics and computer 
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science. This overall relatedness is partly represented also in the work condensed in this thesis. 

In particular, figure 1.7 shows those relations between scientific domains to which the author 

contributed over the time of his PhD studies, see also Refs. [15-35]. 

 

Figure 1.7. Schematic depiction of the interrelatedness of computational chemistry (showing only those scientific 
domains to which the author contributed during his PhD studies). 

In order to reflect the interdisciplinary flavor of the research topics collected in this work, 

the discussion of the results, see section 3, has been structured according to the 

interdisciplinary domains. This structure and the relations between research groups 

incorporated in the specific applications are outlined in the following. 

In section 3.1 An Application in Astrochemistry, namely spectroscopic and energetic features 

of carbonic acid, will be discussed. This work comprises not only numerically obtained data 

from the application of electronic structure methods to a molecule of peculiar relevance in 

stellar astrophysics, but also a close collaboration with the Stellar Astrophysics group at the 

University of Innsbruck. 

In section 3.2 Applications in Nuclear Fusion Research, the study of atoms and molecules 

interacting with models for the graphite (0001) surface represents an exploration of systems of 

peculiar importance for plasma-wall interaction linking thus physical chemistry and plasma 

physics. In order to obtain information about the dynamics of reflection of hydrogen and 

helium from these surface models, which is of great importance in nuclear fusion research, a 

close collaboration with the Numerical Mathematics group at the University of Innsbruck has 

been achieved. 

In section 3.3 Applications in Structural Chemistry, the investigation of zinc oxide systems 

using an approximate DFT method which can be seen as a link between DFT and force-field 

schemes provides insight on a specific step towards a multiscale treatment of metal oxides in 

general. The latter is a goal of the Structural Chemistry group at Uppsala University. A close 
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collaboration including a half-year research visit at the Ångström Laboratory in Uppsala has 

been the basis for the work presented in section 3.3. 

In section 3.4 An Application in Nanotechnology, the link that computational sciences 

provide between theory and experiment becomes apparent. Based on the experimental findings 

of research groups at the Kasetsart University in Thailand and the Hokkaido University in 

Japan, a numerical model has been set up in order to better understand the physical principles 

underlying these findings and allow suggestions for future technological applications. 

Thus, computational chemistry does not only provide a link between merely abstract 

scientific domains, but provides a concrete common ground for the formation of relations 

between research groups, universities, countries and in general, people. This is not a feature 

specific to computational chemistry, but may apply to scientific research in general. 

Nevertheless, the specific case in course of this thesis provides a nice example of how science 

can lead to collaborations and friendships between individuals of different expertise, nation 

and culture. This is a motivating and exemplary aspect of science which should thus not be kept 

under the rug. 

Computational chemistry is also a specific example for computational sciences which 

forms an important third pillar of science besides experiment and theory nowadays. 

Computational sciences carry the hope to avoid often expensive, dangerous or intractable 

experiments and conduct them in silico, i.e. on the computer, instead. For this reason, modeling 

and simulation is also referred to as computer experiments. At the same time, computational 

sciences are viewed as computer-aided articulation of theory in the sense that theory often 

provides equations that are much too complicated and/or complex to be solved analytically. 

This has been illuminated partly already in the beginning of the introduction. Both views, 

computational sciences as a form of experiment and as a form of theory cannot entirely capture 

the essence of simulation and modeling, which are therefore regarded as a third pillar of science 

instead. For instance, it is undoubtedly possible with computer simulations to go beyond 

certain experimental limitations. Many important quantities are not directly observable in 

experiments due to limits in temporal and spatial resolution. An atomistic computer 

simulation, however, allows to explore the positions of the nuclei constituting the physical 

system under consideration at each time step and to derive a variety of quantities from these. 

Such detail can usually not be obtained from experiment. Clearly, such detail is only valuable if 

the description of the underlying physics and chemistry is sound. But how can this be 

ascertained as long as a one-to-one comparison to experiment is out of scope? However, such 

epistemological considerations are, though interesting, out of scope of this thesis. Further 

information on these may be found in Refs. [36-44] and references therein. 
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1.6 Specific Questions Answered in this Thesis 

The content of this thesis is based on original research articles dedicated to find answers to 

specific questions which are summarized in the following. The answers to these questions can 

be found in the respective sections discussing the several applications collected in this work, i.e. 

sections 3.1 – 3.4. In order to highlight them, they are embedded in grey boxes, each entitled 

with “Answers to the questions”, and the pages at which the answers can be found are indicated 

in the list below. 

Questions concerning section 3.1 (An Application in Astrochemistry) 

• How basis-set-sensitive are the vibrational frequencies (in the harmonic approximation) 

with respect to the used methods? For which basis set can the obtained frequencies be 

regarded as converged? → See page 54. 

• What significance do anharmonic corrections have? How reliable is global scaling of 

harmonic frequencies? → See page 55. 

• Is the decomposition reaction of the carbonic acid dimer exothermic or endothermic? 

→ See page 56. 

Questions concerning section 3.2 (Applications in Nuclear Fusion Research) 

• Can the graphite peeling mechanism be understood from the hydrogen-graphite 

interaction potentials? If yes, how? → See page 60. 

• What is the underlying principle of the negligible effect of small concentrations of 

noble gases in the projectile species for the chemical sputtering of graphite? → See page 

61. 

• Can the graphite (0001) surface be modeled using a molecular cluster model? If yes, to 

which accuracy? → See page 63. 

• Is beryllium expected to enhance the chemical sputtering of graphite significantly? → 

See page 66. 

• Is the chemical sputtering expected to be enhanced or reduced if molecular projectiles 

are considered instead of atomic ones at low temperatures? → See page 68. 

Questions concerning section 3.3 (Applications in Structural Chemistry) 

• What is the crystal structure of ZnO at ambient conditions obtained from SCC-DFTB 

calculations in conjunction with the considered parameter sets znorg-0-1 and znopt? 

What result was obtained with DFT? What is the experimentally confirmed bulk 

structure at ambient conditions? → See page 74. 

• Does SCC-DFTB in conjunction with znopt yield an improved description of the ZnO-

water interface at the non-polar surfaces? → See page 75. 

• What is the reason for the large variety of different triangular defect motifs at the polar 

Zn-terminated surface? → See page 78. 



1 General Introduction and Framework 

 
� 24 � 

• What surface defect patterns yield the lowest cleavage energies for ZnO slabs exhibiting 

low-index polar surfaces using SCC-DFTB in conjunction with znopt? Is this result in 

line with experiment? → See page 79. 

• Can the shape of defects present at the considered polar surfaces be understood from 

an energetic viewpoint? If yes, what is the underlying reason for the presence of 

different defect shapes at the Zn- and O-terminated surfaces? → See page 83. 

Questions concerning section 3.4 (An Application in Nanotechnology) 

• Is the melting point depression for nanosystems qualitatively reproduced using the 

chosen force-field approach? How do the results compare to more sophisticated force-

fields? → See page 87. 

• What is the effect of an initial (surface) defect on the melting dynamics? → See page 88. 

• Can the (depressed) melting temperature be increased by coating metal nanowires with 

surfactant molecules? If yes, how can this effect be explained? → See page 89. 
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2 Methodology 

“Chemistry is knowing the energy as a function of the nuclear coordinates. […]  

Properties are knowing how the energy changes upon adding a perturbation.” 

Frank Jensen (�1961), see Ref. [12] 

In the following, the methods used in order to obtain the results for the different applications 

collected in this thesis are shortly described. Most of these methods are well-established for 

decades in the computational chemistry community and have thus found their way into many 

textbooks such as Refs. [8, 10-12, 45-47]. These well-established methods shall be appreciated by 

just revisiting their main concepts. In contrast, the approximate DFT method SCC-DFTB, see 

section 2.1.4, as well as the split-step Fourier method, see section 2.4, shall be given more 

attention as they are not that well-established. 

 Atomic units are used throughout this chapter. For a description of these units see 

Appendix B. 

2.1 Electronic Structure Methods 

Electronic structure methods, such as those discussed in the following, aim at solving the 

electronic Schrödinger equation adopting the Born-Oppenheimer approximation as presented 

in equation (1.15) in the introduction, see section 1. In order to describe some of the main 

concepts underlying the used electronic structure methods in course of this thesis, the subscript 

indicating the use of the electronic wave function in equation (1.15) is omitted in the following, 

i.e. elecψ ψ≡ . 

Note also that the descriptions given in Refs. [8, 11, 12, 47-49] are followed rather 

closely in some parts of this section. For any details, these references may be consulted. 

2.1.1 The Independent-Particle Approximation – The Hartree Fock (HF) Method 

Many electronic structure schemes use a simple approximation known as the independent-

particle model. For such a model, the ansatz for the wave function is expressed as single Slater 

determinant, i.e. 
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ψ ψ
ψ

ψ ψ
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⋯
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⋯

, (2.1) 

where ( )iψ µ  is a spin orbital, a function of the space and spin coordinates of the µ -th 

electron. Typically, such a spin orbital is a product of a spatial orbital and a spin function. This 

choice of ansatz guarantees that the total electronic wave function changes sign when two 

electrons are interchanged. This has to be the case since electrons are fermions and obey the 

Pauli exclusion principle, i.e. two electrons cannot occupy the same spin orbital. 
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 In the Hartree-Fock (HF) scheme the spin orbitals are varied to minimize the energy 

expectation value of the single-determinant wave function. This approach replaces solving the 

electronic Schrödinger equation (1.15) by solving a set of coupled one-electron eigenvalue 

equations for the spin orbitals, i.e. 

 
i i ifψ εψ= , (2.2) 

in which the Fock operator if  for the �th electron depends on all the spin orbitals and reads 
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where ℎ is the one-electron operator in the Hamiltonian ,elecH H≡  i.e. 
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and the Coulomb and exchange operators are defined by 
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(2.5) 

respectively, where the integration is carried out over the coordinates of electron 2 only. 

 Note that the solution of the HF equations for each electron depends on the solutions 

for all other electrons. Thus, the HF equations have to be solved iteratively. This can be 

achieved by a self-consistent field (SCF) approach. In particular, one constructs first an initial 

guess for a trial wave function. Second, the Fock operators are computed using equations (2.3) 

and (2.5). Third, one solves the eigenvalue equation (2.2) for the “first” electron. This yields a 

new one-electron wave function which leads to a new Fock operator. With the latter equation 

(2.2) is solved for the “second” electron and so on until a full new wave function is obtained. 

Then, the procedure is iterated until the new wave function is equal to the old one, i.e. the one 

used as starting point for this last iteration, within given numerical limits. By the use of basis 

sets, see section 2.1.5, the HF equation (2.2) can be transformed into a matrix equation leading 

to equations known as Roothan-Hall equations. This significantly facilitates the 

implementation of a SCF procedure and solving the eigenvalue problem. However, for details 

see e.g. [12]. 

Note that the interaction of an electron with all other electrons enters via the 

replacement of the instantaneous interactions with averaged interactions. Hence, HF theory is a 

mean-field theory and omits the dynamical correlation between electrons. 
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The purpose of post-HF methods as discussed in the next section is thus the calculation 

of the correlation energy, i.e. 

 ∆ ,corr exact HFE E E= −  (2.6) 

where HFE  denotes the exact solution of the HF problem, i.e. in an infinite, complete basis set, 

and also in the correction to the wave function, 

 ,exact HF corrψ ψ ψ= +  (2.7) 

which determines the electron density and all other properties of molecules. 

 However, the neglect of dynamical correlation is not the only error in the HF model. 

Another source of error is the assumption of a single-determinant wave function which usually 

fails when near degeneracies between single-configuration descriptions exist. The latter source 

of error is referred to as nondynamical correlation. Nondynamical correlation is handled most 

efficiently by using multiconfigurational descriptions. However, within the scope of this thesis, 

only methods handling dynamical correlation have been used and thus, nondynamical 

correlation methods will not be treated in the following. 

2.1.2 Post-Hartree-Fock Methods – Inclusion of Electron Correlation 

Post-HF methods aim at tackling the problem to provide a modified wave function based on the 

HF single-determinant ansatz such that a lower electronic energy is obtained. By the variational 

principle which states that 

 | | ,exact trial trialE Hψ ψ≤  (2.8) 

for a normalized trial wave function ,trialψ  such a modification would be a more accurate wave 

function. An obvious choice is to construct a wave function as a linear combination of multiple 

determinants. There exist three different approaches to this aim, i.e. configuration interaction, 

many-body perturbation theory and coupled-cluster. These shall be shortly appreciated in the 

following. 

Configuration interaction (CI) 

The CI expansion of an n-electron wave function reads 

 
, ,

,a a ab ab

HF i i ij ij

i a i j a b

c cψ ψ ψ ψ
< <

= + + +∑ ∑ ⋯  (2.9) 

Where a

iψ  is a singly excited configuration in which an occupied orbital iψ  of the HF wave 

function has been replaced by a virtual orbital ,aψ  ab

ijψ  is a double-excitation configuration etc. 

 The number of excited configurations grows very rapidly with the number of occupied 

and unoccupied orbitals. Thus, a complete solution becomes impractical for most systems and 

the CI expansion needs to be truncated. Often the truncation is made after the double-
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excitation level. The respective method is then written as CISD [50-52] where the “S” and “D” 

indicate that singly and doubly excited configurations are used. Due to the fact that the HF 

wave function is a reasonable starting point in many cases and because the Hamiltonian has no 

more than two-electron operators, the CISD scheme represents a reasonable approximation in 

most cases. 

 However, truncated CI comes with a big disadvantage, namely it is neither size-extensive 

nor size-consistent. A model is said to be size-extensive if the energy computed with this model 

scales correctly with the size of the system. For a system of N non-interacting units, P, this 

means that the energy of the total system is simply the sum of the energy of the N isolated sub-

units, i.e. ( ) ( ).E NP NE P=  A model is said to be size-consistent if the energies of two systems A 

and B and of the combined system AB with A and B very far apart, computed in equivalent 

ways, satisfy ( ) ( ) ( )E AB E A E B= + . In many cases, these two properties go hand-in-hand, 

although they are not the same in general. As already noted above, truncated CI lacks in both 

of these properties. Since full CI (without truncation at some excitation) is out of scope for all 

systems except the smallest ones, this is a big disadvantage for this type of method. In contrast, 

many-body perturbation theory and coupled-cluster approach are size-extensive as well as size-

consistent. These methods shall be introduced in the following. 

Many-body perturbation theory 

In many-body perturbation theory, the exact Hamiltonian,	 ,H  is decomposed into a reference 

Hamiltonian, 0H , for which the Schrödinger equation can be solved, and a small perturbation, 

',H  i.e. 

 '
0 ,H H Hλ= +  

0   0,1,2, ,i i iH E with iφ φ= = … ∞  
(2.10) 

where λ  is an order parameter determining the strength of the perturbation. The computable 

solutions for the reference Hamiltonian 0H  form a complete set which can be chosen to be 

orthonormal. Let the full Schrödinger equation read as follows and consider only the lowest 

ground state energy: 

 .H Wψ ψ=  (2.11) 

Then, the energy and wave function can be expanded as a Taylor expansion in powers of λ , i.e. 

 2
0 1 2  ,W W W Wλ λ= + + +⋯  

2
0 1 2 ,ψ ψ λψ λ ψ= + + +⋯  

(2.12) 

with 0 0W E=  and 0 0 .ψ φ=  By the choice of intermediate normalization, i.e. 0| 1ψ φ =  and 

0 0| 0iψ φ≠ = , the first, second, etc. corrections for the energy and wave function, i.e. 1 2, , W W
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etc. and 1 2, ,ψ ψ  etc., respectively, can be computed via multiplication from the left with *
iφ  and 

subsequent integration of the following equations which can be obtained by collecting terms in 

the Schrödinger equation with the same power of λ  after insertion of the expansions (2.12): 

 0
0 0 0 0: H Wλ ψ ψ=  

1 '
0 1 0 0 1 1 0: H H W Wλ ψ ψ ψ ψ+ = +  

2 '
0 2 1 0 2 1 1 2 0: H H W W Wλ ψ ψ ψ ψ ψ+ = + +  

'
0 1: .

x
x

x x i x i

i

H H Wλ ψ ψ ψ− −+ =∑  

(2.13) 

For the first order correction in energy one arrives at: 

 
1 0 0| '| .W Hφ φ=  (2.14) 

For the first order correction in the wave function and the second order correction in energy 

one arrives at: 
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(2.15) 

Higher order corrections may be obtained similarly. Note that the wave function is obtained at 

one order lower than the energy in the presented form of many-body perturbation theory. Note 

that if many-body perturbation theory is truncated at finite order it is not variational anymore. 

That means that an energy may be obtained that is lower than the exact (ground state) energy. 

For practical reasons, the expansion has to be truncated obviously. Thus, the advantage of being 

size-extensive and size-consistent comes together with the disadvantage of being non-variational. 

However, it is considered in the computational chemistry community that the former 

properties are usually more important than the latter one [12]. 

 A popular variant of many-body perturbation theory (or more specifically Rayleigh-

Schrödinger perturbation theory as outlined above) is Møller-Plesset perturbation theory [53]. 

In the latter model, the reference Hamiltonian is chosen to be the sum of one-electron Fock 

operators, i.e. 
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elecn
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i

H f
=

=∑  (2.16) 

The perturbation Hamiltonian is then simply defined as the difference between the exact 

Hamiltonian and the reference Hamiltonian (2.16). Møller-Plesset (MP) perturbation theory 

including corrections up to order o is usually denoted as MPo, yielding the MP2 [54], MP3 [50, 

55], MP4 [56] and higher order schemes. It is important to note that in MP perturbation theory 
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the zero order energy, i.e. E(MP0) does not correspond to the HF energy but just to the sum of 

orbital energies. In fact, the first order energy correction, i.e. E(MP1) is equivalent to the HF 

energy. The first “real” correction to HF theory comes thus with the second order energy 

correction, i.e. E(MP2). 

Coupled-cluster theory 
Note that in perturbation theory all types of excitations (single, double, triple, etc. denoted also 

as S, D, T, etc.) are added to the reference wave function to a given order (2, 3, 4, etc.). In 

contrast, the idea of coupled-cluster (CC) methods is to include all corrections of a given type to 

infinite order [57]. 

 In CC theory the wave function is expanded in the form 

 ,T

HFeψ ψ=  (2.17) 

where the cluster operator T is defined as 

 1 2 3 .nT T T T T= + + + +⋯  (2.18) 

In equation (2.18), the various iT  operators generate all possible determinants having i 

excitations and n is the total number of electrons. For instance, 

 
2 ,

occ unocc
ab ab

HF ij ij

i j a b

T tψ ψ
< <

=∑∑  (2.19) 

where the amplitudes t are determined by the constraint that equation (2.17) is satisfied. In this 

formulation, CC theory is equivalent with full CI. 

 Practically, the expansion (2.17) has to be truncated for all but the smallest systems 

yielding truncated CC methods such as e.g. CCD [58], where the D indicates that only the 

double excitation operator is used, i.e. 

 2 3
2 2

21 .
2! 3!CCD HF

T T
Tψ ψ 

= + + + + 
 

⋯  (2.20) 

Note that the first two terms in parenthesis in equation (2.20) define the CID method [50]. The 

latter omits the remaining terms which generate quadruple excitations, hextuple, excitations 

etc. This is exactly the reason why truncated CI lacks in size-extensitivity and size-consistency. At 

the same time, this is the reason for the use of the exponential in equation (2.17) as the latter 

guarantees also truncated CC theory to be size-extensive and size-consistent. 

 The energy in CC theory can be obtained from the expression 

 .T

HF HF CCH e Eψ ψ =  (2.21) 
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The derivation of the energy implies the calculation of the amplitudes � for all operators 

included in the particular approximation (�		in case of CCD [58], �
 and �	 in case of CCSD 

[59, 60], etc.). A very widely used variant of CC is known as CCSD(T) [61], which estimates the 

contribution of the triples as well as of a singles/triples coupling term to the energy by the use 

of perturbation theory. This approach results in a slight overestimation of the triples correction, 

but profits from a favorable error cancellation due to the neglect of the ignored quadruples. 

This makes the CCSD(T) model extremely effective in most instances, and indeed this level has 

come to be the effective golden standard for single-reference calculations [11]. In fact, 

calculations of benchmark quality are mostly at least based on a reference energy at the 

CCSD(T) level of theory. However, note that truncated CC theory is like truncated many-body 

perturbation theory non-variational. 

2.1.3 Density Functional Theory (DFT) 

Density functional theory (DFT) [13, 62, 63] is based on two theorems by Hohenberg and 

Kohn [13] which state that (a) the ground state energy of an electronic system is a unique 

functional of the electronic density and that (b) the ground state density determines the ground 

state energy. These theorems are the basis for the big advantage of DFT over the so far 

discussed wave function based electronic structure methods, i.e. the HF and post-HF schemes. 

The wave function depends on all coordinates of all electrons in the considered system and 

thus represents an enormous amount of degrees of freedom. In contrast, the electronic density 

depends only on three spatial coordinates, r. Hence, (pure) DFT is considerably faster than 

most of the above discussed ab-initio methods. A comparison of the computational demand of 

electronic structure methods will be presented in section 2.1.6. 

Kohn-Sham DFT 

The proposed energy functional of Hohenberg and Kohn [62] reads: 

 ( ) ( ) ( ) ( ) ( ) .S ext ee xcE T E E Eρ ρ ρ ρ ρ= + + +                  r r r r r  (2.22) 

The four contributions to the total energy, ( )E ρ  r , are the kinetic energy of a non-

interacting electron gas, ( )ST ρ  r , the energy contribution due to an external field such as 

caused by the nuclei, ( )extE ρ  r , the direct electron-electron interaction energy, ( )eeE ρ  r , 

and the exchange-correlation energy, ( )xcE ρ  r . The last term contains the difference between 

the kinetic energy of a non-interacting electron gas and the exact kinetic energy of the 

interacting electronic system as well as the non-direct electron-electron interaction. This 

exchange-correlation energy is unknown and represents the big deficiency of DFT, namely that 

the exact density functional is not yet known [64]. Nevertheless, the problem of solving a large 

number of coupled equations has been reduced to finding a good approximation to the 

exchange-correlation functional. 
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By variation of the total energy, ( )E ρ  r , and establishing the constraint of conserving 

the total number of electrons, the Kohn-Sham equations can be obtained, i.e. 

 ( ) ( ) ( )21
,

2
eff i i iv ψ εψ − ∇ + = 

 
r r r  (2.23) 

where 

 
( ) ( ) ( ) ( )3 ' ,eff ion xcv v d r v

ρ
= + +

−∫
r

r r r
r r'

 (2.24) 

with 

 
( ) ( )

( )
xc

xc

E
v

δ ρ
δρ
  =

r
r

r
 (2.25) 

and ( )ionv r  denoting the ionic potential of the nuclei. Note that while an electron in a 

spinorbital in the HF scheme experiences the average field of all other electrons, an electron in 

a Kohn-Sham orbital, iψ , in DFT experiences of all electrons, including its own field [48]. This 

is another deficiency of DFT and is known as self-interaction error. 

The electronic density is calculated from 

 ( ) 2
( ) ,

n

i i

i

fρ ψ=∑r r  
(2.26) 

where if  denotes the occupation of the �th electronic state, e.g. a Fermi distribution. 

 Equation (2.23) is quite similar to the HF equations. Also in DFT, the original many-

body problem is replaced by the problem of finding the solutions to a set of one-electron wave 

functions. This goal can be achieved iteratively as in the HF scheme. In particular, beginning 

with an initial guess for the density ( )ρ r , the effective potential ( )effv r  can be constructed. By 

subsequently solving the eigenvalue equation (2.23), the Kohn-Sham orbitals iψ  are obtained, 

from which a new density can be obtained via equation (2.26). This algorithm is then followed 

until self-consistency is achieved. 

 The total energy is then obtained from the density functional (2.22) which in this 

scheme has the form 

 
( ) ( ) ( )

( ) ( ) ( )3 3 3 '1
.

2

n

i xc xc

i

E v d r d rd r E
ρ ρ

ρ ε ρ ρ= − − +      −∑ ∫ ∫∫
'

'

r r
r r r r

r r
 (2.27) 



2 Methodology 

� 33 � 
 

The physical meaning of the Kohn-Sham orbitals is solely determined by giving the 

correct ground state electronic energy. Nevertheless, they are often used for analysis of chemical 

properties, although it is clear that they are not equivalent to either HF orbitals or natural 

orbitals from correlated calculations. It is mostly an empirical finding that they often have 

proven to be useful in describing the spatial distribution of electrons, although active and 

current research goes on to put them on a firmer theoretical basis. 

Exchange-correlation functionals 

Due to the fact that the exact exchange-correlation functional is not yet known as well as to the 

low computational demand in comparison with other electronic structure methods, a whole 

forest of suggestions for density functionals has been developed over the last decades. The 

variety of functionals can be categorized by the type of approximations that have been made as 

shall be outlined shortly below. 

 The conceptually simplest approximation is known as local density approximation 

(LDA) and takes into account only the local electronic density for the calculation of the 

exchange-correlation energy. The exchange-correlation energy in LDA reads 

 ( ) ( ) ( ) 3, ,LDA

xc xcE v d rρ ρ ρ=   ∫r r r  (2.28) 

where ( )xcv r  is the free electron gas value for the exchange-correlation energy [12]. Note that 

for the free electron gas LDA is exact. 

 The next approximation to make the exchange-correlation functional more accurate is 

the inclusion of the gradient of the electronic density, i.e. 

 ( ) ( ) ( ) 3, , .GGA

xc xcE v d rρ ρ ρ ρ= ∇   ∫r r r  (2.29) 

This is known as the generalized gradient approximation (GGA). A well-known example for 

such a functional which will also be encountered within the scope of this thesis is PBE [65, 66]. 

The parameters in this functional, for the actual form see e.g. Ref. [12], are non-empirical. That 

means that they are not obtained via fitting to experimental data, but are designed in such a 

way that the functional fulfills a number of conditions which the exact functional should have. 

More details may be found in Ref. [12]. 

 Chemical accuracy may be gained by including also the second derivative of the density 

leading to functionals known as meta-GGA functionals. By noting that the exchange energy can 

be obtained exactly using the HF method and that HF and DFT are similar in their 

mathematical formulation, it may become understandable that more accuracy may be gained by 

the inclusion of a fraction of HF exchange in the exchange-correlation energy. These variants of 

functionals are known as hybrid-GGA functionals. The above mentioned PBE functional has 

also been made into a hybrid using a quarter of HF exchange energy (and is then denoted as 

PBE0) [67], i.e. 
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 ( )0 1
.

4
PBE PBE HF PBE

xc xc x xE E E E= + −  (2.30) 

Another well-known example for a hybrid functional is the B3LYP functional [68], for 

which the decomposition of the exchange-correlation energy has a more complicated form than 

in the previous example, i.e. 

 ( ) ( ) ( )3
0

B LYP LDA HF LDA GGA LDA GGA LDA

xc xc x x x x x c x xE E a E E a E E a E E= + − + − + −  (2.31) 

with three parameters 0 0.20a = , 0.72xa =  and 0.81ca = . The GGA exchange uses the 

parameterization of Becke (B) [69] and the GGA correlation uses the parameterization of Lee, 

Yang and Parr (LYP) [70]. The form of these functionals may be found also in [12]. 

 There is an important conceptual difference in these two examples for hybrid 

functionals. The widely used B3LYP functional has been constructed semi-empirically by fitting 

its parameters to experimental data. In contrast, the PBE0 functional (as the GGA PBE 

functional) is solely based on the fulfillment of a number of physical constraints (the 0 shall 

indicate that the functional is free of semi-empirically derived parameters). The independent 

and complimentary foundation of these two functionals makes it worth to use both and 

compare their results. 

 It should be noted, that even if no fitting to experimental data is conducted as in case of 

the PBE and PBE0 functionals, DFT is still significantly distinct from HF and post-HF methods 

which are usually named ab-initio. The difference, however, relies more in epistemology than in 

the mathematical foundation. If a new functional is developed in DFT, then it cannot be said a 

priori if it will turn out to be more accurate than a previous one given an arbitrary set of 

molecular systems. In contrast, for the post-HF methods discussed above, the inclusion of more 

excitations or higher order corrections will systematically improve the results, at least in the 

limit of complete basis sets. The validation of a new DFT functional finally relies always in its 

application to a test set of molecules and the statistical assessment of its performance on this 

test set. That means that the validation process is an empirical one. In contrast, for ab-initio 

methods the validation can be carried out mostly on a mathematical and systematic basis. Due 

to this argumentation, the point of view is adopted here, that also pure DFT cannot be 

regarded as ab-initio. At the same, functionals such as PBE and PBE0 do not allow to categorize 

DFT as semi-empirical in general. For this reason, it was chosen to present electronic structure 

methods in a threefold way in this thesis (see section 1.1): ab-initio methods, DFT methods and 

semi-empirical methods. 

 Another basic deficiency of DFT is its inability to describe dispersion forces which are 

very important in weakly interacting systems. Therefore, a variety of schemes has been 

developed in order to include empirical corrections to take such weak forces into account. One 

specific example for a functional including empirical dispersion is the �B97XD functional [71] 

which was also used several times in this thesis. 
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 Although DFT might seem to have some weaknesses such as the ones discussed above, it 

has turned out that in practice, DFT is very robust when compared to other computationally 

much more demanding electronic structure methods. Therefore, it does not come as a surprise 

that a lot of nowadays research is based on DFT calculations. Section 2.1.6 shall give a little bit 

more insight by including a comparison of different electronic structure methods with respect 

to computational cost and accuracy. 

2.1.4 Approximate DFT – Density-Functional Tight-Binding with Self-Consistent Charges (SCC-DFTB) 

In the SCC-DFTB scheme used within the scope of this thesis, the total energy of the system, 

�tot, is expressed as a second order expansion of the DFT Kohn-Sham total energy with respect 

to charge density fluctuations, ��, and can be written as: 

 
 [ ] [ ]∆ ∆ 0 0 2 0

1
, .

2

occ N

tot i i i rep nd rep

i

E f H q q E E n E n n Eαβ α β
αβ

ψ ψ γ δ= + + = + +∑ ∑ɶ  (2.32) 

In equation (2.32), the zero-order term, 0E , is the energy obtained by summation over all 

occupied eigenstates iψ  with occupancy if . The approximated non-SCC Hamiltonian, Hɶ , is 

derived within a two-center approximation for an arbitrary reference charge density, 0n , 

introduced as the superposition of individual atomic charge densities. For that purpose only the 

valence electrons are considered explicitly and the inner electrons are represented using 

effective pseudo potentials, see section 2.1.5. For any details see e.g. Refs. [72, 73]. The variables 

∆q  denote atomic charges and will be specified below as also will be αβγ . The second term in 

equation (2.32), 2ndE , stems from charge fluctuations, approximating mainly Coulomb 

interaction but containing also contributions from the exchange-correlation functional (in 

papers V – VII this is PBE), xcE , and can be obtained from 

 [ ]2
0 ' 3 3 '

2 ' '

1 1

2
xc

nd

E n
E n n d rd r

n n

δ
δ δ

δ δ

 
 ≈ − +
 − 

∫∫ r r
 

(2.33) 

as is shown e.g. in Ref. [73]. The indices α  and β  in the charge-fluctuation term 2ndE  count all 

the atoms in the system and 

 ( )   ,R U forαβ αβ αγ α β= =  (2.34) 

where Uα  denotes the Hubbard U, i.e. twice the chemical hardness, of atom α  and 

 ( ) erf ( )
  ,

C R
R for

R

αβ αβ
αβ αβ

αβ

γ α β= ≠  (2.35) 

where Cαβ  are pre-evaluated parameters depending on the atomic species in the system and 

Rαβ  denotes the distance between atom α  and atom β . Finally, the third term, repE , in 
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equation (2.32) accounts for all missing parts in the other energy expressions and is modeled as 

a sum of distance-dependent pairwise repulsive potentials which are obtained via fitting to (e.g. 

DFT) reference data. repE  reads 

 ( ).repE V Rαβ αβ
α β<

=∑  
(2.36) 

 The tight-binding property enters the method via the choice of a minimal Slater-type 

basis set, see section 2.1.5. The basis functions are denoted as φ  in the following. Choosing a 

minimal basis set results in having the valence electrons tightly bound to the ionic cores, hence 

the name “tight-binding”. The wave functions iψ  are expanded in this basis set, i.e. 

 .i ic µ µ
µ

ψ φ=∑  (2.37) 

With this expansion the zero-order term, 0E , becomes 

 *
0 ,i i i

i

E f c c Hµ ν µν
µν

=∑ ∑ ɶ  (2.38) 

where [0,2]if ∈  is the occupation of a single-particle state iψ  with energy iε , usually taken from 

the Fermi distribution, and 

 .H Hµν µ νφ φ=ɶ ɶ  (2.39) 

Estimating atomic charge fluctuations, ∆q , via a Mulliken population analysis [74], one ends 

up with the energy expression 

 
∆ ∆* 1

( ).
2

N

tot i i i rep

i

E f c c H q q E V Rµ ν µν αβ α β αβ αβ
µν αβ α β

γ
<

= + + =∑ ∑ ∑ ∑ɶ  (2.40) 

Upon minimization of ( )tot i i i

i

Eδ ε ψ ψ−∑ , where iε  are undetermined Lagrange multipliers 

constraining the wave function norms, one obtains 

 ( ) 0  , .i ic H S aν µν µν
ν

ε µ− = ∀∑  (2.41) 

In equation (2.41), 

 ( )∆1
, , ,

2
H H S qµν µν µν αξ βξ ξ

ξ
γ γ µ α ν β= + + ∈ ∈∑ɶ  (2.42) 

and  

 .Sµν µ νφ φ=  (2.43) 
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Equations (2.41) and (2.42) are then solved self-consistently. From a given initial guess for a set 

of atomic charges one obtains the Hamiltonian via equation (2.42). Then, by solving equation 

(2.41) one arrives at a set of expansion coefficients for the wave functions and from these by 

application of the Mulliken population analysis a new set of atomic charges. Iterating this 

procedure until certain stopping criteria are met (e.g. until energy or charge differences become 

smaller than a certain threshold value) leads then to the final result. In the end, the total energy 

can be derived from equation (2.40). 

 The three inherent main approximations in SCC-DFTB are (i) the use of a minimal 

basis set, (ii) the 2-center integral approximation and (iii) and the use of Mulliken charges. 

Advantages of SCC-DFTB are that it is considerably faster than DFT as well as that the 

electrons are somehow retained in the model, i.e. a charge density and also molecular orbitals 

can be obtained from the method. As such, SCC-DFTB bridges the gap between DFT and 

force-field methods. However, disadvantages of SCC-DFTB are the unreliability of the 

unoccupied orbitals, the often difficult interpretation of the Mulliken charges and wave 

function properties and the problematic treatment of metallic systems due to the tight-binding 

property of the method. Moreover, as a SCC-DFTB is parameterized according to DFT 

calculations, it depends strongly on the goodness of its parameters. Thus, given a certain set of 

parameters, applications of the method have to be validated with care which is to a large extent 

the content of papers V and VI. 

2.1.5 Basis Sets 

The molecular orbitals, i.e. the one-electron spatial wave functions in HF theory, and also the 

Kohn-Sham orbitals in DFT are usually expressed as linear combinations of chosen 

mathematical functions, ϕ , i.e. 

 

1

, 1, , ,
basisN

i ij j

j

c i nψ ϕ
=

= = …∑  (2.44) 

where basisN  denotes the number of basis functions and ijc  are the expansion coefficients. 

The functions ϕ  form a set of basis functions or shortly, a basis set. The functions 

collected in such basis sets are usually chosen due to well-known and useful mathematical 

properties. Some often used basis sets are discussed in the following. 

 

Plane wave basis sets 

Plane waves are particularly useful when the model system for which they are used is subject to 

periodic boundary conditions. This is e.g. often the choice when bulk systems like perfect 

crystals are studied. In that case, Bloch’s theorem states that the eigenstate of a Hamiltonian 

with a periodic potential can be expressed by a product of a plane wave and a function with the 

same periodicity as the potential, i.e. 
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 ( ) ( )φ .i

k ku e= ik rr r  (2.45) 

 If the cell periodic part is expanded into a plane wave expansion, this can be written as 

 ( ) ( )
, ,i

k k Gc eϕ +=∑ ik G r

G

r  (2.46) 

where the summation is taken over reciprocal lattice vectors, G, and k denotes a k-point in the 

first Brillouin zone. Hence, the infinite number of electrons within the periodic system are 

represented by the infinite number of k-points in the first Brillouin zone. Equation (2.33) is 

usually evaluated at some special k-points chosen such that they give a reasonable sampling of 

the whole Brillouin zone. One widely used recipe for this k-point selection is the Monkhorst-

Pack scheme [75, 76]. 

 Plane waves are eigenfunctions of the Schrödinger equation for the free electron gas. As 

such they are especially well suited for describing the delocalized states of metals and electrons 

in weak periodic potentials. 

Slater type orbitals 

Slater type orbitals (STOs) have the attractive feature of being closely resembling hydrogenic 

atomic orbitals. Their functional form reads 

 

( ) ( )
( )

( )ξ

1

2
1

1

2

2
, , ; ,n, l,m , ,

2 !

n

n r m

STO lr r e Y

n

ξξ
ϕ θ φ θ φ

+
− −=

  

 (2.47) 

where r, θ  and φ  denote atom-centered spherical coordinates, ξ  is an exponent that is chosen 

according to a set of rules developed by Slater [77], n is the principal quantum number for the 

valence orbital, and m

lY  are spherical harmonic functions depending on the angular 

momentum quantum numbers l and m. 

The STOs form the basis for molecular orbitals constructed from a linear combination 

of (atom-centered) atomic orbitals. This approach is known as the linear combination of atomic 

orbitals (LCAO) approach. However, for this type of orbitals there exists no analytic solution 

for the general four-index integral 

 ( ) ( ) ( ) ( ) ( ) ( )3 3

12

1
1 1 2 2 1 2 ,i j u v d r d r

r
ψ ψ ψ ψ∫∫  (2.48) 

which has to be evaluated often in an electronic structure calculation (for instance for the 

calculation of the exchange and Coulomb terms in the HF scheme). Solving these integrals 

numerically results in a computational demand that limits the use of STOs in molecular 

systems of any significant size [11]. 
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Gaussian type orbitals 

If the r
e

−  factor in equation (2.35) is changed to 
2
r

e
− , analytic solutions of the general four-

index integral (2.36) can be obtained. Hence, Boys suggested in 1950 [78] that the atomic 

orbitals should have the form of Gaussian functions. The general functional form of a 

normalized Gaussian type orbital (GTO) in atom-centered Cartesian coordinates is 

 
( ) ( ) ( ) ( )

2 2 2

1/23/4
( )2 (8 ) ! ! !

, , ; , , , ,
2 ! 2 ! 2 !

i j k
i j k x y z

GTO

i j k
x y z i j k x y z e

i j k

αα αϕ α
π

+ +
− + +  =   

   
 (2.49) 

where � is an exponent controlling the width of the GTO, and i, j and k are non-negative 

integers that dictate the nature of the orbital as follows [11]. When all three of these indices are 

zero, the GTO has spherical symmetry and by analogy to an s type atomic orbital it is called an s 

type GTO. When exactly one of the indices is one, the GTO is called analogously a p type 

GTO. In general, when the sum of the indices is 0, 1, 2, 3, etc., then the GTO is called an s, p, 

d, f type GTO. 

 Obvious deficiencies of GTOs are due to the shape of their radial function which 

deviates from hydrogenic atomic orbitals. First, GTOs are smooth and differentiable at the 

position of the nucleus, whereas hydrogenic atomic orbitals (and STOs) have a cusp. Second, 

the decay of GTOs is exponential in 2
r  in contrast to the slower exponential decay in r for 

hydrogenic atomic orbitals (and STOs). In order to improve the functional form of GTO based 

basis sets, a contracted GTO can be constructed from a fixed linear combination of GTOs to 

resemble as closely as possible a STO. Contracted GTOs are thus of the form 

 { }( ) ( )
1

, , ; , , , , , ; , , , ,
M

cGTO a GTO a

a

x y z i j k c x y z i j kϕ α ϕ α
=

=∑  (2.50) 

where M is the number of GTOs used in the linear combination and the coefficients � are 

chosen to optimize the shape and ensure normalization. An example for such a basis set 

delivering optimized basis functions for large number of atoms in the periodic table is the STO-

3G basis set [79]. This basis set uses a contraction of 3 Gaussians to resemble a STO, hence the 

name. The STO-3G basis set is a minimal basis set, i.e. there is one and only one basis function 

for each type of orbital for the electrons present in the considered atom. For example, for H 

and He there is only one 1s function, for Li to Ne there are one 1s, one 2s and three 2p (for the 

px, py and pz orbitals) functions, for Na to Ar there are nine functions, i.e. for the 1s, 2s, 3s, 2px, 

2py, 2pz, 3px, 3py and 3pz orbitals. This number of basis functions is the absolute minimum 

required and thus such basis sets are called minimal basis sets. How basis sets can be increased 

is discussed in the following. 

Single-�, multiple-� and split-valence basis sets 

One way to increase the number of basis functions and hence the flexibility of it is to add 

functions for each atomic orbital. Basis sets with two, three, etc. functions for each atomic 
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orbital are then called double-�, triple-�, etc. basis sets. A minimal basis set is thus a single-� 

basis set. Common examples for double-�, triple-�, etc. basis sets are the cc-pCVXZ, X=D, T, 

etc., basis sets of Dunning and coworkers [80, 81], where the “CVXZ” in the acronym stands for 

“Core and Valence (Double/Triple/etc.) Zeta”. The “cc-p” part of the acronym will be 

explained below.  

 Core electrons, such as the 1s electrons in oxygen, do not contribute much to chemical 

bonding and are thus not deformed much in a chemical compound. The atomic orbitals 

corresponding to these electrons do hence not need the same flexibility as do the atomic 

orbitals associated with the valence electrons. Therefore it is rather natural to introduce so-

called split-valence basis sets which assign different numbers of basis functions to core and 

valence atomic orbitals. Popular examples are e.g. the basis sets developed by Pople and 

coworkers such as 3-21G [82, 83], 6-31G [84] and 6-311G [85, 86]. For these basis sets, the 

name is a guide to the contraction scheme. In particular, the 3-21G basis set uses three 

contracted GTOs for the core electrons and two contracted GTOs as well as one additional 

GTO for valence electrons. The 3-21G and 6-31G basis sets are thus double-� basis sets and the 

6-311G basis set is a triple-� basis set. Another example are the cc-pVXZ, X=D, T, etc. basis sets 

of Dunning et al. [80, 87-91], which are the split valence analogues of the multiple-� basis sets 

of Dunning and coworkers mentioned above. The rest of the acronym stands for “correlation 

consistent polarized”, where “correlation consistent” means that the exponents and contraction 

coefficients used in these basis sets were variationally optimized for post-HF methods. The 

“polarized” part shall become clear in the following paragraph. 

Polarization functions 

The addition of polarization functions is an additional way of increasing the flexibility of basis 

sets and means to include basis functions of a type higher than the valence orbitals. Hence, 

adding polarization function to the 3-21G basis set for a calculation on atomic oxygen means at 

least that 5 d-type functions are added to the basis set. Analogously, for hydrogen and helium 

this would result in the addition of three p type functions. In case of the mentioned 3-21G 

basis set, this would be denoted as 3-21G(d,p), where the “d” in parenthesis stands for the set of 

d type polarization functions added for heavy atoms in the calculation and the “p” stands for 

the p type polarization functions added to the light elements hydrogen and helium. Also more 

polarization functions can be added. For instance, the basis set 6-31G(3df,2pd) contains 3 sets 

of d type functions and one set of f type functions for heavy elements as well as 2 sets of p type 

functions and one set of d type functions for hydrogen and helium in addition to the basis 

functions already contained in the 6-31G basis set. The “polarized” in the cc-p(C)VXZ, X=D, T, 

etc. basis sets of Dunning et al. implies the use of polarization functions in these basis sets. In 

particular, these basis sets are balanced with respect to the amount of decontraction (i.e. the 

inclusion of several functions for the valence electrons in contrast to the contractions used for 

core electrons) and polarization present. The scheme in which this is accomplished is adding a 

higher type polarization function in each decontraction step. Hence, the double-� basis set cc-

p(C)VDZ includes d type functions on heavy atoms and p type functions on H and He, the 
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triple-� basis set cc-p(C)VTZ includes two sets of d and one set of f type functions on heavy 

elements and two sets of p and one set of d type functions on H and He. 

 The inclusion of polarization functions can have important consequences. For instance, 

the pyramidal structure (which is actually the correct ground state structure) of ammonia 

cannot be obtained as the global minimum structure if only (atom centered – which is mostly 

the case) s and p type functions are used even if virtually infinitely many of them are present in 

the used basis set [11]. The inclusion of polarization function overcomes this problem. 

Diffuse functions 

Molecular systems exhibiting weakly bound electrons such as anions or highly excited molecules 

tend to yield spatially very diffuse highest occupied molecular orbitals. In order to obtain a basis 

set that has enough flexibility to describe such systems, it is important to augment them with so-

called diffuse functions which yield very small exponents such that they decay rather slow with 

increasing r. As in case of polarization functions it is usually distinguished between heavy atoms 

and the light ones, which are H and He. In the Pople family of basis sets, the inclusion of 

diffuse functions is symbolized by a “+” in the basis set name. For instance, 6-31+G means that 

heavy elements have been augmented with one diffuse s type function and one set of diffuse p 

type functions. A second “+” may indicate the presence of one diffuse s type function on H and 

He such as in 6-311++G(2df,p). In the Dunning family of basis sets the presence of diffuse 

functions is indicated by the prefix “aug” like in aug-cc-pVTZ and one set of diffuse functions is 

added for each angular-momentum-type of function already present. 

Effective core potentials 

The heavy elements in the periodic table have very many core electrons and comparably few 

valence electrons. The former do not contribute much to chemical bonding, but do contribute 

to the computational cost associated with a calculation taking them explicitly into account. In 

order to facilitate calculations, only a limited number of electrons such as the valence electrons 

only or the valence electrons plus the electrons of the next shell are treated explicitly in the 

calculation, while the rest of the electrons are described by an effective core potential (ECP). 

The latter is also known as pseudo-potential (PP). The computational speed-up is, however, not 

the only advantage of the use of ECPs. They also allow the indirect inclusion of relativistic 

effects into an otherwise non-relativistic theory. This is accomplished by fitting such pseudo-

potentials to atomic all-electron calculations that account for these effects, such as Dirac-

Hartree-Fock calculations [92, 93]. 

2.1.6 Comparison of electronic structure methods 

In this section, the so far discussed electronic structure methods shall be compared with respect 

to their computational demand and accuracy. This comparison is, however, tentative and far 

from complete. For more complete assessments Refs. [10-12] may be consulted. 

 The first question that arises when the computational demand of electronic structure 

methods shall be compared is what quantity is most suited for such a comparison. Obviously, it 
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cannot be the number of atoms as the electrons are explicitly treated with these methods. 

However, also the number of electrons is misleading since the basis sets used for the electronic 

description can differ substantially in flexibility and hence, number of basis functions. Actually, 

it is the number of basis functions that is useful for such a comparison. The comparison of 

computational demand is thus reformulated in the question: How do the computing times that 

the different methods require to solve a given problem scale with the number of basis functions 

used to express the electronic wave function? In principle, also the numbers of occupied and 

unoccupied orbitals and other parameters (such as if symmetry is used to facilitate the 

calculation and spin restrictions, etc.) enter such a comparison and thus actual timings can 

deviate from the prescribed scaling factors. The below given scaling factors are hence rather 

tentative than stringent. Moreover, the computational demand of a method is not only the 

amount of computer time it takes, but also other factors like memory and hard disk 

requirements. For the discussed electronic structure methods, it shall just be stated that if a 

method requires more computer time than another, then it is most probably also more 

demanding in terms of other resources. 

Table 2.1. (Resource) Limiting scaling factors with respect to the number of basis functions, N, 

for different electronic structure methods. 

Method(s) Scaling 
DFT N3 

HF N4 
MP2 N5 
CISD, CCSD N6 
MP4, CCSD(T) N7 
Full CI N! 

In Table 2.1, the scaling of HF, several post-HF schemes and DFT methods are 

summarized. The discussed SCC-DFTB method depends, however, strongly on the specific 

system investigated. Important quantities entering the actual speed of SCC-DFTB calculations 

are e.g. if the systems are metallic or non-metallic or how covalent or ionic chemical bonds are. 

It is roughly estimated that SCC-DFTB calculations are about 10 – 100 times faster than DFT 

calculations employing GGA functionals. Moreover, also the given scaling for DFT of about N3 

where N is the number of basis functions may be somewhat misleading as this scaling depends 

also on the used DFT method. A hybrid-GGA functional, for instance, includes a fraction of 

HF exchange and thus the scaling of such a method is rather limited by the HF calculation, 

which scales with about N4, than by DFT. Nevertheless, it is actually this low scaling of DFT 

that makes DFT methods rather attractive given the much more demanding post-HF methods. 

This is emphasized by the fact that the accuracy of DFT turns out to be in many cases 

surprisingly good as shall be discussed in the following. 

 In terms of accuracy, it can roughly be said that ab-initio methods behave like follows: 
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 HF << MP2 < CISD < CCSD < MP4 < CCSD(T). (2.51) 

This means that the accuracy of HF is usually much less than that of MP2 which is worse in 

accuracy than CISD and so on. This may not be surprising as HF does not include electron 

correlation which all the other methods to some extent do. Where is DFT in inequality (2.39)? 

Again, this depends a lot on the actual choice of the exchange-correlation functional. While 

LDA may be comparable to HF, already GGA or better hybrid-GGA functionals do a 

surprisingly good job. If the performance of such functionals is compared using given molecular 

test sets (for details of such a comparison see the data presented in Ref. [11]) which comprise 

usually atomization energies, reaction energies, ionization energies, electron affinities, etc. they 

turn out to be in many cases competitive with much more demanding CC methods or even 

extrapolation methods, see section 2.1.7. This is partly due to the use of empirical parameters 

in the construction of such functionals. Nevertheless, this is another reason for the wide-spread 

use of DFT in the computational chemistry community. Moreover, DFT has another advantage 

over ab-initio methods: DFT methods are usually not that sensitive to basis set size as are ab-

initio methods. Whereas for the latter convergence of the results with respect to basis set size 

requires the use of quite large basis sets such as Dunning’s cc-pVTZ or cc-pVQZ basis sets, DFT 

requires considerably less basis functions which in turn may emphasize the speed-up that can be 

gained by doing DFT calculations instead of ab-initio calculations. 

All that may sound too good for DFT, and actually, it is not the full story. First, the 

comparisons of DFT and ab-initio methods given a specific test set like presented in Ref. [11] 

are usually using data at chemical equilibrium. Far from equilibrium all methods become worse 

in accuracy as might be seen in a comparison of accuracies on a (quite small) test set including 

equilibrium and stretched geometries of HB, H2O and HF (hydrogen-fluorine, not Hartree-Fock 

in this case) [94, 95]. This may be even more so for DFT as empirical parameters are usually 

used for equilibrium situations. Second, the validation of DFT data for systems far from those 

already included in a test for comparison requires thorough comparisons to data obtained at 

higher levels of theory or experimental data. That means DFT data cannot be taken for granted 

in general. This is even more the case when approximate DFT methods are used and actually 

papers V and VI presented in this thesis are to a large extent dedicated to validation of an SCC-

DFTB set of parameters. Third, DFT lacks in a way to systematically extend a series of 

calculations to approach the exact result. As the basis set is increased the results converge 

toward a certain value, but theory does not allow an evaluation of errors inherent in this limit. 

Fourth, the comparisons of accuracies are based on average deviations from reference data and 

as such may not tell too much about individual cases. Usually, DFT data yields a broader 

statistics than high-level ab-initio methods such as CCSD. Fifth, the good performance of DFT 

is expected to be due to favorable error cancelations to some extent [12]. 

 Nevertheless, the surprising success of DFT cannot be dismissed although the 

obtained data needs to be interpreted with care. To put it in Frank Jensen’s cautious words 
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[12]: “[…] DFT is consequently a valuable tool for systems where a (very) high accuracy is not 

needed.” 

2.1.7 Extrapolation methods 

Extrapolation methods, known also as multilevel methods, aim at the computation of very 

accurate energetic data such as reaction enthalpies, ionization energies, electron affinities, etc. 

These schemes are based inter alia on orthogonality assumptions with respect to basis functions 

and electronic structure approaches. In terms of basis sets, such assumptions suggest that the 

effect the inclusion of e.g. diffuse functions has on the energy does not affect the effect the 

inclusion of polarization has on the energy and vice versa. Mathematically, this orthogonality 

assumption can be put as follows (for a specific choice of basis set and method, denoted simply 

by M) [11]: 

 E[M/6-311++G(d,p)] ≈ E[M/6-
31G] + {E[M/6-31G(d,p)] -  E[M/6-

31G]} + {E[M/6-311G] - E[M/6-
31G]} + {E[M/6-31++G] - E[M/6-

31G]}. 

(2.52) 

 

Figure 2.1. Schematic depiction of the use of orthogonality assumptions in order to extrapolate to more accurate 
results. 

In terms of electronic structure methods, the orthogonality assumption suggests that the 

effect of higher-level methods can be estimated by calculations employing smaller basis sets and 

correcting a reference energy calculated at a lower level of theory but employing a larger basis 

set. Such a procedure is schematically depicted in figure 2.1. 

 On top of these assumptions some extrapolation schemes include also empirical 

corrections which are thought to be one of the main reasons for the accuracy that can be gained 

by the employment of extrapolation schemes. These accuracies are of the order of chemical 

accuracy (about 1 kcal/mol) which is usually beyond of what can be reached by the employment 

a single electronic structure scheme in conjunction with a basis set. Examples for such 
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extrapolation schemes are the Gx, x = 1, 2, 3, 4, methods developed by Curtiss and coworkers 

[96-104], the CBS methods developed by Petersson and coworkers [105-112] and the 

computationally very demanding Weizmann-x (also Wx), x = 1, 2, 3, 4, models developed by 

Martin and coworkers [113-117]. 

 A specific extrapolation method important within the scope of this thesis is the 

G4(MP2) method [104]. The latter has been modified in paper I in order to increase the 

accuracy. The scheme followed by G4(MP2) reads as follows [103, 104]: 

1) Geometry optimization at the B3LYP/6-31G(2df,p) level of theory. The optimized 

geometry is then used in all subsequent steps. 

2) Frequency calculation at the B3LYP/6-31G(2df,p) level of theory in order to obtain the 

vibrational zero-point energy correction, E[ZPE]. 

3) Energy calculation at the CCSD(T)/6-31G(d) level of theory including an energy 

calculation at the MP2/6-31G(d) level of theory. 

4) Energy calculation at the MP2/G3MP2LargeXP level of theory in including an energy 

calculation at the HF/G3MP2LargeXP level of theory. 

5) Energy calculation at the HF/aug-cc-pVTZ level of theory. 

6) Energy calculation at the HF/aug-cc-pVQZ level of theory. 

The G4(MP2) energy is then computed from the results of these calculations including, 

however, also a spin-orbit correction, E[SO], as well as an empirical high-level correction, 

E[HLC] which shall not be discussed here. The expression for the G4(MP2) energy reads: 

 E[G4(MP2)] = E[CCSD(T)/6-31G(d)]  
+ ∆E[MP2] + ∆E[HF-limit] + E[SO]      

+ E[HLC] +E[ZPE], 
(2.53) 

where E[HF-limit] is obtained as the difference between E[HF/G3MP2LargeXP] and E[HF-

limit] where the latter is obtained via a linear two-point extrapolation procedure extrapolating 

the HF energy to the complete basis set limit via the use of the two energies computed in steps 

5 and 6, and 

 ∆E[MP2] = E[MP2/G3MP2LargeXP] – E[MP2/6-31G(d)]. (2.54) 

The mentioned extrapolation to the complete basis set limit is one of such schemes which 

are used extensively in other multilevel methods. Such extrapolations take energies obtained 

using two smaller basis sets in order to extrapolate to an energy that is an estimate for the 

energy that would be obtained for a larger (or even infinitely sized, i.e. complete) basis set. 

Details on such basis set extrapolation schemes may be found in Ref. [11] and references 

therein. 
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2.2 Atomistic Models and Simulations 

At the atomistic scale, the smallest entities treated explicitly are atoms or molecular fragments. 

Hence, the electrons are not treated explicitly anymore. They are, however, implicitly included 

in the form of interaction potentials acting between particles in atomistic models and 

simulations. In the following, the main concepts underlying atomistic models and simulations 

are shortly recapitulated. 

2.2.1 The Force-Field Approach 

In force-field schemes, the total potential energy, ,totV  of a system of particles (atoms or 

molecular fragments) depends on the positions of these particles and is given as a sum over 

interaction potentials describing the interactions between these particles, i.e., for instance, 

 .tot bond bend dihedral vdW metalV V V V V V= + + + +  (2.55) 

Equation (2.55) is chosen to represent the form of the total potential energy which was used in 

paper VIII for the study of coated gold nanowires. It shall serve as an example to introduce the 

concept of force-fields. Note that a variety of force-fields exists and for an overview consult e.g. 

Refs. [10-12]. 

 In equation (2.55), bondV  denotes the bonding interaction between two bonded particles. 

If bond breaking is not included in the model, then this potential may be approximated by the 

harmonic oscillator potential, i.e. 

 ( ) ( )2
.r eq

bond ij ij ij ijV r k r r= −  (2.56) 

Equation (2.56) describes the energy of two particles i and j in a harmonic potential with a 

distance ijr  between them. The quantities r

ijk  and eq

ijr  are parameters, where the first one 

describes the strength of the bond and the second one describes the equilibrium bond length. 

 The functional forms of the other terms in equation (2.55) can be retrieved from paper 

VIII for this specific application of a force-field approach. Here, it is just important to note that 

all these interaction potentials rely on parameters which are usually obtained via fitting 

procedures using data from electronic structure calculations or experiments or both. Hence, the 

applicability of a force-field to a specific problem relies heavily on the suitability of its 

parameters which leads to a vast variety of existing force-fields in the literature. 

 Force-fields are rarely used for the prediction of energetic properties of molecular 

systems or materials but rather for structural properties. For instance, the geometry of a 

molecule can be optimized to a local minimum at the potential energy surface by minimizing 

the forces on all particles. The force on particle i is given by 

 
i i totV= ∇F . (2.57) 
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By calculation of higher order derivatives properties such as vibrational frequencies may be 

computed as well. Calculations of such properties are typical examples for the application of 

molecular mechanics (MM). MM is also often used to pre-optimize the geometry of a molecular 

system which is to be treated with an electronic structure method in order to save time for the 

geometry optimization using the potential energy surface calculated by the more accurate and 

more time demanding electronic structure method. Note that by incorporating equation (2.57) 

in equations of motion the time evolution of the considered system may be studied which is the 

topic of the next section. 

2.2.2 Classical Molecular Dynamics (MD) 

In the simplest case, the time evolution of the system of N particles might be derived by 

integration of the Newtonian equations of motion which read 

 2

2

( )
( )  1, , ,i

i i

d t
m t for i N

dt
= = …x

F  (2.58) 

where the force iF  can be derived from equation (2.57), im  is the mass of particle i, ix  is the 

position of particle i and t is the time. By using integrators such as the velocity-Verlet or leap-

frog ones [45], the time-dependent trajectories of all particles can be computed and thus the 

time evolution of the system. This is known as classical molecular dynamics (MD). Note that 

“classical” means that classical equations of motion are solved. The interaction potentials and 

thus the forces contain, however, via fitting to numerical or experimental data the effects of the 

electrons and are hence based on the quantum mechanical description. Moreover, it has been 

said in the introduction that the tools of computational chemistry aim at solving the 

Schrödinger equation which is also not a contradiction to the use of classical MD as the latter 

can be derived (under certain assumptions of course) from the (time-dependent) Schrödinger 

equation. A thorough treatment of such a derivation can be found e.g. in Ref. [118]. 

 Solving the Newtonian equations of motion results in trajectories which correspond to 

the microcanonical ensemble, i.e. the quantities that are constant over time are the number of 

particles, N, the volume of the simulation cell (see appendix D), V, and the total energy of the 

system, E, i.e. the sum of the total potential and total kinetic energy. However, often (for 

instance in paper VIII) one is rather interested in other thermodynamic ensembles like the 

NVT ensemble in which the temperature, T, is kept constant instead of the total energy. 

Studying such an ensemble is achieved by introducing additional constraints in the equations 

of motion. As the temperature of a system is related to the kinetic energy, one way to keep the 

temperature constant would be to scale the velocities of the particles accordingly. However, in 

practice this procedure is undesirable as the resulting trajectories are no longer Newtonian and 

properties derived from these trajectories are not likely to be reliable. A method taking this into 

account has been developed by Berendsen [119] and is thus known as the Berendsen 

thermostat. According to the latter the scaling of velocities is slowed down by envisioning the 

coupling between the system of interest and an external heat bath of constant temperature 0 .T  



2 Methodology 

 
� 48 � 

Scaling of the particles’ velocities is accomplished by including a dissipative Langevin force in 

equation (2.58) according to 

 
( )

2
0

2

( )
1 ,

( )
i i i

i i

Td t m d
m t

dt dt T tτ
 = + − 
 

x x
F  (2.59) 

where ( )T t  is the instantaneous temperature and τ  has units of time and is used to control the 

strength of the coupling. In particular, the larger the value of τ  the smaller the perturbing force 

and the slower is the system scaled to 0T , i.e. τ  is an effective relaxation time. 

There exist a variety of other schemes in order to obtain trajectories corresponding to the 

NVT ensemble and also to other ensembles like the NpT ensemble in which the pressure, p, is 

kept constant instead of the volume of the simulation cell. These schemes are generally referred 

to as thermostats and barostats and especially widely used besides the already mentioned 

Berendsen thermostat are the Berendsen barostat [119], the Nosé-Hoover thermostats and 

barostats [120, 121], the Langevin thermostats and barostats [122, 123], and the Andersen 

thermostats and barostats [124]. 

2.3 Simulating Elastic Scattering – The Split-Step Fourier Method 

In this section, a method is described which directly solves the time-dependent Schrödinger 

equation for a particle in an external (particle-surface) potential, ( )V x  derived from DFT 

calculations, see paper II and section 3.2. In order to facilitate the description, it is switched to 

mass-scaled atomic units in this section, i.e. the mass of the particle is set to half of unity such 

that the time-dependent Schrödinger equation reads 

 ( ) ( ) ( ) ( ) ( )0

( , )
, ,   0, ,

t
i t V t with

t

ψ ψ ψ ψ ψ∂ = −∆ + =
∂

x
x x x x x  (2.60) 

where ψ  denotes the wave function, ∆  is the Laplacian, and 0ψ  is a given smooth initial 

function, e.g. a Gaussian wave packet as in paper II. To numerically approach equation (2.60) a 

so-called splitting method is used. The basic idea of Lie splitting is to solve the potential part of 

equation (2.60), i.e. 

 ( ) ( )( , )
,P

P

t
i V t

t

ψ ψ∂ =
∂

x
x x  (2.61) 

and to use the respective solution as initial value for the kinetic part 

 ( )( , )
, ,K

K

t
i t

t

ψ ψ∂ = −∆
∂

x
x  (2.62) 

that is the free-particle Schrödinger equation. Given a temporal step size 0s > , set mt ms=  and 
( )L

mψ  denoting the numerical approximation obtained by the Lie splitting at time t ms=  and 

using the notion of groups, the resulting method reads as 
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 ( ) ( )
1 ,L isV is L

m me eψ ψ− ∆
+ =  (2.63) 

where ( )
0 0
Lψ ψ= . Under appropriate assumptions, the method is of order one, that is 

 ( ) ( , )   0 ,L

m Lms C s for ms Tψ ψ− ≤ ≤ ≤i  (2.64) 

where 0LC >  denotes a constant not depending on the step size s and T is the total simulation 

time. 

 By symmetrizing the Lie splitting, one obtains the Strang splitting [125], given by 

 ( ) /2 /2 ( )
1 ,S isV is isV S

m me e eψ ψ− ∆ −
+ =  (2.65) 

which is of order two, that is 

 ( ) 2( , )   0S

m Sms C s for ms Tψ ψ− ≤ ≤ ≤i  (2.66) 

and some constant 0SC >  independent of �. 

 By choosing an appropriately large simulation domain, periodic boundary conditions 

can be imposed artificially. As a result, equation (2.62) can be solved very efficiently by using a 

Fourier spectral method. Note that the other subproblem, equation (2.61), is simply solved by 

pointwise multiplication. The resulting scheme is known as the split-step Fourier method [126]. 

 Let ( )K

mψ  denote the numerical approximation at time t ms=  using K grid points in 

each space dimension. As described in Ref. [126], a single time step is schematically computed 

as follows: 

1) Pointwise multiplication: ( ) /2 ( ) K isV K

m meψ ψ−
ú  

2) Fast Fourier transformation (FFT): ( ) ( )ˆ K K

m K mψ ψFú  

3) Multiplication in Fourier space: ( ) ( )ˆ ˆK is K

m me
λψ ψú  

4) Inverse FFT: ( ) 1 ( )ˆK K

m K mψ ψ−
Fú  

5) Pointwise multiplication: ( ) /2 ( ) K isV K

m meψ ψ−
ú  

Here, λ  refers to the respective eigenvalues associated with the Laplacian. Note that one 

can combine the computation in step 1 and 5 if one does not need dense output. For further 

details see Ref. [127], where also structure-preserving properties of the split-step Fourier method 

as unitarity, symplecticity and time-reversibility are discussed. 

2.4 Computer Codes and HPC Hardware Used in this Thesis 

The electronic structure methods used within the scope of this thesis are mostly implemented 

in the Gaussian 09 suite of programs [128]. The latter was used for all quantum chemical 

calculations carried out for papers I – IV. The split-step Fourier method used for paper II was 
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implemented in Matlab [129] and the code is presented in appendix C. For the SCC-DFTB 

calculations concerning papers V – VII the DFTB+ program [130] was used. The results 

obtained with DFT presented in papers V and VI were obtained using the VASP code package 

[131-134]. However, the latter calculations were not conducted by the author. The classical 

molecular dynamics simulations presented in paper VIII used the DL_POLY 4 code [135]. 

All calculations relied heavily on the high performance computing (HPC) facilities of the 

Universities of Innsbruck and Uppsala. Therefore, it is sincerely acknowledged that the work 

presented in this thesis was supported by the Austrian Ministry of Science BMWF as part of the 

UniInfrastrukturprogramm and as part of the Konjunkturpaket II of the Focal Point Scientific 

Computing at the University of Innsbruck, by the Swedish Research Council (VR), by the 

Swedish national strategic e-science research programme eSSENCE, and by the Swedish 

National Infrastructure for Computing (SNIC) at UPPMAX and NSC and the Matter 

computer consortium. The author also acknowledges support from the Austrian Science Fund 

(FWF) DK+ project Computational Interdisciplinary Modeling, W1227-N16. 
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3 Applications and Results 

“Si les plats que je vous offre aujourd’hui 

sont mal préparés, c’est moins le faut de mon cuisinier 

que celle de la chimie,qui est encore dans l’enfance.” 

Anatole France (1844-1924) in”La Rôttiserie de la reine Pédauque” 

In the following the papers included in this thesis are shortly summarized. The focus shall be 

on the most important results as well as on some topics that did for reasons of conciseness and 

compactness of the respective article not receive much attention at the time of publication 

though being interesting per se. The summaries can thus be seen to be (partly) complimentary 

to the content of the papers and shall not be just mere repetitions due to the fact that reprints 

of the papers are also included in this thesis, see appendix A. 

The four following discussions are structured all the same, namely they begin with a short 

introduction to the main topic of the research, followed by summaries of the corresponding 

papers in the way mentioned above, and concluded by an outlook concerning open questions 

and possible follow-up investigations. 

3.1  An Application in Astrochemistry – Energetics and IR Spectra of Carbonic Acid 

On the smallest scales within the scope of this thesis, spectroscopic and energetic aspects of 

carbonic acid were investigated. This work corresponds to the research field of astrochemistry 

and is, in fact, a joint contribution from members of the Computational Chemistry and Stellar 

Astrophysics groups at the University of Innsbruck. Details may be found in paper I, for which 

a reprint is included in this thesis, see appendix A. 

3.1.1 Introduction to the Topic 

Carbonic acid plays a role in various biological, geochemical and atmospheric processes [136-

144]. In Earth’s atmosphere, carbonic acid is believed to be present in solid form in cirrus 

clouds [145]. In addition, it could be present in solar system ices containing water and carbon 

dioxide in outer space environments such as the Martian atmosphere [145, 146]. 

 However, retrieving experimental evidence for the very existence of carbonic acid as a 

discrete molecular species in the gas phase has been a difficult task for a long time. Until 1998, 

the only experimental evidence has been a weak mass spectrometric signal at a mass to charge 

ratio of 62 Thomson which corresponds to mass of the carbonic acid monomer (H2CO3) from 

the year 1987 [147]. In 1998, microwave spectra assigned to the carbonic acid cis-trans 

monomer, see figure 1.1(b), could be measured [148]. In 2011, infrared spectra of gaseous 

carbonic acid trapped in a solid matrix of either neon or argon were measured for the very first 

time [149]. These spectra are thought to represent benchmarks for a possible identification of 

naturally occurring carbonic acid vapor. 



3 Applications and Results 

 
� 52 � 

 In order to complement experiment, a significant amount of theoretical work has been 

carried out. In 1995, it was shown that the carbonic acid cis-cis monomer, see figure 1.1(a), is 

the global minimum structure of the monomer, but the cis-trans isomer is rather close in energy 

[150]. Moreover, both structures are thermodynamically unstable as they decompose 

exothermically into water and carbon dioxide [150]. In 1997, the energetics of the carbonic acid 

dimer consisting of two cis-cis monomers, see figure 1.1(c), was studied [151]. This molecule is 

stabilized by two strong hydrogen bonds, see figure 1.1(c). However, in 1997 it could not be 

concluded that the binding energy due to these additional bonds is sufficient to stabilize the 

dimer thermodynamically. A theoretical study in 2006 revealed the importance of anharmonic 

corrections for a reliable calculation of infrared spectra of carbonic acid [152]. Moreover, it was 

found that carbonic acid oligomers are more stable the larger they are (mainly due to the 

additional hydrogen bonds) [152]. In the gas phase one can, however, expect that oligomers are 

mainly restricted to the dimer species since larger ones require more collision events and are 

thus thought to be very limited due to probability considerations [149]. Also the already 

mentioned experimental studies in 2011 were accompanied by theoretical calculations yielding 

a very good agreement between theoretical harmonic and experimental fundamental 

frequencies (including obviously anharmonicity) [149]. This raises the question of the reliability 

of the used model chemistry as including anharmonic corrections might cause considerable 

redshifts of the harmonic line positions. The assignment of spectral lines has been based on 

isotope shifts and not on direct comparison of frequencies [149]. Hence, the assignment of 

vibrational modes is thought to be well based and only the reliable prediction of infrared 

spectra remains questionable. However, the identification of gaseous carbonic acid in natural 

environments necessitates the existence of reliable predicted infrared spectra. 

The first aim of paper I has thus been to compare different model chemistries in this 

respect in order to assess the theoretical limitations for such predictions. In order to do so, basis 

set dependences as well as method dependences have been studied using Dunning’s correlation 

consistent basis sets, see section 2.1.5, and MP2 as well as DFT methods, see sections 2.1.2 and 

2.1.3, respectively, which were often used to study carbonic acid in the aforementioned 

theoretical studies. Concerning the DFT methods, two nowadays widely used functionals have 

been compared, in particular, the B3LYP and the �B97XD functionals. Based on these 

methods, harmonic spectra have been calculated and compared to experimental results. Based 

on this assessment, anharmonic corrections have been applied to a subset of the harmonic 

calculations based on perturbation theory [153, 154]. For the very anharmonic O-H stretching 

modes of the hydrogen bonds an alternative approach has been used to estimate the frequency 

shifts. Namely, a discrete variable representation (DVR), see e.g. paper I or Refs. [155, 156], has 

been used to solve the stationary Schrödinger equations in two dimensions. Basis set 

dependences of the fundamental frequencies assigned to these vibrational modes could thus be 

investigated. An often used ad-hoc method to take into account the anharmonicity of molecular 

vibrations is to scale the harmonic frequencies by a global scaling factor. This approach has also 

been reviewed for the studied carbonic acid molecules. 
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The second aim of paper II has been the clarification of the stability the carbonic acid 

dimer. In particular, the energetics of the formation reaction of the carbonic acid dimer from 

water and carbon dioxide has been investigated using an extrapolation scheme similar to the 

ones used in the Gx extrapolation methods, see section 2.1.7, but expected to be considerably 

beyond the accuracy of G4(MP2) theory. The used extrapolation scheme includes basis set 

extrapolations, namely a two-point scheme [157] for extrapolation of the HF energy and 

Truhlar’s basis set extrapolation scheme for the energy obtained using the CCSD(T) method 

[158]. Moreover, in the most sophisticated estimates also the vibrational zero-point energies 

approximated from the results from anharmonic frequency calculations were included which is 

usually not the case in standard energy extrapolation schemes as discussed in section 2.1.7. For 

details, see paper I. 

3.1.2 Discussion of the Results 

When the harmonic frequencies obtained using the B3LYP and �B97XD functionals as well as 

the MP2 method are compared with the recent experimental gas phase data [149], it is observed 

that the frequencies obtained with B3LYP and MP2 are rather close to experimentally observed 

fundamental frequencies. In contrast, the harmonic frequencies obtained with �B97XD are for 

most of the vibrational modes slightly higher than the experimentally observed fundamental 

ones. However, it was found in earlier theoretical work on carbonic and formic acids [152, 159] 

that inclusion of anharmonic corrections results mostly in redshift of frequencies, i.e. 

fundamental frequencies are predicted at lower wavenumbers than harmonic frequencies. 

Thus, it is concluded from the comparison of the methods in paper I that a systematic 

theoretical treatment is best based on the �B97XD functional. Concerning basis set 

dependences, the aug-cc-pVXZ with X = D, T, Q were used in paper I. It is found that the 

results of the two DFT methods depend only slightly on the size of the basis set, whereas MP2 

yields a stronger basis set dependence. The weaker basis set dependence of DFT is well-known, 

see section 2.1.6. In general, the differences of the resulting harmonic frequencies become 

smaller when going from the aug-cc-pVDZ over the aug-cc-pVTZ to the aug-cc-pVQZ basis set. 

For most of the vibrational modes the values of the corresponding frequencies are already the 

same within a few wavenumbers for the largest two basis sets. In contrast, for the O-H 

stretching modes it appears to be necessary to use even larger basis sets to achieve convergent 

results within that accuracy. 
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 Due to the results obtained for the harmonic frequencies, the fundamental frequencies 

for the carbonic acid cis-cis and cis-trans monomers were calculated using the �B97XD 

functional in conjunction with the aug-cc-pVXZ, X = D, T, Q, basis sets only. For reasons of 

computational demand, the fundamental frequencies of the carbonic acid dimer were 

calculated using only the double-� and triple-� basis sets. For the cis-cis monomer the agreement 

between theory and experiment is reasonable at the �B97XD/aug-cc-pVQZ level of theory, 

however, there are also differences of tens of wavenumbers for a few vibrational modes. The 

frequency shifts caused by the inclusion of anharmonic corrections can also be quite large. In 

case of the H-O-C out-of-plane bending modes the ratio of fundamental to harmonic 

frequencies is as small as 0.5 – 0.7. Hence, the ad-hoc inclusion of anharmonicity by the use of 

global scaling factors, usually about 0.95 – 0.97, may significantly fail in individual cases, 

although most of the vibrational modes yield ratios in a range of 0.93 – 0.98. In case of the cis-

trans monomer the agreement between theory and experiment is rather poor. Still at the 

�B97XD/aug-cc-pVQZ level of theory differences are about many tens of wavenumbers for 

most of the vibrational modes. In this case the ratios of fundamental to harmonic frequencies 

are in a range of 0.94 – 1.1, however, mostly below 1. Hence, in this case less error may be 

introduced by globally scaling harmonic frequencies. In case of the carbonic acid dimer the 

agreement between theory and experiment is fair, but rather good compared with earlier 

theoretical predictions [152]. In this case, however, the ratios between fundamental and 

harmonic frequencies are distributed rather far in a range of 0.76 – 1.28. Thus, a global scaling 

of harmonic frequencies appears to be eventually rather misleading. In case of the above 

mentioned hydrogen bonds present in the carbonic acid dimer the effect of anharmonicity is 

very apparent. At the �B97XD/aug-cc-pVTZ level of theory, the corresponding harmonic and 

fundamental frequencies read 3248 and 3142 cm-1, and 2801 and 2617 cm-1 for the symmetric 

and asymmetric H-bond stretches, respectively. This corresponds to ratios of about 0.86 and 

0.83, respectively, which represents a considerable redshift. Calculating these vibrational 

frequencies with the aforementioned DVR method, see section 3.1.1, results in 2862 and 2710 

cm-1 which indicates that the values reported above do not correspond to converged results with 

respect to basis set size. This finding is also in line with an earlier theoretical investigation. In 

Answers to the questions: How basis-set-sensitive are the vibrational frequencies (in the harmonic 

approximation) with respect to the used methods? For which basis set can the obtained frequencies be 

regarded as converged? 

The basis-set sensitivity for the vibrational frequencies obtained in the harmonic 

approximation is less emphasized for the employed DFT methods than for the MP2 

method. In the former case the differences are within 20 cm-1 and mostly even within 10 cm-

1 when going from the aug-cc-pVDZ to the aug-cc-pVQZ basis set, whereas in the latter case 

the differences are mostly within a few tens of cm-1 up to 30 cm-1 in the same range of basis 

sets. For frequencies below 2000 cm-1 the results can be regarded as converged within 5 cm-1 

at the aug-cc-pVQZ basis set size, whereas for higher frequencies even larger basis sets are 
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summary, the choice of a flexible basis set turns out to be very important in order to obtain 

reliable results in terms of infrared spectra. 

 

 Concerning the energetics of the formation reaction of the carbonic acid dimer, it was 

found, that this reaction is exothermic by about 5 – 6 kcal/mol. Thus, the carbonic acid dimer 

is probably thermodynamically stable also at temperatures in those environments (e.g. Earth’s 

and Martian atmosphere) where carbonic acid is suspected to be present. In order to obtain this 

result an extrapolation scheme had to be used which can be considered to be an significant 

improvement over e.g. G4(MP2) which is believed to yield accuracies at chemical accuracy 

(about 1 kcal/mol) for the following reasons: 

1) The geometry optimization was carried out at the �B97XD/aug-cc-pVQZ level of 

theory. The used basis set comprises 824 basis functions in contrast to the 6-31G(2df,p) 

basis set used in G4(MP2) which comprises 244 basis functions. Moreover, the 

�B97XD functional seems especially suited for the description of molecules containing 

hydrogen bonds due to the inclusion of long-range corrections and empirical dispersion. 

In addition, fundamental frequencies were estimated at the �B97XD/aug-cc-pVTZ level 

of theory to incorporate anharmonic corrections into the vibrational zero-point energy 

instead of using the harmonic approximation. 

2) The basic energy calculation was carried out at the CCSD(T)/aug-cc-pVXZ with X = D, 

T (220 and 460 basis functions) levels of theory and Truhlar’s basis set extrapolation 

scheme [158] was used to estimate the energy at the CCSD(T)/aug-cc-pVQZ level of 

theory. In contrast, in G4(MP2) the basic energy calculation comprises only the 

CCSD(T)/6-31G(d) (80 basis functions) level of theory. The MP2 correction in 

G4(MP2) using the G3LargeXP basis set (188 basis functions) is not expected to 

overcome the significant differences in basis set sizes. 

3) For the HF correction, the aug-cc-pVXZ with X = Q, 5 (824 and 1336 basis functions) 

were used instead of the aug-cc-pVXZ with X = T, Q (460 and 824 basis functions) in 

G4(MP2) theory. 

Answers to the questions: What significance do anharmonic corrections have? How reliable is 

global scaling of harmonic frequencies? 

In most cases anharmonic corrections cause a redshift of the vibrational frequencies 

obtained in the harmonic approximation. Exceptions are the H-O-C out-of-plane bending 

modes in the cis-trans carbonic acid monomer, the O=C-O in-plane bending modes and a 

few of the intermolecular vibrational modes of the carbonic acid dimer. Global scaling by a 

factor of 0.95 – 0.97 of harmonic frequencies can yield erroneous results in specific cases. 

Those are the ones mentioned above as well as the H-O-C out-of-plane bending modes of 

the cis-cis carbonic acid monomer and the dimer, and the hydrogen-bond stretching modes 

of the carbonic acid dimer. For the latter three cases, the ratio of fundamental to harmonic 

frequency is well below (yielding 0.57 – 0.86) the above mentioned range in those cases. 
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4) Higher level corrections [104] cancel as the number of beta electrons is the same in the 

products and reactants of the dimer formation reaction from water and carbon dioxide 

and are making thus no difference for this reaction. 

 

It is, however, a quite intriguing result of paper I that a negative reaction energy (and 

thus an exothermic reaction) was predicted in very good quantitative agreement with the 

extrapolation scheme already at the �B97XD/aug-cc-pVQZ level of theory (and without any 

extrapolation). Keeping in mind the significant difference in computational demand of the 

DFT approach and CCSD(T), this is an astonishing example for the predictive power at low 

computational cost that DFT – in this case a hybrid GGA functional (with empirical long-range 

corrections) – may exhibit. This also confirms the suitability of that functional, especially for 

molecules containing weak bonds such as hydrogen bonds. 

3.1.3 Concluding Remarks and Outlook 

Probably due to cancellation of errors, the B3LYP and MP2 methods yield harmonic 

frequencies which are close to experimentally determined fundamental ones. A better choice 

for a systematic study of infrared spectra of carbonic acid might thus be the �B97XD 

functional. However, regardless of the used method (but emphasized for ab-initio methods) 

rather large basis sets, most probably beyond triple-� appear necessary to yield converged results 

in terms of fundamental frequencies. Even if quadruple-� basis sets are used, differences 

between theory and experiment of the order of tens of wave numbers remain, making the 

reliable prediction of infrared spectra a tedious theoretical task. The same is true for the 

investigation of the energetics of the carbonic acid dimer. Also in this case, a very high level of 

theory is necessary to yield conclusive results, but finally it appears most probable that the 

carbonic acid dimer actually is thermodynamically stable. 

 Despite its presence is very likely, the detection of carbonic acid in natural 

environments appears to be rather challenging. In particular, with present spectroscopic 

methods and instruments it will not be possible to detect carbonic acid in Earth’s atmosphere. 

This is mainly due to the fact the spectral lines of carbonic acid are not in a preferable part of 

the spectrum. Especially, the vibrational modes associated with the structure of three oxygen 

atoms bonded to one carbon which is regarded as a structural (and related to that also 

spectroscopic) fingerprint of carbonic acid [160] are located in a region of the spectrum where 

thermal background radiation prohibits any useful observations. From the observational point 

of view, lines at higher frequencies such as the ones stemming from the H-bond stretching 

modes would be located in a more accessible part of the spectrum. Unfortunately, the H-bond 

Answers to the questions: Is the decomposition reaction of the carbonic acid dimer into water and 

carbon dioxide exothermic or endothermic? 

At 0 K, the decomposition reaction is endothermic by about 5 – 6 kcal/mol. 
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stretching frequencies are in a range where the spectrum is dominated from radiation of the 

very abundant H2O, CH4 and CO2 molecules. 

 At the moment, detection of carbonic acid in the Martian atmosphere appears to be an 

insurmountable task either mostly due to the limited resolution of present telescopes in the 

infrared. However, the European Extremely Large Telescope (E-ELT) might change this 

situation. First light for the E-ELT is expected not before 2022 [161]. Other options for the 

detection of carbonic acid at Mars are space exploration missions. During such missions, 

measurements and detections of carbonic acid seem feasible. 

 In order to search for gaseous carbonic acid in other astrophysical environments like the 

interstellar matter (ISM) or Jupiter’s satellites, further studies should concentrate on providing 

high-resolution infrared spectra from laboratory measurements and investigations on 

temperature and pressure effects. Such studies may be aided by computational models, but to 

rely completely on calculated data seems not to be possible due to the limitations in accuracy 

that have also been revealed in paper I. Very accurate and reliable data are essential for 

extended future spectroscopic investigations in outer space and provide thus also a challenge 

for computational simulation and modeling in astrochemistry. 

3.2 Applications in Nuclear Fusion Research 

Papers II – IV discuss applications of DFT calculations in nuclear fusion research or more 

specifically, in the field of plasma-wall interactions. These can also be seen as applications in 

materials science as they comprise studies of the interaction of a series of atoms and molecules 

with a certain material, in particular with graphite(0001) surfaces. In section 3.2.1 a short 

introduction shall be given illuminating the importance of plasma-wall interactions for nuclear 

fusion research. Sections 3.2.2 – 3.2.4 exhibit summaries of the main findings of papers II – IV, 

respectively. Sections 3.2.5 represents a conclusion and an outlook concerning this topic. 

Details may be found in papers II – IV, for which reprints are included in this thesis in 

appendix A. 

3.2.1 Introduction to the topic 

The divertor is a region in a specific magnetic fusion device (a tokamak) that acts as an energy 

and particle exhaust [162, 163]. In this region, hot plasma or gas interacts with a wall material. 

In the next step nuclear fusion device ITER, the divertor is (at least in an early stage of the 

experiment) planned to be shielded against energetic projectiles by using carbon-based materials 

in regions where the highest heat fluxes are expected [164]. This choice has been made based 

on the high thermal conductivity and thermo-mechanical resistivity of graphite and the fact that 

it does not melt but only sublimates [165]. One of the major disadvantages of carbon is its high 

chemical reactivity towards hydrogen leading to erosion processes summarized under the 

expression chemical erosion [162, 163, 166, 167]. This drastically limits the utilization of 

carbon-based materials due to safety concerns. This is also the basis for the aim for a better 
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understanding of how projectiles from the plasma or gas in front of the wall interact with the 

wall material which is summarized under the expression plasma-wall interaction. 

 Since magnetic fusion aims (in a first step) at using the energy released by the fusion of 

deuterium and tritium nuclei resulting in a helium nucleus and neutron, the most abundant 

particles in the fusion plasma are the fuels deuterium and tritium. Thus, the main particle 

species also for plasma-wall interaction concerns are hydrogen isotopes. The envisaged fusion 

process as well as interaction of the fusion plasma with the divertor material and other parts of 

the wall, which are envisaged to be covered by beryllium and tungsten in ITER [162, 163, 166, 

167] give rise to the projectile species helium, beryllium, carbon and tungsten, however, in a 

significantly lesser extent than hydrogen isotopes. Moreover, techniques such as wall-

conditioning [168-174] or impurity seeding [175-178] can generate an even greater variety of 

plasma impurities and thus projectile species consisting e.g. of lithium, boron, oxygen, neon 

and other noble gases in general. In addition, the low temperatures of a few eV [179, 180] (low 

in terms of nuclear fusion concerns as the core plasma shall have a temperature on the order of 

10000 eV) in the divertor region will give rise via recombination to a complex mixture of 

mainly hydride molecules (due to the large abundance of hydrogen) interacting with the wall as 

well. Thus, plasma-wall interactions in ITER will comprise complex multi-species scenarios. 

Hence, modeling and simulation of the latter crucially depends also on a grounded 

understanding of the interactions of these species with the wall. 

 Unsurprisingly, plasma-wall interactions have been studied to a large extent over the last 

years. The interaction of hydrogen (isotopes) with carbon-based wall materials has been studied 

most extensively employing force-field approaches [181-195] as well as quantum-chemical 

methods [196-204]. The interaction of small hydride molecules with carbon-based materials has 

also been investigated extensively, however, mostly from the experimental side [205-213]. 

 Papers II – IV represent theoretical quantum-chemical studies. In paper II, see also 

section 3.2.2, the interaction of tritium and helium with the basal plane of graphite, i.e. the 

graphite(0001) surface, is investigated using a quantum dynamical approach. In particular, DFT 

calculations are used to construct potential energy surfaces for the tritium- and helium-graphite 

interaction, which are then used for solving the time-dependent Schrödinger equation with a 

split-step Fourier method, see section 2.5. In paper III, see also section 3.2.3, energy barriers for 

the permeation of a series of atomic projectiles comprising hydrogen, helium, lithium, 

beryllium, boron, carbon, oxygen and neon through polycyclic aromatic hydrocarbon (PAH) 

molecules derived from DFT calculations are reported. The PAH molecules serve as cluster 

models for an extended graphene sheet which per se serves as a model for the graphite(0001) 

surface. In paper IV, see also section 3.2.4, energy barriers are reported for the permeation of 

small hydride molecules, particularly H2, BeHx, OHx with x = 1,2, and CHy with y = 1 – 4, 

through the PAH coronene. The focus in paper IV is on the effect the hydrogenation of atomic 

projectiles has on the energy barriers.  
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3.2.2 Elastic Scattering of Tritium and Helium at Graphite(0001) Surfaces 

The approach used in paper II to study the dynamics experienced by tritium and helium when 

impinging at the graphite(0001) surface reads as follows. First, potential energy surfaces are 

constructed using DFT calculations. In order to represent the graphite(0001) surface a cluster 

model in form of a coronene molecule is chosen, see figure 3.1(a). A validation of this cluster 

approach is given in paper III. The potential energy surface is then constructed by moving an 

atom (here either helium or hydrogen) through the PAH, see figure 3.1(b), at several places, see 

the red dots in figure 3.1(c). By letting all atoms (except for the hydrogens at the boundary of 

the PAH in order to keep the latter fixed in space and the projectile atom) relax, an adiabatic 

(see section 3.2.3 and paper III) potential energy surface is constructed. The potential energy 

surface for an extended graphene sheet as model for the graphite(0001) surface is subsequently 

constructed using symmetry and periodic continuation, see figure 3.1(c). This potential as then 

used as input for the split-step Fourier method as described in section 2.5. 

 

Figure 3.1. (a) Coronene as a model for the graphite(0001) surface. (b) Schematic depiction of the procedure to 
obtain the potential energy surfaces. (c) Extending the potential energy surface obtained using coronene via 
symmetry and periodic continuation. The figure has been adopted from Ref. [22]. 

 The solution of the time-dependent Schrödinger equation yields the time evolution of 

the helium and tritium wave packets that were used as input. These wave packets were 

constructed such that they corresponded to kinetic energies of 1 – 4 eV which is below the 

barrier maxima of the interaction potentials for both the hydrogen- and helium-graphite 

potentials. The wave packets were moving perpendicular to the surface plane and towards the 

surface. By plotting the probability density associated with the wave functions on a plane 

parallel to the surface plane and placed 3 Å in front of it, reflection patterns were investigated. 

The sites of impact of the wave packets at the surface have been the hollow site (in the center of 

an aromatic ring), the bridge site (in the middle of a carbon-carbon bond) and the top site (on 

top of a carbon atom). In figure 3.2, the reflection patterns are depicted for impact of a tritium 

(left) and helium (right) wave packet at the hollow site. It is found that hydrogen is directed 

towards the boundary of the aromatic cycle (and nicely resembles the hexagonal structure of the 

surface in the reflection pattern) whereas helium is deflected from the boundary and focused 

towards the center like for a reflection in a parabolic mirror. Analogous observations were made 

for the other sites of impact, see paper II. In summary, upon impact at energies of a few eV 

hydrogen at a graphite(0001) surface, hydrogen is attracted by the boundary of the aromatic 

rings whereas helium is deflected from them. This finding serves as explanation for (a) the 

earlier found graphite peeling mechanism [191], i.e. the ablation of graphite under 
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bombardment of hydrogen by one sheet after the other, as well as of (b) the finding that noble 

gases do not significantly alter the erosion yield when they impinge together with hydrogen at 

carbon surfaces [182]. As hydrogen is directed towards carbon-carbon bonds and carbon atoms, 

it interacts first with carbon atoms from the topmost graphite layer and cannot interact with 

deeper layers before the layers above have been eroded to a large extent. This is the underlying 

explanation for (a). Helium as a prototype for a noble gas is deflected from the boundary and 

an eventual energy transfer is spread thus over a larger surface region such that at low energies 

helium does not contribute much to the overall sputtering. This is the underlying explanation 

for (b). Moreover, the findings of paper II put also emphasis on the swift chemical sputtering 

mechanism [181], i.e. the breaking of carbon-carbon bonds by permeation of projectiles 

through the region of the bond. As hydrogen is directed towards such regions, the probability 

for such events is enhanced. In contrast, this is not the case for helium such that noble gases do 

also not contribute to this kind of sputtering mechanism. 

 

Figure 3.2. Reflection patterns obtained for hydrogen (left) and helium (right) wave packets having impinged on a 
hollow site, i.e. the center of an aromatic cycle constituting the graphite(0001) surface. The figure has been 
adopted from Ref. [22]. 

 

In summary, the investigation of elastic scattering as outlined above and reported in 

paper II can be seen as a complimentary valuable tool to classical force-field approaches. It is 

elastic scattering only since the potentials are static and do not allow any bonding between 

projectiles and surface or any other inelastic event including any kind of energy transfer. This 

limits of course the flexibility of the model. However, it is still possible to draw conclusions 

concerning the reflection dynamics as was outlined above. At the same time, the treatment of a 

wave packet allows the investigation of an ensemble of projectiles at once which is a 

considerable advantage of the method in terms of speed whereas in molecular dynamics studies 

usually many trajectories (at hundreds to thousands) of projectiles are needed in order to get 

conclusive results. 

Answers to the questions: Can the graphite peeling mechanism be understood from the hydrogen-

graphite interaction potentials? If yes, how? 

Yes. Hydrogen is directed towards the boundary of the aromatic cycles and must therefore 

erode first the topmost layer to a large extent before the next-deeper layer can be reached. 
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3.2.3 Permeation of Low-Z Atoms through Carbon Sheets 

In paper III, the focus is on the exploration of parts of the potential energy surfaces for 

interactions between a series of atoms relevant for plasma-wall interaction, see section 3.2.1, 

with models for the graphite(0001) surfaces. In particular, energy barriers are calculated using 

DFT modeling the permeation of hydrogen, helium, lithium, beryllium, boron, carbon, oxygen 

and neon through differently sized PAH molecules at the three high symmetry sites hollow, 

bridge and top as introduced in section 3.2.2. The procedure to obtain these barriers was the 

same as already discussed in section 3.2.2. In addition, the energy barriers are explored in three 

different interaction regimes, i.e. adiabatic, planar and vertical, which were realized using 

different geometrical constraints. The adiabatic interaction regime was realized by letting all 

atoms, except for the hydrogens at the boundary of the PAH molecule and the permeating 

projectile atom, geometrically relax upon the approach of the projectile. This corresponds to 

the slow approach of a projectile such that the surface (modeled by the PAH molecule) can 

instantaneously adapt. In the planar interaction regime, relaxation is allowed only inside the 

undisturbed molecular plane of the PAH molecule. In that way, the scenario is modeled in 

which the surface is restricted to be planar. In the vertical interaction regime, no relaxation is 

allowed at all. This corresponds to a scenario in which a projectile permeates the surface so fast 

that there is actually no time to adapt. A real-world scenario is somewhere in between these 

extreme cases, as schematically depicted in figure 3.3, for the following reasons. The 

graphite(0001) surface is different from a free-standing graphene sheet which corresponds to 

one and only one surface layer in that respect that another surface layer is below the topmost 

one. The topmost surface layer is thus limited in terms of deformation when a projectile 

approaches. Moreover, projectiles in a nuclear fusion scenario cover a whole range of impact 

energies giving rise to slow as well as to rather fast particles. Thus, the explored interaction 

regimes represent only limiting cases. 

Answers to the questions: What is the underlying principle of the negligible effect of small 

concentrations of noble gases in the projectile species for the chemical sputtering of graphite? 

Helium as a prototype for noble gases is deflected towards the center of the aromatic cycles 

constituting the graphite(0001) surface. Hence, it does not contribute to the sputtering via 

the swift chemical sputtering mechanism. In addition, any transfer of kinetic energy is 

spread over a larger surface area which results in a lower probability for sputtering an 
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Figure 3.3. Schematic depiction of the location of real-world situations between the limiting adiabatic, planar and 
vertical interaction regimes. The region colored in red corresponds to the regions where plasma-wall interactions in 
future nuclear fusion applications may be located. 

 The content of paper III can be divided in several key aspects which are discussed in the 

following. These are (a) a validation of the used chemical models, i.e. the choice of method in 

terms of DFT functionals and basis sets, (b) a validation of the cluster approach for modeling 

the graphite(0001) surface, (c) the assessment of qualitative trends regarding the energy barriers 

for the different atomic projectiles and (d) the assessment of geometrical changes of the surface 

models upon permeation of the projectiles as examples for material degradation processes. 

Validation of the used chemical models 

The energy barriers for permeation of the different projectile species through PAH molecules 

have been obtained employing the PBE0 and B3LYP functionals in conjunction with the 3-21G 

and 6-31G basis sets, respectively. This choice of methods is not at all obvious. First, it is 

important to note that the modeled situations correspond to such ones that are far from 

chemical equilibrium. Such processes give generally rise to a worse quantum-chemical 

description than do equilibrium situations (such as the calculation of ground state geometries 

and energies of molecules). In order to assess the spread in results with respect to the choice of 

method, three functionals have been compared in the validation process for paper III. These 

have been the already mentioned ones as well as the �B97XD functional. It is found that 

energy barrier maxima can deviate up to 1 – 2 eV from each other, whereas general trends such 

as the form of the energy barriers and relative barrier heights due to different projectiles are 

preserved. Using larger basis sets than the ones mentioned above, such as 6-31+G(d) and 6-

311+G(2df,p), has the same effect and gives also rise to differences up to a few eV in barrier 

maxima while general trends are preserved throughout. Interestingly, it is found that barriers 

obtained with the more sophisticated �B97XD functional are usually higher by about 10% 

than the ones obtained with B3LYP and PBE0 which are mostly very similar to each other. In 

contrast, the use of larger basis sets yields usually barriers that are lower by about 10 – 20%. It is 

thus assumed that a significant fraction of the error due to the used methods and basis sets 

cancels concerning the quantitative results. To the best of the knowledge of the authors, it has 

never been investigated which combination of functional and basis set would be best for 

barriers. A comparison of thermochemical data obtained from a large number of density 
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functionals combined with small basis sets has found functionals without HF-exchange to 

perform best [214]. On the other side, it is known that with basis sets like 6-31G(d) barriers can 

be calculated more accurately if more HF-exchange than 20 or 25% as within PBE0 and B3LYP, 

respectively, is incorporated like in BH&HLYP [215, 216]. However, specific comparisons to 

data from the literature such as in case of the adsorption minima for hydrogen at top site [196, 

200, 202, 217, 218] and analogous adsorption minima for lithium at hollow site [219-221] 

emphasize that the data reported in paper III are sound. Nevertheless, the focus in paper III is 

on basic trends such as the dependence of barrier height on the impact species, on the 

interaction regime and on the size of the PAH molecule. 

Validation of the cluster approach 

In order to justify the use of the results of the cluster calculations for modeling the interaction 

between atoms and extended graphite(0001) surfaces, the energy profiles must converge with 

increasing size of the PAH molecule. In particular, a graphene sheet (one layer of graphite) can 

be regarded as an infinitely sized PAH molecule. In figure 3.4(a), the maximum displacement 

from the original molecular plane upon the approach of the atomic projectiles hydrogen, 

helium, lithium and beryllium is plotted against the number of carbon atoms in the PAH 

molecule. However, the boundary region has a large influence on the deformation of the PAH 

molecules which is pronounced in case of the smallest ones. Therefore, the maximum 

displacement is plotted in figure 3.4(b) against a reduced number of carbon atoms in the PAH 

molecules, i.e. those carbon atoms not connected to the boundary. The convergence with 

respect to the size of the PAH molecules is pronounced in figure 3.4(b). As argued in paper III, 

the energy is a quadratic function of the geometry and is thus thought to converge faster than 

the maximum displacement as a geometrical parameter. The energy maxima of all adiabatic 

barriers reported in paper III are plotted in figure 3.4(c) against the number of carbon atoms in 

the PAH molecules. In fact, the energies remain rather constant for PAH sizes beyond 24 

carbon atoms. 

 

Answers to the questions: Can the graphite (0001) surface be modeled using a molecular cluster 

model? If yes, to which accuracy? 

Yes. The accuracy is estimated for the considered chemical models to be within 10 – 20% 

concerning energy barriers in the permeation region, i.e. around the barrier maxima. 
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Figure 3.4. (a) Maximum displacement in Å versus number of carbon atoms in the PAH molecules. (b) Maximum 
displacement in Å versus reduced number of carbon atoms in the PAH molecules. (c) Adiabatic energy barrier 
maxima for all projectiles under consideration in paper III versus the number of carbon atoms in the PAH 
molecules. The figure has been reproduced from figures 3 and 4 in paper III. 

Trends of energy barriers for different atomic projectiles 

The energy barriers for permeation of all atoms under consideration at hollow site for all three 

interaction regimes are reproduced from paper III in figure 3.5. The coordinate z at the 

horizontal axis of the graph denotes the position of the projectile, where z = 0 Å corresponds to 

the position of the undisturbed molecular plane. It is found that in all regimes the barriers 

increase almost accordingly to the atomic number of the projectiles with helium as an 

exception. Moreover, it turns out that planar barriers are not significantly different in height 

than are adiabatic barriers. This indicates that a stabilization of the total system due to out-of-

plane bending of the PAH molecule is rather small. The vertical barriers are except for the case 

of hydrogen substantially higher than the planar and adiabatic ones. Furthermore, it should be 

mentioned that the barriers plotted in case of carbon and oxygen correspond to singlet spin 

configurations. For large distances between the PAH molecule and the projectiles these spin 

configuration correspond to excited states of carbon and oxygen. However, it is a result of paper 

III that in case of permeation through the PAH molecules, the barriers are lowest for this spin 

configuration. This is in line with the usual assumption for large molecular systems to adapt the 

lowest possible spin configuration in order to minimize the energy. This does not have to be the 

case, but for the systems studied in papers III and IV, this assumption turns out to be true. 
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Figure 3.5. Adiabatic (blue), planar (green) and vertical (red) energy barriers for permeation of all atoms under 
consideration in paper III through coronene at hollow site. Results obtained with PBE0/3-21G and B3LYP/6-31G 
are depicted using solid and dashed lines, respectively. The figure has been reproduced from figure 14 in paper III. 

In paper III, also permeation at different sites is discussed. This is, however, done only 

for the lightest elements hydrogen, helium, lithium and beryllium and only in the adiabatic 

interaction regime. The barrier maxima for permeation at hollow, bridge and top site for these 

atomic projectiles are summarized in table 3.1. An important aspect concerning these barrier 

heights is the similarity between the trends for helium and beryllium. For both elements, the 
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barriers are highest at top site, followed by the barrier heights at bridge site, and are lowest at 

hollow site. This indicates that beryllium may as helium contribute mostly to the erosion of 

graphite via physical sputtering at elevated energies and not significantly via chemical erosion at 

low impact energies. The effect of beryllium on the sputtering yield of graphite in a mixed 

material scenario as envisaged for ITER is thus suspected to be rather low. 

Table 3.1. Adiabatic barrier heights in eV for the atomic projectiles hydrogen, helium, lithium 

and beryllium for the high symmetry sites hollow, bridge and top. 

Projectile Hollow Bridge Top 
Hydrogen 5.7 4.5 9.4 
Helium 10.6 16.6 17.1 
Lithium 7.8 12.3 10.2 
Beryllium 7.6 8.6 9.8 

 

Material degradation upon particle impact 

The permeation of atomic projectiles investigated in paper III gives rise also to some findings 

concerning geometrical changes in the permeated PAH molecules. One such example is 

depicted in figure 3.6 for the case of permeation of helium through the PAH molecules 

coronene and circumpyrene. After permeation of helium, the molecules remain in a different 

geometry than they exhibited initially. In particular, coronene exhibits one heptagon and two 

pentagons instead of three hexagons, and circumpyrene exhibits two heptagons and two 

pentagons instead of four hexagons. The latter defect is also known as Stone-Wales defect and 

in general such defects are known as (5,7)-member ring defects in PAHs. This result of paper III 

indicates that such defects can be introduced via a collision with energetic particles. Such 

isomerizations give also rise to a change in the electronic structure and material properties [222] 

and can be regarded as prototypical for a beginning degradation of the surface material. 

 

Figure 3.6. (5,7)-member ring defects as obtained after permeation of helium through (a) coronene and (b) 
circumpyrene. The figure has been reproduced from figure 13 in paper III. 

Answers to the questions: Is beryllium expected to enhance the chemical sputtering of graphite 

significantly? 

No. 
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3.2.4 Modeling the Intrusion of Molecules into Graphite 

The approach in paper IV is principally the same as in paper III, but this time, the permeation 

of molecules through the center of coronene, i.e. a hollow site, as a model for the 

graphite(0001) surface is explored. The molecules comprise the small hydride molecules H2, 

BeHx, OHx and CHy with x = 1,2 and y = 1 – 4. These molecules are expected to be rather 

abundant in the divertor region of ITER due to the high abundance of hydrogen (isotopes) and 

the low divertor temperatures [179, 180]. The energy barriers calculated for the permeation of 

these molecules through coronene are also compared to the energy barriers for the atomic 

projectiles hydrogen, beryllium, carbon and oxygen in paper IV. 

 The main finding in paper IV is the sensitivity of the permeation barrier with respect to 

the degree of saturation of the free valences in the impact projectiles. A prototypical example is 

the difference between the energy barriers for atomic and molecular hydrogen which are 

reproduced from paper IV in the top panel of figure 3.7. The energy barrier for the hydrogen 

molecule is about twice as high as the energy barrier for atomic hydrogen. The reason for this 

relies in the completely different electronic structure of these two projectiles. Whereas atomic 

hydrogen is an open-shell species with one free valence, the hydrogen molecule is a closed-shell 

species and thus chemically rather inert. This is represented well in the bottom panel of figure 

3.7 in which the natural charge on the projectiles is plotted. During permeation the hydrogen 

atom donates a large fraction of its electron density to the PAH molecule and obtains thus a 

positive charge of about 0.6 a.u. This is a sign for chemical bonding during permeation which 

significantly facilitates the latter by reducing the energy barrier. In contrast, the natural charge 

of the hydrogen molecule is not affected much during permeation resembling its chemical 

inertness. Hence, no bonding facilitates permeation in this case and the corresponding barrier 

is higher. 

 

Figure 3.7. Energy barriers for permeation of atomic and molecular hydrogen through coronene (top panel). 
Natural charges on atomic and molecular hydrogen during permeation (bottom panel). The figure has been 
reproduced from figure 2 in paper IV. 
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Figure 3.8. Barrier heights at different positions of BeHx during permeation through coronene. 

The reasoning in terms of the other molecular species is similar. However, the analysis of the 

natural charges becomes rather complicated for the larger projectile molecules. Thus, a different 

approach for the assessment of the data was chosen in paper IV which was already introduced 

in paper III (however, not discussed above) in order to better understand the adiabatic energy 

barriers obtained at hollow site. This approach uses a decomposition of total energy barriers 

into the energy associated with the deformation of the PAH molecule and the rest energy which 

includes contributions due to temporal chemical bonding and deformations of the projectile 

molecules. Using this approach, also the permeation barriers for the other projectile molecules 

considered in paper IV can be interpreted rather easily. The results in terms of barrier heights 

for a given position of the projectiles BeHx with x = 0, 1, 2 are reproduced from paper IV in 

figure 3.8 and can be interpreted as follows. The beryllium atom exhibits a closed sub-shell and 

is chemically more inert than BeH which exhibits one free valence. BeH2 is a closed shell 

molecule and is thus similar to atomic Be. The barrier heights behave accordingly, namely the 

ones for Be are higher than the ones for BeH which are lower than the ones for BeH2. This 

behavior is also reflected in the decomposed energy barriers which exhibit temporal bonding in 

case of BeH which is missing for the projectiles Be and BeH2. The interpretation of the results 

for the rest of the molecular projectiles follows the same lines. In summary, it is found in paper 

IV, that the permeation barriers can be lowered by temporary bonding which is enabled by free 

valences in the projectiles. For comparable systems, the strength of the bonding is related to the 

number of free valences. Not discussed here, but just mentioned is another finding in paper IV, 

namely, that in many instances of permeation of hydrogenated molecular species energetically 

driven fragmentation processes were observed such as the break-up of CH4 during permeation 

into CH2 and H2. 

 

Answers to the questions: Is the chemical sputtering expected to be enhanced or reduced if 

molecular projectiles are considered instead of atomic ones at low temperatures? 

The chemical sputtering is expected to be mostly reduced due to the saturation of free 

valences. An exception is, however, BeH for which the permeation barrier becomes lower 

due to its open-shell nature in contrast to atomic Be which exhibits a closed subshell. 
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3.2.5 Concluding Remarks and Outlook 

The interaction of tritium and helium with graphite(0001) surfaces has been studied at a 

fundamental quantum mechanical level. Several mechanisms known from earlier investigations 

such as the graphite peeling mechanism can be explained and the importance of swift chemical 

sputtering for the erosion of graphite via impact of hydrogen (isotopes) at low temperatures of a 

few eV is emphasized. 

The exploration of energy barriers for a variety of atomic projectiles upon permeation 

through cluster models for the graphite(0001) surface reveals the applicability of such a cluster 

model as well as several important implications for nuclear fusion scenarios as envisaged in 

ITER. The low barrier heights for atomic hydrogen form the basis for understanding the high 

chemical reactivity of carbon-based materials at divertor temperatures of a few eV. Similarities 

between barriers for helium and beryllium let expect a low chemical erosion yield due to impact 

of beryllium. Substantially higher barriers for projectiles heavier than hydrogen let expect the 

same in case of that projectiles. 

The investigation of permeation barriers for molecular projectiles reveals a strong 

dependence of the barrier heights on the electronic configuration of the projectile molecules 

and especially on the number of free valences. At low temperatures the high abundance of 

molecular projectiles instead of atoms or ions may eventually have strong implications for issues 

like tritium retention or material degradation and eventually reduce the detrimental effect of 

hydrogen on graphite as barriers for molecules can be substantially higher than for atoms. 

Possible fragmentation processes upon impact of such molecules may, however, have the 

opposite effect. In summary, this complicates modeling of plasma-wall interactions in a mixed 

material scenario as envisaged for ITER as the findings suggest a significant dependence of 

plasma-wall interaction processes on microscopic details at the molecular level. 

The presented studies of interactions of atoms and molecules with graphite(0001) 

surfaces are of importance also from a methodological point of view. Larger-scale studies such as 

classical molecular dynamics simulations using force-field approaches are often parameterized 

using data obtained from higher-level calculations or experiments corresponding to situations 

in chemical equilibrium. However, processes like bombardment of materials and intrusion of 

projectiles into materials correspond to situations far from chemical equilibrium. Thus, the 

data reported in papers III and IV may be used for testing and eventually re-parameterization of 

force-fields used for future mixed-material studies at the atomistic scale. 

Moreover, the finding of collision-induced (5,7)-member ring defects in the PAH 

molecules used as model for the graphite(0001) surface is of relevance also in a completely 

different research field, namely in astrochemistry. In a work in progress [223] together with 

collaborators from the Stellar Astrophysics group at the University of Innsbruck, the possibility 

of formation of such defects via collisions of PAH molecules with energetic particles in the 

interstellar medium is investigated. These defects have strong implications for the 
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corresponding infrared spectra of these molecules which could be a possibility to detect them 

via astronomical observations in certain regions of the universe. This could in turn be a 

possibility for testing the PAH hypothesis which claims that these molecules are (mostly) 

responsible for the unidentified infrared bands observed in the interstellar medium. 

3.3 Applications in Structural Chemistry 

In quantum chemistry, it is a natural wish to solve the electronic problem, i.e. the Schrödinger 

equation as accurate as possible. However, electronic structure methods are associated with 

severe limitations in terms of computational resources as discussed in section 2. Especially in 

materials science limitations in system size and complexity are a consequence. Due to their 

comparably little computational demand (and also due to the easy adaptability to periodic 

boundary conditions) DFT methods, and especially GGA DFT methods have turned out to be 

electronic structure methods of choice for the numerical treatment of extended systems such as 

bulk materials and surfaces. However, another aspect of importance concerning the 

characterization of materials is structure and in many instances it can turn out that even the 

best suited scheme for determining energies may prove useless if the determination of a 

structural characterization of a material is out of scope. In some instances, the determination of 

structural properties can be too complex and time consuming to be handled using DFT 

methods. Then, more approximate schemes are to be used such as the density-functional tight-

binding scheme with self-consistent charges (SCC-DFTB) as presented in section 2.1.4. The 

reliability of results obtained with such methods depends usually strongly on the set of 

parameters used to approximate the actual problem of solving the Kohn-Sham equations. 

Successful use of parameterized schemes involves consequently a large portion of validation. 

This is the main focus of the following discussion of the research reported in papers V – VII. In 

those articles, a new parameter set for ZnO systems is introduced and tested and also used to 

better understand specific aspects of this material after thorough validation. 

 In section 3.3.1, a short introduction to the topic is presented. It comprises beneficial 

properties of the material ZnO especially concerning ZnO nanostructures, as well as the need 

for a SCC-DFTB set of parameters able to describe this material. In sections 3.3.2 and 3.3.3, 

the validation of a newly developed set of parameters will be presented referring to papers V 

and VI, respectively. Although the development of the parameter set is also a part of paper V, it 

shall not be discussed here as the author of this thesis was only actively included in the 

validation process. In section 3.3.4, an application of the parameter set will be presented 

leading to a better understanding of surface defects at the low-index polar surfaces of ZnO, see 

also paper VII. In section 3.3.5, remaining open issues will be discussed following a summary of 

the main conclusions of papers V – VII. 

3.3.1 Introduction to the Topic 

ZnO has a wide range of applications due to its unique (a) catalytic and photcatalytic properties, 

(b) hydrophobic properties, (c) field emission properties, (d) properties of photonic crystals and 

(e) electronic properties like a wide band gap (3.4 eV) and large exciton binding energy [224]. 
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These variety of properties gives rise to applications in heterogeneous catalysis [225], gas sensing 

devices [226], microelectronic devices [227] and more. For many – if not for all – of these 

properties surface chemistry is of crucial importance and they can be enhanced by making more 

surface available. Hence, breaking up a macroscopic block of ZnO in many small ZnO 

nanostructures can lead to an improvement of specific applications. Thus, ZnO nanostructures 

are especially interesting for future technological applications. 

 ZnO nanostructures can exist in a variety of shapes such as nanocages, prismatic 

nanoparticles, nanobelts, nanotubes, nanowires and nanohelices. How structures actually look 

like depends strongly on the size of them [228]. Questions of interest are usually: What (statical, 

dynamical) properties do the different nanostructures actually have? How are these properties 

affected by external conditions (vacuum, ambient conditions, in solution)? Predicting the actual 

shape of ZnO nanostructures at a microscopic level is a difficult task theoretically since 

electronic properties and geometrical properties can be strongly intertwined and nanostructures 

for technical applications can comprise thousands or more of atoms. Such sizes are usually out 

of scope for DFT calculations. Some of the properties like the interaction with water or other 

solvents may be computed using force-field approaches, but they require a reliable starting 

geometry for the nanostructures. Furthermore, the reliability of the force-field concerning the 

description of the nanostructure per se must also be validated. At this point approximate DFT 

methods enter the stage. The idea is to parameterize them first leading to a reliable description 

of ZnO systems with which structures and microscopic details of ZnO nanostructures can be 

revealed. Afterwards, these structures may then be used by force-field approaches to study 

phenomena at scales not reachable by the approximate DFT schemes. 

The approximate DFT scheme used in papers V – VII has been SCC-DFTB. There has 

been an SCC-DFTB parameter set for the interactions between Zn, O and H, known as znorg-0-

1, since 2009 [229]. It is based on the mio set of parameters [72] for the O-O, O-H, and H-H 

interactions while the Zn-O interaction was has been optimized to describe four-coordinated Zn 

and O atoms in the zincblende structure. The znorg-0-1 parameter set was used to study intrinsic 

defects in ZnO nanowires [230] and adsorption of various molecules on ZnO surfaces [231-

233]. However, this set of parameters leads to an overbinding between Zn and O at long Zn-O 

distances which tend to be present in structures with high coordination numbers. This leads to 

the fact that the znorg-0-1 set of parameters yields the NaCl structure of ZnO to be lower in 

energy than the wurtzite structure at ambient conditions. However, this is simply wrong as the 

wurtzite structure of ZnO is in fact the most stable bulk structure at ambient conditions. 

Moreover, the mentioned overbinding is also problematic when comparing adsorption 

configurations of water molecules on ZnO surfaces in which the water oxygen atom coordinates 

one or two Zn atoms on the surface. In paper V an effort in order to overcome these problems 

is presented. In particular, a new SCC-DFTB parameter set, called znopt, is discussed with an 

adapted repulsion term, see section 2.1.4, in order to correct the znorg-0-1 set of parameters. 

This has been achieved by including structures of different coordination numbers directly in 

the parameterization procedure. In particular, the wurtzite and NaCl structures were used in 
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contrast to the parameterization of znorg-0-1 which used only the zincblende structure. These 

crystal structures are depicted in figure 3.9. In sections 3.3.2 and 3.3.3, a validation of this new 

parameter set is outlined corresponding to papers V and VI, respectively. 

 

Figure 3.9. Wurtzite, NaCl and zincblende crystal structures. Zn and O are depicted using red and grey spheres, 
respectively. The figure has been reproduced from paper V. 

 Since the surface-to-volume ratio becomes smaller the smaller nanostructures become, 

these are predominantly governed by their surface properties. Hence, a reliable description of 

the most abundant surfaces is a prerequisite for a reliable description of nanoparticles. The 

most abundant surfaces of finite ZnO structures are the non-polar (101�0) and (112�0) surfaces 

and the polar Zn-terminated (0001) and O-terminated (0001�) surfaces [234]. From these, the 

polar surfaces are especially intriguing as they give rise to an electrostatic instability if obtained 

from bulk cuts. This feature is most easily seen when the simple ionic model is adopted. In 

ZnO bulk each Zn and O atom is coordinated by four O and Zn atoms, respectively. At the 

polar surfaces, the coordination number is reduced to three in both cases. Given the nominal 

charges of +2 and -2 for Zn and O, respectively, one remains with a surface charge of +0.5 per 

Zn atom and -0.5 per O atom at the polar surfaces. Noting that the electrostatic energy of a 

capacitor increases linearly with increasing distance between the capacitor plates, it is seen that 

the energy of a polar ZnO slab diverges as the thickness of the slab goes to infinity, i.e. in the 

macroscopic limit. Hence, the polar surfaces must be subject to one of the following three 

stabilization mechanisms [235]: (a) charge transfer and creation of surface states, giving rise to 

“surface metallization”, (b) removal/addition of surface atoms and the presence of surface 

defects, (c) adsorption of foreign impurity species. Mechanisms (a) and (b) can be at work in 

ideal vacuum conditions in contrast to mechanism (c) which requires a chemical environment. 

Under ultra-high vacuum conditions, a variety of experiments [236-248] have led to the 

following consensus for the Zn-terminated (0001) surface: (i) the surface exhibits one ZnO layer 

deep triangular pits and islands [249], and (b) in limited regions additional defect patterns in 

the form of rows of missing surface atoms, denoted as stripe defects, have been observed from 

atomic force microscopy [244]. These kind of defect patterns have also been suggested from 

theoretical studies [250-254]. The situation for the O-terminated (0001�) surface is less clear due 

to sparser experimental data [236, 239, 255-258] and partly also due to the high chemical 

reactivity of this surface towards hydrogen. Very recently, however, an experimental study aided 

by DFT calculations suggested that highly ordered hexagonal defect patterns stabilize the surface 

[259]. In paper VI such and other surface defects are studied using SCC-DFTB in conjunction 

with the new znopt set of parameters in order to validate this parameter set regarding polar 

surfaces which have not been included in the validation in paper V. This is discussed in section 
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3.3.3. In section 3.3.4, it will be discussed how the different defect shapes, triangular at the Zn-

terminated surface and hexagonal at the O-terminated surface arise naturally from an energetic 

point of view regarding step defects at these polar surfaces, see also paper VII. 

3.3.2 Validation of an SCC-DFTB parameter set for the Applicability to ZnO Systems 

The validation of the znopt set of parameters presented in paper V include the following 

different aspects is based on the calculation of different properties and comparison to higher 

level theory. In particular, the reference calculations use the GGA DFT functional PBE. The 

compared quantities are relative energies and other properties of different ZnO bulk 

polymorphs, energetic and geometric quantities of the non-polar (101�0) and (112�0) surfaces, 

formation energies of ZnO nanowires with different cross sections stemming from different 

crystal structures, and adsorption energies of single and multiple water molecules at the 

mentioned non-polar surfaces. The validation in terms of these properties is discussed in the 

following. 

ZnO bulk polymorphs 

In order to compare the description of different ZnO bulk polymorphs with respect to different 

methods and parameter sets, energy-volume curves have been calculated by relaxing first the 

atomic positions and lattice parameters and subsequently scaling the unit cell isotropically and 

calculating the energy for each volume. The resulting energy-volume curves for the investigated 

crystal structures are depicted in figure 3.10. In figure 3.10(a), it is clearly seen that znopt 

addresses the problem of the too stable NaCl structure that plagued the znorg-0-1 parameter set. 

In figure 3.10(b), it is seen that the agreement between PBE and SCC-DFTB with znopt is also 

very good concerning other crystal structures, see also paper V. With both methods the most 

stable structure is the wurtzite structure followed closely by the zincblende structure. At high 

pressures a phase transition into the NaCl-type structure can be expected in line with earlier 

work [260-263]. The agreement between PBE and SCC-DFTB in conjunction with znopt is also 

good in terms of electronic properties. However, the band gap obtained with znopt for the ZnO 

bulk in the wurtzite structure is 4.33 eV, whereas it is 0.73 eV with PBE. Hence, the znopt band 

gap is closer to the experimental value of 3.4 eV [227]. PBE underestimates the band gap 

because of the electron self-interaction. The overestimation of the band gap for SCC-DFTB 

stems from the use of a minimal basis set. The bulk moduli calculated using znopt are in general 

too high compared to PBE but they yield good agreement with experiment. In contrast, 

atomization energies are generally too high as is often the case for SCC-DFTB calculations [229, 

264]. On the other side, imposing the correct atomization energy leads to a far too weak 

adsorption of water molecules at ZnO surfaces. Thus, znopt corresponds to a trade-off between 

correct bulk ZnO and water adsorption descriptions to some extent. 
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Figure 3.10. Energy-volume curves as reported for the different considered crystal structures in paper V. The figure 
has been reproduced from figures 5 and 6 in paper V. 

 

Non-polar ZnO surfaces 

To compare properties of bare non-polar ZnO surfaces, see figure 3.11, surface energies and 

relaxation angles have been calculated with SCC-DFTB using znopt as well as znorg-0-1 and with 

PBE. It is found that all quantities computed with znopt are closer to the PBE results than those 

calculated with znorg-0-1, although the surface energies are overestimated due to the high 

atomization energy and the associated high cost to break ZnO bonds. 

 

Figure 3.11. Top and side views of the ZnO (101�0) and (112�0) surfaces. The relaxation angle is denoted by �. The 
figure has been reproduced from figure 2 in paper V. 

ZnO nanowires 

ZnO nanowires were generated in the hexagonal wurtzite structure and in the NaCl structure 

which gives rise to hexagonal and quadratic cross sections, respectively, along the [0001] 

direction, see figure 3.12(a). In figure 3.12(b), the formation energies of such wires are depicted 

Answers to the questions: What is the crystal structure of ZnO at ambient conditions obtained 

from SCC-DFTB calculations in conjunction with the considered parameter sets znorg-0-1 and znopt? 

What result was obtained with DFT? What is the experimentally confirmed bulk structure at ambient 

conditions? 

With znorg-0-1 the NaCl structure is obtained at ambient conditions, whereas with znopt the 

wurtzite structure is obtained, in line with PBE and experiment. 
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as a function of the wire diameter. It is seen that SCC-DFTB with znorg-0-1 predicts a crossing of 

the formation energies of wurtzite-type and NaCl-type wires, whereas PBE and SCC-DFTB with 

znopt do not. Also experimentally, ZnO nanowires exhibit the wurtzite structure [265]. The 

formation energies obtained with znopt are higher than those obtained with PBE which is 

consistent with the higher surface formation energies, see above. 

 

Figure 3.12. (a) Nanowires studied in paper V. (b) Formation energies of the nanowires as a function of the wire 
diameter. The figure has been reproduced from figures 3 and 8 in paper V. 

The ZnO-water interface at the non-polar surfaces 

The adsorption of water molecules at the non-polar ZnO surfaces mentioned above has also 

been investigated in paper V. The adsorption configurations were chosen similar to the ones in 

earlier theoretical studies [231, 266] for purposes of comparison and shall not be discussed 

here. Figure 3.13 shows adsorption energies for different configurations of adsorbed water at 

the considered non-polar ZnO surfaces. Overall, the agreement between SCC-DFTB with znopt 

and PBE is better than the agreement between SCC-DFTB with znorg-0-1 and PBE. 

 

Figure 3.13. Comparison of adsorption energies for different water configurations at the ZnO (101�0) and (112�0) 
surfaces as obtained with different methods. The figure has been reproduced from figure 10 in paper V. 

 

Answers to the questions: Does SCC-DFTB in conjunction with znopt yield an improved 

description of the ZnO-water interface at the non-polar surfaces? 

Yes. 
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3.3.3 Exploration of Surface Defect Patterns at the Low-Index Polar Surfaces of ZnO 

The validation of the znopt parameter set requires more effort concerning polar surfaces since 

these exhibit surface defects in order to quench the dipole moment across the surface in ideal 

vacuum conditions [235]. This situation can change when the surfaces experience a chemical 

environment like in water [267, 268], but to keep things simple in a first attempt, only ideal 

vacuum conditions were considered in paper VI. The validation of the parameter set requires to 

yield the answers to the following questions: Which are the surface defect patterns that are 

energetically favored at the Zn-terminated (0001) and O-terminated (0001�) surfaces using SCC-

DFTB in conjunction with znopt? Are the results in line with the experimental picture? How do 

the results compare with results obtained from higher level DFT calculations and earlier 

theoretical investigations? The answers found to these questions in paper VI shall be discussed 

in the following. Subsequently, some results will be outlined which go beyond a mere validation 

of the znopt parameter set. 

Comparison with experiment 

A slab model was used in paper VI in order to investigate the effect of a variety of surface 

defects on the cleavage energy. The cleavage energy is the sum of surface formation energies of 

the two surfaces that the slab exhibits. In paper VI, these surfaces have been the low-index polar 

Zn-terminated (0001) and (0001�) surfaces. The slab model was chosen since the final aim is a 

realistic model of prismatic ZnO nanoparticles. Such Nanoparticles are finite in all space 

directions, but along the [0001] direction they suffer from the same electrostatic instability as 

the (0001) and (0001�) surfaces do if they are obtained from bulk cuts. Thus finding how ZnO 

slabs are stabilized against this instability is a natural approach in order to understand how 

nanoparticles are stabilized. The slabs have been 12 ZnO layers thick. Most of the types of 

surface defects are depicted in figure 3.14 as well as the slab model. All the defects shown in 

figure 3.14 are one Zno layer deep (or high). In addition, a variety of two ZnO layer deep 

defects as well as subsurface vacancies have been investigated. The resulting cleavage energies 

are plotted in figure 3.15 as a function of the excess surface vacancy concentration, i.e. 
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where  missing ON  and  missing ZnN  denote the number of removed Zn and O atoms compared to the 

defect-free surface. In order to keep the slabs as a whole stoichiometric, the excess surface 

vacancy concentration was the same on both surfaces for all slabs used in paper VI. This means, 

that if, for instance, three Zn atoms were removed more than oxygen atoms at the Zn-

terminated side, then three O atoms were removed more than Zn atoms at the O-terminated 

side. 
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Figure 3.14. Slab model used in paper VI and some examples for surface defects investigated in paper VI. The 
figure has been reproduced from figures 1 and 2 in paper VI. 
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Figure 3.15. Cleavage energies of polar ZnO slabs exhibiting different surface defects plotted against the excess 
surface vacancy concentration, �vac. The figure has been reproduced from figure 3 in paper VI. 

According to the simple ionic model the surface charge per surface atom for a slab 

obtained from an ideal bulk cut is +0.5 and -0.5 for the Zn-terminated side and the O-

terminated side, respectively. Thus, the removal of a quarter of Zn atoms at the Zn-terminated 

side and a quarter of O atoms at the O-terminated side would remove the surface charge as the 

nominal charges of Zn and O are +2 and -2, respectively. According to the simple ionic model, 

the excess surface vacancy concentration is hence expected to be 0.25. Inspection of figure 3.15 

reveals that the simple ionic model is actually in line with the results obtained from SCC-DFTB 

in conjunction with znopt as the minimum cleavage energies are found at an excess surface 

vacancy concentration close to 0.25. 

 However, it is also seen by inspection of figure 3.15 that the excess surface vacancy 

concentration does not solely determine the stability of the surface and the actual defect 

geometry plays a role too. That means that defects which give rise to the same excess surface 

vacancy concentration can still give rise to very different cleavage energies. At the same time, it 

is found that many different, especially triangular, defect geometries give rise to very similar 

cleavage energies given a similar excess surface vacancy concentration. 

 

 It is found that triangular defects are energetically favored especially at the Zn-

terminated side and that combinations of triangular defects at the Zn-terminated side with 

Answers to the questions: What is the reason for the large variety of different triangular defect 

motifs at the polar Zn-terminated surface? 

The reason is that there exist various triangular surface defect structures that give 

competitive low cleavage energies, i.e. the optimal excess surface vacancy concentration of 

about 0.25 can be achieved using a variety of defect motifs. 
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special hexagonal defects, i.e. the Lauritsen defects, are within the scope of the lowest cleavage 

energies found. However, there exist many possible shapes for the triangular defects at the Zn-

terminated side whereas the type of Lauritsen defect in ideal vacuum conditions is limited to 

exactly one. This is completely in line with experiment as the Zn-terminated side has been 

found to be full of differently sized and disordered triangular surface defects under ultra-high 

vacuum conditions [241, 252] while most recent experiments suggest the highly ordered 

hexagonal Lauritsen defects for the O-terminated side [259, 269]. Moreover, it is found that two 

ZnO layer deep defects result generally in higher cleavage energies and should thus not be 

found on any of the two surfaces. Also this is fully in line with the experimental picture. Stripe 

defects can in some instances be competitive in cleavage energies with triangular defects which 

could be an indicator for the fact that they have been observed in limited regions at the Zn-

terminated surface [244]. Subsurface vacancies yield generally higher cleavage energies 

indicating that defects are located generally at the surfaces and not below. In total, the 

investigation of a variety of defects yields a very good agreement with the experimental picture. 

 

Comparison with DFT 

In order to compare the results obtained with SCC-DFTB in conjunction with the znopt set of 

parameters with results obtained from DFT methods, a special kind of surface defects was 

chosen, i.e. the corner-connected triangular defects shown in figure 3.14 as type I. These defects 

are obtained if just the half of the topmost ZnO layer is removed. Since periodic boundary 

conditions were used, this gives rise to a connection of the resulting triangular pits and islands 

in the used unit cell with the other ones in the neighboring cells, see also figure 3.14. The 

cleavage energies corresponding to these defects in differently sized unit cells are summarized in 

figure 3.16 as obtained from SCC-DFTB with znopt, PBE and PBE+U [270, 271]. In the PBE+U 

calculations, the U was set according to U-J=Ueff=7.5 eV on the Zn-3d orbitals as this has 

previously been suggested to be a good value for U [272]. The results were obtained for 

different thicknesses of ZnO slabs. In figure 3.16 only the results for thicknesses of 10 and 12 

ZnO layers are shown. For any more details, see paper VI. Overall, both the SCC-DFTB and 

DFT curves follow the same trend with an almost constant shift between the lines. The missing 

points for the DFT methods are due to the considerably higher computational demand of DFT 

over SCC-DFTB. The constant shift is in line with the higher atomization energy for ZnO 

resulting from SCC-DFTB as found already in paper V. In fact, the trend for the cleavage 

energies follows PBE < PBE+U < SCC-DFTB which is also true for the atomization energies. 

Answers to the questions: What surface defect patterns yield the lowest cleavage energies for ZnO 

slabs exhibiting low-index polar surfaces using SCC-DFTB in conjunction with znopt? Is this result in 

line with experiment? 

Triangular surface defects at the Zn-terminated side and hexagonal surface defects (besides a 

few cases of triangular defects also) at the O-terminated side yield the lowest cleavage 

energies. This is in line with the experimental picture. 
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Qualitatively, the results obtained with the different methods agree, however, very well with 

each other. This is also true for obtained geometries. In that respect, relative bond lengths agree 

very well although absolute bond lengths are of course different due to the different lattice 

parameters obtained with different methods. 

 

Figure 3.16. Cleavage energies for ZnO slabs exhibiting corner-connected triangular defects as a function of unit 
cell side length or triangle side length as obtained with SCC-DFTB in conjunction with znopt, PBE and PBE+U for 
slab thicknesses of 10 and 12 ZnO layers. The figure has been reproduced from figure 4 in paper VI. 

Further results 

Further findings in paper VI beyond a mere validation can be summarized as follows: 

a) The Zn-terminated (0001) surface is more sensitive to the kind of introduced surface 

defect than the O-terminated (0001�). Thus, introducing the same kind of surface defect 

yields a quick estimate of how suitable the surface defect is in order to stabilize the Zn-

terminated (0001) surface. 

b) Corner-connected triangular defects are generally energetically disfavored due to higher 

Coulomb repulsion of adjacent surface atoms of the same atomic species. Thus, 

connected triangles should be less frequently observed, although the requirement of an 

excess surface vacancy concentration of one quarter is related to the requirement of very 

dense defect patterns at the Zn-terminated surface. 

c) Hexagonal Lauritsen defects at the O-terminated (0001�) surface are energetically 

favored, but also other hexagonal defects and some of the triangular defects give rise to 

very low cleavage energies. The reason for the actual observation of the Lauritsen defects 

might thus rely more in lesser bonding flexibility of the O atoms compared the Zn 

atoms [259], and is only fairly described by SCC-DFTB in conjunction with znopt. 
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d) The most stable structures give rise to very low cleavage energies, a vanishing dipole 

moment across the slab and a large band gap. In contrast, defect-free slabs give rise to 

surface states and metallic behavior also in line with experiment [273, 274] and earlier 

theoretical investigations [251]. The electronic properties of ZnO slabs exhibiting polar 

surfaces have not been discussed here. Details can be found in paper VI. 

3.3.4 Understanding the Shape of Surface Defects at Low-Index Polar ZnO Surfaces 

The experimental picture in ultra-high vacuum conditions, which was also obtained using SCC-

DFTB calculations in conjunction with the znopt parameter set, for the low-index polar ZnO 

(0001) and (0001�) surfaces is the following: The Zn-terminated (0001) surface is covered by a 

variety of differently sized one ZnO layer deep triangular defects not giving rise to any large 

scale ordering of defects, whereas the O-terminated (0001�) surface yields an highly ordered 

hexagonal defect pattern. The aim of paper VII is to understand how these different defect 

shapes, i.e. triangular and hexagonal, arise from underlying principles. In order to reveal the 

reason giving rise to these difference in favored defect shapes at the two considered surfaces, 

step defects were investigated as depicted in figure 3.17. Note that these step defects do not 

introduce excess surface vacancies, i.e. the relative number of Zn and O atoms at the surface is 

not changed since ZnO units are removed from the surface. Hence, only the energetic effect of 

the introduction of a step (more specifically two steps) is studied. The dipole moment across the 

surface according to the simple ionic model is, however, not affected at all. Steps can be 

introduced, however, in many different ways giving rise to different plateau (topmost ZnO 

layer) and valley (the next ZnO layer below) lengths, see also figure 3.17 for some of the 

realizations. In addition to one ZnO layer deep/high steps also two ZnO layer deep/high steps 

were investigated in paper VII. 

 

Figure 3.17. Examples for step configurations considered in paper VII. The figure has been reproduced from figure 
1 in paper VII. 

 In figure 3.18, the relative cleavage energies of all considered slabs exhibiting steps are 

depicted with respect to the defect-free slab. It is found that all slabs exhibiting two ZnO layer 

deep/high steps yield cleavage energies that are higher than the cleavage energy of the defect-

free slab irrespective of the surface, either the Zn-terminated or the O-terminated one. This is in 
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line with the finding in paper VI that two ZnO layer deep defects are generally energetically 

disfavored at both surfaces. The same is true for one ZnO layer deep/high step configurations 

at O-terminated surface. However, at the Zn-terminated surface, many of the one ZnO 

layer/deep high step configuration yield lower cleavage energies than the defect-free surface. 

Thus, the step per se has a stabilizing effect at the Zn-terminated surface. 

 

Figure 3.18. Relative cleavage energies with respect to the defect-free slab of ZnO slabs exhibiting step defects. The 
figure has been reproduced from figure 2 in paper VII. 

 Steps are thus favored at the Zn-terminated side and disfavored at O-terminated side. 

The need to quench the dipole moment across both surfaces requires, however, the 

introduction of surface defects. The argument for the difference in favored surface defect 

shapes is a simple geometric one: At the Zn-terminated surface, surface defects are favored 

which introduce as many step defects as possible, whereas at the O-terminated surface, surface 

defects are favored which yield as few step defect as possible. If surface defects are to be 

introduced in a two-dimensional fashion, then surface defects at the Zn-terminated surface 

should resemble triangles as these shapes yield the best perimeter-to-surface ratio, whereas circle-

like surface defects yielding the worst perimeter-to-area ratio are to be favored at the O-

terminated surface. Due to the intrinsic hexagonal symmetry of the respective surfaces, this 

results in hexagonal surface defects at the O-terminated surface. However, a prerequisite for this 

argument is that corner sites should be generally avoided (otherwise more complicated surface 

defect shapes such as stars would be favored at the Zn-terminated surface). This condition is, 

however, met since corner sites give rise to higher Coulomb repulsion between adjacent surface 

atoms of the same atomic species. Thus, the difference in surface defect shapes favored at the 

two considered surfaces arises naturally from the difference in the energetic effect of step 

defects at these surfaces. Note that also stripe defects may be seen as a one-dimensional way to 

introduce many step defects at the Zn-terminated surface which could be a hint why they are 

observed in limited regions at this surface [244]. 
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3.3.5 Concluding Remarks and Outlook 

A new set of parameters for the description of ZnO systems with SCC-DFTB has been 

developed in order to overcome deficiencies of an older one. The parameter set has been 

validated using reference data from higher-level calculations as well as from experiments. It is 

found that the new parameter set describes ZnO systems better than the old one in many 

respects including different ZnO bulk structures, non-polar ZnO surfaces, properties of ZnO 

nanowires and the ZnO-water interface at non-polar surfaces. Regarding the low-index polar 

ZnO (0001) and (0001�) surfaces, the new parameter set yields also excellent agreement with 

experiment and agrees very well with higher-level DFT methods. Moreover, the reason for the 

difference in favored surface defect shapes at the considered polar surfaces can be understood 

from an energetic point of view. In summary, it is concluded that SCC-DFTB in conjunction 

with the new parameter set is well-suited to treat finite ZnO systems accurately and realistically. 

Hence, SCC-DFTB appears as the method of choice for the exploration of ZnO systems at 

spatial and temporal scales beyond the limitations of higher-level methods due to their 

computational demand. 

 However, there exist some remaining open issues on the way to a thorough description 

of ZnO systems from a multilevel perspective. One of the missing ingredients is the study of the 

ZnO-water interface at the polar ZnO surfaces. Water can considerably change the surface 

geometry as it makes surface defects unnecessary since the water molecules can quench the 

destabilizing dipole moment via adsorption at the surfaces. Experimental studies on this topic 

are existing [267, 268] and need to be compared with results from SCC-DFTB calculations. 

Another aspect concerning the polar surfaces is the clarification of the appearance of stripes 

defects in limited regions as observed in experiment [244]. Interestingly, experiments suggest 

that such stripe defects correspond to surface geometries in which every third Zn row is missing 

in ultra-high vacuum conditions. This finding contradicts the simple ionic model as it 

corresponds to an excess surface vacancy concentration of one third in contrast to one quarter. 

Future investigations are required in order to understand this surprising result and eventually 

further SCC-DFTB calculations may aid in this respect. The next step in treating polar ZnO 

surfaces would be to lift the constraint of ideal vacuum conditions in general. This requires to 

study polar surfaces facing chemical environments and assessing the results as functions of 

chemical potentials of adsorbants such as hydrogen and oxygen like in other theoretical DFT 

studies [251, 269]. Such a procedure can yield a broader understanding of polar ZnO surfaces 

in a range of external parameters which facilitates comparison with experiment. From a 

Answers to the questions: Can the shape of defects present at the considered polar surfaces be 

understood from an energetic viewpoint? If yes, what is the underlying reason for the presence of 

different defect shapes at the Zn- and O-terminated surfaces? 

Yes. The underlying reason is that step defects per se are energetically favored at the Zn-

terminated side, whereas they are disfavored at the O-terminated side. 
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multiscale perspective it is also important to incorporate the results obtained with SCC-DFTB 

and the new parameter set into a parameterization framework for force-field approaches such as 

ReaxFF. This is actually a work in progress at the moment [275]. A new ReaxFF force-field may 

help in illuminating the chemistry of ZnO at the atomistic scale such as the study of catalytic 

effects of ZnO in various chemical environments such as water or air, or effects of water on the 

temporal evolution of ZnO nanoparticles, etc. Earlier work using a previously developed 

ReaxFF parameter set for ZnO exists [276-279] and a comparison using a new parameter set 

incorporating a physically sound description of the polar surfaces and realistic models for ZnO 

nanoparticles could eventually yield a significant improvement. 

3.4 An Application in Nanotechnology – The Melting Dynamics of Gold Nanowires 

On the largest scale within the scope of this thesis gold nanowires have been investigated. 

Although still tiny from the point of view of everyday life – such nanowires are e.g. thousands 

of times thinner than human hair – they consist of many thousands of atoms. Electronic 

structure methods are thus out of scope for the description of these systems. The study of these 

systems represents thus a case study for force-field approaches such as the used one, see also 

section 2.2. Although the study of gold nanowires has been carried out solely at the atomistic 

scale, it is embedded in a multiscale framework from a long-term point of view. This aspect shall 

be discussed in the following besides the discussion of the numerical approach and the 

obtained results. 

3.4.1 Introduction to the Topic 

Metal nanowires yield and are foreseen to yield important applications in electronic, 

optoelectronic, nano-electromechanical and nano-biotechnological devices [280-285]. One 

general key aspect in nanoscience, that has already been discussed in section 3.3, is the large 

surface-to-volume ratio nanostructures exhibit, which is a fundamental reason e.g. for the high 

sensitivity which semi-conducting nanostructures [285] or for the strong response of metal 

nanowires to mechanical perturbations [283] associated with a change in their electric 

properties. The latter mechanism makes conducting nanowires especially suited for applications 

in nano-electromechanical devices. 

 Consequently, such nanosystems have attracted a lot of scientific attention [286-310] 

focusing mostly on thermal, mechanical and electrical properties. As these tiny systems pose a 

challenge to many existing experimental techniques [311], most of these studies were of a 

computational type. 

 One substantial difference between metal nanostructures and their bulk phase, 

especially important regarding technological applications, is the fact that the melting point of 

nanosystems is significantly lower than the one for bulk systems. In fact, the melting 

temperatures may be different up to several hundred Kelvin. This is known as “melting point 

depression” and has been predicted already for more than a century [312-314]. Moreover, the 

melting point depends also strongly on the shape of the nanostructure. Recent experiments 
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using gold nanowires, however, have given rise to the suspicion that the depressed melting 

point can be increased again when the nanowires are coated with molecules that stick to the 

surface of the wires [315], hence denoted as “surfactants”. 

 In paper VIII, the melting of gold nanowires is explored in their pristine state and when 

they are coated with surfactants using classical molecular dynamics simulations. In order to do 

so, a force-field model was set up, see section 2.2.1, describing the interactions between the gold 

atoms with each other, between the gold atoms and the surfactant molecules and the 

intramolecular as well as intermolecular interactions describing the surfactant molecules per se. 

The interactions of the gold atoms with each other were modeled by the quantum-corrected 

Sutton-Chen (SC) potential [316-318]. The form of this potential can be retrieved from the 

reprint of paper VIII included in appendix A. Here it is enough to note that this potential 

includes quantum corrections in that sense that its parameters are derived via fitting to 

numerical data obtained via the use of effective core potentials for the gold atoms as outlined in 

section 2.1.5. 

 

Figure 3.19. Absorption of hydrogen atoms into molecular fragments in order to reduce the number of explicitly 
treated interactions. 

The surfactants were modeled in paper VIII by aminopentane molecules, i.e. NH2-CH2-

CH2-CH2-CH2-CH3. The hydrogen atoms were absorbed into molecular fragments of type NH2, 

CH2 and CH3 which define the smallest entities treated explicitly in the simulations. This is 

schematically depicted also in figure 3.19. Between these entities potentials due to bonding 

(including two neighboring fragments), bending of angles between bonds (including three 

neighboring fragments) and bending of dihedral angles (including four neighboring fragments) 

as well as intermolecular potentials were adopted from the CHARMM force-field [319] which 

summarizes force-field parameters for a variety of potential forms and atom as well as molecular 

fragment types. As an additional simplification, the amino group was assumed to interact like a 

methyl group within the aminopentane subsystem, i.e. the NH2-CH2,3 interactions were chosen 

to be the same as the CH3-CH2,3 interactions. 

 Most important within the scope of the results is the model that was chosen for the 

gold-surfactant interaction. In particular, the attraction between surfactants and the gold 

nanowire surface was induced by including an attractive potential of the 12-6 Lennard-Jones 

type acting between gold atoms and the amino groups of aminopentane, i.e. 



3 Applications and Results 

 
� 86 � 

 

2

12 6

4 ,Au NHV
r r

σ σε−

    = −    
     

 (3.2) 

where ε  and σ  are the Lennard-Jones parameters and r is the distance between an gold atom 

and an NH2 group. The Lennard-Jones parameters for NH2 and Au were obtained from the 

CHARMM [319] and UFF [320] force-fields, respectively, and the Lennard-Jones parameter σ  

characterizing the interaction between the two was obtained using the Lorentz-Berthelot 

combination rules. In contrast, the parameter ,ε  describing the strength of the attraction 

between gold atoms and amino groups (and thus surfactants), was varied between 1 and 7 

kcal/mol in order to investigate the effect of coating the wires with respect to the strength with 

which the surfactants stick to the wire. 

 Using this model, three different cases have been investigated in paper VIII: (a) the 

melting of a pristine gold nanowire, (b) the melting of a pristine gold nanowire exhibiting an 

initial dislocation as an example for a geometrical (surface) defect and (c) the melting of coated 

gold nanowires for the range of attractive interactions as mentioned above. The initial 

structures used for (a)-(c) can be seen in figure 1.4 in the introduction or in figure 1 in paper 

VIII. The gold nanowires had a length of about 40 nm and a cross section of about 1.2×1.2 

nm2. Such finite wires correspond to realistic ones in the sense that they can be easily 

synthesized in experiments in comparable sizes. The number of gold atoms in such a wire is 

3600 and the number of aminopentane molecules in case of coating was 3054 in order to 

obtain a similar concentration as realized in experiment [315]. This makes in total 21924 

particles that were treated explicitly in the simulations which makes clear why such 

investigations are usually out of scope of even vastly approximated electronic structure methods. 

3.4.2 Discussion of the Results 

The results reported in paper VIII can be decomposed in three parts, i.e. the validation of the 

chosen model, the melting dynamics experienced by pristine gold nanowires and the effect of 

coating on the melting point and melting dynamics. The determination of the melting point 

was achieved by running a series of classical molecular dynamics simulations for different 

temperatures in the NVT ensemble, see section 2.2.2, for a total simulation time of about 1 ns 

using a variable time step in the order of 0.1 – 10 fs. For each temperature the enthalpy of the 

system was calculated. At the temperature at which the solid-to-liquid phase transition occurs a 

jump results in the enthalpy of the system. Another indicator for the melting temperature is the 

(temperature-dependent) diffusion coefficient which exhibits a peak at the melting temperature. 

Both, the enthalpy and the diffusion coefficient have been used in order to obtain the melting 

temperature. 

Validation 

In order to validate the chosen model system, i.e. the potentials used for describing the 

interactions between subparts of the total system, the melting of two other systems, for which 

data from literature have been existing already, was investigated. These systems comprise bulk 
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gold and small prismatic gold nanoparticles consisting of 256 gold atoms. Using the model 

chosen in paper VIII yields melting temperatures of 1380 K and about 550 K for these two 

systems, respectively. The first number is a little bit higher than the well-known melting point 

for gold, i.e. 1338 K [321]. However, this is expected to be mainly due to the occurrence of 

superheating in surface-free perfect crystals [322, 323] which are used in simulations for bulk 

gold. The second number is virtually the same, i.e. within the accuracy of the applied method, 

as reported in earlier studies [324, 325] using the, in principle more sophisticated, TB-SMA 

potential [326] for the Au-Au interaction. In table 3.2, melting points, MT , are summarized for 

these systems as well as for the nanowires that were studied dominantly in paper VIII and for 

another size of nanowires investigated in an earlier study [304]. The number of atoms included 

in the simulations as well as the employed potentials are given also in table 3.2. From these 

numbers it can be nicely observed that (a) the melting point depression is (at least) qualitatively 

reproduced in the simulations and (b) that it is strongly size-dependent, i.e. the melting point is 

the lower the smaller the considered system. 

Table 3.2. Comparison of melting temperatures as obtained in paper VIII and found in the 

literature. The column “Used methods” refers to the methods used to obtain the literature 

values for the melting temperature. 

System # of atoms 
MT  (paper VIII) [K] MT  (literature) [K] Used method 

Nanoparticle 256 550  550  TB-SMA 
Nanowire 3600 750 -  - 
Nanowire 8450 - 1000 SC 
Bulk ∞ 1380 1338 exp. 
 

 

Melting of gold nanowires in vacuum 

The melting temperature for the pristine nanowire considered predominantly in paper VIII has 

been given already in table 3.2 and yields about 750 K. In recent experiments [315], nanowires 

of a similar size were found to become unstable and to collapse to spherically shaped particles at 

significantly lower temperatures, namely around room temperature. This discrepancy may be 

rooted to one part in specific experimental conditions and to another part in shortcomings of 

the analytic interaction potentials. The latter have been optimized to accurately describe bulk 

properties [318] and cannot be expected to handle systems outside the original realm in more 

than a qualitative fashion. 

Answers to the questions: Is the melting point depression for nanosystems qualitatively reproduced 

using the chosen force-field approach? How do the results compare with more sophisticated methods? 

Yes. The result obtained with the Sutton-Chen potential in paper VIII for the melting 

temperature of the considered nanoparticle is in very good agreement with results obtained 

using the more sophisticated TB-SMA potential. 
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 By investigation of the dynamics of heated gold nanowires it was found that the melting 

is dominated by the greater mobility of gold atoms located at edges and corners of the wire due 

to their lower coordination numbers. Moreover, a simulation of a nanowire with an initial 

dislocation illuminated the effect of lower coordinated gold atoms further. Even at 

temperatures of 700 K, below the melting temperature, gold atoms in the region of the 

dislocation exhibit enhanced mobility and a kink develops in this region and the wire remains 

in an L-shaped geometry after several hundred picoseconds, see figure 3.20. 

 

 

Figure 3.20. Effect of an initial dislocation at 700 K after several hundred picoseconds. The figure has been 
reproduced from figure 4 in paper VIII. 

Melting of coated gold nanowires 

The effect of coating the nanowire with surfactants on the diffusion coefficient is depicted in 

figure 3.21. In this graph, it can be observed that for small attractive forces between surfactants 

and the gold surface, i.e. for � < 4.5 kcal/mol, the diffusion coefficient exhibits a peak at about 

750 K whereas for stronger binding of surfactants to the surface, i.e. � > 4.5 kcal/mol the peak 

in the diffusion coefficient is substantially shifted to higher temperatures. The reason for this is 

seen in the suppression of thermal motion of the surface gold atoms due to the isotropic 

pressure resulting from the coating. In other words, the gold atoms are forced to stay in their 

crystal lattice positions and melting is suppressed. In figure 3.22(a), a coated nanowire at a 

temperature of 800 K and one nanosecond of simulation time is depicted. Although thermal 

motion of the wire leads to substantial changes in its overall shape, it remains clearly elongated 

and far from the nugget-like shape a pristine nanowire would exhibit at the same conditions, 

see figure 3.22(b). The inspection of the diffusion coefficient ensures also that the system is not 

molten gold inside an aminopentane micelle. 

Answers to the questions: What is the effect of an initial (surface) defect on the melting dynamics? 

An initial (surface) defect is associated with gold atoms that have a lower coordination 

number. These atoms exhibit a higher mobility and enhance the melting process in the 

vicinity of the defect. 
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Figure 3.21. Diffusion coefficient for the gold atoms for various strengths of the attractive interaction between gold 
atoms and surfactants. This figure has been reproduced from figure 5 in paper VIII. 

 

Figure 3.22. (a) Coated nanowire at 800 K after one nanosecond. (b) Pristine nanowire at 800 K after 300 
picoseconds. 

In addition to the increased melting point, differences in melting dynamics between 

pristine and coated nanowires were reported in paper VIII. In contrast to the pristine case in 

which the melting is dominated by the enhanced mobility of atoms at corners and edges, in the 

coated case dynamically evolving local imperfections which give rise to instability surface 

patterns such as the Plateau-Rayleigh instability appear more important in bringing forward the 

melting process. 

 

3.4.3 Concluding Remarks and Outlook 

The melting of pristine and coated gold nanowires has been explored using classical molecular 

dynamics simulations. The well-known melting point depression for nanosystems could 

qualitatively be reproduced. Coating such nanostructures with surfactants has been shown to 

increase the depressed melting point over the value for the pristine structure. The imperfection 

of the used potential energy for gold has partially been overcome by scaling the surfactant-gold 

Answers to the questions: Can the (depressed) melting temperature be increased by coating metal 

nanowires with surfactant molecules? If yes, how can this effect be explained? 

Yes. This can be explained by the isotropic pressure acting on the surface of the nanowire 

due to the attractive interaction between surfactants and gold atoms. The gold atoms are 

thus prohibited from moving freely and the melting is suppressed. 
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interactions and arriving thus at a rather general than specific model. The mechanism by which 

melting is prohibited in case of coating is in general applicable also to other metals than gold. 

Coating by surfactants might serve as a method for the thermal stabilization of metal nanowires 

in temperature regions where they would melt otherwise. This could proof importance in actual 

nano-technological devices such as nano-electronic devices in which temperatures can 

eventually become high enough such that tiny nanosystems as subparts of those devices might 

experience unwanted melting. 

 Incorporation of such designed “nano-cables” in a real-world application will, however, 

require a variety of future studies. At least one aspect is that in a technical device 

nanostructures do not exist isolated but are coupled to other subparts of the device. Hence, the 

effect of coating on such interfaces and associated properties needs to be revealed. Furthermore, 

heating does usually not occur isotropically in real-world scenarios. Thus, the transport of heat 

through interfaces and coated nanowires needs to be clarified. Other effects may comprise 

mechanical response induced by heating. As observed in paper VIII the nanowires experience 

large-scale thermal motion which may induce stresses at the interface regions and which may 

also be affected by eventual coating. Studies of interfaces usually comprise ensembles of 

nanosystems and averaging over certain parts of phase-space. Such studies correspond to the 

mesoscale and make often use of kinetic Monte Carlo methods. Interface studies may thus 

involve more than only the atomistic scale. Aiming for an integrated, i.e. full, model of a real-

world technological device will also involve possibly the macroscale to cover topics like heat and 

particle transfer. Studies of electronic properties which are most probably not unaffected by an 

eventual coating and interfaces require the inclusion of electronic structure methods at scales 

smaller than the atomistic one covered in paper VIII. Once more, the central concept of 

multiscale modeling becomes apparent if the aim is modeling of real-world technical 

applications. In that respect, many steps may still be required towards a multiscale approach to 

the modeling of devices which make use of the remarkable properties of metal nanowires. 

Nevertheless, the findings in paper VIII represent promising hints how to solve a specific 

eventual subproblem on this way, namely the unwanted pre-melting of metal nanowires.
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4 Résumé 

“Finis coronat opus.” 

Publius Ovidius Naso (�47 BC; �17 AD), Heroides (2, 85] 

A subset of the tools of computational chemistry has been used to illuminate phenomena of 

interest at different scales ranging from small single molecules over molecular clusters and 

surface models to finite nanowires comprising thousands of atoms. 

 Concerning the astrophysical application, i.e. the investigation of infrared spectra and 

energetic aspects of carbonic acid, it has been found that very accurate infrared spectra are 

difficult to determine by standard quantum chemical tools and a possible detection of this 

elusive molecule will most probably have to rely on highly accurate laboratory measurements 

than on predictions from theory. Nevertheless, theory can give valuable hints for the assessment 

of experimental data such as expected abundances of different carbonic acid isomers and 

oligomers due to their thermodynamic and kinetic stabilities. 

 Regarding the applications related to plasma-wall interaction, it has been shown that 

graphite surfaces can be modeled using a molecular cluster model complementing 

investigations using periodic boundary conditions and extended surfaces. In particular, it has 

been shown that energy barriers converge rather fast with increasing size of the molecular 

cluster. Moreover, many trends with implications for future nuclear fusion applications have 

been found such as similarities between permeation barriers of helium and beryllium giving rise 

to the expectation of only a small effect of beryllium on the chemical erosion of graphite at low 

temperatures. Quantum dynamic studies have been used to illuminate the underlying physics 

leading to the substantial differences in scattering dynamics of helium and hydrogen. The study 

of molecular projectiles has revealed the intriguing effect the saturation of free valences can 

have on the permeation barrier. In particular, it has been found that molecular projectiles 

usually encounter significantly higher barriers which may eventually have strong implications 

on the sputtering yield in low-temperature mixed-material scenarios such as envisaged for the 

ITER fusion experiment. 

 The studies concerning ZnO as a material with a variety of (possible) applications in 

present and future technical devices, especially in the nanoregime, have been mostly concerned 

with the validation of a new parameter set for an approximate DFT method, namely SCC-

DFTB. It has been shown that this parameter set leads to results that agree very well with higher 

level methods as well as with experiment. Furthermore, the application of this parameter set to 

the polar surfaces of ZnO has revealed several underlying aspects and has led to a better 

understanding of surface defects at these polar surfaces. For instance, the difference in favored 

shapes at the Zn-terminated (0001) and O-terminated (0001�) could be understood from a 

fundamental energetic point of view. In summary, the tested parameter set can be 

recommended for the exploration of ZnO systems at spatial and temporal scales beyond the 

limitations of higher-level methods. Use of the results obtained with this method in order to 



4 Résumé 

 
� 92 � 

parameterize force-fields and in order to obtain valuable guesses for initial structures may also 

lead to an improved description of systems involving ZnO beyond the quantum scale. An 

analogous approach concerning other metal oxides may lead also to a better understanding of 

these materials and their applications in general. 

 At the atomistic scale, the thermal behavior of thin gold nanowires has been studied. It 

has been shown that the melting point depression for such nanostructures can be reversed by 

coating them with surfactant molecules. In addition, differences in the melting dynamics of 

coated and pristine nanowires have been revealed. These findings may have implications for 

future applications of metal nanowires in general such as in nano-electronic or nano-

electromechanical devices. 

It has been outlined how the presented studies are embedded in a multiscale modeling 

framework. This aspect is maybe best seen in the rather technical applications, see sections 3.2 

– 3.4, which represent specific steps towards the goal of an integrated modeling framework for 

nuclear fusion devices, industrial catalysts and nano-electronic devices. However, it has been 

pointed out that also the calculation of properties of the single isolated molecules as discussed 

in section 3.1 may be embedded in a multiscale framework coupling vastly different scales and 

linking the fields of astrophysics and chemistry, which has condensed into the expression 

“astrochemistry” over the last decades. It has been tried to resolve how the need for multiscale 

approaches develops naturally if real-world problems are tackled and given the distinct 

limitations in computational resources the individual methods carry with them. Moreover, it 

has been tried to make clear how computational chemistry works quite natural as an agent 

merging different disciplines. This is simply a consequence of the generality of the equations 

that are tried to be solved and govern, in principle, the whole of chemistry. And it is actually 

easier to guess in which areas of science and technology computational chemistry does not and 

will not play a role than where it does or will do. 
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Abstract We report simulations of the elastic scattering

of atomic hydrogen isotopes and helium beams from

graphite (0001) surfaces in an energy range of 1–4 eV. To

this aim, we numerically solve a time-dependent Schrö-

dinger equation using a split-step Fourier method. The

hydrogen- and helium-graphite potentials are derived from

density functional theory calculations using a cluster model

for the graphite surface. We observe that the elastic inter-

action of tritium and helium with graphite differs funda-

mentally. Whereas the wave packets in the helium beam

are directed to the centers of the aromatic cycles consti-

tuting the hexagonal graphite lattice, they are directed

toward the rings in case of the hydrogen beams. These

observations emphasize the importance of swift chemical

sputtering for the chemical erosion of graphite and provide

a fundamental justification of the graphite peeling mecha-

nism observed in molecular dynamics studies. Our inves-

tigations imply that wave packet studies, complementary to

classical atomistic molecular dynamics simulations open

another angle to the microscopic view on the physics

underlying the sputtering of graphite exposed to hot

plasma.

Keywords Surface scattering � DFT � Splitting method �
Magnetic fusion � Plasma-wall interaction �
Time-dependent wave packet simulation

1 Introduction

The divertor in the next step nuclear fusion device ITER is

planned to be shielded against hot hydrogen plasma by

plasma facing component (PFC) materials, in some sce-

narios carbon (target plates) and tungsten (upper divertor

and dome) [1]. The choice of graphite (carbon) PFC

materials has been made based on its high thermal con-

ductivity, thermo-mechanical resistivity and the fact that it

does not melt but only sublimates [2]. Major advantages of

tungsten over carbon are its lower erosion rates and thus its

longer lifetime. Its limitations are related to its thermal

behavior under high off-normal heat loads like they might

occur in large edge-localized modes [3, 4] and its stiffness.

One of the major disadvantages of carbon is its high

chemical reactivity with hydrogen (and/or isotopes) lead-

ing to erosion processes summarized under the expression

chemical erosion [4–7]. This drastically limits the utiliza-

tion of carbon-based materials due to safety concerns. In

fact, it is planned to replace the carbon-based divertor

plates with a full tungsten divertor at least in a later stage of

the fusion experiment ITER [1]. The use of tungsten blocks

below their ductile to brittle transition temperature could

result in the total failure through the cracking of tungsten

near cooling tubes [8]. Hence, carbon-based materials
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should at least be kept in mind as an alternative for PFC

materials in ITER and maybe even for reactors [8, 9].

Fusion experiments (for an overview, see for instance [4, 7,

10]) imply that carbon is significantly eroded by incoming

hydrogen isotopes due to the sputtering of hydrocarbon

molecules already at low plasma temperatures of about

1–10 eV. To complement these experiments as well as to

provide an atomistic view on the chemical erosion of car-

bon-based materials, a variety of molecular dynamics

(MD) simulations have been carried out [11–25]. These

studies reveal several mechanisms that are important for

the chemical erosion of carbon-based materials, of which

three phenomena are of particular interest for the scope of

this work. First, swift chemical sputtering has been pro-

posed [11] as one of the main mechanisms leading to

significant erosion at low impact energies. The sputtering

proceeds as impinging hydrogen atoms penetrate the region

between carbon–carbon bonds and, if their energies are in a

certain range, subsequently break the bonds. Second, MD

studies show that the addition of noble gases in small

concentrations (less than 10 per cent) to the usual impact

species hydrogen (isotopes) does not significantly alter the

erosion yield [12]. Third, MD studies involving pure per-

fect hexagonal graphite reveal the interesting sputtering

mechanism known as graphite peeling, that is as the

graphite layers are bombarded they are peeled off one after

the other [21].

In contrast to classical MD simulations, we treat elastic

collisions of H/D/T (hydrogen/deuterium/tritium) and He

with a graphite (0001) surface quantum-mechanically. For

this purpose, we derive H/D/T-graphite and He-graphite

potentials from quantum chemical cluster calculations and

model the H/D/T and He nuclei as appropriate wave

packets. The time-dependent Schrödinger equation is

solved using a split-step Fourier method. This numerical

approach has already proven to be beneficial in a variety of

applications such as thermal energy atomic scattering or

molecular beam scattering [26–29]. For example, in [30]

elastic scattering of low energy He beams in the range of

10-2 eV with a rigid monolayer of xenon atoms was

simulated in good agreement with experiment. More rele-

vant in terms of nuclear fusion and the present work has

been a wave packet study investigating the interaction of H

and D with the basal plane of graphite in a range of impact

energies of 0.1–0.9 eV [31]. In this work, we deal with

beam energies in the range of 1–4 eV, which are substan-

tially higher than the ones in these earlier applications, and

therefore, they are believed to be of significant relevance

for fusion research in the field of plasma-wall interaction.

Though only elastic scattering is studied, our results are in

agreement with the physics underlying the three previously

described phenomena revealed by earlier MD studies and

the mentioned wave packet study.

In Sect. 2, the numerical method is presented and the

construction of the H/D/T-graphite and the He-graphite

potentials is described. The results are discussed in Sect. 3,

focusing especially on the significant difference between

H/D/T and He scattering. Finally, in Sect. 4, a conclusion is

given.

2 Methodology

We briefly describe the used numerical scheme, a Fourier

split-step method, and the construction of the H/D/T- and

He-graphite-potentials which is the input to the propaga-

tion method.

2.1 Numerical solution of the Schrödinger equation

In order to model the dynamics of elastic scattering from a

quantum mechanical point of view, one has to solve the

time-dependent Schrödinger equation, which—using mass-

scaled coordinates—reads

iotW t; xð Þ ¼ �DW t; xð Þ þ V xð ÞW t; xð Þ; t [ 0; x 2 R
3;

W 0; xð Þ ¼ W0 xð Þ; x 2 R
3; ð1Þ

where

W : 0;1½ Þ � R
3 ! C

denotes the wave function, V is the time-independent

potential describing either the hydrogen- or the helium-

graphite-potential and W0 is a given smooth initial

function, in our case a Gaussian wave packet. Note that

the original problem can be reformulated in such a way by

choosing appropriate units. To numerically approach

Eq. (1), we use a so-called splitting method. The basic

idea of Lie splitting is to solve the potential part of Eq. (1)

iotWP t; xð Þ ¼ V xð ÞWPðt; xÞ ð2Þ

and to use the respective solution as initial value for the

kinetic part

iotWK t; xð Þ ¼ �DWKðt; xÞ; ð3Þ

that is the free-particle Schrödinger equation. Given a

temporal step size h [ 0, set tn = nh and WðLÞn denoting the

numerical approximation obtained by the Lie splitting at

time t = nh and using the notion of groups, the resulting

method reads as

WðLÞnþ1 ¼ e�ihV eihDWðLÞn ;

where WðLÞ0 ¼ W0. Under appropriate assumptions, the

method is of order one, that is

WðLÞn �Wðnh; �Þ
�
�

�
��CLh for 0� nh� T ;
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where CL [ 0 denotes a constant not depending on the step

size h.

By symmetrizing the Lie splitting, one obtains the

Strang splitting, cf. [32], given by

WðSÞnþ1 ¼ e�ih
2
VeihDe�ih

2
VWðSÞn ;

which is of order two, that is

WðSÞn �Wðnh; �Þ
�
�

�
��CSh2 for 0� nh� T

and some constant CS [ 0 independent of h.

By choosing an appropriately large domain, we can

artificially impose periodic boundary conditions. As a

result, Eq. (3) can be solved very efficiently by using a

Fourier spectral method. Note that the other subproblem,

Eq. (2), is simply solved by pointwise multiplication. The

resulting numerical scheme is known as the split-step

Fourier method, cf. [33].

Let WðKÞn denote the numerical approximation at time

t = nh using K 2 N grid points in each space dimension.

As described in [33], a single time step is schematically

computed as follows:

1. Pointwise multiplication: WðKÞn :¼ e�ihV=2WðKÞn

2. FFT: ŴðKÞn :¼ FKWðKÞn

3. Multiplication in Fourier space: ŴðKÞn :¼ eihkŴðKÞn

4. IFFT: WðKÞn :¼ F�1
K ŴðKÞn

5. Pointwise multiplication: WðKÞn :¼ e�ihV=2WðKÞn

Here, k refers to the respective eigenvalues associated

with the Laplacian. Note that one can combine the

computation in (1) and (5) if one does not need dense

output. For further details, we refer to [34], where also

structure-preserving properties of the split-step Fourier

method as unitarity, symplecticity and time-reversibility

are discussed.

We found this method to perform very well when applied

to our problems and since our potential V is expressed in

quintic smoothing splines, the applied split-step Fourier

method is second-order convergent, that is if Wn denotes the

numerical approximation at t = nh, it holds that

Wn �WðnhÞk k�Ch2 for 0� nh� T ;

where the constant C [ 0 does not depend on the step size

h, see [33].

2.2 Construction of the potentials

The determination of energy barriers arising from the

permeation of different atoms through models of a graphite

(0001) surface is discussed in detail in Ref. [35], and we

give only a short summary of the procedure to construct the

H/D/T- and He-graphite potentials.

The permeation of an atom through a graphite (0001)

surface is investigated by quantum chemical cluster cal-

culations in which graphite is modeled by the PAH mole-

cule coronene, see Fig. 1a. PAH molecules are adequate

models for graphite surfaces [36] and graphite (0001)

surfaces can be interpreted as infinitely sized PAH mole-

cules. Recent studies [35] have shown that the size of

coronene (C24H12) is already sufficient to estimate the

potential energy within an accuracy of about 10 % at the

barrier maximum. The three-dimensional H/D/T- and

He-graphite potentials are constructed in the following way

(Fig. 1). First, the distance between H or He and the plane

of coronene is varied in 30 steps of 0.15 Å each. Thus, the

atom is moved along the z-axis toward the molecular plane

(the xy-plane) of the undisturbed PAH from 3 Å in front to

3 Å behind the PAH molecule (Fig. 1b). This process is

performed for 21 distinct permeation sites in a quarter of

the central aromatic cycle of coronene. At each position,

the energy E(A-PAH, z) of the total system is calculated

after relaxation of the PAH molecule, that is the adia-

batic energy barrier E(z) at the respective position z of

the contaminant atom is then given as the difference

E(z) = E(A-PAH, z) - (E(A) ? E(PAH)), where E(A)

and E(PAH) denote the energies of the isolated atom and

unperturbed coronene, respectively. Geometries and ener-

gies are obtained by density functional theory using the

B3LYP functional [37] in conjunction with the small split-

valence basis set 6-31G [38]. The appropriateness of this

chemical model has been validated in [35]. By comparison

with the results obtained with the more sophisticated

xB97XD functional [39] and larger basis sets, it has been

found that shortcomings of the B3LYP functional, for

example, the neglect of dispersion forces and the basis set

truncation error cancel each other. Our model agrees with

earlier theoretical [40–43] as well as experimental [44]

studies on hydrogen adsorption on graphite: The potential

minima are above the carbon atoms, that is at top sites

about 1.4 Å from the undisturbed surface. Moreover, the

change from sp2 to sp3 hybridization of the carbon atom

where the hydrogen is adsorbed is well reproduced [35].

Quantitatively, however, the accordance is just reasonable.

In [44] a desorption energy of 0.7 eV (the energy needed to

release an adsorbed hydrogen from the surface) and an

activation energy of 0.18 eV are given, whereas our con-

structed potential yields 0.43 and 0.4 eV, respectively. On

average, the accuracy of our model is approximately

0.5 eV. All quantum chemical computations have been

carried out with the Gaussian 09 software [45]. By using

the symmetry and periodic continuation, the potentials

obtained from coronene are extended to model the H/D/

T- and He-graphite potential for an infinite surface, see

Fig. 1c.
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The barrier heights, that is the energies that incoming

classical particles need to have at least to penetrate the

surface are about 4.5 eV in case of the H/D/T-graphite

potential and about 10 eV in case of the He-graphite

potential. Since we are only considering elastic reflection

processes at energies below these limits, we believe that the

approximations introduced by our adiabatic potentials are

quite reasonable. Furthermore, it should be noted that the

adiabatic approximation is well applicable for the range of

projectile energies considered here since the highest energy

of 4 eV is much below the HOMO–LUMO gap of coronene

(about 9 eV [46]) used to model the graphite (0001) surface.

3 Results and discussion

We simulate the elastic scattering of H/D/T- and He beams,

at a graphite (0001) surface with the wave packet method

described in Sect. 2.1. The hydrogen isotopes are all

chemically equivalent and therefore the potentials of H, D

and T are the same. For convenience, we focus mainly on

tritium for the following reasons. Since the mass of T is

most similar to the one of helium, one can treat both

elements using the same computational domain as well as

spatial resolution. For lighter isotopes, the spatial width of

the wave packet is larger and consequently the use of dif-

ferent computational domains becomes necessary to capture

the essential features of the scattering process. In particular,

the energy width of the beam DE = 0.2. eV is inversely

related to the spatial width via Heisenberg’s uncertainty

relation DkDx� 1 and E ¼ k2=2 m, where k denotes the

momentum of the beam and m the particle mass. However,

the results for tritium scattering are qualitatively applicable

for the lighter hydrogen isotopes too and treating H or D

results in a scaling of the temporal and spatial dimensions

proportional to a factor of
ffiffiffiffi
m
p

as will be shown below.

For T and He, except for the mass, the same input

parameters are used in the simulations. The energies of the

particles are 1, 2, 3 and 4 eV, the energy width has been

chosen to be 0.2 eV and in all cases the angle of impact is

90�, corresponding to a perpendicular beam direction with

respect to the surface. The size of the time steps are 200,

160, 140 and 120 a.u. for the four different beam energies,

respectively, leading to 41 time steps in each simulation.

The size of the computational domain is 12.5041 9

14.5418 9 18 Å3 in which 256 9 256 9 512 grid points

define the spatial resolution. The interaction potential is

active only in the last third of the computational domain

with respect to the z-direction, that is in the region 3

Å \ z \ 9 Å, whereas the z-limits are between -9 Å and

?9 Å. The interaction sites, that is the regions where the

wave packet impinges at the surface, have been chosen to

be the three high-symmetry sites of the graphite hexagonal

lattice: The hollow site in the center of one aromatic cycle,

the bridge site at the center of one C–C bond and the top

site directly on the top of one of the carbon atoms. Thus,

we have to simulate 24 scattering events in total (four

energies and three sites for two nuclei).

One approach to assess the results is to inspect a cut

through the computational domain parallel to the surface,

the ‘window’ [29], and observe the wave packet as it

moves through. The wave packet passes the window twice,

that is when it approaches the interaction region and after it

is reflected from the surface. The window is placed near the

plane of the PAH at z = 3 Å.

We start with the discussion of the elastic reflective

scattering of He. The He-graphite potential is purely

repulsive and does not contain features like, for example,

adsorption minima, whereas the H/D/T-graphite potentials

do (see Sect. 2.2). Therefore, the physical interpretation is

easier and can serve as a basis for the assessment of the

more complex situation of H/D/T scattering.

Fig. 1 a Coronene as a model for the graphite (0001) surface.

b Permeation of He (dark green sphere) through coronene. The PAH

is fully relaxed at each step. Geometries are calculated at the B3LYP/

6-31G level of theory. c Schematics of the construction of the total

surface potential by using symmetry. The energy barriers at the

locations of the blue dots coincide with those calculated at 21

considered permeation sites marked by red dots) and periodic

continuation (arrows and green dots) from energy barriers at the 21

permeation sites
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3.1 Elastic scattering of He

In Fig. 2, the reflection patterns are depicted for the energy

range of 1–4 eV at all three interaction sites (movies illu-

minating the dynamics of the reflection process are available

as supplementary material in the online version of this

article). He is deflected from the boundary of the aromatic

cycles constituting the graphite lattice. For the impact at

bridge site, this means that the initially spherical symmetric

He wave packet (top row in Fig. 2) is symmetrically split

into two parts by the carbon–carbon bond. At the hollow

site, the interaction with the potential valley causes a

focusing effect similar to light being reflected by a parabolic

mirror. At the top site, the wave packet is symmetrically

split into three parts pointing toward the centers of the

adjacent hexagonal rings. In addition, for higher energies,

the quantum nature of the scattering process becomes visi-

ble. Several maxima and minima form in the reflection

pattern due to quantum interferences. At the highest energies

of 3 and 4 eV, the interaction is strong enough that even far

outlying parts of the initial wave packet are focused con-

siderably in hexagonal rings adjacent to the central one, that

is six, two and three side maxima are observable besides the

strong central feature of the reflection pattern in the case of

the hollow, the bridge and the top site, respectively.

The He-graphite potential is purely repulsive and most

repulsive at the boundary of the aromatic cycles, that is at the

position of the carbon atoms and at carbon–carbon bonds.

This can nicely be seen in plots of the dwell time, that is the

probability distribution inside a certain interaction region

versus time. The interaction region has been chosen as the

interval from 4.5 to 9 Å in the computational domain. The

part of the system beyond the potential maximum is never

reached at the considered energies, and thus, the actual

interaction region ranges from 1.5 Å in front of the undis-

turbed surface to the turning point of the wave packet. For

purely repulsive interaction, the dwell time exhibits a

Gaussian shape since no partial reflection occurs on the way

back of the wave packet due to the monotone shape of the

potential. This is the case at all energies as can be seen in

Fig. 3. In addition, no difference between the distinct impact

sites is observed. The different maxima of the dwell time

curves for the individual energies simply refer to the fact that

at low energies not the whole wave packet is able to pene-

trate the interaction region, whereas at high energies parts of

the wave packet have already left the interaction region as

recently as other parts are not there yet. The shift of the dwell

time curves to the left with increasing energy results simply

from the fact that all wave packets have the same starting

location at 6 Å in front of the undisturbed surface.

Additional information can be gathered from projecting

the probability distribution in the momentum space into px

and py. In Fig. 4, this is done for the initial wave packet

(away from the interaction zone) as well as for the final

reflected beam (again away from the interaction zone) for

the three different interaction sites for 1 eV. Initially, the

wave packet corresponds to a peak at the origin of the

xy-plane with a width corresponding to the energy width of

0.2 eV as discussed at the beginning of Sect. 3. After

reflection at the bridge site, four main scattering channels

symmetrically shifted to two opposite sites from the origin

are observed, in accordance with the direct inspection of

the reflection patterns. Analogously, for an impact at the

top site, one observes a partial shift of the central peak to

three main peaks separated from each other by an angle of

120� in accordance with the broad diffuse zone between the

three main peaks in Fig. 2. For impact at the hollow site,

the central peak becomes tighter and is symmetrically

encircled by a ring-like distribution, again corresponding

well to the same feature in Fig. 2. The projection of the

probability distribution in momentum space has the

advantage that, due to energy conservation, the angular

dependence of the reflection pattern can be inspected

simply by plotting Ewald’s circle referring to the initial

momentum of the wave packet. The part of the probability

distribution located at the origin then refers to a reflection

perpendicular to the surface, that is a reflection angle of

0�, whereas toward Ewald’s circle the reflection angle

increases and on it corresponds to a reflection angle of 90�,

that is, parallel to the surface.

3.2 Elastic scattering of H/D/T

In Fig. 5, the reflection patterns are depicted for the energy

range of 1–4 eV at all three interaction sites (movies illu-

minating the dynamics of the reflection process are avail-

able as supplementary material in the online version of this

article). The results exhibit more complexity than in the

case of He scattering and a stronger energy dependence.

For 1 eV one recognizes similar features as in the case of

He scattering. However, already at this low impact energy,

some differences are apparent. At the bridge site, the wave

packet appears to be deflected by the carbon–carbon bond

but exhibits much more structure due to interference. The

initially spherical wave packet is distributed into an ellip-

soid-like shape around the region of the bond and is not

separated into two distinct wave packets at the two sides of

the bond. At the hollow site, the wave packet is not focused

but rather smeared out, pointing toward the edges of the

aromatic ring. Inspection of the reflection patterns at dif-

ferent locations of the window reveals that in case of the

hollow site, the wave packet is mainly split into two parts

which are deflected toward the carbon–carbon bonds on the

left and right of the hexagon, see Fig. 5. For the top site,

one observes a similar triangular shape of the reflection

pattern as for He, but again, it is smeared out and does not

Theor Chem Acc (2013) 132:1337 Page 5 of 11
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yield three well-separated reflection peaks but is distributed

rather around the carbon atom. At 2–4 eV, the situation

becomes clearer. It turns out that the T wave packet is

attracted by the boundary of the hexagonal aromatic cycles

that constitute the graphite surface. This can be seen best in

the reflection patterns for the hollow site, where at the

starting energy of 2 eV a hexagonal structure in the

reflection pattern becomes observable. The higher

the energy, the more concise and compact the structure of

the reflection pattern becomes. In addition, parts of the

adjacent aromatic cycles can be observed in it. The same is

true for the bridge and the top sites. Altogether, the T wave

Fig. 2 Reflection patterns for

He-graphite interaction in the

range of 1–4 eV (from top to

bottom) at the three interaction

sites bridge (left), hollow

(center) and top (right). As

reference, the initial wave

packets are shown in the top
row
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packet is rather deflected away from the centers of the

aromatic cycles and attracted to their boundary in the

energy range of 2–4 eV.

The reason for the difference between He and H/D/T are

the various local minima in the H/D/T-graphite potential. This

is clearly seen in the plots of the dwell time for hydrogen,

deuterium and tritium in Fig. 6. For an energy of 1 eV, the

dwell time exhibits a long tail which is a consequence of

partial reflection when the wave packet passes through the

minima in front of the steep repulsive increase of the poten-

tial. Thus, the wave packet is first reflected by the potential

wall and then by the edges of the minima, parts of it several

times. Hence, the dwell time decreases significantly slower

than in the case of He in agreement with an earlier wave

packet study focusing on impact energies in a range of

0.1–0.9 eV [31]. At higher energies, the dwell time becomes

more Gaussian-shaped as the influence of these features of the

H/D/T-graphite potential become less significant in agreement

with physical intuition, because as energies become higher the

importance of quantum dynamic effects diminishes. Never-

theless, the results at higher energies are in agreement also

with a recent investigation of the sticking coefficients of H/D/

T on graphite which have been shown to decrease with

increasing impact energy [47]. These features as well as the

scaling with the square root of the impinging particle’s mass

are well reproduced in Fig. 6. The dwell time at 2 eV

approaches zero still slower as in the case of He reflection, but

the difference is much smaller than at 1 eV. The dwell time

curve for 3 eV is already Gaussian-shaped. The curve for the

impact energy of 4 eV again exhibits a small tail. This could

be due to the fact that the classical permeation energy at

bridge site is 4.5 eV and thus is only slightly higher than the

impact energy. This subsequently increases the possibility of

encountering small potential walls when the wave packet is

reflected into regions of higher energy.

Inspection of the projected momentum space probability

distributions (Fig. 7) illuminates this. For an impact energy

of 1 eV, the different scattering channels extend far to the

boundary of Ewald’s circle corresponding to the complex

situation of multiple re-reflection at the several potential

walls arising from the small-scale structures in the poten-

tial. When the impact energy is increased, the scattering

channels are well located in the central region of Ewald’s

circle, that is the influence of the small scale structures

vanishes. For an impact energy of 4 eV, one observes that

the probability distribution becomes fuzzy for the reasons
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Fig. 3 Dwell time in the case of He reflection at graphite (0001)

surfaces for different impact energies

Fig. 4 Projection of the

probability distribution in

momentum space for an impact

energy of 1 eV. a Initial wave

packet. b Final probability

distribution after reflection at

the bridge site. c Final

distribution after reflection at

the hollow site. d Final

distribution after reflection at

the top site. Ewald’s circle is

indicated as a blue line
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discussed above. Since the probability distribution is more

centered and Ewald’s circle is larger as the impact energy

increases, the overall reflection angle becomes smaller.

This explains why the reflection patterns become more

concise and compact as the energy is increased, see the

discussion of Fig. 5.

Fig. 5 Reflection patterns for

the T-graphite interaction in the

range of 1–4 eV (from top to

bottom) at the three interaction

sites bridge (left), hollow

(center) and top (right). As

reference, the initial wave

packets are shown in the top
row
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3.3 Discussion

We observe a substantial difference between the reflective

scattering of He and H/D/T at graphite (0001) surfaces.

Whereas He is deflected from the boundary of the hexag-

onal aromatic cycles constituting the graphite surface

toward their centers, the opposite is the case for H/D/T.

Though this can be expected as hydrogen more likely

reacts with carbon than He, our method provides a

microscopic view on the atom-surface scattering process

which can be related to several observations from earlier

MD simulations [11, 12, 21]. First the role of swift

chemical sputtering [11] of carbon-based materials by

hydrogen isotopes is significantly emphasized by our

findings. They show that hydrogen is very likely to interact

with the surface predominantly in this relevant region of

the aromatic cycle, especially in those low energy regimes

in which chemical sputtering takes place. Second, the non-

significance on the sputtering yield at low energies

(\10 eV) of small amounts of noble gases mixed into the

bombarding species [12] is easily explained. It turns out

that He is likely to be deflected toward the centers of the
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Fig. 6 Dwell times in the case of H, D or T scattering at graphite

(0001) surfaces for different impact energies

Fig. 7 Projection onto the xy-plane of the probability distribution in

momentum space for an impact of T at the bridge site. a Initial wave

packet. b Final probability distribution after reflection for an impact

energy of 1 eV. c Final distribution after reflection for 2 eV. d Final

distribution after reflection for 3 eV. e Final distribution after

reflection for 4 eV. Ewald’s circle is indicated as a blue line
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aromatic rings, which means that swift chemical sputtering

is not applicable to this situation. In addition, the energy

that a He atom might transfer is spread over a larger amount

of carbon atoms and bonds such that at low energies He does

not contribute much to the sputtering. Since He is proto-

typical for the chemical behavior of other noble gases, one

can directly apply these results to these cases. Third, our

results serve as a simple explanatory tool for the graphite

peeling process [21], that is the observation that graphite

layers are sputtered off one by one. Since hydrogen is

deflected toward the boundary of the aromatic cycles, it is

unlikely to go through the first layer at low energies without

disturbing at least the surface layer via adsorption or bond

breaking mechanisms. Thus, the second layer cannot effec-

tively be sputtered until the degradation of the first layer has

sufficiently advanced such that hydrogen can go through

without being deflected toward the boundary.

4 Conclusion

We present a 3D time-dependent wave packet simulation to

investigate elastic scattering of tritium and helium on

graphite (0001) surfaces. We gain some insight into the

physics underlying important mechanisms for chemical

erosion of carbon-based materials exposed to hot plasma or

gas. In particular, the importance of swift chemical sput-

tering [11] for the chemical erosion of carbon-based

materials is underlined, and a first-principle explanation for

observed graphite peeling during hydrogen bombardment

[21] is given.
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. Introduction

Plasma-wall interactions (PWI) are the basis of plasma coating
1] and of the use of microplasmas for medical applications [2]. In
hermo-nuclear research [3,4] they must be understood in terms
f material degradation. PWI  comprises how atoms and molecules
nd their ions in the plasma interact with surface materials in con-
act with them. Important aspects of PWI  are how projectiles from
he plasma or a hot gas in front of the wall can penetrate through
he surface. In case of molecular projectiles, eventual fragmenta-
ion of the molecules is an issue either. The interaction of atoms
nd molecules with carbon materials is an especially important
ssue in thermo-nuclear research. Carbon fiber composites (CFC)
re possibly used in the ITER (International Tokamak Experimen-
al Reactor) device as partial coverage of the first wall [5]. There is
ast experience with this material from earlier fusion experiments
6,7]. The main drawback of CFC is its high reactivity with respect to
ydrogen [6]. It is expected that the latter will eventually lead to a
Please cite this article in press as: S.E. Huber, M. Probst, Int. J. Mass Spectro

ubstantial amount of tritium retained in the wall material as well
s to the formation of hydrocarbon impurities polluting the fusion
lasma and re-depositing at other parts of the wall [6]. The use of
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on-commercial use, distribution, and reproduction in any medium, provided the
riginal author and source are credited.
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387-3806/$ – see front matter ©  2014 The Authors. Published by Elsevier B.V. All rights 
ttp://dx.doi.org/10.1016/j.ijms.2013.12.015
beryllium at the main wall of ITER [5] is expected to lead to the for-
mation of beryllium hydride molecules forming another source of
impurities. A rest concentration of oxygen will have the same effect
leading to the formation of hydroxyl radicals and water molecules.
Furthermore, recombination of hydrogen atoms leads to the forma-
tion of hydrogen molecules. Hence, the rather low temperatures of
about 2–3 eV in the divertor region due to the realization of par-
tial detachment [8,9] will give rise to a complex mixture of hydride
molecules interacting with the CFC surface. For this reason, we want
to explore some aspects of the interaction of such molecules with
carbon sheets (as a model for the graphite structures of which CFC
consists) in this work.

The interaction of molecular projectiles with fusion-relevant
wall materials has been subject to a variety of experimen-
tal studies conducted in the last years [10–20]. Especially the
groups of Hermann and of Märk conducted several mass-
spectrometric experiments with respect to molecule/surface
interactions [12,13,16–20]. They let deuterated hydrocarbon ions
interact with stainless steel [10,19], carbon [11–15,17–20], beryl-
lium [18] and tungsten [16,18]. All of these surfaces are of relevance
in thermo-nuclear fusion research. The impact energies range from
a few eV to hundreds of eV. Analyzed were the fragmentation pro-
cesses of the incident molecules, sputtering of the material and
effects due to heating of the surface. However, interpretation of
experimental results is complicated due to technical difficulties
m. (2014), http://dx.doi.org/10.1016/j.ijms.2013.12.015

such as contamination of the surfaces in course of their fabrication
and unknown details of the surface structure which hinders the
interpretation of the microscopic processes governing the investi-
gated systems.
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In contrast, simulations and (numerical) modeling can work on
he atomistic level. Thus, PWI  has also attracted a lot of interest
rom the theoretical side. Especially the interaction of hydrogen
and/or isotopes) with carbon-based materials has been stud-
ed extensively employing both force-field approaches [21–34] as

ell as quantum-chemical methods [35–43]. Also the interaction
f molecules with fusion-relevant surfaces has been explored to
ome extent, mostly by employing force-field based simulations
28,30,34,44,45].

This study is of the quantum-chemical type. In particular, we use
ensity functional theory (DFT) to explore the energetics of perme-
tion of the small hydrides Hx, BeHx, OHx and CHy with x = 1,2 and

 = 1–4 through the center of coronene (C24H12). The latter molecule
erves as a model of an extended graphene sheet. We  are particu-
arly interested in the effect of the saturation of free valences via
he addition of hydrogen atoms on the energy barrier associated
ith the permeation process. The processes studied are far from

hemical equilibrium and thus are difficult to describe quantita-
ively accurate. Hence, we rather aim for a qualitative exploration.
evertheless, we will show that the trends explored indicate sub-

tantial differences in the energy barriers for atomic and molecular
rojectiles. This might eventually lead to a better understanding of
ome types of PWI.

The work is structured as follows. In Section 2, we  summarize
ur method. In particular, in Section 2.1 we describe the cluster
odel used to represent the graphite (0 0 0 1) surface. In Section 2.2,
e describe the quantum chemical methods employed. In Section

.3, we describe how the energy barriers are obtained and how they
an be decomposed further in order to aid their interpretation. In
ection 3, we discuss our results. We  begin with the discussion of
he differences between the energy barriers for permeation of H
nd H2 in Section 3.1. This is followed by analogous discussions
oncerning the projectiles BeHx, CHy and OHx with x = 0, 1, 2 and

 = 0–4 in Sections 3.2–3.4, respectively. In Section 4, we  discuss
mplications of our results in terms of conditions eventually met  in
uture nuclear fusion applications. In Section 5, we summarize our
onclusions.

. Method

.1. Cluster model

In order to model extended graphene sheets (serving per se as
 model for a graphite (0 0 0 1) surface) we use a cluster approach.
n particular, we use the polycyclic aromatic hydrocarbon (PAH)
oronene (C24H12) as model. The molecule is depicted in Fig. 1(a).
Please cite this article in press as: S.E. Huber, M. Probst, Int. J. Mass Spectro

n an earlier theoretical work, it has been shown that although
oronene appears rather small it is large enough to yield essential
rends governing the interaction of atoms with extended graphene
43]. In this work, we adopt the strategy of this earlier investigation,
ion of the procedure used to obtain the energy barrier for permeation of H2 through
 interpretation of the references to color in this figure legend, the reader is referred

but now we  move molecules rather than atoms through the center
of the central hexagon of coronene. By calculating the energy at
each step we determine the barrier for permeation at this site.
Except for the hydrogen atoms at the edge of coronene all atomic
positions are relaxed corresponding to the adiabatic interaction
regime, see reference [43]. This corresponds to a velocity of the
projectiles which is small enough for the carbon atoms constituting
the graphite surface to adapt instantly. This appears as a reason-
able assumption given the low temperature of about 2–3 eV in the
divertor of a nuclear fusion scenario as envisaged for ITER. This was
modeled by moving the approaching molecule along the C6 axis of
coronene (the z-axis), thus performing a relaxed potential energy
surface scan of the system. The z-coordinates of the coronene
hydrogen atoms are fixed at z = 0 and the z-coordinate of one atom
of the approaching molecule is changed in steps of �z  = −0.2 Å
and is also fixed while the remaining z-coordinates and all x and
y coordinates of all other atoms are allowed to relax. The atoms of
the approaching molecules with fixed z-coordinates have been (a)
one hydrogen atom in H2, (b) the beryllium atom in BeH and BeH2,
(c) the carbon atom in CHy (y = 1–4) and (d) the oxygen atom in
OH and H2O. A schematic depiction of this adiabatic permeation is
shown in Fig. 1(b) for H2.

2.2. DFT calculations

In order to obtain the energy profiles and intermediate geome-
tries for permeation as described in the foregoing section we  use
unrestricted DFT calculations using the B3LYP [46] and PBE0 [47]
functionals. Both are hybrid functionals and include a mixture of
Hartree–Fock exchange and DFT exchange-correlation. The widely
used B3LYP functional has been constructed semi-empirically by
fitting its three parameters to experimental data. The parameter-
free PBE0 functional is based on the fulfillment of a number of
physical constraints. The independent and complimentary design
of these functionals makes it worth to compare their results. As
basis sets 6-31G [48] and 3-21G [49] have been chosen in conjunc-
tion with B3LYP and PBE0, respectively. Although they are small
basis sets, it has been shown in earlier work [43] that basic trends
are well preserved in them, compared with larger ones. The main
reason for the choice of these functionals and basis sets is the com-
parability with a former work on the interaction of bare atoms
with cluster models for the graphite (0 0 0 1) surface [43]. To our
knowledge, it has never been investigated which combination of
functional and small basis set would be the best for barriers. A com-
parison of thermochemical data obtained from a large number of
density functionals combined with small basis sets has found func-
m. (2014), http://dx.doi.org/10.1016/j.ijms.2013.12.015

tionals without HF-exchange to perform best [50]. On the other
side, it is known that with basis sets like 6-31G* barriers can be
calculated more accurately if more HF-exchange than 20 or 25%
(PBE0 and B3LYP, respectively) is incorporated like in BH&HLYP

dx.doi.org/10.1016/j.ijms.2013.12.015
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Fig. 2. Energy barriers obtained for the permeation of H and H through coronene
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51,52]. For future studies on larger systems it might well be bene-
cial to check if functionals without HF-exchange perform equally
ood or better with the specific basis set for barriers and for other
igh-energy geometries like small interatomic distances or large
istortions.

Using the mentioned model chemistries, the geometries of the
arget molecule coronene as well as the molecular projectiles have
een optimized and then used as input for the calculation of the
nergy barriers. Another important issue is the choice of the spin
onfiguration of the total system. It has been reported [43] that
diabatic barriers are lowest if the total system exhibits the low-
st possible spin multiplicity. Our interest is also to find the lowest
arriers and the spin configurations have been chosen accordingly.
n case of C, O, CH and CH2 the lowest spin configurations, i.e. sin-
let, singlet, doublet and singlet, respectively, correspond to excited
tates (rather than the ground state configurations, i.e. triplet,
riplet, quartet and triplet, respectively) of the projectiles for large
istances between them and the target molecule. At a temperature
quivalent to 2–3 eV, these excited spin states are accessible via
ollision induced electronic transitions. These states might there-
ore be at least partially occupied. For most of the other species like
, H2, Be, BeH2, OH2 and CH4, electronically excited states are not
ccessible at such temperatures. They may  be more relevant for the
emaining radicals BeH, OH and CH3. Electronic excitations in the
urface model coronene are also not of interest in this temperature
ange due to the HOMO-LUMO gap of about 9 eV [53]. For the static
alculations of the present work we restricted ourselves to the sin-
let and triplet cases mentioned. A more thorough analysis would
equire more demanding theoretical methods. All calculations were
erformed using the Gaussian 09 suite of programs [54].

.3. Energy decomposition

The planar coronene becomes distorted when the projectile
either an atom or a molecule) approaches. In most cases, it bends
way from the projectile, ‘outward’ of the original molecular plane,
n order to reduce the repulsion between the electrons. The energy
arrier Eb is then

b = Etot(M − C) − Etot(C) − Etot(M), (1)

here Etot(M − C) is the total energy of the (relaxed) system con-
isting of the projectile and the (deformed) coronene molecule,
tot(C) is the energy of the isolated coronene molecule in its equilib-
ium geometry and Etot(M)  is the energy of the isolated projectile.
oreover, Eb can be decomposed into the energy required for the

eformation, Edef > 0, of the coronene molecule and the rest energy
ontaining contributions from temporary bonding and the defor-
ation of the projectile molecule, �E, i.e.

b = Edef + �E.  (2)

The deformation energy Edef was calculated by using the
eformed coronene geometries at each scan step. Subtraction of
his energy from Eb then yields �E. The latter quantity has proven
o be helpful for the interpretation of the individual processes as it
ccounts for eventually attractive interactions between the projec-
ile and coronene, see particularly Sections 3.2–3.4.

. Results and discussion

.1. Energy barriers for H and H2
Please cite this article in press as: S.E. Huber, M. Probst, Int. J. Mass Spectro

The energy barriers for adiabatic permeation of H and H2
hrough the center of coronene are depicted in the top panel of
ig. 2. First, we note that both model chemistries employed, i.e.
BE0/3-21G (black lines in the top panel of Fig. 2) and B3LYP/6-31G
2

(top panel). Natural charges as obtained using PBE0/3-21G (bottom panel). (For
interpretation of the references to color in the text, the reader is referred to the
web version of the article.)

(red lines in the top panel of Fig. 2) yield very similar results. Second,
we note that the energy barrier for H2 as projectile (dashed lines)
is substantially higher than for the projectile H (solid lines), more
specifically, it is about twice as high. This is a consequence of the
different electronic configuration of these two projectile species.
H is an open-shell doublet and H2 is a closed-shell singlet. It can
be assumed that the latter projectile is thus chemically much more
inert and this is nicely seen also in the bottom panel of Fig. 2. There,
the natural charges as obtained from a natural bond orbital analysis
[55] are plotted against the position of the projectile. In the central
region of the barrier, H donates a significant fraction of its elec-
tronic density to the coronene molecule. It acquires thus a positive
charge of about 0.6 e, see the black line (augmented with black cir-
cles) in the bottom panel of Fig. 2. In contrast, in H2 such a donation
does not take place (dashed blue line augmented with squares in
Fig. 2). By decomposing the total natural charge on H2 into individ-
ual contributions from the two hydrogen atoms (dashed red and
green lines augmented with diamonds and triangles, respectively,
in Fig. 2), we find that this is the case for each of the two  atoms
either rather than a cancelation between them. In summary, per-
meation of H is facilitated via temporary bonding, but this is not
the case for H2 which has a much higher barrier.

3.2. Energy barriers for the Be, BeH and BeH2

In Fig. 3, we depict the energy barriers for permeation of (a)
Be, (b) BeH and (c) BeH2 through the center of coronene (black
lines augmented with circles). For simplicity, we plot only the bar-
riers obtained at the PBE0/3-21G level of theory (solid lines) as the
curves obtained at the B3LYP/6-31G level of theory yield gener-
ally very similar results. In Fig. 3(b), however, we show also the
data obtained with B3LYP/6-31G as for the PBE0/3-21G calculations
beyond z = 1.2 Å no SCF-convergence could be achieved.

Again, the total energy barrier was decomposed into the contrib-
utions Edef (red lines augmented with squares) and �E  (blue lines
augmented with diamonds and denoted simply as “difference” in
m. (2014), http://dx.doi.org/10.1016/j.ijms.2013.12.015

the figure) according to Eq. (2). This helps significantly to inter-
pret the results. In contrast, a natural bond orbital analysis as done
for the projectiles H and H2 in Section 3.1 turns out to be rather
complicated and difficult to interpret in this case.

dx.doi.org/10.1016/j.ijms.2013.12.015
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through coronene. The total barriers are decomposed into the deformation energy
Edef accounting for geometrical changes in the coronene molecule and the rest
e
f
r

c
e
o
a
o
p
t
c

t
t
p
fi
c
t
p
z
l
t
e
t
c
i

c
n
f
a
B
m
a
i
i

Fig. 4. Energy barriers obtained for the permeation of (a) C, (b) CH,  (c) CH2, (d) CH3

and (e) CH4 through coronene. The total barriers are decomposed into the deforma-
tion energy Edef accounting for geometrical changes in the coronene molecule and
the  rest energy �E  according to Eq. (2). The latter contribution is denoted simply
nergy �E  according to Eq. (2). The latter contribution is denoted simply as “dif-
erence” in the figure. (For interpretation of the references to color in the text, the
eader is referred to the web version of the article.)

For the permeation of the atomic projectile Be through
oronene, depicted in Fig. 3(a), we note that both the deformation
nergy Edef and the rest energy �E  are positive in the central region
f the barrier. The local minima in front of the barrier at z = −0.6 Å
nd after the barrier at z = 1.0 Å indicate at least a slight adaptation
f the electronic configuration of the atomic projectile facilitating
ermeation. Nevertheless, the 2s subshell of Be would need energy
o be promoted into a hybrid orbital before bonding and so both
ontributions carry a positive sign.

The situation is different for BeH for which the barrier and the
wo contributions to it are plotted in Fig. 3(b). Here, slightly attrac-
ive forces beyond z = −1.8 Å become apparent. They are much more
ronounced for PBE0/3-21G but it is well known that B3LYP has dif-
culties with the reproduction of small attractive energies. These
ontributions lead to a somewhat lower energy barrier, compared
o the atomic case. Furthermore, permeation (accompanied by flip-
ing of the sheet) occurs later compared to the atomic case, at

 = 1.2 Å. Upon permeation of Be, the H atom is stripped off BeH
eading to isolated Be and H atoms in the outgoing channel. Due to
his fragmentation process both the total energy as well as the rest
nergy �E  are positive by the amount of binding energy of BeH (at
his level of theory) on the right side of the barrier in Fig. 3(b). In
ontrast, the deformation energy Edef goes smoothly back to zero
ndicating that the coronene molecule remains undamaged.

In Fig. 3(c), the energy barrier for BeH2 is depicted. BeH2 is a
losed-shell singlet species and as in the atomic case we observe
o attractive contributions from �E  as well as no local minimum in

ront of the barrier in Fig. 3(c). Both contributions to the total barrier
re strictly positive over the entire range. However, in analogy to
eH, both H atoms are stripped off the BeH2 molecule. The local
Please cite this article in press as: S.E. Huber, M. Probst, Int. J. Mass Spectro

inimum after the barrier corresponds to the one observed for the
tomic case. After the barrier, a positive total energy remains which
s identical to the fragmentation energy required to dissociate BeH2
nto Be and H2.
as  “difference” in the figure. H and C atoms are depicted as light blue and yellow
spheres, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

3.3. Energy barriers for the hydrocarbon projectiles CHx, x = 0, . . .,
4

For the analysis of the results concerning (a) C, (b) CH, (c) CH2, (d)
CH3 and (e) CH4 we adopt the same strategy, as for the BeHx species
presented in Section 3.2. The energy barriers and contributions Edef
and �E  are depicted in Fig. 4.

For atomic C a strong attractive contribution accompanied by
a strong repulsive deformation energy in the central region of the
permeation barrier can be seen in Fig. 4(a). We  find that in this case
permeation is facilitated by temporary bonding which is reflected
also in the intermediate geometry of the total system shown on the
right of Fig. 4(a). The formation of three C C bonds upon approach
of the projectile is in line with the amount of negative energy
of about −10 eV contained in �E.  The resulting distortion of the
coronene molecule, however, significantly overcompensates this
gain in energy due to temporary bonding.

For CH, we observe similarities with the atomic case, occurring
at a somewhat closer distance to the sheet: Energy is gained due
to temporary bonding of CH to three adjacent C atoms of the tar-
get molecule. This is again accompanied by a strong distortion of
the coronene molecule as shown in Fig. 4(b) to the right. After
permeation of the C atom from CH the H atom is stripped off as
was observed already for the BeH species, see Section 3.2. How-
ever, when the C atom departs from the target molecule, one of
m. (2014), http://dx.doi.org/10.1016/j.ijms.2013.12.015

the C atoms of coronene remains attached such that a rather high
deformation is remaining over the rest of the scan range. How-
ever, it can be expected that this situation becomes more and
more unfavorable as the C atom departs further such that for larger

dx.doi.org/10.1016/j.ijms.2013.12.015
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istances a partially hydrogenated coronene and an isolated C atom
ill remain.

For the projectile CH2 temporary bonding to three C atoms of the
oronene molecule is not favorable. This is also nicely reflected in
ig. 4(c). During permeation the central hexagon of coronene is cut
n two pieces. The permeating CH2 molecule forms a temporary
entagon with four of the C atoms, while the other two  C atoms
xhibit a stronger bonding than in the original situation.

For CH3 temporary bonding can facilitate permeation only via
he formation of one C-C bond as can be seen in the region beyond

 = 1 Å in Fig. 4(d). Beyond z = 1.8 Å fragmentation of into CH2 and H
akes place. For larger z values no convergence could be achieved,
ut it is expected that for the remaining part of the scan range the
oronene molecule would flip back and one would remain with
24H13 and CH2. In general, if the geometry and thus the wave-
unction changes substantially and abruptly, it can be difficult to
chieve convergence in the SCF procedure.

For the projectile CH4, we observe a relatively early fragmen-
ation into CH2 and H2 upon approaching coronene, see Fig. 4(e).
fter this fragmentation the permeation is facilitated by the for-
ation of two temporary C C bonds as in the case of CH2discussed

bove but in a somewhat more symmetrical manner.

.4. Energy barriers for the projectiles OHx, x = 0,1,2

For the chosen nomenclature and representation of our results
ee Section 3.2. The energy barriers and contributions Edef and �E
or the projectiles (a) O, (b) OH and (c) OH2 are depicted in Fig. 5.

The atomic projectile O exhibits significantly negative �E con-
ributions in the central region of the barrier, see Fig. 5(a). Similar
o the case of CH2 discussed in Section 3.3, this is accompanied
y temporary bonding between O and two C atoms of the central
exagonal ring in coronene as well as enhanced deformation of the
arget molecule.

For OH, we  observe a jump in the �E  contribution at larger val-
es than for the atomic projectile O, see Fig. 5(b). This stronger
epulsion for smaller values of z is also familiar from the so far
iscussed hydrogenated species. Unfortunately, we could not cal-
ulate the data for values of z larger than 1.4 Å. However, our results
t least indicate that for these values the O atom will have passed
he coronene molecule while the H atom is stripped off as it was
bserved already for BeH and CH.

For water as projectile, i.e. OH2, we note for z < 1.2 Å also a
trongly enhanced repulsion, see Fig. 5(c). This can be expected
rom the closed-shell configuration of the water molecule. Beyond
Please cite this article in press as: S.E. Huber, M. Probst, Int. J. Mass Spectro

 = 1.2 Å, however, we observe a significant attractive contribution
rom �E  indicating temporary bonding in the region between 1.4
nd 2.0 Å. The mechanism underlying this feature is depicted in
ig. 6. At z = 1.2 Å the coronene is strongly distorted and repelled

ig. 6. Permeation mechanism of water through the center of coronene. H, C and O atom
iven  in Å. (For interpretation of the references to color in this figure legend, the reader is
�E  according to Eq. (2). The latter contribution is denoted simply as “difference”
in  the figure. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

by the water molecule. At z = 1.4 Å, however, one of the H atoms
(light blue sphere in Fig. 6) of the water molecule is donated to
one of the carbon atoms (yellow spheres in Fig. 6) of the central
hexagon of coronene. At z = 1.6 Å both of the hydrogen atoms have
been donated and O (red sphere in Fig. 6) binds to two C atoms.
This situation remains also for z = 1.8 Å. At z = 2.0 Å the departing O
atom re-captures the two  H atoms and a water molecule is formed
again.

4. Discussion

We note for the total energy barriers for permeation of the dif-
ferent species through coronene, discussed in Sections 3.3 and 3.4,
m. (2014), http://dx.doi.org/10.1016/j.ijms.2013.12.015

that these barriers generally exhibit various local maxima. One of
those is usually located in front of the region in which temporary
bonding as discussed above occurs. In the cases of CH2, CH3 and
OH2, these maxima are also the global maxima, whereas in all other

s are depicted as light blue, yellow and red spheres, respectively. Values for z are
 referred to the web version of the article.)

dx.doi.org/10.1016/j.ijms.2013.12.015
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ases they are at least of similar height with the global ones. Hence,
rojectiles with energies well below these pre-barrier maxima will
e repelled way before they could be subject to fragmentation. In a
uclear fusion scenario corresponding to partial detachment with

 temperature of a few eV in the divertor region, most of the projec-
iles will have such low energies. Their dynamics is then governed
y these pre-barriers.

For the reason given above, we collect the values of the energy
arriers for the range of positions of the projectile species BeHx, CHy

nd OHx corresponding to z = 0.0–1.0 Å in Fig. 7. These results can
e interpreted as follows. From H and H2, (not included in Fig. 7),
e have already observed that the permeation barrier depends

trongly on the electronic configuration. For atomic H temporary
onding is possible when approaching the coronene molecule, but
ot for H2 due to its closed-shell nature. The same holds for the
ore complex molecules. As noted in Section 3.2, Be exhibits a

losed subshell, while BeH exhibits a valence electron allowing
emporary bonding, and BeH2 corresponds to a closed-shell species.
his is reflected in the pre-barriers in Fig. 7. In particular, the bar-
iers are smaller for BeH than for Be, and larger for BeH2 than for
eH, see the left panel in Fig. 7. The exception for z = 1.0 Å in Fig. 7

s due to the different locations of the barrier maxima for the dif-
erent species. At this z value, Be and BeH2 have already passed the
oronene molecule, whereas this happens later for BeH.

For the CHy species, we note that both C and CH allow tempo-
ary bonding to three C atoms of the coronene molecule. However,
or the CH molecule the repulsion between the projectile and the
arget molecule can be expected to be bit larger due to higher elec-
ron density due to its C H bond. Attaching two/three H atoms
o C, which results in a CH2/3 molecule reduces the number of
ossible temporary bonds to two/one in contrast to the fore-
oing cases. The expected order of permeation barriers is thus
b(CH3) > Eb(CH2) > Eb(CH) > Eb(C). This is indeed the case as can be
een from the central panel in Fig. 7. The early fragmentation of CH4
nto CH2 and H2 upon approaching the coronene surface could lead
o the expectation that it would resemble CH2. However, the cost
or breaking two C H bonds is not fully compensated by the forma-
ion of the H2 molecule and thus the resulting barrier is between
he ones for CH2 and CH3 (Fig. 7).

For the last species considered in this work, OHx with x = 0, 1,
, we observe that the barriers are the higher the more of the free
alences of the projectile are saturated. In particular, the atomic
rojectile O yields two free valences, whereas the hydroxyl radical
H yields one, and the water molecule, OH2 exhibits a closed-

hell configuration. Inspection of Fig. 7 shows that the permeation
arriers for these projectiles yield the thus expected order, i.e.
b(OH2) > Eb(OH) > Eb(O).
Please cite this article in press as: S.E. Huber, M. Probst, Int. J. Mass Spectro

Concerning the relevance of the work to fusion setups like ITER,
hich will exhibit a complex materials mixture [5,6], the obser-

ation of large differences in permeation capability of species in
 PRESS
 Mass Spectrometry xxx (2014) xxx– xxx

a chemical equilibrium with each other might eventually have
implications for the use of carbon in the divertor region. Assumed
that low temperatures accompanied by high gas densities and
high recombination rates are present in this region, a signifi-
cant fraction of the impurities in front of the wall will consist of
neutral molecules, rather than atomized or ionized species [56].
Those molecular species will then experience a stronger repulsion
upon approaching the surface due to their limited number of free
valences, as our results indicate. Hence, the situation in such a
scenario might be substantially different from exploratory experi-
ments in which materials are exclusively bombarded by energetic
ions. In especially, we expect that effects like material degradation,
tritium retention and impurity production will be rather sensitive
to operation parameters such as the degree of detachment realized
in the reactor.

5. Conclusion

We  calculated energy barriers for the adiabatic permeation of H,
H2, BeHx as well as CHy and OHx with x = 0, 1, 2 and y = 0–4 through
the central hexagon of coronene. We  find that the permeation bar-
rier can be lowered by temporary bonding depending strongly on
the electronic configuration of the projectile species. In many cases,
we observe energetically driven fragmentation processes, generally
occurring already upon close approach to the target molecule. The
dynamics of projectiles with energies of a few eV is governed by
barriers that are found to be lowered in cases of temporary bond-
ing which is in turn enabled by free valences in the projectiles. For
comparable systems, the strength of the bonding is related to the
number of free valences. In particular, some barriers are found to be
as much as twice as high for fully hydrogenated species as for the
corresponding bare atoms. It is argued that therefore caution must
be exercised when experiments using ion beams are compared to
the scenario in plasmas of a few eV ion temperature.
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ABSTRACT: We have developed an efficient scheme for the
generation of accurate repulsive potentials for self-consistent
charge density-functional-based tight-binding calculations,
which involves energy-volume scans of bulk polymorphs
with different coordination numbers. The scheme was used to
generate an optimized parameter set for various ZnO
polymorphs. The new potential was subsequently tested for
ZnO bulk, surface, and nanowire systems as well as for water
adsorption on the low-index wurtzite (101 ̅0) and (112 ̅0)
surfaces. By comparison to results obtained at the density
functional level of theory, we show that the newly generated repulsive potential is highly transferable and capable of capturing
most of the relevant chemistry of ZnO and the ZnO/water interface.

1. INTRODUCTION

Zinc oxide is a wide band gap semiconductor (band gap 3.4
eV), used in several technologically important applications,
such as heterogeneous catalysis,1 gas sensors,2 and micro-
electronic devices.3 Many of these applications have in common
that they rely on the specific electronic properties of ZnO and
how they can be modified by dopants or by specific structural
features. In particular, ZnO nanoparticles of various sizes can be
grown to exhibit a large number of different shapes, such as
wires, spheres, and helices.2 ZnO nanoparticles can also be used
in, for example, sunscreens to protect against UV irradiation,
but the toxicity of the nanoparticles is debated4,5 and may be
related to the dissolution of Zn2+ ions.
The interaction of ZnO with water or OH-groups is of

particular interest, because water in either the liquid or the gas
phase tends to be present for most of the applications involving
ZnO. At ambient conditions, ZnO exhibits the wurtzite crystal
structure and principally exposes four different surfaces: the
nonpolar ZnO(101 ̅0) and ZnO(112 ̅0) and the polar Zn-
terminated ZnO(0001) and O-terminated ZnO(0001 ̅).6
Adsorbed water adopts different structures for different
surfaces. On ZnO(101 ̅0), experiments and calculations have
shown that the most favorable adsorption structure for water is
“half-dissociated”, where every other water molecule is
dissociated.7 This leads to a particularly stable hydrogen-
bonded network on the surface. However, the half-dissociated
adsorption structure coexists with a molecular adsorption
structure on the surface,8 and calculations suggest that the
amount of dissociated water may increase upon addition of
more water layers.9 On ZnO(112 ̅0), the situation is to a large
extent unknown, although it has been proposed by density-

functional theory (DFT) calculations that water adsorbs either
fully dissociated10 or half-dissociated.11 The clean polar Zn-
terminated ZnO(0001) surface exhibits triangular pits12 to
stabilize the inherent polarity in the ZnO[0001] direction. On
this surface, water adsorbs dissociatively and reduces the pit
sizes.13 Finally, the O-terminated ZnO(0001 ̅) surface is usually
hydrogen covered under normal preparation conditions.
Adsorption of water on this hydrogen-covered surface has
been proposed to be molecular, while adsorption on the clean
(non-hydrogen-covered) surface has been proposed to be
dissociative.14

Recently, there has also been interest in crystal structures of
ZnO other than wurtzite, such as the closely related cubic
zincblende structure,15 as well as high-pressure modifications
such as the NaCl-type and CsCl-type structures16−19 and the
lesser-known “graphitic”20−25 and low-density “body-centered
tetragonal”26 (BCT)25,27−32 and cubane-type33 structures. The
graphitic and BCT structures have been proposed to form
during thin-film growth of ZnO to quench the macroscopic
dipole moment formed as wurtzite ZnO grows along the polar
ZnO[0001]/ZnO[0001 ̅] directions. Each of these polymorphs
have their own set of lattice parameters, formation energies, and
electronic properties that may make them more suitable than
the wurtzite structure for certain applications. Currently, all of
the polymorphs except the CsCl, BCT, and cubane structures
have been synthesized in experimental laboratories. However, a

Received: April 25, 2013
Revised: July 17, 2013
Published: July 23, 2013

Article

pubs.acs.org/JPCC

© 2013 American Chemical Society 17004 dx.doi.org/10.1021/jp404095x | J. Phys. Chem. C 2013, 117, 17004−17015

pubs.acs.org/JPCC


BCT-like structure has been shown to form dynamically at the
ZnO(101 ̅0) surface.32
With this palette of ZnO structures and their individual

characters, it is highly desirable to have access to a set of
theoretical methods which would allow for the study of
different polymorphs of ZnO and their interaction with water at
experimentally relevant size and time scales, concerning both
structural and electronic properties. Given the significant
computational cost associated with very large-scale and
simultaneously accurate theoretical calculations at the ab initio
level today, other methods, which bridge the existing size and
time gaps between experiments and theory, are needed.
Such methods are invariably parametrized or semiempirical,

i.e., they rely on precalculated interaction parameters between
different atomic species. The parameters are obtained by fitting
them to the results of a set of reference calculations, usually
performed at the ab initio level. Ideally, the method should
contain only a small set of parameters that can be calculated
from ab initio methods in a direct and easy manner. One such
method is the density functional-based tight binding method
with self-consistent charges34 (SCC-DFTB), a method which
has been successfully used in several applications, including
biological systems35 and inorganic materials.36 SCC-DFTB
allows for explicit calculations of the electronic structure (e.g.,
orbital population analysis and band structure calculations) of a
system, which makes the approach suitable for studying, for
example, charge transfer, a key ingredient in many chemical
reactions.
There is an SCC-DFTB parameter set for the interactions

between Zn, O, and H, called znorg-0-1.37 It is based on the mio
parameter set34 for the O−O, O−H, and H−H interactions,
while the Zn−O interaction was optimized to describe four-
coordinated Zn and O atoms in the zincblende structure. There
is also another mio-based Zn−O SCC-DFTB parameter set
which was optimized for four-coordinated zincblende.38 This
parameter set is not publically available.
The znorg-0-1 potential has been used to study intrinsic

defects in ZnO nanowires39 and adsorption of various
molecules on ZnO surfaces.11,40,41 However, we have found
that this potential displays overbinding at long Zn−O distances
which tend to be present in structures with high coordination
numbers. This has implications for the comparison of different
structural phases of ZnO. For example, experimentally, the
cubic NaCl-type structure of ZnO is less stable than the
wurtzite structure, i.e., at ambient conditions the wurtzite
structure is the most stable. However, in this paper we find that
the znorg-0-1 potential gives the opposite result. The
overbinding at long Zn−O distances is also problematic when
comparing adsorption configurations for water molecules on
ZnO surfaces in which the water oxygen atom coordinates one
or two Zn atoms on the surface.
In an effort to overcome these problems, we have here

generated a new SCC-DFTB repulsive potential which
accurately handles all relevant phases of ZnO, for different
bond lengths and coordination numbers. We achieved this by,
in contrast to previous works, including structures of different
coordination numbers directly in the parametrization. In this
procedure, we have adopted ideas that has previously been used
for the parametrization of a reactive force field for zinc oxide.42

We will show that this new parametrization also improves the
chemical description of ZnO surfaces, nanowires, and especially
of the ZnO/water interface, for which we obtain good

agreement with higher-level theoretical calculations (DFT)
and to available experimental data.
In this work, we propose a method for efficient optimization

of the repulsive potential within the SCC-DFTB framework.
Specifically, based on a set of reference DFT calculations, we
optimize the Zn−O repulsive potential to accurately describe
the low-energy polymorphs of ZnO under various strains. We
then use this optimized parameter set, which we will call znopt,
to study ZnO nanowires and the ZnO/water interface. In the
paper, we repeatedly demonstrate the accuracy of the calculated
SCC-DFTB results with respect to calculations at the GGA-
PBE43 density functional level, which constitutes our frame-
work of reference.

2. METHODS

2.1. SCC-DFTB. The SCC-DFTB method has been
described in detail elsewhere.44,45 Here we will just briefly
present the points necessary to appreciate the results of this
paper.
SCC-DFTB is an approximative quantum-chemical method

where the total energy is expressed as a second-order expansion
of the DFT energy with respect to charge density fluctuations.
The total energy is usually expressed as the sum of three terms:
the band-structure term EBS, the second-order term Esecond, and
the repulsive term Erep. The band-structure and repulsive terms
are also found in “normal” (non-SCC) DFTB, while the
second-order term is unique to the SCC-DFTB method.
The band-structure term corresponds to the sum of the

energies of all occupied electronic eigenstates of the
Hamiltonian. The eigenstates are expressed in a minimal
basis of pseudoatomic orbitals generated from an all-electron
calculation for each atomic species. The (distance-dependent)
overlap matrix elements and the matrix elements representing
the Hamiltonian in this basis are precalculated once and stored
in Slater−Koster tables.
The second-order term contains the energy contributions

due to charge density fluctuations in the system. These
fluctuations are approximated by atomic charges derived from
Mulliken population analysis.46 The energy associated with the
interaction of these atomic Mulliken charges is derived using
the approximation of spherically symmetric Gaussian-shaped
atomic charge densities, leading to an analytical expression that
determines the on-site and interatomic contributions to the
second-order term. These contributions depend on the
individual atomic hardnesses, which are usually expressed in
terms of the Hubbard U parameter.
The band-structure term and the second-order term

constitute the electronic part of the total energy. The total
energy of the system also includes the repulsive term, which
contains the ion−ion repulsion (hence the name) as well as
exchange-correlation contributions and “double-counting”
corrections. In practice, it is usually approximated by a sum
of pairwise atomic interactions:

∑=
<

E V r( )
I J

IJ
IJrep rep

(1)

where Vrep
IJ (rIJ) is the potential between atoms I and J at a

distance rIJ. These pairwise potentials are obtained by fitting
them either to experimental data, or to the results of theoretical
calculations of higher accuracy, e.g., ab initio calculations.

2.2. Scheme for Fitting of the Repulsive Potential. To
make our newly generated repulsive potential compatible with
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the well-established mio parameter set,34 and to some extent
with the znorg-0-137 parameter set (which also involves
interactions between Zn and the elements C, S, N, and P,
that are not treated in the present work), we have kept all the
Hubbard parameters for the elements and Slater−Koster tables
from the mio and znorg-0-1 parameter sets. The only part that
we have changed is the Zn−O repulsive potential from the
znorg-0-1 set (i.e., all the other repulsive potentials are also kept
the same as in znorg-0-1).
The znorg-0-1 repulsive potential was only trained to

reproduce results for the cubic zincblende polymorph of
ZnO.37 In the present work we show that the repulsive energy
term obtained with the znorg-0-1 potential is too small at longer
distances (above 2 Å) which are present in ZnO structures with
high Zn coordination numbers. Thus, using the znorg-0-1
potential, the NaCl-type polymorph of ZnO, which is six-
coordinated and therefore exhibits relatively long Zn−O bonds,
is considerably more stable than the experimentally found
wurtzite structure, which is four-coordinated and exhibits
relatively short Zn−O bonds. We therefore set out to generate
a new repulsive potential (znopt), with an increased repulsion at
long distances, to obtain the correct stability order of the
wurtzite and NaCl-type polymorphs of ZnO.
To achieve this, we performed volume scans for ZnO in the

wurtzite structure and the NaCl-type structure (see Figure 1)
using density functional theory (details are given in section
2.3). The necessity of including structures with different
coordination numbers and different bond lengths in the
parametrization has been pointed out before,45,47 but this
seems to not yet have been the practice for SCC-DFTB
parametrizations of solid-state materials.
Atomic positions and lattice parameters were optimized with

DFT, giving a Zn−O bond length of 2.17 Å in the NaCl-type
structure and a (shortest) bond length of 2.01 Å in the wurtzite
structure. The optimized DFT geometry was then scaled
isotropically in a volume range of 73% to 133% in steps of
approximately 6%. Single-point energy calculations were
performed at each volume, using both DFT and SCC-DFTB.
The ideal SCC-DFTB repulsive energy, i.e., the repulsive
energy which would result in perfect agreement between DFT
and SCC-DFTB and which we denote Ẽrep, is the difference
between the DFT total energy and the electronic part of the
SCC-DFTB energy for each structure S, calculated with respect
to the DFT-optimized wurtzite structure Sref:

̃ = ̃ + −

− −

E E E E

E E

(S) (S ) [ (S) (S )]

[ (S) (S )]

rep rep ref DFT DFT ref

el el ref (2)

where EDFT is the total DFT energy and Eel is the electronic part
of the SCC-DFTB energy. The ideal value for Ẽrep(Sref) is the
repulsive energy value that gives the desired atomization energy
of the solid. It is, however, in principle possible to choose any
arbitrary value for this quantity. The absolute values of the
atomization energies in the SCC-DFTB calculations will then
not match the DFT values, although the relative atomization
energies will match. By sacrificing some of the accuracy of the
atomization energy, it may be possible to improve other aspects
such as surface relaxation37 or water adsorption energies. This
has been the approach used in this work, i.e., the absolute
values of the atomization energies were varied until all other
properties considered in this work were reproduced satisfac-
torily by the SCC-DFTB calculations. The error introduced in
the absolute atomization energies can thus effectively be
regarded as an error in the description of the isolated atoms,
but because we are primarily interested in the chemistry of ZnO
with a coordination number near 4, we believe this to be a
sound approach.
The goal of the parametrization was thus to find Vrep of eq 1

so that the difference between Ẽrep and Erep was minimized. We
chose to express Vrep using the four-range Buckingham
potential, which divides Vrep into four different functional
forms depending on the interatomic distance:
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This expression allows for some flexibility without giving rise to
unphysical variations or kinks in the potential, as the first and
second derivatives are continuous in the entire distance range.
In the parametrization, we varied the five limits rmin to rmax
manually and added a tapering function to let the repulsive
potential smoothly approach zero at r = 3.0 Å, which is smaller

Figure 1. Unit cells for the considered bulk structures of ZnO: wurtzite, NaCl-type, zincblende, CsCl-type, graphitic, body-centered tetragonal
(BCT), and cubane. Oxygen is depicted in red and zinc in gray. The coordination numbers for the Zn and O atoms are given in parentheses.
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than the second nearest neighbor distance in any of the
considered polymorphs of ZnO. We subsequently optimized
the coefficients to minimize the difference between Ẽrep and
Erep. The fitting was done with the GULP48 software.
2.3. Electronic Structure Methods. The SCC-DFTB

calculations were performed with the DFTB+ package49

together with both the original znorg-0-1 repulsive potential
by Moreira et al.37 and with our new improved repulsive
potential znopt. An empirical dispersion correction, similar to
the Grimme dispersion correction50 for DFT, was not used,
because we validated our SCC-DFTB repulsive potential
against results obtained with DFT without such a dispersion
correction.
The DFT reference calculations were performed using the

generalized gradient approximation exchange-correlation func-
tional PBE43 in an implementation involving a plane-wave basis
set with energy cutoff 500 eV and projector augmented wave
(PAW) type pseudopotentials.51,52 We explicitly treated one,
six, and twelve valence electrons for H, O, and Zn, respectively.
The PBE DFT functional was used as a reference because it was
the functional used to derive the SCC-DFTB atomic basis for
Zn.37 The PBE calculations were performed using the
VASP53−55 package.
Periodic boundary conditions in three dimensions were

employed throughout. Geometry optimizations were per-
formed using the conjugate gradient algorithm until all forces
on the atoms were smaller than 5 meV/Å. Convergence tests
with respect to the k-point sampling were made for each system
under study (for the bulk calculations, we typically used a Γ-
centered 7 × 7 × 7 k-point grid and correspondingly smaller
grids for the surface and nanowire calculations).
2.4. Systems Studied. 2.4.1. ZnO Bulk Polymorphs. In

this work, we have calculated properties such as lattice
parameters, bulk moduli, and band gaps for the CsCl-type,
NaCl-type, wurtzite, zincblende, graphitic, BCT, and cubane
structures of ZnO. The unit cells for each of the seven
polymorphs are shown in Figure 1. The hexagonal wurtzite
structure is characterized not only by its lattice parameters a
and c but also by the internal parameter u which corresponds to
the fractional displacements of the Zn and O sublattices along
the c direction. We have chosen to model the BCT structure as
an “ideal” BCT structure, i.e., with a = b so that the structure is
tetragonal. The BCT structure then possesses two internal
parameters, one of which we call u and which corresponds to
the fractional displacements of the Zn and O sublattices along
the a or b direction, and the other which corresponds to the
Zn−O−Zn angle α depicted in Figure 1. The internal
parameters u and α are defined in a similar way for the cubane
polymorph.
In the parametrization procedure, only the wurtzite and

NaCl-type polymorphs were included, while the other
polymorphs were used for testing purposes. Thus, to ensure
the transferability of our generated parameter set, we validated
the parameters by calculating energy−volume scans for the
high-density CsCl, intermediate-density graphitic and zinc-
blende, and low-density BCT and cubane polymorphs. The
optimized structures were strained from 73% to 133% in steps
of approximately 6%. For each volume under consideration, the
c/a ratio in the wurtzite, BCT, and graphitic structures was
optimized, and all atoms were allowed to fully relax.
The bulk modulus B0 was obtained by fitting the energy−

volume curves to a Murnaghan type equation of state. The

atomization energies Eat of the bulk polymorphs were
calculated as

= + −‐ ‐ ‐E
n

nE nE E
1

( )at Zn atom O atom ZnO crystal (4)

where n is the number of ZnO formula units in the crystal unit
cell, and EZn‑atom, EO‑atom, and EZnO‑crystal correspond to the
energies of an isolated Zn atom, an isolated (spin-polarized) O
atom, and the ZnO crystal, respectively.

2.4.2. Clean ZnO Surfaces. In the calculation of structural
properties of the clean ZnO surfaces, we used twenty-layer
thick ZnO(101 ̅0) and ZnO(112 ̅0) slabs with a vacuum gap of
at least 15 Å between neighboring systems. The systems were
constructed using the bulk lattice parameters native to each
method (i.e., the PBE-optimized bulk wurtzite lattice was used
to construct the surfaces for the PBE calculations, etc.). Side
and top views of these systems are shown in Figure 2. We

characterized the surface structure through the angle θ that the
ZnO “dimers” in the top layer along the polar ZnO[0001]/
ZnO[0001 ̅] directions make to the corresponding layers in the
bulk (indicated in Figure 2). Additionally, we calculated the
surface energy as

= − ‐E
A

E nE
1

( )surf slab ZnO bulk (5)

where Eslab is the total energy of the slab supercell, n is the
number of ZnO formula units in the cell, EZnO‑bulk is the energy
of a formula unit of ZnO in the wurtzite bulk, and A is the total
surface area of the slab supercell (twice the area of one face).
The surface energies were converged within 0.01 J/m2 for the
eight-layer thick slabs. For this reason, eight-layer thick slabs
were used for the adsorption of water (see the following
sections).
No calculations were performed for the polar ZnO(0001)

and ZnO(0001 ̅) surfaces, because these typically exhibit
significant surface reconstructions and possibly surface
metallization.56,57 Because of the complexity involved in

Figure 2. Top and side views of the wurtzite ZnO(101 ̅0) and
ZnO(112 ̅0) structures geometry-optimized using the SCC-DFTB
parametrization znopt. In the top views, two layers are shown with the
top layer atoms larger and brighter than the second-layer atoms. In the
side views, six layers are shown for ZnO(101 ̅0) and four layers for
ZnO(112 ̅0), and the relaxation angle θ is indicated.
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modeling these surfaces, they lie outside the scope of the
current article.
2.4.3. ZnO Nanowires. We generated wires in the hexagonal

wurtzite structure and in the NaCl-type structure, see Figure 3,

and calculated formation energies as a function of wire diameter
d for diameters in the range 9 to 44 Å using SCC-DFTB, and
for diameters in the range 9 to 27 Å using PBE. The largest
nanowire studied using PBE contained 200 formula units, while
the largest nanowire studied using SCC-DFTB contained 588
formula units. A vacuum gap of at least 15 Å was introduced
between neighboring wires. The hexagonal wires of the wurtzite
structure were terminated by {101 ̅0} facets and were periodic
in the [0001̅] direction. The square wires of NaCl-type
structure were terminated by {100} facets and were periodic in
the [001] direction. The formation energies of the nanowires
per ZnO were calculated as

Δ = − ‐E
n

E nE
1

( )f wire ZnO bulk (6)

where n is the number of ZnO formula units in the supercell,
Ewire is the total energy of the wire supercell, and EZnO‑bulk is the
energy per ZnO formula unit in wurtzite bulk ZnO.
2.4.4. Water Adsorption on ZnO Surfaces. Single water

molecules were adsorbed onto the ZnO(101 ̅0) and ZnO(112 ̅0)
surfaces in various adsorption configurations, similar to the
calculations performed by Meyer et al.7 and grosse Holthaus et
al.11 The calculations were performed in a 3 × 2 supercell for
ZnO(101 ̅0) (ca. 10 Å × 10 Å) and in a 2 × 2 supercell for
ZnO(112 ̅0) (ca. 11 Å × 10 Å). Additionally, full-monolayer
calculations in a 2 × 2 cell for both surfaces were performed in
fully dissociated, half-dissociated, and molecular configurations.
The water molecules were adsorbed onto only one side of the
eight-layer thick slab. The adsorption energy per water
molecule was calculated as

= − −E
N

E E NE
1

( )ads tot slab H O2 (7)

where N is the number of water molecules per supercell, Etot is
the energy per supercell of the system with water adsorbed
onto the ZnO slab, Eslab is the energy per supercell of the clean
optimized ZnO slab, and EH2O is the energy of an optimized
isolated water molecule. Thus, the more negative the
adsorption energy, the more stable the system.

3. RESULTS AND DISCUSSION
3.1. The Optimization of the SCC-DFTB Repulsive

Potential. Our optimized znopt repulsive potential is
compared to the original znorg-0-1 repulsive potential in Figure
4. At distances longer than 2 Å, the znopt potential is more

repulsive than the znorg-0-1 potential. Figure 5 shows energy−
volume curves calculated using znorg-0-1, znopt, and the
reference PBE method for the wurtzite and NaCl-type bulk
structures of ZnO. These were the polymorphs that were
explicitly fitted against in the znopt parametrization procedure.
By inspection of Figure 5, it is clear that we have addressed the
problem of the too stable NaCl-type structure that plagued the
znorg-0-1 repulsive potential. In the following sections, we will
show that we improve the descriptions of many other types of
systems as well.

3.2. ZnO Bulk Polymorphs. The calculated optimized
lattice parameters, band gaps, and bulk moduli of the various
bulk phases considered (CsCl-type, NaCl-type, wurtzite,
zincblende, graphitic, BCT, and cubane) of ZnO are given in
Table 1. The energy−volume curves calculated with both PBE
and the znopt SCC-DFTB repulsive potential for all considered
phases are shown in Figures 5 and 6. We find that the
agreement between the znopt and the reference PBE results in
general is very good, both for those structures that formed part
of the parametrization and for the others. With both methods,

Figure 3. View along the [0001] direction of a wurtzite ZnO nanowire
and along the [001] direction of a NaCl-type ZnO nanowire. The
diameter d is indicated by the black arrow.

Figure 4. The original znorg-0-1 repulsive potential37 (dashed line)
and the new optimized repulsive potential znopt of this work (solid
line) as a function of Zn−O distance r.

Figure 5. Volume scans calculated with three different methods for the
bulk polymorphs of ZnO included in the parametrization of the znopt
potential (the NaCl-type and wurtzite polymorphs): PBE, the znopt
potential, and the original znorg-0-1 potential.37.
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the most stable structure is the wurtzite structure (as is the case
in experiment), followed closely by the zincblende structure. At
high pressures, a phase transformation into the NaCl-type
structure can be expected while at highly negative pressures, the
BCT and cubane structures are the most stable.
There are, however, some minor discrepancies between the

PBE and znopt results. For example, the equilibrium volume of
the wurtzite structure is somewhat smaller with znopt compared
to PBE, although the znopt-optimized lattice parameters are

closer to the experimental values (a = 3.250 Å, c = 5.207 Å, u =
0.3825).58 Additionally, the band gap obtained with znopt is
4.33 eV while the PBE band gap is 0.73 eV, so the znopt band
gap is closer to the experimental value of 3.4 eV.3 PBE greatly
underestimates the band gap because of electron self-
interaction, while SCC-DFTB overestimates the band gap
because of the use of a minimal basis set. Here, we should point
out that the original znorg-0-1 potential in fact gives a
somewhat smaller band gap (3.78 eV). This is a result of the
fact that the Zn−O bonds are longer in the znorg-0-1-optimized
structure compared to the znopt-optimized structure.
The underestimation of the band gap by PBE reaches an

extreme for the CsCl-type polymorph of ZnO, where a metallic
solution is obtained (as also noted by Wrob́el and Piechota).18

With znopt, a small indirect band gap of 0.48 eV remains.
Uddin and Scuseria17 performed hybrid density functional
calculations on this polymorph and also noted a decrease of the
band gap compared to the wurtzite structure, albeit only by 1.2
eV (from 2.9 to 1.7 eV). For the NaCl-type structure, we obtain
an indirect band gap of 2.32 eV with znopt, which is similar to
the experimental value of 2.45 ± 0.15 eV.59

A more detailed view of the electronic structure of the
various polymorphs is given in Figure 7. In Figure 7a, the
electronic DOS obtained by znopt and PBE is shown for the
wurtzite polymorph of ZnO. The energies have been aligned
with respect to the O2s energy, which is the most “corelike”
state that is explicitly treated in the calculations. It is clear that
the larger band gap obtained with znopt mainly comes from a
shift of the unoccupied states, i.e., the conduction band. The
occupied valence band, on the other hand, is well-described
compared to PBE. In Figure 7b, schematic views of the DOS
for all seven polymorphs are shown. The agreement between
the znopt and PBE-calculated valence bands for the four-
coordinated wurtzite, zincblende, BCT, and cubane-type
structures, as well as the five-coordinated graphitic structure,
is very good. The positions of the valence bands relative to the
O2s states with PBE and znopt match very well, and the znopt-
calculated valence bands are only slightly more narrow than the
corresponding PBE-calculated valence bands. For the higher-
coordinated NaCl-type and CsCl-type polymorphs, the agree-
ment between znopt and PBE is worse, with the valence bands
being much too narrow in the znopt calculations. Thus, the
valence bands of these high-coordinated phases are not very
well described, and the znopt potential is consequently not very

Table 1. Calculated Lattice Parameters a and c, Internal
Parameter u, Atomization Energy Eat, Bulk Modulus B0, and
Band Gap Egap for Various ZnO Polymorphs at Different
Levels of Theorya

PBE znopt znorg-0−1

Wurtzite (P63mc, no. 186)
a [Å] 3.29 3.21 3.29
c [Å] 5.31 5.25 5.38
u 0.379 0.374 0.375
Eat [eV] 7.37 9.88 9.92
B0 [GPa] 129 161 161
Egap [eV] 0.73 4.33 3.78

NaCl (Fm3̅m, no. 225)
a [Å] 4.34 4.34 4.36
Eat [eV] 7.07 9.56 10.06
B0 [GPa] 166 227 302
Egap* [eV] 0.77 2.32 2.23

Zincblende (F4̅3m, no. 216)
a [Å] 4.62 4.54 4.65
Eat [eV] 7.35 9.88 9.92
B0 [GPa] 129 162 160
Egap [eV] 0.65 4.27 3.73

Graphitic (P63/mmc, no. 194)
a [Å] 3.46 3.33 3.53
c [Å] 4.58 4.87 4.49
Eat [eV] 7.23 9.75 9.87
B0 [GPa] 99 178 195
Egap [eV] 0.95 4.20 3.35

CsCl (Pm3̅m, no. 221)
a [Å] 2.69 2.71 2.64
Eat [eV] 5.93 8.86 9.34
B0 [GPa] 160 264 385
Egap* [eV] 0 0.48 1.19

(Ideal) BCT (P42/mnm, no. 136)
a [Å] 5.63 5.51 5.64
c [Å] 3.29 3.25 3.33
u 0.363 0.367 0.365
α [deg] 90.1 91.9 92.0
Eat [eV] 7.32 9.73 9.77
B0 [GPa] 105 142 131
Egap [eV] 0.75 4.52 3.94

Cubane (I4 ̅3m, no. 217)
a [Å] 6.29 6.19 6.34
u 0.326 0.329 0.327
α [deg.] 91.0 91.9 91.7
Eat [eV] 7.15 9.36 9.41
B0 [GPa] 97 111 104
Egap [eV] 1.32 5.33 4.61

aThe band gaps for the NaCl and CsCl type structures are indirect
(denoted with an asterisk). The angle α for the BCT and cubane
structures is defined in Figure 1. The space groups and space group
numbers for the various structures are also given.

Figure 6. Volume scans for five different bulk polymorphs of ZnO not
included in the znopt parametrization (CsCl-type, graphitic,
zincblende, BCT, and cubane), calculated with and PBE and znopt.
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suitable to study these phases, even if the formation energies
relative to the wurtzite phase are qualitatively correct.
The znopt-calculated bulk moduli are in general too high

compared to PBE. This can be seen in Figures 5 and 6, where
the znopt-calculated energy−volume curves are too steep
compared to PBE, although good agreement with experiment
is obtained (B0 = 142.6 GPa for wurtzite and B0 = 202.5 GPa
for the NaCl-type structure).60

We note that the atomization energies of all the polymorphs
are quite overestimated, as is often the case in SCC-DFTB
calculations.37,61 The reason for this is that by imposing the
correct atomization energy (which we found can be achieved by
increasing the Zn−O repulsive potential by roughly 0.65 eV
near the Zn−O equilibrium distance in wurtzite, cf., eq 2), the
adsorption of water molecules (see coming sections) on the
ZnO surfaces becomes far too weak. Our reported znopt
potential thus corresponds to a trade-off between correct bulk
ZnO and water adsorption descriptions.
Finally, we comment on the PBE-calculated results for the

BCT polymorph. Our calculated equilibrium volume (26.1 Å3/
ZnO) and relative stability (0.05 eV/ZnO less stable than the
wurtzite structure) agree very well with results of Morgan29 and
Zwijnenburg et al.30 However, the results are considerably
different from the equilibrium volume (33 Å3/ZnO) and
relative stability (1.15 eV/ZnO less stable than wurtzite)

reported by Zhang et al.,33 who performed similar PBE
calculations and suggested that the cubane polymorph is the
most stable low-density polymorph of ZnO. In contrast to the
results of Zhang et al.,33 our calculations show that the BCT
structure in fact is more stable than the cubane structure.

3.3. ZnO Surfaces. The calculated surface energies of the
ZnO(101 ̅0) and ZnO(112 ̅0) together with the corresponding
relaxation angles are given in Table 2. Although our znopt-

calculated surface energies are still too high compared to PBE,
we improve on both the surface energies and relaxation angles
compared to znorg-0-1. SCC-DFTB gives higher surface
energies than PBE because of the higher atomization energy
(see Table 1), so that it is more unfavorable to break ZnO
bonds.

3.4. ZnO Nanowires. The calculated formation energies as
a function of the nanowire diameter are given in Figure 8 for

the reference PBE method, as well as the znopt and znorg-0-1
potentials. The PBE and znopt results are comparable, with the
NaCl-type nanowire being consistently less favorable than the
wurtzite-type nanowire (experimentally, ZnO nanowires indeed
exhibit the wurtzite structure).62 In fact, the difference in
formation energies between the two different phases appear to
be almost constant over the diameter range considered, with
the difference for PBE amounting to 0.24 eV and the difference
for znopt amounting to 0.35 eV, i.e., slightly larger than the PBE
difference.
Conversely, the znorg-0-1 potential favors the NaCl-type

nanowire for all wire diameters larger than roughly 10 Å. The
results for the nanowires thus follow closely the results of the
bulk calculations, where the NaCl-type structure was more
stable than the wurtzite structure for the znorg-0-1 potential.
Both the formation energies for the NaCl-type and wurtzite-

type nanowires are higher with znopt than with PBE (for
example, the formation energy of the wurtzite nanowire of
diameter 23 Å is 0.22 eV/ZnO with PBE but 0.31 eV/ZnO

Figure 7. (a) Electronic DOS for ZnO in the wurtzite structure,
calculated with the znopt potential and PBE. The energies are aligned
with respect to the average O2s energy. A Gaussian broadening of
width 0.2 eV has been applied. In the znopt-panel, the major
projections onto the atomic orbitals are given. The (unoccupied)
conduction band is lightly shaded. (b) Schematic electronic DOS for
seven different polymorphs of ZnO. The valence band (VB) is heavily
shaded and the conduction band (CB) is lightly shaded. In each panel,
the upper band structure was obtained with znopt, and the lower band
structure was obtained with PBE.

Table 2. Calculated Surface Energies Esurf and Relaxation
Angles θ (defined in Figure 2) for the ZnO(101 ̅0) and
ZnO(112 ̅0) Surfaces of the ZnO Wurtzite Structure

PBE znopt znorg-0-1

Esurf(101 ̅0) [J/m2] 0.86 1.22 1.31
Esurf(112 ̅0) [J/m2] 0.89 1.29 1.38
θ(101 ̅0) [deg] 10.4 11.1 13.1
θ(112 ̅0) [deg] 11.9 11.9 14.1

Figure 8. Formation energies ΔEf for ZnO nanowires in the wurtzite
and NaCl-type structures as a function of wire diameter, calculated
with PBE, the znopt potential, and the znorg-0-1 potential.
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with znopt). This is consistent with the higher surface energies

obtained with znopt (see previous section).
We additionally calculated band gaps of the nanowires as a

function of wire diameter. In agreement with a previous SCC-

DFTB study,37 we find that the band gap decreases with

increasing size until it converges to a value slightly below the

one for the optimized bulk. This is due to surface states in the

nanowire, and similar effects are observed for the surface slabs.
3.5. The ZnO/Water Interface. The structures of all

studied water/ZnO systems are shown in Figure 9, and the

Figure 9. Top views of various water arrangements on the ZnO(101 ̅0) and ZnO(112 ̅0) surfaces, as calculated with the znopt potential, are shown.
The coloring scheme follows that of Figure 2, with the addition of blue water oxygen atoms and white hydrogen atoms.
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corresponding adsorption energies are given in Table 3 for
PBE, znopt, and znorg-0-1. The adsorption energies are also

given in a graphical diagram in Figure 10. In general, the znorg-
0-1 potential overestimates the interaction between the water
molecules and the ZnO surface (resulting in much too negative,
i.e., too stable, adsorption energies), compared to both PBE
and znopt. In ref 11, even more negative adsorption energies for
the ZnO(112 ̅0)/water interface obtained with the znorg-0-1
potential were reported, but those numbers contained errors.63

The agreement between PBE and the newly generated znopt
potential is in general very good. One of the reasons our znopt
potential gives weaker adsorption than the znorg-0-1 potential is
the greater value of the Zn−O repulsive potential at the water-
Zn distances (2.0−2.1 Å). In the following, we will discuss in
detail the results obtained for single-molecule and full-
monolayer adsorption of water on the ZnO(101 ̅0) and
ZnO(112 ̅0) surfaces.

3.5.1. Single Water Molecule Adsorption on ZnO(101̅0).
Meyer et al.7 also performed DFT calculations of isolated water
molecules on ZnO(101 ̅0) using PBE. We found that only four
of the nine adsorption structures reported by Meyer et al.7

correspond to true local minima (at least, using our
implementation of DFT, the other five structures represented
shallow regions on the potential energy surface). The four
structures are the d, e, f, and i structures in Figure 1 of ref 7, and
we choose to call them M-2, D-2, D-1, and M-1, respectively
(see Figure 9), where the M denotes molecular adsorption and
the D denotes dissociated adsorption, and the species labeled
“1” is more stable than the species labeled “2”.
In the molecular M-1 configuration (Figure 9a), the water

oxygen atom coordinates one Zn atom, which adopts an almost
bulklike tetrahedral coordination of four oxygen atoms. One of
the water hydrogen atoms forms a hydrogen bond to an oxygen
atom on the surface. In the dissociated D-1 configuration
(Figure 9c), the water (hydroxyl) oxygen is in a bridgelike
position between two neighboring Zn atoms, and the
dissociated H atom coordinates one of the surface oxygens.
The M-2 configuration (Figure 9b) corresponds to molecular
adsorption almost on top of a Zn atom, and the D-2
configuration (Figure 9d) is the corresponding dissociated
configuration.
For these four configurations at the PBE level, we obtain the

same relative stability and similar adsorption energies as those
obtained by Meyer et al.7 The M-1 configuration is the most
stable with an adsorption energy of −0.98 eV, followed by the
D-1 configuration (Eads = −0.89 eV). Considerably less stable
are the M-2 (Eads = −0.60 eV) and D-2 (Eads = −0.66 eV)
configurations.
The old znorg-0-1 potential gives much too strong adsorption

for these four adsorption structures, particularly for the most
stable M-1 and D-1 configurations where the adsorption
energies are 0.3−0.4 eV more negative than the PBE values. In
contrast, our optimized znopt potential is in excellent
agreement with the PBE results, and also predicts the M-1
configuration to be more stable than the D-1 configuration, as
is the case in PBE but not with znorg-0-1. The improvement is
displayed in a clear manner in Figure 10a. With znorg-0-1, the
D-1 configuration becomes the most stable because there is an
increased coordination of the water O atom to the ZnO surface,
so the relative stability of the M-1 (low-coordinated) and D-1
(high-coordinated) adsorption configurations of water on

Table 3. Calculated Adsorption Energies (in eV per water
molecule) for Water on the ZnO(101 ̅0) and ZnO(112̅0)
Surfacesa

configuration PBE znopt znorg-0-1

Single Water Molecule on ZnO(101 ̅0)
M-1 −0.98 −1.06 −1.26
M-2 −0.60 −0.69 −0.88
D-1 −0.89 −0.90 −1.31
D-2 −0.66 −0.62 −0.72

Full Water Monolayer on ZnO(101 ̅0)
molecular −1.07 −1.09 −1.27
half-dissociated −1.17 −1.14 −1.29
dissociated −0.96 −0.89 −0.99

Single Water Molecule on ZnO(112 ̅0)
M-1 −1.07 −1.21 −1.39
M-2 −0.92 −1.02 −1.21
D-1 +0.34 +0.63 +0.60

Full Water Monolayer on ZnO(112 ̅0)
molecular-1 −0.93 −1.17 −1.34
molecular-2 −0.92 −1.08 −1.25
half-dissociated −1.06 −1.04 −1.15
dissociated −0.99 −0.87 −0.95

aThe structures are displayed in Figure 9.

Figure 10. Adsorption energies of all the ZnO/water structures considered in this work, except the D-1 configuration for ZnO(112 ̅0), which has
been removed for clarity. The structures are shown in Figure 9, and the values can also be found in Table 3.
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ZnO(101 ̅0) exactly follow the relative stability trend for the
bulk phases of wurtzite (low-coordinated) and NaCl-type
(high-coordinated), irrespective of the method used. This could
explain why the correct stability order of M-1 and D-1 is
obtained with znopt but not with znorg-0-1.
3.5.2. Full Water Monolayer Adsorption on ZnO(101̅0).

Increasing the coverage of water to full monolayer coverage (1
ML, one water molecule per surface Zn atom) on the
ZnO(101 ̅0) surface, we distinguish between three different
cases: 1 × 1 molecular adsorption (Figure 9e), 2 × 1 half-
dissociated adsorption (Figure 9f), and 1 × 1 dissociated
adsorption (Figure 9g). In the half-dissociated case, every other
water molecule along the [12 ̅10] direction of ZnO is
dissociated. In the PBE calculations, the half-dissociated
adsorption is the most stable (Eads = −1.17 eV), in agreement
with experiment8 and previous DFT calculations.7,64 The
molecular configuration is less stable (Eads = −1.07 eV) and
the dissociated configuration even more so (Eads = −0.96 eV).
Excellent agreement between the PBE and znopt calculations

is obtained also for the full coverage case of water adsorption
on ZnO(101 ̅0) (see Table 3 and Figure 10b). For the original
znorg-0-1 potential, the most favorable adsorption energy in the
full coverage case (the half-dissociated configuration) is −1.29
eV per water molecule, which is less stable than the isolated
water molecule in the D-1 (Eads = −1.31 eV) configuration, i.e.,
there is an effective repulsion between the water molecules.
However, it is known both from experiment8 and higher-level
theoretical calculations7,64 that the 2 × 1 half-dissociated
network stabilizes the adsorbed water. The performance of the
znorg-0-1 potential is thus not very good in this case. The znopt
potential performs much better, with adsorption energies that
are within 0.07 eV of the PBE-calculated values.
3.5.3. Single Water Molecule Adsorption on ZnO(112̅0).

On the ZnO(112 ̅0) surface, we find two stable adsorption sites
that are both of the molecular kind (M-1 and M-2). These
correspond to configurations B and A in ref 11, respectively. In
the M-1 configuration (Figure 9h), the water molecule forms
two hydrogen bonds to the surface, while in the M-2
configuration (Figure 9i), only one hydrogen bond is formed.
Here, the znopt potential overestimates the binding strength by
about 0.1 eV compared to the PBE values (Table 3 and Figure
10c). These values considerably improve upon the values
obtained with znorg-0-1, that are about 0.3 eV too negative
compared to PBE. Nevertheless, the relative stabilities of the
two adsorption sites are the same with all three methods, and
the differences in adsorption energies between M-1 and M-2
are all about 0.2 eV.
For completeness, we have calculated the adsorption energy

of a dissociated water molecule on this surface (D-1, see Figure
9j). In this case, we were unable to stabilize the dissociated
hydrogen atom near the remaining hydroxyl fragment. The
only local minimum found had the dissociated hydrogen atom
being displaced almost a full surface unit cell along the [0001 ̅]
direction away from the hydroxyl group. Although being a local
minimum, the adsorption energy obtained with PBE, znopt, and
znorg-0-1 is positive, which implies that the structure is not
stable with respect to desorption. The adsorption energies
obtained with either SCC-DFTB repulsive potential is about
0.3 eV higher than the PBE value, but because the structure is
so unstable, it is unlikely to appear during for example
molecular dynamics simulations.
3.5.4. Full Water Monolayer Adsorption on ZnO(112̅0).

For the ZnO(112 ̅0) surface, similar to the case of the

ZnO(101 ̅0) surface, the adsorbed water monolayer can form
molecular (Figure 9k and 9l), half-dissociated (Figure 9m), or
dissociated (Figure 9n) structures. PBE predicts that the half-
dissociated configuration is the most stable. This result is
consistent with the DFT calculations of große Holthaus et al.11

but at odds with the results of Cooke et al.,10 who found that
the fully dissociated configuration is 0.06 eV per water more
stable than the half-dissociated configuration. This may be
related to the choice of supercell, as Cooke et al.10 used a 1 × 1
supercell, while in the current work (as well as in ref 11) a 2 × 2
supercell was used, which gives room for two nonidentical
molecularly adsorbed water molecules alongside the dissociated
water molecules. In any case, the energy differences between
the different configurations are small, and coexistence of various
configurations under normal conditions can be expected, as
noted previously.10,11

Table 3 and Figure 10d show that the agreement between
the PBE and SCC-DFTB calculations is not very good in that
the PBE result favors half-dissociated adsorption while the
SCC-DFTB results strongly favor molecular adsorption. Even
so, the znopt potential significantly improves on the znorg-0-1
results, where the largest error compared to PBE is 0.4 eV for
the molecular-1 configuration, while our largest error with the
znopt potential is 0.2 eV (also for the molecular-1
configuration). However, for a study where the ZnO(112 ̅0)/
water interface is in focus (not this one), the SCC-DFTB
parameters may need to be improved. This may involve
changing the O−H repulsive potential or the Slater−Koster
tables. In the present work, we limited ourselves to only
changing the Zn−O repulsive potential, and already this
modification resulted in major improvements, as we have seen.
große Holthaus et al.,11 who used the original znorg-0-1

potential, stated that the half-dissociated configuration was the
most stable one at full monolayer coverage, but they did not
actually report the adsorption energy of a fully molecular
adsorption layer. große Holthaus et al.11 subsequently
performed MD simulations with additional layers of liquid
water on top of the surface and found that the dissociated or
half-dissociated water layers nearest to the ZnO surface began
to convert into molecular layers. The authors attributed this
effect to the formation of a developed hydrogen-bonded
network above the surface, although a more likely explanation,
in our opinion, is that the molecular monolayer actually is the
most stable for both the znorg-0-1 and the znopt potentials, as
we have shown here.

4. CONCLUSIONS
We have developed an efficient scheme to generate SCC-DFTB
repulsive potentials. The scheme is based on energy−volume
scans of bulk polymorphs with different coordination numbers
and was applied here to ZnO, although it can easily be
generalized to other materials. The key to a successful and
transferable parametrization appears to be the inclusion of
structures with different coordination numbers in the para-
metrization procedure, something which to our knowledge has
not been done before for SCC-DFTB parametrizations of solid-
state materials.
The previously reported znorg-0-137 potential gives the

incorrect stability order of the wurtzite and NaCl phases
(Figure 5). Our newly generated znopt potential, on the other
hand, gives the correct stability order for the NaCl-type and
wurtzite structures and additionally performs very well for other
possible bulk structures of ZnO (CsCl-type, zincblende,
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graphitic, body-centered tetragonal (BCT), and cubane). The
improved description of chemical properties extends into
lower-dimensional properties such as surface relaxation, surface
energies, and nanowire formation energies. Finally, we found
that the znopt potential greatly improves on the description of
the ZnO/water interface at both low and high coverage,
particularly for the ZnO(101̅0) surface where excellent
agreement is obtained compared to reference DFT data.
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Abstract

We present a theoretical study of a range of surface defects for the most abundant po-
lar ZnO(0001)/(0001̄) surfaces using a tight binding approach with self-consistent charges
(SCC-DFTB). We find that a combination of triangular pits at the Zn-terminated surface and a
strongly ordered hexagonal defect pattern at the O-terminated surface constitutes a very stable
reconstruction, in excellent agreement with experimental findings. On the whole, the SCC-
DFTB method describes the polar surfaces of ZnO very well, and at a low computational cost
which allows for the investigation of larger - and more realistic - surface structures compared
to previous studies. Such large-scale calculations show that, at the Zn-terminated surface, the
reconstruction results in a high density of one-layer deep triangular pit-like defects and surface
vacancies which allow for a high configurational freedom and a vast variety of defect motifs.
We also present extensive tests of the performance of the SCC-DFTB method in comparison
with DFT results.
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1 Introduction
Zinc oxide (ZnO) is a wide band gap metal oxide with a wide range of applications in electronics,
optoelectronics, electrochemistry, gas sensing, photovoltaics and catalysis.1–3 The interest in this
material has been reamplified in recent years mainly due to the progress in fabrication of tailored
ZnO nanostructures.3,4 However, the successful use of ZnO in nanotechnological applications re-
quires a profound understanding of the surface physics and chemistry at the atomic level.

ZnO crystallizes in the wurtzite structure at ambient conditions. In this structure, the Zn and
O atoms form corrugated hexagonal honeycomb layers which are actually double-layers with Zn
in one layer and O in the other, yielding a dipole moment perpendicular to the layer. The ZnO
bulk consists such layers piled on top of each other. Cleavage of the ZnO bulk structure parallel to
the honeycomb layers results in the high energy polar Zn-terminated (0001) and the O-terminated
(0001̄) surfaces. The polarity of these surfaces has strong implications on the fabrication and the
properties of ZnO nanostructures.3

Polar surfaces are in general unstable, and macroscopic ZnO films that exhibit polar sur-
faces must have been subjected to at least one of several possible stabilization mechanisms:5 (i)
charge transfer and the creation of surface states, giving rise to “surface metallization”, (ii) re-
moval/addition of surface atoms and the presence of surface defects, (iii) adsorption of foreign
impurity species at these surfaces. Mechanisms (i) and (ii) can be at work in ideal vacuum condi-
tions in contrast to mechanism (iii) which requires a chemical environment.

For the Zn-terminated (0001) surface, a large number of experiments (such as low energy elec-
tron diffraction (LEED), helium atom scattering (HAS), X-ray diffraction (XRD), electron energy
loss spectroscopy (EELS), X-ray photoemission spectroscopy (XPS), transmission electron mi-
croscopy (TEM), scanning tunneling spectroscopy (STS), scanning tunneling microscopy (STM)
and atomic force microscopy (AFM))6–18 under ultra-high vacuum (UHV) conditions have led to
the following consensus. (i) The surface exhibits one-layer deep triangular pits and islands,19 and
(ii) in limited regions at the ZnO(0001) surface, additional defect patterns in the form of rows of
missing surface atoms (stripes) have been observed from AFM.14 These kinds of defect patterns
have also been suggested from force-field20 and density functional theory (DFT) calculations,21–24

where both surface vacancies, and in particular, triangular pits have been suggested to stabilize the
Zn-terminated surface.

In contrast, the following can be said about the O-terminated (0001̄) surface. (i) The situation
is less clear, partly due to sparser available experimental data6,9,25–28 and partly due to the high
chemical reactivity of this surface towards hydrogen. (ii) Recently, a comprehensive experimental
study using AFM/STM, XPS, near edge X-ray absorption fine structure spectroscopy (NEXAFS)
experiments aided by DFT calculations suggested that highly ordered hexagonal defect patterns,
with sizes dependendent on the available amount of hydrogen, stabilize the O-terminated surface.29

In summary, a large number of experiments at UHV conditions have reported that the polar
ZnO surfaces possess many different types of defects. This indicates that mechanism (ii), i.e.
removal/addition of surface atoms, is dominant for the stabilization of the ZnO(0001)/(0001̄) sur-
faces.

In the current study, we present relative stablities of a large number of defects for these very
surfaces and discuss some factors that do (or do not) appear to govern the defect stability. We
predict possible reconstructions of these surfaces under UHV conditions. We use the density-
functional based tight binding method with self-consistent charges (SCC-DFTB),30,31 which is an
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approximation to DFT. This method has the advantage over DFT that it is computationally much
less demanding, making it feasible to tackle larger, more complex and more realistic systems. For
the first time, we use this method to study reconstructions at the polar ZnO surfaces. We will
show that the method can reproduce the most prominent features found experimentally to date
at the polar Zn-terminated and O-terminated surfaces, namely the one-layer deep triangular pit-
like structure at the Zn-terminated surface and the ordered hexagonal structure at the O-terminated
surface. We also go beyond the previous DFT studies in the types of systems we study. Specifically,
we will show that it is unfavorable to connect triangular pits at the corners, that there exist a large
number of plausible triangular pit structures, that the most favorable reconstructions give small
dipole moments across the surface, and that the “excess vacancy concentration” is often (but not
always) a useful quantity to categorize surface defects.

The work is structured as follows. In section 2, we discuss the slab models used in the cal-
culations, the different types of surface reconstructions (“defect types”) modeled, the meaning of
the “excess surface vacancy concentration”, and the employed quantum-mechanical methods, i.e.
SCC-DFTB and DFT. In section 3, we present our results, starting with an overview and com-
parison with experiment (section 3.1). We then validate the SCC-DFTB approach by comparing
results to DFT calculations for some simple triangular defect patterns (section 3.2). In section 3.3,
we go from very simple triangular defects to more and more complex ones. We discuss other kinds
of defects such as stripes, hexagonal pits, and subsurface vacancies in section 3.4, and the special
hexagonal defects that are favored at the O-terminated side in section 3.5. In section 4, we finalize
our work with a conclusion.

2 Method

2.1 Slab models
Surface structures and properties were calculated using three-dimensional periodic slabs with a
vacuum gap between slabs in the surface normal direction. The slabs were constructed using
the method-dependent native bulk lattice parameters summarized in Table 1. Each of the such
constructed slabs exhibits one Zn-terminated and one O-terminated surface (see Figure 1), and
contains one or more types of surface defects. Supercells in the xy direction of various sizes were
used, from 2×2 to 8×8, and occasionally other sizes and shapes such as 12×4.

In order to investigate the dependence on slab thickness, we varied the thickness for slabs
exhibiting “corner-connected” triangular pits and islands (see sections 2.2 and 3.2), between 8 and
16 ZnO layers in steps of 2 layers. Based on these results, a slab thickness of 12 ZnO layers, as
seen in Figure 1, was used in all subsequent calculations.

2.2 Defect types
Figures 1 and 2 display most of the surface defect patterns studied in this work. They consist of
(I) corner-connected triangular pits (where a “pit” is a region where the uppermost ZnO double-
layer is missing), (II) co-existing differently-sized triangular pits, (III) two triangular pits with one
inside the other, (IV) combinations of (II) and (III) with three or more triangular pits, (V) surface
vacancies (which might be seen as extreme cases of triangular pits), (VI) stripes, i.e. rows of
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surface vacancies, (VII) hexagonal pits, and (VIII) hexagonal defects as proposed by Lauritsen
et al.29,32 for the O-terminated ZnO(0001̄) surface (“Lauritsen-defects” — these are discussed in
detail in section 3.5). We have additionally modeled (IX) subsurface vacancies, and (X) two-layer
deep triangular and hexagonal pits.

All triangular and hexagonal pits are equilateral, and the side (edge) length is denoted by s,
which is the number of removed surface atoms along a side of the equilateral triangle or hexagon.
Hence, the triangular pit shown in Figure 1, for example, is a triangular pit with s = 4. A “triangu-
lar” pit with s = 1 is equivalent to a surface vacancy.

2.3 Cleavage energy
For practical reasons, we have chosen to keep the slabs as a whole stoichiometric. One can think
of other, more elaborate, schemes, but as this is the first study of polar surface reconstructions with
SCC-DFTB, we have chosen this simple approach. It has the benefit that an absolute cleavage
energy can be defined as the energy associated with creating the slab from ZnO bulk, which al-
lows for a straightforward comparison between various defect structures. The cleavage energy is
calculated as:

Ecleav = (Eslab−N×Ebulk)/A, (1)

where A denotes the area of the surface supercell, N denotes the number of atoms in the slab, Eslab
is the total energy of the optimized slab and Ebulk denotes the total energy per atom of the wurtzite
bulk structure. The cleavage energy is thus the sum of the surface energies for the individual
Zn-terminated and O-terminated surfaces.

2.4 The excess surface vacancy concentration θvac

Although all systems in this work are stoichiometric, we can still study an extensive array of defects
and combinations of different defects on the Zn- and O-terminated surfaces. If, for example, a
triangular pit is created with side length 4 at the Zn-terminated side, this corresponds to the removal
of 10 Zn atoms and 6 O atoms. In this case, any defect can be introduced at the O-terminated side
as long as it involves the removal of exactly 4 more O atoms than Zn atoms. One particular
possibility is to simply introduce an equivalent defect, i.e. a triangular pit with side length 4,
at the O-terminated side. This kind of “defect-mirroring” strategy was applied by Meskine and
Mulheran.20 In fact, we will show that introducing the same kind of triangular defect at both
surfaces allows for a quick estimation of how stable a particular defect is at the Zn-terminated
surface, since the stability of the O-terminated surface is less sensitive to the type of triangular
defect introduced (section 3.3.4).

We find that it is useful to categorize surface defects in terms of the excess surface vacancy
concentration, θvac (with 0≤ θvac ≤ 1). It is a measure of how many more atoms of one kind (e.g.
Zn) are removed from the ideal surface upon creation of the defect, compared to the other kind
(e.g. O), normalized per number of available surface sites. Thus, for the Zn-terminated (0001)
surface,

θ
(0001)
vac =

Nmissing Zn−Nmissing O

Nideal surface
Zn surface sites

=
Nsurface region

O −Nsurface region
Zn

Nideal surface
Zn surface sites

, (2)
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where Nmissing Zn and Nmissing O denote the number of removed Zn and O atoms compared to the
ideal surface, respectively, and Nsurface region

O and Nsurface region
Zn denote the number of O and Zn sur-

face atoms in the surface region, respectively. The “surface region” extends as far below the surface
as there are defects (e.g. for defects that are two layers deep, the surface region encompasses both
the surface ZnO layer and the subsurface ZnO layer).

Thus, for the Zn-terminated surface, θ
(0001)
vac simply measures how many Zn atoms are missing

compared to the number of missing O atoms in the surface region. For example, for the defect-free
(ideal) ZnO(0001) surface, θ

(0001)
vac = 0, whereas the removal of every fourth Zn surface atom or

the introduction of a one-layer deep triangular pit with s = 4 in a 4× 4 unit cell corresponds to
θ

(0001)
vac = 0.25. The extreme case of θ

(0001)
vac = 1 corresponds to the complete removal of the atomic

Zn surface layer. Note that different defect geometries and patterns can give rise to the same value
for θ

(0001)
vac .

At the O-terminated ZnO(0001̄) surface, the roles of Zn and O are simply interchanged and the
corresponding excess surface vacancy concentration is given by

θ
(0001̄)
vac =

Nmissing O−Nmissing Zn

Nideal surface
O surface sites

=
Nsurface region

Zn −Nsurface region
O

Nideal surface
O surface sites

, (3)

Due to the constraint of stoichiometry, θ
(0001)
vac = θ

(0001̄)
vac ≡ θvac for all slabs considered in this work.

In an ideally ionic model, where the charges of the Zn and O ions are +2 and -2, there is excess
charge at the ideal polar surfaces, which gives rise to an electrostatic instability as the thickness of
the slab increases (and which necessitates at least one of the stabilization mechanisms discussed in
the Introduction). Because the surface atoms are three-coordinated, and the bulk atoms are four-
coordinated, the excess surface charge will be removed from both surfaces when θvac ≈ 0.25.20,21

In the Results section, we will show that indeed the most stable reconstructions typically have
θvac ≈ 0.25, in agreement with this simple ionic model.

2.5 SCC-DFTB calculations
The SCC-DFTB method is an approximation to density-functional theory (DFT) and has been
described in detail elsewhere.33,34 In this work, we employ the electronic parameters for Zn and
O developed by Moreira et al.35 in conjunction with the repulsive potential of Hellström et al.36

(“znopt”).
The SCC-DFTB calculations were performed with the DFTB+ program.37 The following Monkhorst-

Pack k-point grids were used: a 3× 3 grid for the 2× 2 unit cell, a 2× 2 grid for the 3× 3, 4× 4
and 5× 5 unit cells, and the Γ-point only for the 6× 6, 7× 7, 8× 8, and 12× 4 unit cells. The
convergence cutoff for the self-consistent evaluation of charges was 10−4 e. Atomic positions were
relaxed using the conjugate gradient method until the forces on the atoms became smaller than 5
meV/Å.

In the slab calculations using the SCC-DFTB method, a 120 Å vacuum gap was applied be-
tween slabs in the surface normal direction. Dipole moments were calculated using the resulting
Mulliken charges.
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2.6 DFT calculations
DFT calculations were performed only for the systems with corner-connected triangular pits (sec-
tion 3.2). These calculations were performed with a 15 Å vacuum gap between neighboring slabs
in the surface normal direction, and with a dipole correction applied.

The calculations were performed using the PBE38,39 and PBE+U40,41 functionals as imple-
mented in the VASP42–45 package with a plane-wave basis set with an energy cutoff of 500 eV.
The core electrons were described by pseudopotentials constructed within the projector augmented
wave (PAW)46,47 scheme. Twelve valence electrons for Zn and six for O were treated explicitly. A
Gaussian broadening of the electronic states with σ = 0.05 eV was applied. The structures were
relaxed until the forces on the atoms were smaller than 10 meV/Å. The k-point sampling was the
same as that used in the SCC-DFTB calculations for the various supercell sizes. In the PBE+U cal-
culations, we set U−J =Ueff = 7.5 eV on the Zn-3d orbitals, as this has previously been suggested
to be a good value for U .48

3 Results and discussion

3.1 Overview and comparison with experiment
In Figure 3, the cleavage energies, obtained after optimization of all the defective slab systems
studied using SCC-DFTB in this paper, are plotted against the excess surface vacancy concentra-
tion, θvac.

The figure shows that there are many different configurations that give low cleavage ener-
gies, around 3.4-3.6 J/m2. These consist of different combinations of triangular pits, stripes, and
Lauritsen-defects at the two opposite surfaces. For comparison, the calculated cleavage energy
for the ideal (non-reconstructed) polar surfaces is 5.0 J/m2. Thus, the surface defects stabilize the
polar surfaces considerably.

One of the very lowest cleavage energies is obtained for a combination of triangular pits at
the Zn-terminated side and Lauritsen-defects at the O-terminated side, in excellent agreement with
experimental findings and DFT calculations (see the Introduction). Additionally, there are many
different one-layer deep triangular pit structures that give similarly low cleavage energies, while
two-layer deep triangular pits are always less stable, which is also in agreement with the experi-
mental results which display many differently-sized one-layer deep triangular pits in no discernible
order or pattern on the Zn-terminated surface. We find that subsurface vacancies are also unstable,
which is not surprising since no reports of subsurface vacancies have been made at either type of
surface.

Finally, we note that the low cleavage energies of 3.4-3.6 J/m2 all occur for an excess surface
vacancy concentration in the range 0.22≤ θvac ≤ 0.25, which is in quite good agreement with the
ionic model of ZnO which, as mentioned, predicts that the most stable surface defect should occur
for θvac ≈ 0.25 (see section 2.4). Nevertheless, the calculated cleavage energies for θvac in the
range 0.22 ≤ θvac ≤ 0.25 span a range from 3.4-6.5 J/m2, so the value of θvac is not sufficient to
predict whether a certain defect type will be stable.
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3.2 Validation of the SCC-DFTB method by comparison with DFT
We previously showed that the SCC-DFTB method works well for non-polar ZnO surfaces.36 Here,
we verify that SCC-DFTB works well also for polar surfaces. We adopt the strategy introduced
above where any defect introduced at one side of the slab is mirrored at the other side of the
slab so that the system as a whole is stoichiometric. We use “corner-connected” triangular pits as
our example. The slabs exhibit triangular pits with s = 2, . . . ,8 (at both sides of the slab) using
supercells ranging from the 2×2 to the 8×8 supercell. A top view of such a slab is shown in
Figure 1 for the case of a triangle with s = 4 in a 4×4 supercell. By this construction, the defects
touch their periodic images at the corners of the supercell (resulting in “corner-connection”). Each
supercell is seen to exhibit a triangular island as well as a triangular pit at both surfaces. The excess
surface vacancy concentration, θvac, for these slabs is simply 1/s.

We calculated cleavage energies for slab thicknesses from 8 to 16 ZnO layers in steps of 2
layers. The SCC-DFTB, PBE, and PBE+U results are depicted in Figure 4 for thicknesses of 8, 10
and 12 ZnO layers. The results for thicker slabs are essentially the same as for 12 layers (within
0.1 J/m2). Because the slabs were constructed using the lattice parameters native to each method,
the surface areas of, for example, the 4×4 supercells are slightly different for different methods.
This, however, has no discernible impact on the cleavage energies.

Interestingly, during the geometry optimization for some of the larger triangles and thinner
slabs, a spontaneous transition from the wurtzite structure into a hybrid wurtzite/body-centered
tetragonal (BCT) structure occurred (open symbols in Figure 4). Such a hybrid structure is shown
in Figure 5. The BCT polymorph of ZnO has previously been proposed to form during thin-film
growth to avoid the formation of the polar surfaces for small film thicknesses.49 In our case, the
change in crystal structure is seen to be particularly pronounced in the 8 layers thick case, where
this kind of transition is found both with SCC-DFTB and DFT (Figure 4).

Overall, both the SCC-DFTB and DFT curves in Figure 4 follow the same trend, with an almost
constant shift between the lines. For each method, Ecleav decreases as the triangle side length s
increases, until a minimum is reached at s = 5 (for SCC-DFTB and PBE+U) or s = 6 (for PBE),
after which Ecleav increases again (if the systems with a phase transition, i.e. the open symbols,
are ignored). In the simple ionic model (section 2.4), the minimum cleavage energy would be
expected for s = 4 as that gives θvac = 0.25. However, both SCC-DFTB and the DFT methods give
the minimum cleavage energies for smaller values of θvac (0.20 for SCC-DFTB and PBE+U, and
0.167 for PBE), immediately illustrating the inadequacy of the simple ionic model for these kinds
of defects.

The calculated cleavage energies follow the trend PBE < PBE+U < SCC-DFTB. This correlates
with the calculated atomization energies of ZnO bulk (Table 1), which also increase in the same
order.

The optimized structures obtained with SCC-DFTB and DFT are also very similar. In Figure 6,
the bond lengths near the two surfaces for the s = 4 corner-connected triangular pits are shown,
as calculated with both SCC-DFTB and PBE. The PBE-calculated bond lengths are consistently
longer than those from SCC-DFTB as a result of the longer bond lengths (lattice parameters)
obtained for the bulk (see Table 1). However, the relative bond lengths agree very well, in that for
example the bonds at the corners of the island are much shorter than the bonds in the center of the
island.

In summary, we find that the SCC-DFTB results obtained for the polar ZnO slabs exhibiting

7



corner-connected triangular defects are qualitatively in line with the DFT methods. Specifically, we
find that both SCC-DFTB and DFT (i) predict the transformation into a hybrid wurtzite/BCT struc-
ture for large triangles and thin slabs, (ii) give the lowest cleavage energies for corner-connected
triangular pits not for s = 4, which would be expected on the basis of the simple ionic model, but
rather at s = 5 or s = 6 (depending on the DFT method), and (iii) give similar structures for the
triangular islands and pits, with shorter bond bond lengths at the corners and edges of the island
and longer bond lengths in the center of the island.

For the remainder of this work we will focus exclusively on results obtained with SCC-DFTB
using 12-layer thick slabs.

3.3 Triangular pits modeled with SCC-DFTB
3.3.1 Corner-connected triangular pits

In this section, we further explore energetic and electronic properties obtained with SCC-DFTB of
the corner-connected triangular defects introduced in section 3.2.

In Table 2, the cleavage energies Ecleav, band gaps Eg (measured as the difference between
the highest occupied and lowest unoccupied state), and the dipole moments across the slabs are
summarized. For the cases corresponding to θvac > 0.25 the dipole moment has the opposite sign
with respect to the rest of the cases due to the overcompensation of the detrimental initial dipole
moment (of the defect-free slab). The lowest dipole moment is obtained for θvac = 0.25 with 0.14
Debye/surface atom, as could have been expected from the simple ionic picture. However, the
lowest cleavage energy is obtained for s = 5, so for these corner-connected triangular pits there is
no clear correlation between cleavage energy and dipole moment. For the cases with θvac < 0.25,
the dipole moment increases slowly towards the value for the defect-free slab, as the defect-free
slab can be interpreted as a slab exhibiting a triangular pit of infinite size.

Inspection of the density of states (DOS) and the projected DOS (PDOS) onto the c-axis of
the slab (perpendicular to the surfaces) facilitates assessing the effect of surface defects on the
electronic structure, see Figure 7. In the PDOS projected onto the surface normal direction, the
onset of, for example, the valence band can move towards progressively higher energies as one
descends the slab from the Zn-terminated side towards the O-terminated side. This is a result of
the remnant dipole moment in the system, giving different electrostatic potentials at different layers
in the slab.

In case of the defect-free slab, the well-known picture from earlier studies,50,51 i.e. the forma-
tion of surface states or surface metallization, is reproduced (Figure 7a). In contrast, for the s = 4
corner-connected triangular defect, there is a well-defined band gap (Figure 7b). This band gap is
still smaller than for the bulk, as a result of there being a sustained dipole moment (the valence
band edges change from layer to layer).

Finally, we note that Pal et al.23 suggested that corner-connected triangular pits and islands
with s = 4 at the Zn-terminated surface may be further stabilized by the introduction of an addi-
tional surface atom at a non-bulk-terminated position, where the three islands meet (see Figure 8
and compare with Figure 1). Indeed, we find that introducing such a connecting surface atom
at both sides of the slab significantly reduces the cleavage energy, from 4.22 J/m2 to 3.77 J/m2.
Nevertheless, we will in the following show that there are many other defect configurations which
yield even lower cleavage energies.
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3.3.2 Effects of corner-connection

In the slabs with corner-connected triangular pits, there are three atoms of the same type near the
corner site. For example, at the Zn-terminated surface, there are three such O atoms (see the top
view in Figure 1). There are two reasons why such a configuration is not particularly stable: (i) the
three O atoms are only two-fold coordinated, and (ii) there is no Zn atom in-between the O atoms
that can screen the repulsive Coulomb interaction between the negatively charged O atoms.

To quantify the energy required for corner-connection, we constructed a 12× 4 supercell ex-
hibiting two triangular pits (per side of the slab) of a side length of 2 atoms and varied the spacing
between the triangular pits from 0 (corresponding to corner-connection) to 4 atoms on one side
of the slab, while keeping the spacing between the pits fixed at the other side of the slab. The
calculated cleavage energies are shown in Figure 9, where the constant shift between the lines for
different spacings at the O-terminated side indicates that the contributions to the cleavage energy
from the different sides of the slab are additive, as should be the case for a sufficiently thick slab.

At the O-terminated side, decreasing the pit spacing from 4 to 0 atoms consistently increases
the cleavage energy, which is the largest for corner-connected pits (red line in Figure 9). Similarly
for the Zn-terminated side, decreasing the pit spacing in general results in an increased cleavage
energy. Going from a spacing of 2 atoms to 1 constitutes an exception: the 1-atom spacing is
slightly more stable than the 2-atom spacing. Nevertheless, also in this case, the highest cleavage
energy is obtained for the corner-connected pits (0-atom spacing).

Corner-connected triangles are thus unfavorable, in agreement with the observation that they
are rarely present in experimental STM images.22,52,53 The defect structure proposed by Pal et
al.23 (Figure 8 and section 3.3.1) may help to explain the (small) presence of corner-connected
triangular pits and islands.

Finally, we note that the corner-connection “penalty” is greater for the Zn-terminated side than
for the O-terminated side. The data in Figure 9 show that decreasing the spacing from 4 to 0 atoms
increases the cleavage energy by ca 0.05 J/m2 for the Zn-terminated side but only by about half
as much for the O-terminated side. This is a general feature, i.e. the Zn-terminated side is more
sensitive to the type of defect structure.

3.3.3 From small to large triangles

The relation between the cleavage energy Ecleav and the excess surface vacancy concentration θvac,
was further investigated by constructing and comparing triangular pits with s = 1, . . . ,n in an n×n
supercell for n = 2, . . . ,8. When the triangle side length s is equal to the supercell side length n,
the triangular pits are corner-connected as in section 3.3.1. For simplicity, we use the same kind
of defect structures at both the Zn-terminated and O-terminated surfaces. The resulting cleavage
energies are plotted against the triangle side length s in Figure 10, one graph for each supercell
size. Two sample structures are shown. For each supercell size, the range of values of θvac spanned
by the series of pits goes from 1/n2 (for s = 1) to 1/n (for s = n).

We find that, for each supercell size, the cleavage energy decreases in the range 1≤ s≤ n−1,
but increases for s = n (Figure 10). The decreasing cleavage energy in the range 1 ≤ s ≤ n− 1
can be rationalized as a result of the “improved” value of θvac as s increases within this range
(θvac approaches some value in the “optimal range” 0.22 < θvac ≤ 0.25, c.f. section 3.1), while
the greater cleavage energy for s = n is a result of corner-connection of the triangular pits (see
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previous section). Although the value for θvac in general becomes closer to the optimal range even
for s = n, the cost of corner-connection seems to be greater than the benefit of an improved θvac.
For example, the values for θvac for the four datapoints s = 1, . . . ,4 in the 4×4 unit cell are 0.06,
0.13, 0.19, and 0.25, respectively, and the lowest cleavage energy is obtained for s = 3 (θvac =
0.19).

Thus, at least for the systems modeled here, the penalty for corner-connection is generally
greater than the energy gain from an improved θvac value.

3.3.4 More complex triangular defects

In this section, we introduce more complex triangular defect patterns, such as several triangular
pits of different sizes in one supercell (type II in Figure 2), smaller triangular pits inside larger pits
(type III), and combinations of these (type IV).

In section 3.3.2, we saw that the Zn-terminated side was more “sensitive” to the choice of defect
structure/pattern than the O-terminated side. We have further verified this hypothesis by modeling
a series of slabs, where the defect configuration at one side of the slab was kept fixed while for
the other side several different patterns with the same θvac were tested. Not only did changing
the defect at the Zn-terminated surface have a greater effect on the cleavage energy, but the same
relative stabilities of the defects were obtained regardless if the defects were mirrored on both sides
of the slab or if one of the sides was kept fixed. This test was performed for θvac = 0.1389 and
0.25.

Based on these results, we here only discuss systems with the same kind of defect at both
sides of the slab, which gives a good estimate of stability of a certain kind of defect at the Zn-
terminated side. The main purpose of this section is to simply show the vast number of possible
defect configurations that can yield low cleavage energies. In the next two sections, we will present
results for systems with different defect structures at the two sides of the slab.

Table 3 summarizes our results for many complex defect structures (top views of all the defect
structures are shown in the Supporting Information). Again, different geometrical configurations
for a given θvac are seen to often give significantly different cleavage energies. For example, for
the systems with θvac = 0.25 constructed using a 6× 6 supercell we obtain cleavage energies in
a large range, 3.4 - 4.5 J/m2. The largest cleavage energy is obtained for the system with one
triangular pit with s = 6 and one with s = 3 beside each other (no. 18), arranged such that the
larger pit is corner-connected and the smaller is in touch with the larger one at three sites. Placing
the smaller pit inside the larger (no. 17), instead of putting it besides, yields a significant reduction
of the cleavage energy to 3.73 J/m2, as a result of the reduced number of two-fold coordinated
oxygens. For configuration no. 16, there is no corner-connection at all and consequently a very
low cleavage energy of 3.4 J/m2 is obtained. For this configuration, and for the others in Table 3
with low cleavage energies, the dipole moments across the slab are small and large well-defined
band gaps are obtained. For example, for no. 16, the dipole moment is only 0.10 Debye per surface
atom and the band gap is 3.38 eV.

For completeness, we investigated three defect structures in a
√

48×
√

48 supercell that to the
best of our knowledge are the largest defects that have been reported using DFT.21,24 In agreement
with the DFT results, SCC-DFTB predicts that the most stable such structure is no. 21 in Table 3
(top view in Figure 11). It is also among the most stable structures investigated in this work, with
Ecleav = 3.54 J/m2.
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In summary, the results in Table 3 suggest that low cleavage energies of 3.4 - 3.6 J/m2 can
be achieved in a variety of ways for arbitrary supercell sizes, as long as the number of corner-
connected sites are few and 0.22≤ θvac≤ 0.25. Defect configurations with small cleavage energies
typically have small dipole moments and large band gaps, although the opposite is not necessarily
true.

3.4 Stripes, hexagonal pits, two-layer deep defects and subsurface vacancies
modeled with SCC-DFTB

We now investigate the effect of combining triangular defects at the Zn-terminated ZnO(0001)
surface with surface vacancies (type V in Figure 2), stripes (type VI), or hexagonal pits (type VII)
at the O-terminated ZnO(0001̄) surface. All calculated cleavage energies are given in Figure 3.
Here, we discuss only a representative subset of systems.

In the 6×6 supercell with θvac = 0.22, 8 surface vacancies were introduced at the O-terminated
side (either isolated or aligned into stripes) and triangular defect no. 11 (see Table 3) was intro-
duced at the Zn-terminated side. If the 8 surface vacancies are isolated, Ecleav = 3.5 J/m2, while
for the stripe, Ecleav = 3.6 J/m2. Both of these values are greater than that obtained for triangular
defect no. 11 (3.4 J/m2), so neither isolated vacancies nor stripes are particularly stable at the
O-terminated surface.

We also combined triangular defect no. 14 on the Zn-terminated side with a hexagonal pit with
s = 3 on the O-terminated side, giving θvac = 0.25 in the 6×6 supercell. The calculated cleavage
energy was then 3.44 J/m2, very close to the value obtained for triangular defect no. 14 at both
sides of the slab (3.43 J/m2). Thus, in contrast to surface vacancies and stripe defects, hexagonal
pits can be almost as stable as the triangular pits at the O-terminated surface.

In Figure 3, we also present cleavage energies for stripes at both sides of the slab (magenta
circles). In general, these data points lie above the data points with stripes at the O-terminated side
and triangles at the Zn-terminated side (green crosses), so stripes are less favorable than triangular
pits also at the Zn-terminated side, which could help explain why they are less common than
triangles in experiments.

From Figure 3, it is clear that any two-layer deep defects (triangular or hexagonal) are much
less stable than one-layer deep defects. Subsurface vacancies are also unstable.

3.5 Lauritsen-defects modeled with SCC-DFTB
Lauritsen et al.29,32 suggested that the O-terminated surface is stabilized by defects consisting of
a honeycomb structure of one ZnO layer deep pits surrounded by connected islands exhibiting al-
ternately a regular wurtzite ZnO stacking sequence and an atypical zinc-blende stacking sequence.
The latter arises from a shift of surface O atoms from their regular positions in the bulk-terminated
surface. We denote these defects “Lauritsen-defects”. In this study we model five such defects,
L1-L5, which are depicted in Figure 12 for the O-terminated surface. Figure 12 also lists the values
of θvac for these defects, and the sizes of the triangular pits that give rise to the same value for θvac
(for the same supercell size as the Lauritsen-defect). These are the triangular pits that are referred
to below (the “triangular pit” with s = 1 in the 2×2 cell is in fact a surface vacancy).

We performed three series of calculations: (a) triangular pits at both the Zn-terminated and
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O-terminated sides, (b) Lauritsen-defects at the Zn-terminated side and triangular pits at the O-
terminated side, and (c) triangular pits at the Zn-terminated side and Lauritsen-defects at the O-
terminated side. In Figure 13, we depict the cleavage energies obtained for these three cases.
As we would expect from the discussion in previous sections, the cleavage energy decreases as
θvac approaches the “optimal range” 0.22 - 0.25. The only Lauritsen-defect to have θvac within
this range is L1, and the lowest cleavage energy, 3.43 J/m2, is indeed obtained for L1 at the O-
terminated side, in combination with surface vacancies at the Zn-terminated side. This is the only
structure in this paper where the dipole moment is completely quenched (0.00 Debye per surface
atom), and consequently the band gap is quite large (3.78 eV). The DOS and PDOS projected onto
the surface normal direction are shown in Figure 14, from which it is clear that the valence and
conduction band edges do not change from layer to layer (unlike the cases in Figure 7).

All Lauritsen-defects except L2 are more stable than the corresponding triangular pits at the O-
terminated surface. In contrast, all Lauritsen-defects except L5 are less stable than the correspond-
ing triangular pits at the Zn-terminated surface. However, for L5 the calculated cleavage energy
is very high (4.0 J/m2). Thus, Lauritsen-defects are not expected to appear at the Zn-terminated
surface.

In summary, we find that the O-terminated ZnO(0001̄) surface in ideal vacuum conditions can
be stabilized by the smallest Lauritsen-defect L1, although SCC-DFTB also predicts that other
kinds of defect structures (such as some triangular and hexagonal pits) are similarly stable.

4 Conclusions
We used SCC-DFTB to study many different kinds of reconstructions at the polar Zn-terminated
(0001) and O-terminated (0001̄) ZnO surfaces. We find that our results are in excellent agree-
ment with experimental observations. At the Zn-terminated surface, many different kinds of one-
layer deep triangular pit-like defects and surface vacancies stabilize the surface. There is an en-
ergy penalty for connecting these triangles at the corners, which explains the rare appearances
of corner-connected triangular pits in experimental STM images. In contrast, we find that at the
O-terminated ZnO(0001̄) surface a special kind of hexagonal defect (“Lauritsen-defect”)29,32 is
favorable, although other kinds of defects (such as triangular and hexagonal pits) are close in en-
ergy. The most stable defect structures generally have an excess surface vacancy concentration in
the range 0.22≤ θvac ≤ 0.25, and give small dipole moments across the slab.

Together with an earlier study exploring the “znopt” SCC-DFTB parameter set for ZnO,36 we
conclude that SCC-DFTB in conjunction with this parameter set is well-suited to treat finite ZnO
systems accurately and realistically. Hence, SCC-DFTB appears as the method of choice for the
exploration of ZnO systems at spatial and temporal scales beyond the limitations of higher-level
methods due to their computational demand.
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Table 1: Wurtzite ZnO lattice parameters a and c, internal parameter u, band gap Eg, and atomiza-
tion energy Eat as obtained by SCC-DFTB, DFT and experiment.

Method a (Å) c (Å) u Eg (eV) Eat (eV)
SCC-DFTB 3.211 5.260 0.3740 4.34 9.9
PBE 3.288 5.305 0.3792 0.71 7.3
PBE+U 3.199 5.154 0.3795 1.79 7.7
Expt. 3.250a 5.207a 0.3825a 3.44b 7.56c

a Ref. 54
b Ref. 55
c Ref. 56

Table 2: Excess surface vacancy concentrations θvac, cleavage energies Ecleav, band gaps Eg,
and dipole moments (per surface atom) µ , for the 12 ZnO layers thick slabs exposing the
ZnO(0001)/(0001̄) surfaces exhibiting corner-connected triangular pits with side length s =
2, . . . ,8, as well as for the defect-free slab (s→ ∞).

s θvac Ecleav (J/m2) Eg (eV) µ (Debye/surface atom)
2 0.500 6.53 0.12 -0.68
3 0.333 4.88 2.18 -0.22
4 0.250 4.22 2.44 0.14
5 0.200 4.03 2.34 0.46
6 0.167 4.12 0.95 0.83
7 0.143 4.19 0.91 0.73
8 0.125 4.29 1.15 0.80
∞ 0 5.04 0.00 0.91
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Table 3: Cleavage energies, Ecleav, and excess surface vacancy concentrations, θvac, for different defect geometries
in various supercells for the ZnO(0001)/(0001̄) system. T(s = 5) denotes a triangular pit with edge length 5, and vac.
denotes a vacancy. When several defect types are modeled for the same configuration (“first”, “second”, etc.), they are
placed beside each other on the surface. The Ecleav values are calculated for systems with the same kind of defect at
both the Zn-terminated and O-terminated sides.

Defect no. θvac Defect geometry Ecleav (J/m2)

First Second Third

6×6 supercell

1 0.1338 vac. inside T(s=4) 4.04
2 0.1667 vac. inside T(s=5) 3.83
3 T(s = 4) T(s = 2) 3.84
4 T(s = 2) inside T(s = 4) 3.91
5 T(s = 6) hexagonal pit(s = 1)a 4.50
6 0.1944 vac. inside T(s = 5) vac. 3.62
7 T(s = 5) T(s = 2) 3.63
8 T(s = 2) inside T(s = 5) 3.65
9 T(s = 4) T(s = 3) 3.82
10 vac. inside T(s = 6) 3.92
11 0.2222 vac. inside T(s = 5) T(s = 2) 3.42
12 T(s = 2) inside T(s = 5) vac. 3.46
13 T(s = 5) T(s = 3) 3.88
14 T(s = 2) inside T(s = 6) 3.73
15 T(s = 6) T(s = 2) 4.17
16 0.25 T(s = 2) inside T(s = 5) T(s = 2) 3.43
17 T(s = 3) inside T(s = 6) 3.73
18 T(s = 6) T(s = 3) 4.51

√
48×

√
48 supercell

19 0.125 T(s = 6) 4.11
20 0.1483 T(s = 7) 3.95
21 0.2083 T(s = 3) inside T(s = 7) 3.54

7×7 supercell
22 0.1429 vac. inside T(s = 6) 4.00
23 0.1633 T(s = 2) inside T(s = 6) 3.85
24 vac. inside T(s = 7) 4.07
25 0.1837 T(s = 3) inside T(s = 6) 3.72
26 T(s = 2) inside T(s = 7) 3.90
27 0.2041 T(s = 2) inside T(s = 6) T(s = 2) 3.57
28 T(s = 3) inside T(s = 7) 3.78
29 0.2249 T(s = 3) inside T(s = 6) T(s = 2) 3.44
30 T(s = 2) inside T(s = 6) T(s = 3) 3.55
31 0.2449 T(s = 3) inside T(s = 6) T(s = 3) 3.56

8×8 supercell

32 0.1563 T(s = 6) 2×T(s = 2) 3.89
33 vac. inside T(s = 6) T(s = 3) 3.90
34 T(s = 6) T(s = 4) 4.00
35 0.1719 T(s = 3) inside T(s = 6) T(s = 2) 3.79
36 T(s = 2) inside T(s = 6) T(s = 3) 3.69
37 0.1875 T(s = 2) inside T(s = 6) 2×T(s = 2) 3.74
38 0.2031 T(s = 2) inside T(s = 6) T(s = 3) T(s = 2) 3.67
39 T(s = 2) inside T(s = 5) T(s = 4) T(s = 2) 3.74
40 0.2188 T(s = 2) inside T(s = 6) 3×T(s = 2) 3.55
41 T(s = 2) inside T(s = 5) T(s = 3) 2×T(s = 2) 3.63
42 T(s = 6) 4×T(s = 2) 3.71
43 0.2344 T(s = 2) inside T(s = 5) 2×T(s = 3) T(s = 2) 3.58
44 3×T(s = 4) T(s = 3) 3.88
45 0.25 T(s = 2) and 2×vac. inside T(s = 7) T(s = 3) 2×vac. 3.54
46 3×vac. inside T(s = 7) 3×T(s = 2)c 3.63
47 T(s = 3) inside T(s = 7) 3×T(s = 2)b 3.65
48 3×vac. inside T(s = 7) 3×T(s = 2)b 3.59
49 T(s = 3) inside T(s = 7) 3×T(s = 2)c 3.68

aHexagonal pit (3 Zn and 3 O atoms) inspired by suggestions for defect structure in ref. 22.
bTriangles of side lengths of 2 atoms are all touching each other at one corner.

cTriangles of side lengths of 2 atoms are not touching each other, but two of them are touching the large pit.18
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I. Corner-connected triangular pits

Figure 1: Side and top views of the corner-connected triangular pit defect type with side length
s = 4 at both the Zn-terminated (0001) and O-terminated (0001̄) surfaces. The pit regions are
lightly shaded in the top views. The top views show four 4×4 supercells each, while the side view
shows one 4×4 supercell. The eye indicates the direction from which the side view is seen.
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II. Co-existing differently-sized 
triangular pits III. Triangular pits within triangular pits

IV. Combination of types II and III

VIII. Lauritsen-defectsVII. Hexagonal pits
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(rows of surface vacancies)
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Figure 2: Top views of most of the defect types in this work, apart from the corner-connected
triangular pits in Figure 1. II-VI are drawn for the Zn-terminated surface, VII-VIII are drawn for
the O-terminated surface. For III and IV, the darker shaded regions are the “pits within pits”. The
pit side lengths s are indicated.

20



Figure 3: Cleavage energies Ecleav as obtained with SCC-DFTB versus the excess surface vacancy
concentration θvac for all kinds of defects considered in this work. Except for the defects labeled
“Two-layer deep pits”, all defects are one ZnO layer deep.
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Figure 4: Cleavage energies as a function of slab thickness and supercell size for slabs with corner-
connected triangular pits and islands (type I, Figure 1). Methods SCC-DFTB, PBE, and PBE+U.
Empty symbols indicate that a structural transformation has occurred into a hybrid wurtzite/BCT
structure (Figure 5).
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mixed
wurtzite/BCT
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Figure 5: An example of a hybrid wurtzite/BCT structure obtained during the geometry opti-
mizations of corner-connected triangular pits (open symbols in Figure 4). This is the SCC-DFTB-
optimized structure of the corner-connected triangular pits with s = 7 for a thickness of 8 ZnO
layers.
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Figure 6: Bond lengths (in Å) near the Zn-terminated (upper) and O-terminated (lower) surfaces
for the corner-connected triangular pit defects with side length s = 4, calculated with SCC-DFTB
and PBE (in parentheses). The side views (to the right) are related to the top views by looking at
the latter from the side along the direction indicated by the eye.
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Figure 7: DOS and PDOS projected onto the surface normal direction calculated with SCC-DFTB
for (a) the defect-free ZnO slab with polar (0001)/(0001̄) surfaces, (b) corner-connected triangular
pits with sidelength s = 4. The Fermi energy E f is set at 0 eV.

Figure 8: Top view of the defect structure proposed by Pal et al.23 for the Zn-terminated surface.
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Figure 10: Cleavage energies as a function of pit size and supercell size. The figure contains the
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Figure 11: The “T(s = 3) inside T(s = 7)” defect structure (no. 21 in Table 3) for the Zn-terminated
surface in a

√
48×

√
48 unit cell.

Lauritsen-defect: 
Unit cell:
θvac:
Corr. triangular pit:

L1
2 ✕ 2
0.25
s = 1

L2
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s = 3
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Unit cell:
θvac:
Corr. triangular pit:
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0.1389
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L5
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0.1389
s = 5

Figure 12: Structures for Lauritsen-defects modeled in this work, shown for the O-terminated sur-
face (they were also calculated for the Zn-terminated surface). In the calculations, each Lauritsen-
defect was combined with a non-corner-connected triangular pit defect on the opposite slab face
(with the same θvac). The side lengths of those corresponding triangular pits are listed in the figure.
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Figure 13: Cleavage energies Ecleav for slabs with (a) triangular pits at both sides, (b) Lauritsen-
defects at the Zn-terminated side and triangular pits at the O-terminated side, (c) triangular pits at
the Zn-terminated side and Lauritsen-defects at the O-terminated side.

DOS

-6 -4 -2 0 2 4
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Figure 14: DOS and PDOS projected onto the surface normal direction for the system with surface
vacancies (“triangles” with s = 1) at the Zn-terminated side and the Lauritsen-defect L1 at the O-
terminated side.
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Towards understanding surface defect patterns and geometries at polar ZnO surfaces
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We study the effect of step defects at the polar ZnO(0001)/(0001̄) surfaces on the

energetics and the electronic structure of ZnO slabs. By a Mulliken charge analysis

we observe an accumulation of charge at the defect site. This surface charge local-

ization is accompanied by a significantly different projected density of states when

compared to defect-free surfaces which appears strongly intertwined with effects on

the energetics. We show that by understanding the effect of step defects, general con-

clusions can be drawn about surface defect patterns and geometries at these polar

ZnO surfaces, fully in line with experimental obervations.
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Zinc oxide (ZnO) is a wide band gap metal oxide with applications in electronics, op-

toelectronics, electrochemistry, gas sensing, photovoltaics and catalysis.1–3 Especially the

progress in nanofabrication of tailored ZnO nanostructures has (re-)amplified the interest in

this material.3,4 Due to the small volume to surface ratio the properties of nanosystems are

governed to a large extent by the properties of the present surfaces. Hence, the successful

utilization of ZnO in nanotechnological applications requires a profound understanding of

the surface physics and chemistry.

ZnO nanostructures are usually limited by the following surfaces: the non-polar (101̄0)

and (112̄0) surfaces, and the polar Zn-terminated (0001) and O-terminated (0001̄) surfaces.5

Especially the polar surfaces have been puzzling modern surface science for many years.

ZnO crystallizes in the wurtzite structure with each Zn/O being coordinated almost tetrahe-

drally by four O/Zn atoms. In a simple ionic picture Zn and O are associated with charges

of 2 a.u. and -2 a.u., respectively. At the (0001)/(0001̄) surfaces, however, both, Zn and O,

are only threefold-coordinated, which leads to a remaining surface charge of ±1/2 a.u. per

surface atom constituting a dipole moment perpendicular to the surface. This leads to an

energetically highly unfavorable situation as can be shown by electrostatic considerations.6

Hence, compensating mechanisms are needed, quenching this dipole moment, since other-

wise the electrostatic potential and thus, the energy, increase monotonically with increasing

thickness of the crystal along the respective directions. A variety of experimental work7–15

under ultra-high vacuum conditions has been conducted to show that these surfaces are

significantly defected exhibiting pits and islands resulting in an overall removal of about

a quarter of surface atoms in order to quench the destabilizing dipole moment across the

surfaces. (In richer chemical environments like under ambient conditions, it is mainly ad-

sorption of foreign species at the polar surfaces that mitigates the polarity, but this will not

be considered further, as this work focuses on ideal vacuum conditions.) The results of these

earlier studies, accompanied by theoretical investigations,8,15–21 lead to the following consen-

sus. The Zn-terminated (0001) surface has essentially a (1×1) structure, is terminated by

Zn atoms and exhibits a high density of steps forming mainly triangular pits and terraces.6

While exhibiting essentially too a (1×1) structure and being terminated by O atoms, the

O-terminated (0001̄) surface exhibits highly ordered hexagonal defect patterns giving rise to

hexagonal pits being surrounded by islands alternating between the usual wurtzite stacking
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and an atypical zincblende stacking in the surface ZnO layer.15,21 Locally, additional defect

patterns in form of missing rows of surface atoms have been observed at both surfaces.12,22,23

The presence of surface vacancies in order to stabilize the polar surfaces energetically

can be well understood from electrostatic considerations as those given above. However, to

the best of our knowledge there has been no attempt to give a closed explanation for the

geometrical forms and patterns in which this removal of surface atoms is actually observed.

This is, effectively, the aim of this work. In particular, we show that the form of surface

defect geometries and patterns present at the polar ZnO(0001)/(0001̄) can be traced back

to the effect of step defects on the energetics and electronic structure.

In order to do so, we employ a density functional tight binding approach with self-

consistent charges (SCC-DFTB).24,25 The method has been described in detail elsewhere.26

For short, the total energy of a system is calculated via a second-order expansion of the

DFT energy with respect to charge fluctuations and is given by

Etot = EBS + E2nd + Erep.

Here, the first term is known as the band structure term and is simply given by the sum of

the energies of all occupied eigenstates, which are expressed using a minimal basis respon-

sible on the one hand for the tight-binding character of the method and on the other hand

for its low computational cost. The second term contains the energy contributions due to

charge density fluctuations approximated by atomic point-like charges calculated via Mul-

liken population analysis in a self-consistent manner. The third term contains the ion-ion

repulsion, exchange-correlation as well as double-counting corrections and is approximated

by a sum of pair-wise atomic interactions. The latter have been obtained by fitting them to

the results of DFT calculations.27

Surface structures and properties have been calculated using three-dimensional periodic

slabs exhibiting a large vacuum gap of 120 Å perpendicular to the ±(0001) surfaces in order

to minimize any interaction between different slabs. Each slab exhibits a Zn-terminated

and a O-terminated surface and a thickness of 12 ZnO layers. Except for the defect-free

slab, step defects were introduced at the two surfaces exhibiting different plateau and valley
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widths counted in ZnO units. The range of plateau-valley widths investigated has been p-v

with p, v = 1, . . . , 5 and 2 ≤ p + v ≤ 6. Some of these slabs are depicted in figure 1. The

cleavage energies, EC , corresponding to these slabs were calculated according to

EC = (Eslab −Ncell × Ebulk)/2A,

where A denotes the area spanned by the respective n×m surface unit cell, i.e. A = |n×m|

with n = na and m = mb with a and b denoting the lattice vectors in the surface plane

and n = 3 and m = 2, . . . , 6 depending on the choice of plateau and valley widths present

at the respective surface. Further, Ncell = Nslab/4 where Nslab denotes the number of atoms

in the slab, i.e. Ncell is a measure of how often the bulk unit cell (containing 4 atoms in

case of the wurtzite structure) fits in the slab, Eslab denotes the total (Mermin free) energy

of the slab and Ebulk is the total (Mermin free) energy of the bulk unit cell. For the k -point

sampling used in the reciprocal space, Monkhorst-Pack k -point grids28,29 of sizes 2×3 and

2×2 were used for the 3×2 and all other unit cells, respectively. The stopping criterium

for the self-consistent evaluation of charges has been set to 0.1 mHartree (≡ 2.7 meV). All

slabs have been optimized by relaxing atomic positions (but not the lattice parameters to

mimic bulk behavior in the center of the slab) using the conjugate gradient method until

forces in the systems became smaller than 0.1 mHartree/Bohr (≡ 5.1 meV/Å). Due to

surface metallic states, the SCC convergence has been facilitated by using a finite electronic

temperature of 500 K (≡ 43 meV). To improve the convergence speed a Methfessel-Paxton

filling scheme30 of second order has been used. With this choice of method and a recently

developed parameter set,27 a = 3.211 Å, c = 5.26 Å, u = 0.374 and ε = 4.34 eV have

been obtained for the lattice parameters and the band gap, respectively, of the ZnO bulk

system in reasonable agreement with experiment31,32 and DFT calculations.27 A thorough

validation of the applicability of SCC-DFTB for studying the polar surfaces of ZnO has been

presented elsewhere.33 All calculations were performed using the DFTB+ code package.34,35

In order to study the benefit or cost in energy upon introduction of step defects we have

taken the cleavage energy of the defect free-slab (≈ 5.04 J/m2) as reference and calcu-

lated the difference in cleavage energy, ∆EC , with respect to this reference value. These

differences are depicted in figure 2. Note that given the thickness of 12 ZnO layers, the

two surfaces can be regarded as fully decoupled as suggested in an earlier study.33 This is

reflected by the fact (which has been tested for) that if the step defects are introduced at

4



both surfaces at the same time the difference in cleavage energy wrt to the defect-free case is

simply the sum of the differences if the defects are introduced separately at the two surfaces.

Inspection of figure 2 reveals that the introduction of step defects of a depth/height of one

ZnO layer can per se stabilize the Zn-terminated surface energetically depending on the

defect configuration. In contrast, the introduction of step defects of the same depth/height

at the O-terminated surface always results in an increased cleavage energy compared to the

defect-free case. Moreover, the introduction of steps of a depth/height of two ZnO layers

results in an increased cleavage energy no matter at which surface they are introduced.

The latter observation is in well-expected agreement with the experimental observation that

terraces, pits and islands present at the polar ZnO surfaces are one ZnO layer deep/high.7,8

The result of lower cleavage energies upon introduction of steps at the Zn-terminated sur-

face is, however, by far more intriguing. Note that the introduction of steps is made by

the removal of ZnO units and thus, the reduction in cleavage energy is not related to the

removal of excess surface charge. Nevertheless, for step configurations with plateau widths

larger than one ZnO unit the cleavage energy is lower by up to 0.26 J/m2, a quantity too

significant to be assigned to methodological inaccuracies.

To dive deeper into the physics and chemistry underlying the effect of step defects on

the energetics we have determined the charge densities in terms of Mulliken charges as

well as the total and projected densities of states (DOS and PDOS) resulting from the

SCC-DFTB calculations. In figures 3 and 4 the Mulliken charges as well as the DOS and

PDOS are depicted for step configurations corresponding to plateau and valley widths of

p-v=1-1 and p-v=3-1, respectively. In the former case, the introduction of the step defect

results in a higher cleavage energy regardless of the side of introduction, whereas in the

latter case a significantly lower cleavage energy results from the introduction of the step

defect at the Zn-terminated surface. The color scheme for visualizing the Mulliken charges,

C, has been chosen as follows: C < −0.55 a.u. black, −0.55 a.u. < C < −0.45 a.u. orange,

−0.45 a.u. < C < 0 a.u. yellow, 0 a.u. < C < 0.45 a.u. blue, 0.45 a.u. < C < 0.55 a.u. cyan,

0.55 a.u. < C white. Zn and O atoms are distinguished by choosing small and large spheres,

respectively. The Zn- and O-terminated surfaces correspond to the upper and lower edges

of the depictions in figures 3 and 4.
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For a plateau and valley width p-v=1-1, we observe two less positive charged (wrt to the

bulk charge of 0.5 a.u. according to the SCC-DFTB results) Zn atoms close to the step

site, see figure 3(b) instead of one for the defect-free surface, see figure 3(a). This feature is

accompanied by a concurrent removal and formation of certain features in the (P)DOS. On

the one hand, a large fraction of smeared-out contributions due to Zn-4s (lower edge of the

conduction band) and O-2p states is removed from the DOS (compared to the defect-free

case) close to the Fermi level as well as contributions due to Zn-3d/O-2p orbital mixing33

left to the main peak. At the same time a large contribution from occupied Zn-4s states is

formed close to the Fermi energy accompanied by a shift of unoccupied Zn-4s states from

higher to lower energies at the lower edge of the conduction band. This is observed mainly

in the first two ZnO layers where the step defect is located. In the third ZnO layer, there is

still a small contribution close to the Fermi level from Zn-4s states, but contributions from

Zn-3d/O-2p overlap are more pronounced. These contributions then vanish when going

deeper into the slab where a bulk-like electronic structure and geometry is retained. At

the O-terminated side the PDOS is completely the same as in the defect-free case, showing

nicely that the two surfaces are completely decoupled for this slab thickness. The larger

occupation of Zn-4s states close to the Fermi-level costs energy and hence explains why the

cleavage energy for this defect configuration is larger compared to the defect-free case.

If the analogous step is introduced at the O-terminated side of the slab, see figure 3(c),

the effect of the (re-)distribution of charge on the (P)DOS and the energetics is more subtle.

We observe a more negatively charged O atom and a more positively charged Zn atom

at the step site accompanied by a significant shortening of bonds. Thereby, this charge

configuration puts emphasis on the contribution of Zn-3d/O-2p orbital overlap associated

with strong shifts of occupied states to higher energies compared to the defect-free case.

Furthermore, the unoccupied O-2p features visible in the PDOS for the defect-free case are

not observable in case of the defect. Thus, at both surfaces the introduction of such a step

configuration results in the localization of electronic states and charge, but is accompanied

by changes in the electronic structure destabilizing the system energetically.

In case of the introduction of a step configuration corresponding to a plateau and valley

width p-v=3-1, we observe a significantly more negatively charged O atom at the step site
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and two considerably less positively charged Zn atoms, one in the valley and one at the

other step site, if the defect is introduced at the Zn-terminated side of the slab, see figure

4(b). The contributions of these atoms to the DOS are mainly found by the occupation of

Zn-4s and Zn-3d/O-2p overlap states left of the main peak and close to the Fermi level. In

addition, we observe a downwards shift of unoccupied orbitals in the conduction band at the

Zn-terminated side of the slab. The contributions corresponding to occupied orbitals close

to the Fermi level are, however, more localized and considerably downshifted compared to

the defect-free case explaining the lower cleavage energy in case of the defect. Moreover, the

localization of charge at the step site leaves space for an almost bulk-like surface region in

the plateau, hence interfering with the formation of surface conducting states as observed

in experiment,36,37 and promoting instead a semi-conducting low-energy system. In case of

introduction of the defect at the O-terminated side of the slab (see figure 4(c)), the results

are similar to those for the previous defect configuration.

On balance, it can be concluded that while the introduction of step defects at the Zn-

terminated side can have a beneficial effect on the energetics, it is always associated with an

energy cost if introduced at the O-terminated surface. Since corner sites in two-dimensional

surface defect structures are associated with energy costs due to additional Coulomb repul-

sion between no-longer-shielded surface atoms, it can be expected that they are generally

less favorable than step sites.33 The need for the removal of surface atoms due to an oth-

erwise electrostatically unstable situation leads to the presence of surface defects at both

terminations. However, at the Zn-terminated surface the energy can be minimized by max-

imizing the number of step sites at the surface while keeping the number of corner sites

low at the same time. At the O-terminated surface, both need to be minimized. Hence, it

is simply a geometrical reason why triangular patterns are promoted at the Zn-terminated

surface as triangles yield the largest perimeter to area ratio while being convex, thus catch-

ing exactly the requirements noted above. At the O-terminated surface the opposite is

needed, i.e. a defect pattern yielding the best area to perimeter ratio. Due to the intrinsic

hexagonal symmetry a circular shape is not possible, and the closest defect geometry is

that of a hexagon. The requirement of a surface excess vacancy concentration close to one

quarter then governs the regularity of the defect patterns at the two surfaces. While at

the Zn-terminated surface a variety of combinations of differently sized triangles can lead
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to the optimal excess surface vacancy concentration,33 the configurational freedom is rather

limited on the O-terminated surface due to the promoted defect geometry and is rather

sensitive to the chemical environment.15,21 Furthermore, the removal of surface atoms in a

striped fashion is simply a one-dimensional alternative to introduce a significant step density

at the Zn-terminated surface, based on this argument. The much sparser observations of

this alternative defect pattern12,23 might be due to entropy for the reason of the associated

higher regularity. Nevertheless, this remains an open issue.
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(a) (b) (c) (d) (e)

FIG. 1. Sideview of unit cells of slabs exhibiting step defects different with respect to plateau and

valley lengths (denoted by p-v): (a) 1-1 at Zn-terminated surface, (b) 1-2 at O-terminated surface,

(c) 4-1 at Zn-terminated surface, (d) 2-3 at O-terminated surface, (e) 4-2 at Zn-terminated surface.

Zn and O are depicted using small grey and large red spheres, respectively.
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FIG. 2. Difference between cleavage energies of slabs exhibiting step defects (one and two ZnO

layers deep/high) at the Zn- or O-terminated surface and the defect-free slab, ∆EC , versus step

configuration indicated by plateau-valley widths p-v.
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FIG. 3. Mulliken charges (side view) using the color scheme described in the text, DOS and

PDOS for (a) the defect-free slab, (b) a step defect with plateau-valley width p-v=1-1 at the Zn-

terminated surface and (c) the analogous defect at the O-terminated surface. The Fermi energy is

indicated with a red line.
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FIG. 4. Mulliken charges (side view) using the color scheme described in the text, DOS and

PDOS for (a) the defect-free slab, (b) a step defect with plateau-valley width p-v=3-1 at the Zn-

terminated surface and (c) the analogous defect at the O-terminated surface. The Fermi energy is

indicated with a red line.
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The thermal stabilization of thin gold nanowires with a diameter of about 2 nm by surfactants is

investigated by means of classical molecular dynamics simulations. While the well-known melting point

depression leads to a much lower melting of gold nanowires compared to bulk gold, coating the

nanowires with surfactants can reverse this, given that the attractive interaction between surfactant

molecules and gold atoms lies beyond a certain threshold. It is found that the melting process of coated

nanowires is dominated by surface instability patterns, whereas the melting behaviour of gold

nanowires in a vacuum is dominated by the greater mobility of atoms with lower coordination numbers

that are located at edges and corners. The suppression of the melting by surfactants is explained by the

isotropic pressure acting on the gold surface (due to the attractive interaction) which successfully

suppresses large-amplitude thermal motions of the gold atoms.
1. Introduction

Interest in metal nanowires (NWs) stems from fields ranging

from fundamental low-dimensional physics to technological

applications in electronic, optoelectronic, nano-electromechan-

ical, and nano-biotechnological systems.1–6 Various experi-

mental, theoretical and computational investigations with

a variety of techniques have been conducted with the aim of

revealing the special properties as well as possible technological

applications of metal NWs. Examples are studies dealing with

electronic metal–molecule–metal conjunctions7,8 and nano-elec-

tromechanical sensor systems.9 For the purpose of nanoscale

applications, a quantitative understanding of the structural and

thermodynamic properties of such NWs is a prerequisite.

Manipulating these tiny physical systems poses a challenge to

many existing experimental techniques10 and to complement

experiments, a variety of computational studies have focused on

thermal, mechanical, and electrical properties of metal nano-

systems using mostly classical molecular dynamics (MD) simu-

lation11–27 and quantum chemical ab initio calculations.28–31
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One substantial difference between metal NWs and their bulk

phase is the fact that the melting of NWs occurs at substantially

lower temperatures than in the corresponding bulk material. This

‘melting point depression’ has been known for a long time from

metal nanoparticles (NPs).32–34 Theoretical, experimental and

simulation expertise has as well been adopted to explain the pre-

melting of thin NWs.35 The temperature dependence of structural

properties of metal NWs and their melting behaviour have been

investigated by various MD studies.13,16,18,24,25 In these studies

a strong dependence of the melting temperature and the melting

behaviour on the size and the geometrical configuration of the

metal NWs has been found. Similar dependences might influence

other properties of metal NWs and might also be related to

technical applications. For example in earlier MD studies,36 the

stretching behaviour of gold NWs (AuNWs) subjected to

external stresses was investigated. A solvent effect on the thin-

ning of the wire was found only in the temperature region close to

the melting point. Such findings can be important for technical

applications, especially when the melting is strongly dependent

on the size and configuration of the NW.

In this paper we use an atomistic model to investigate the

melting process of thin AuNWs by means of MD simulations

and some of the underlying physics. We also propose a model of

the physical mechanism responsible for their thermal stabiliza-

tion by coating them with surfactant molecules.

In Sections 2.1–3 we describe our computational model. In

Section 3.1 we discuss the results for the melting of a bare AuNW

in a vacuum and the effects of additional initial defects such as

dislocations. In Section 3.2 we present our results concerning the

effect of surfactants on the location of the melting point as well as

the effect on how the melting proceeds. Section 4 summarizes our

work.
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Table 1 Force field parameters40,41

Bond stretch

Bond r
eq

ij /�A
krij/kcal
mol�1

CH3(NH2)–CH2 225 1.54
CH2–CH2 225 1.52

Angle bend

Angle q
eq

ijk

kqijk/kcal
mol�1

CH3(NH2)–CH2–
CH2

110� 45

CH2–CH2–CH2 110� 45

Torsion

Dihedral dijkl

k4ijkl/kcal
mol�1 m

CH3(NH2)–CH2–
CH2–CH2

0� 1.6 3

CH2–CH2–CH2–
CH2

0� 1.6 3

Non-bonded interaction (LJ)

Atom/group s/�A 3/kcal mol�1

CH3(NH2) 2.165 0.1811
CH2 2.235 0.1142
Au 2.934 0.039
2. Methodology

2.1 Molecular model

The interactions between gold atoms are modelled by the well-

established quantum-corrected Sutton–Chen (Q-SC) many-body

potential.37–39 For this potential, the configuration energy of

a system of atoms can be written as

U ¼
X
i

Ui ¼
X
i

s

"
1

2

X
jsi

V
�
Rij

�� c
ffiffiffiffi
ri

p
#
; (1)

where V(Rij) is a pair interaction function defined as

V
�
Rij

� ¼ �
a

Rij

�n

; (2)

accounting for the repulsion between atoms i and j, ri is a local

density accounting for cohesion associated with atom i defined

by

ri ¼
X
jsi

F
�
Rij

� ¼ X
jsi

�
a

Rij

�m

: (3)

In eqns (1)–(3), Rij is the distance between atoms i and j; a is

a length parameter scaling all spacings such that V and r are

dimensionless; c is a dimensionless parameter scaling the

attractive terms; s sets the overall energy scale; n and m are

integer parameters such that n > m. We used for the Q-SC

potential of gold the following values of the parameters: n ¼ 11,

m ¼ 8, s ¼ 7.8052 meV, c ¼ 53.581, and a ¼ 4.0651 �A.25

As a model surfactant n-aminopentane (AP: NH2–CH2–CH2–

CH2–CH2–CH3) has been chosen. As a simplification, its amino

group was assumed to interact like a methyl group within the AP

subsystem. This avoids any contributions from hydrogen

bonding and electrostatics in the simulation while the conse-

quently poor description of the liquid AP phase is not important

here. The total conformational energy, Vtotal, of AP can be

written as

Vtotal ¼ Vintra + Vinter, (4)

where Vintra contains in the usual way the bonded interactions

arising from bond stretching, Vbond, bond bending, Vbend, and

torsion, Vdihedral:

Vintra ¼ Vbond + Vbend + Vdihedral, (5)

with

Vbond

�
rij
� ¼ X

ij

1

2
kr
ij

�
rij � r

eq
ij

�2
; (6)

Vbend

�
qijk

� ¼ X
ijk

1

2
kq
ijk

�
qijk � q

eq
ijk

�2

; (7)

and

Vdihedral

�
4ijkl

� ¼ X
ijkl

k4

ijkl

	
1þ cos

�
m4ijkl

�� dijkl


; (8)

where rij is the bond distance between atoms i and j, reqij is the

equilibrium bond length, qijk is the angle defined by atoms i, j and
586 | Nanoscale, 2012, 4, 585–590
k, qeq

ijk is the equilibrium bond angle, 4ijkl is the dihedral angle

defined by the four atoms i, j, k, and l, and krij, k
q
ijk, k

4
ijkl, dijkl andm

are parameters, which have been adopted from the CHARMM

force field.40

The non-bonded interaction in eqn (4), Vinter, has been

modelled in terms of 12–6 Lennard-Jones (LJ) potentials for all

pair interactions between the various methyl, methylene and

amino groups which are treated as united atom groups as well as

the interaction of Au with NH2, CH2 and CH3:

Vinter ¼
X
ij

43ij

��
sij

rij

�12

�
�
sij

rij

�6�
; (9)

where sij, 3ij and rij are the atomic or molecular group diameter,

the depth of the potential well and the distance between atoms or

molecular groups i and j, respectively. For computational

reasons the LJ potential is truncated and shifted smoothly to zero

at a cut-off radius rc of about 10 �A. The values of the LJ

parameters have again been adopted from the CHARMM force

field for the AP constituents, and have been derived from the

universal force field (UFF)41 for the gold atoms. The parameters

s for the cross-interactions have then been calculated from the

Lorentz–Berthelot combination rules. However, 3 for the Au–

NH2 interaction was initially set to 4 kcal mol�1 which corre-

sponds to about 6 � kBTM/2, where TM is the melting tempera-

ture of the bare AuNW in a vacuum and kB is Boltzmann’s

constant. Intra- and intermolecular parameters are summarized

in Table 1.
This journal is ª The Royal Society of Chemistry 2012



2.2 Simulation details

If not stated otherwise, theMD simulations have been performed

in the canonical ensemble (NVT ensemble). For purposes of

comparison and in order to exclude a certain pressure depen-

dence of the results, several simulations have also been per-

formed in the isothermal–isobaric ensemble (NpT).

Temperatures and/or pressures have been achieved by the

Berendsen as well as the Nos�e–Hoover thermo- and

barostats.42–44

In order to study the melting behaviour of a thin AuNW in

a vacuum as well as in contact with AP surfactants, different

initial NW geometries have been prepared as discussed in the

next subsection. Their initial configurations have then been fully

relaxed and have subsequently been subject to free evolution in

a temperature range of 100–1500 K. Initially, temperature steps

of 100 K were used to roughly determine the melting temperature

and have then been adjusted to 20 K for a more precise deter-

mination. The equations of motion have been integrated with the

velocity Verlet algorithm with a variable time step in the order of

0.1–10 fs. A simulated time of several hundred ps for each

trajectory should ensure proper relaxation of the system at each

temperature.

All simulations have been carried out with the DL_POLY 4

software.45
2.3 Initial configurations

In order to investigate the melting process of a thin AuNW we

first constructed a wire consisting of 200 layers consisting of 18

atoms each (3600 gold atoms in total) arranged in a perfect fcc

lattice where the single layers correspond to the (001) surface.

This model corresponds to a NW of about 40 nm in length and

a cross-section of about 1.2 � 1.2 nm2. In addition to this model

we constructed a NW with one dislocation to study the influence

of this defect on the melting process (see the description of Fig. 1

below). It should be mentioned again that our AuNWmodels are

finite, i.e. the length of the simulation box is larger than the

length of the simulated wire.

The exposition to surfactants was created by adding 3054 AP

molecules, corresponding to a concentration of about 44 g l�1,

and letting the system evolve freely at 600 K for several hundred

ps. The resulting configuration exhibited a coverage of about 2/3.

For computational purposes the 1406 AP molecules not coating
Fig. 1 Three different initial configurations after relaxation at 100 K: (a)

bare wire in a vacuum, (b) bare wire with additional dislocation in

a vacuum, (c) coated NW (only the amino groups of AP molecules are

shown), (d) coated NW (whole AP molecules are shown).

This journal is ª The Royal Society of Chemistry 2012
the NW were then removed and only the coated NW has

subsequently been used for the determination of the melting

temperature for different values of the LJ-parameter 3 describing

the strength of the attractive interaction between gold atoms and

amino groups. 3 was varied from 1 to 7 kcal mol�1 in steps of 1

kcal mol�1.

The three different initial configurations (perfect bare NW,

bare NW with additional dislocation and coated NW) are shown

in Fig. 1. The initialization procedure described above causes the

AP amino groups to adsorb at the 4-fold hollow position on the

gold (100/010/001) surfaces.

3. Results

3.1 Model verification

Before investigating the melting process of a bare NW in

a vacuum we checked the appropriateness and proper imple-

mentation of the Q-SC potential by investigating the melting of

bulk gold. For ease of comparison with earlier publications25 we

simulated a bulk system consisting of 4000 gold atoms using the

NpT-ensemble. The gold atoms were arranged in a perfect fcc

structure in a cell subjected to cubic periodic boundary condi-

tions. The phase transition from solid to liquid state around 1380

K can clearly be seen in the enthalpy-versus-temperature diagram

of Fig. 2. Taking into account that some superheating does

normally occur in surface-free perfect crystals,46,47 the simulated

melting point should be even closer to the experimental value of

1338 K for pure bulk Au.48 The validity of the Q-SC potential for

the melting behaviour of bulk gold implies also some confidence

that it can also capture qualitative trends in finite systems.

This was further checked against available simulation data by

simulating small gold nanoparticles (NPs) of 256 gold atoms

arranged in a cuboid with an aspect ratio of 2 : 4 : 16 in a perfect

fcc lattice. The melting temperature of this model was found at

about 550–575 K (inset in Fig. 2), virtually the same as reported

in previous studies36,49 with the—in principle more sophisti-

cated—TB-SMA potential50 for modelling the Au–Au

interaction.
Fig. 2 Calorimetric curves exhibiting the solid–liquid phase transition

for bulk gold (solid line), the bare AuNW (dashed line) and AuNPs (inset,

dotted line).

Nanoscale, 2012, 4, 585–590 | 587



3.2 Melting of AuNWs in a vacuum

After these checks we determined the melting temperature of

the perfect bare NW described in Section 2.3. The result of

TM ¼ 750 K is again best seen in the enthalpy-versus-

temperature curve (Fig. 2). The enthalpy curve exhibits a drop

at the temperature of the phase transition. This is an artefact

due to the specific simulation details (size of the simulation

cell, choice of the NpT ensemble, etc.). Since we are only

interested in the temperature at which the melting of the NW

begins, and since the qualitative reproduction of the melting

point depression is not affected,35 no remedy of this behaviour

was attempted. The simulated melting point depression

resembles the finding in recent experiments51 on gold NWs of

similar size, although the instability of AuNWs observed there

at much lower temperatures may not be associated with

melting. Quantitative discrepancies are, however, most likely

grounded in shortcomings of the analytic interaction poten-

tials. They have been optimized to accurately describe bulk

properties39 and cannot be expected to handle systems outside

the original realm in more than a qualitative fashion. This in

itself is, of course, not surprising, given that, for example, not

even a potential for water exists that spans larger regions of its

phase diagram.

Snapshots from the melting process of the bare NW in

a vacuum at 800 K are shown in Fig. 3. As stated in Section 2.2,

these simulations were carried out in the NVT ensemble. At first

a thickening at both ends of the NW occurs. The ends move then

towards each other until the system assumes a nugget-like and,

finally, spherical shape. Concurrently, the middle region of the

NW becomes unstable and wavy at the surface, thereby

enhancing the melting procedure. However, the process that

dominates the melting is the greater mobility of the gold atoms at

the edges and corners with lower coordination numbers, i.e. on

the two ends of the finite NW.
Fig. 3 Melting process of the bare NW in a vacuum: (a) 25, (b) 50, (c) 75,

(d) 100, (e) 150 and (f) 300 ps after initialization at 800 K.
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A simulation of a NW with an initial dislocation (Fig. 1b) at

750 K lends credibility to this. The effect of the defect at various

temperatures is depicted in Fig. 4. The enhanced mobility of the

gold atoms in the region of the initial dislocation leads, after 30–

50 ps at 750 K, to a ‘shoulder’ which develops into a kink (see

also ESI†). Also here the melting appears to be enhanced by

instability patterns at the surface of the NW, but as in the case of

the perfect wire, the dominant process for the melting of the NWs

in a vacuum remains the greater mobility of atoms at edges and

corners, i.e. the two ends as well as the defect region of the NW in

this case. It should be mentioned that our simulations do not

allow us to decide if there is a temperature region where solid and

liquid phases coexist in a thermodynamically stable equilibrium.
3.3 Surfactant effects

The effect of adding surfactant molecules (AP) is best observed

by plotting estimates (only a single time origin is taken into

account) of the normalized root mean square displacement

(NRMSD in �A per ps) as well as the diffusion coefficient

(approximately corresponding to the derivative of the RMSD) of

the gold atoms versus the temperature (Fig. 5). For an Au–NH2

potential parameter 3 < 4.5 kcal mol�1 an abrupt change in the

NRMSD, accompanied by the corresponding peak of the

diffusion coefficient, can be observed in the temperature region

around 750 K. However, for values of 3 larger than 4.5 kcal mol�1

the jump in the NRMSD (peak in the diffusion coefficient) is

shifted to substantially higher temperatures, indicating a corre-

sponding increase of the melting temperature.

The threshold value for 3 of about 4.5 kcal mol�1 equals

approximately 6 � kBTM/2, where TM is the melting temperature

of the bare AuNW in a vacuum and kB is Boltzmann’s constant.

This corresponds nicely to the surfactant model which effectively

gives rise to a behaviour of AP resembling a near-linear string

with six degrees of freedom (three translational, two rotational

and one vibrational). Equipartition of the energy leads then

straightforwardly to the smallest necessary depth of the well of

the LJ potential. The melting of the NW is suppressed until the

AP molecules are no longer permanently absorbed and only

a dynamical exchange of them on the surface remains. At
Fig. 4 Effect of the additional initial dislocation at (a) 600, (b) 700 and (c)

750 K after several hundred ps. Althoughmelting occurs only beyond 750

K the additional defect clearly affects the thermal behaviour of the NW.

This journal is ª The Royal Society of Chemistry 2012



Fig. 5 (Normalized) root mean square displacement (top) and diffusion

coefficient (bottom) of the gold atoms at various temperatures and

different values of 3.

Fig. 7 Coated NW at 1500 K at (a) 5, (b) 50, (c) 100, (d) 150, (e) 200, (f)

250, (g) 300 and (h) 400 ps after initialization. Only the amino groups of

AP molecules (violet) are shown for convenience.
temperatures T < 3/3kB for 3 > 4.5 kcal mol�1 the isotropic

pressure due to the attractive interaction between AP molecules

and surface atoms suppresses the thermal motion of the gold

atoms and thus, the melting of the NW.

This has consequences also for the structural evolution of

a coated NW as can be seen from two further exemplary simu-

lations at 800 and 1500 K with 3 set to 6 kcal mol�1. Figs. 6 and 7

show snapshots from their evolution. Although the coated

AuNW substantially changes its overall shape at 800 K, it

remains elongated and no real melting occurs in contrast to the

bare wire at the same temperature. While in the two-dimensional

pictures of Fig. 6 it might appear that the wire gets shorter,

a simulation movie which we provide as additional material†

shows that this effect is caused by the wiggling of the wire in

space. At 1500 K the NW melts but differences compared to the

bare NW can be observed: whereas for the bare NW the greater

mobility of the gold atoms at corners and edges has been the

main melting mechanism, here dynamically evolving local

imperfections in the coating of the NW with AP, which subse-

quently give rise to instability patterns at the NW surface, appear

more important in bringing forward the melting procedure. A
Fig. 6 Surfactant-coated AuNW at 800 K at (a) 5, (b) 100, (c) 250 and

(d) 1000 ps after initialization (AP molecules in blue).

This journal is ª The Royal Society of Chemistry 2012
possible underlying physical mechanism in terms of a surface

instability could be a Plateau–Rayleigh instability. However, this

would have to be tested by more demanding simulations. We also

provide a simulation movie as additional material for this

elevated temperature.†
4. Conclusions

We have investigated the melting behaviour of a thin AuNW in

a vacuum and in contact with a surfactant by means of a large

number of MD simulations. For the bare NW the well-known

melting point depression for metal nanosystems35 leads to

a lowering of Tm from 1380 K for bulk gold to about 750 K in

good agreement with other simulations. We found that the

melting progress of the NW is dominated by the mobility of

atoms located at the edges and corners of the finite NW rather

than, for example, spontaneously formed defects. Initially

present defects like a dislocation enhance the melting in their

vicinity in the same way. A possible option to thermally stabilize

thin AuNWs, i.e. to increase the depressed melting point, is the

coating by surfactants. This has been investigated by submerging

the NW into aminopentane as a model for larger surfactants. The

attractive interaction between the amino groups of AP and the

gold atoms is tuned to investigate the dependence of the melting

temperature on that parameter. We observe an increase of the

melting point depending on the strength of this attractive inter-

action. If the Lennard-Jones parameter 3 exceeds 6 � kBTM/2,

the melting point increases by 200–300 K. Inspection of the

RMSD and diffusion coefficient of Au ensures that this is indeed
Nanoscale, 2012, 4, 585–590 | 589



the case and the system is not molten Au inside an AP micelle.

Furthermore, we found a substantial difference between the

melting kinetics of the bare NW and the NW in contact with the

surfactant models. The latter is not dominated by the mobility of

atoms at edges, corners and structural defects because the

coating suppresses them. This in turn enhances the importance of

spontaneously formed imperfections in the coating layer and

related surface instabilities.

We conclude that the coating of metal NWs with surfactant

molecules could be a method for the thermal stabilization of the

NW in temperature regions where they would melt otherwise.

Additionally, one might envisage that instead of classical

surfactants, for certain applications, solid support materials e.g.

carbon nanotubes52–54 could be used to prevent premelting of

AuNWs embedded into them and to provide mutual mechanical

stabilisation.
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