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In Silico Studies of Carbon Nanotubes and Metal Clusters

Anders Berjesson
Department of Physics
University of Gothenburg
SE-412 96, Gothenburg, Sweden

Abstract

Carbon nanotubes have been envisioned to become a very imgant material in various
applications. This is due to the unique properties of carbormanotubes which can be exploited
in applications on length scales spanning from the nano wod to our macroscopic world. For
example, the electronic properties of carbon nanotubes mads them utterly suitable for nano
electronics while the strength of them makes them suitable dr reinforcements in plastics.
Both of these applications do however require the ability fo systematic production of carbon
nanotubes with certain properties. This is called selectie carbon nanotube growth and today
this has not been achieved with total success.

In the work presented in the thesis several di erent computdional methods have been
applied in our contribution to the systematic search for sekctive carbon nanotube growth.
Put in a context of previous knowledge about carbon nanotubegrowth our results provide
valuable clues to which parameters that control the carbon mnotube growth. In association
with the latest results we even dare to, with all modesty, speulate about a plausible control
mechanism.

The studies presented in the thesis addressed di erent stags of carbon nanotube growth,
spanning from the properties a ecting the initiation of the growth to the parameters a ecting
the termination of the growth. In some more detail this included studies of the melting
temperatures of nanoscaled metal clusters. The expected z&@ dependence of the melting
temperatures was con rmed and the melting temperatures of tusters on substrates were seen
to depend both on the material and shape of the surface. As tls constitute the premises prior
to the carbon nanotube growth it was followed by studies of the interaction between carbon
nanotubes and metal clusters of di erent size and constituton. This was done using di erent
computational methods and at di erent temperatures. It soon became apparent that the
clusters adapted to the carbon nanotube and notvice versa This held true irrespectively of
the constitution of the cluster, that is for both pure metal a nd metal carbide. It was also seen
that there exist a minimum cluster size that prevent the carbon nanotube end from closing.
Closure of the carbon nanotube end is likely to lead to the temination of the growth which
lead to studies of other reasons for growth termination, e.g Ostwald ripening of the catalyst
particles. This was investigated with the result that the rate of the Ostwald ripening may
depend on both the chirality and diameter of the carbon nanotibes. It is suggested that this
may provide some answers to the controlled growth of carbon anotubes.

Keywords: Carbon nanotubes, metal clusters, melting temperatures, anotechnology;,
molecular dynamics, Monte-Carlo, tight binding, density functional theory.
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CHAPTERL

Introduction

Carbon nanotubes (CNTSs) is fascinating material with extraordinary mechanical, electrical
and thermal properties. These properties have spurred an earmous interest in CNTs within
the scienti c community and over the past (almost) twenty ye ars numerous potential appli-
cations of CNTs have been proposed. The nature of these apphtions span from products
now available on the market, e.g., bicycles with CNT reinforced frames, to products seem-
ingly taken from science ction novels, e.g., space elevats. Irrespectively of how realistic
the applications are they do require the ability to produce large amounts of CNTs, preferably
of high quality at a low cost. Although it is possible make a recipe on how to produce CNTs
this is an issue that is complicated by the existence of numeyus di erent types of CNTs with
di erent properties, something that may be particularly im portant for construction of elec-
tronic devices as the electronic properties vary with the CNI's. To this date, the parameters
controlling the CNT production, often referred to as CNT growth, remain elusive and despite
the enormous e ort put into to solve this problem, no standard method has been proposed
for the production of a speci ¢ type of CNT. Due to the large number of parameters that may
be of importance to the CNT growth, it is necessary to investpate each of these parameters
in a systematic way to understand how that parameter a ect the CNT growth.

This thesis is dedicated to computational studies of some pameters that are of impor-
tance throughout the CNT growth process, i.e., parameters hat may a ect the initiation as
well as the termination of the CNT growth.

The thesis is divided into three main sections where the rstwill give the reader an
introduction to CNTs and previous computational studies of CNTs. In this section, the
remarkable mechanical and electrical properties are dis@sed in some detail as well as one
of the most common production methods. Since the thesis is dkcated to computational
studies, a few general computational methods are introdua# and it is then discussed how
these methods can be applied to systems involving CNTs. Thigliscussion includes several
di erent situations, spanning from the properties prior to growth to direct simulations of
CNT growth.

The second section of the thesis will introdue the computatbnal tools used through the
course of this work. Since many di erent computational methods have been used, this section



does only provide a brief overview while the details are foud in the references. To a large
extent this section re ect my contribution to the studies an d computational implementations.
For the parts where | have been involved in the writing of the cmmputational program, some
more details are given while for the methods where | have notantributed to the writing of the
computational software, e.g., the density functional theay section, only the details needed to
understand the premises and parameters of the calculationare discussed. Some discussions,
e.g., the section about plane wave basis sets, do however ¢aim more information since |
failed to make them comprehensible with less information.

The third and last part of the thesis contain a short review of the results obtained during
these years. This section is based on the material in six pape which are appended to the
thesis. In this section, | have tried to avoid having a large @erlap with the appended papers.
Instead, some extra material that was not included in the pagers has been provided as well
as a short presentation the most interesting results. The fgus of the discussions in this part
of the thesis may be slightly di erent from the publication, e.g., following some loose ends
that were not throughly discussed in the papers. | have triedto present the content of the
appended papers in both a chronological order as well as follving a red thread, starting from
the clusters used as catalysts followed by studies of indidiual CNTs to end in a discussion of
relevance to large CNT systems. Also this section re ect my ontributions to the studies. For
example, the discussions of Papers | and Il are rather long ste much time and hard work
was spent before the these results became real. On the otherhd, the discussion of Paper
IV is slightly shorter since my contribution to this work was not as large.

As a short review of the focus of the calculations, the rst agpended paper discuss whether
the metal clusters used as catalysts for CNT growth are solidor liquid during the growth.

It was also elucidated how the melting temperatures of the alsters are a ected by the in-
troduction of substrate on which the clusters are mounted. h Papers Il - IV this is followed
by discussions of the properties of existing CNTs that have ben attached to clusters. Here
the geometries of the systems are discussed as well as the stdy when they are attached
to clusters with di erent properties, e.g., size and carboncontent. Some of the knowledge
acquired from these studies was then transfered to studiesfdarge ensembles of CNTs. In
Papers V and VI the question of what will happen to the clusters if atoms are allowed to
di use between the di erent clusters was addressed by two dierent methods. This provided
some information about what may happen to these systems aftelong time.

Finally, some ongoing projects are presented in order to gi& an outlook of what work
that will be performed in the near future.

Anders Berjesson
Krokshtt, October 22, 2010



CHAPTERZ

Background

The earths crust contain only 0.025% carbon making it, by weight, the nineteenth most
abundant element on earth[1]. Despite this moderate conceration carbon is one of the most
important elements found in nature. All living organisms contain carbon and for us humans
this means that most food and drinks (except water) contain @rbon as well as many of the
materials we have around us, e.g. soil, wood, plastics and pgreleum products. If a material

does not contain carbon, it is not uncommon to add it in order to change the properties of the
material, e.g. the addition of carbon to iron in order to form steel[2]. All these compounds,
exhibiting completely di erent properties indicate that ¢ arbon has rather unique properties
and an ability to form chemical bonds to many other elements. To this day, more than a
million carbon compounds have been described in the chemitditerature[1].

Carbon has not only an ability to form molecules with other elements but also pure carbon
has the possibility to form aggregates of very di erent structure and properties. In nature
(at least) three such carbon forms, called allotropes, aredund. The most abundant form
may be the the amorphous structure soot while the crystallire forms graphite and diamond
are less common. Schematic pictures of graphite and diamondan be seen in Fig. 2.1. In
addition to the commonly occurring allotropes, new carbon dlotropes have been synthesised
in laboratories [3], e.g. carbyne, fullerenes, nanotubesyraphene, carbon foams, bers and
onions

One new carbon allotrope was rst synthesised in 1985 when Kato et al. [4] reported
about the discovery of the Buckminster Fullerene (Go fullerene). In succeeding studies other
Cx molecules have been synthesised and this class of C moleailare now referred to as
fullerenes. These can be described as a hollow sphere or gdloid where the surface is a one
atom thick carbon structure. For the special case of the Buckninster fullerene, it can be
compared to a football sewn from a number of hexagonal and peagonal leather pieces. In
the fullerene, the carbon atoms are positioned at the intersection where three seams meet. A
schematic picture of the structure of a Ggo fullerene can be seen in Fig. 2.1.

Reports of another synthetic carbon allotrope came in 1991 Wwen lijima et al. described
the material now known as carbon nanotubes (CNTs)[5]. The CN's can be described as an
extremely elongated ellipsoid fullerene, forming a hollowtube. In an every day comparison



Figure 2.1:  Schematic pictures of di erent forms of pure carbon. Top row from left, graphite and
diamond. Bottom row from left, a graphene sheet, a fullerengCgp) and a carbon nan-
otube.

a nanotube can be compared to a roll of net (e.g.,. the Swedishensnat) where a hexagonal
mesh is formed by metal wires. In the CNT, the carbon atoms arelocated in the junction
between wires, i.e. where three wires meet. The typical strature of a CNT can be seen
in Fig. 2.1. One important di erence between the CNT and the roll of net is the diameter
scales. While the net is truly a macroscopic object with dianeters in the order of meters, the
CNTs have diameters in the nano meter scale, i.e., it is a sizdi erence of 1 billion times.

A more recent progress in the eld of carbon research is the gxerimental production of
graphene[6] which can be described as a carbon sheet with thieickness of one atomic layer
This can be compared to the unrolling of the previously mentoned net and a schematic image
of a graphene sheet seen on the bottom row to the right of Fig. A.

2.1 Carbon nanotubes

In this section, some interesting properties of CNTs will bediscussed and some potential
applications as well as some of the di culties obstructing the realisation of these applications
will be mentioned. Finally, some computational studies of ONT related systems will be
mentioned. This will constitute the background of the work presented later in the thesis.
Carbon nanotubes comes in many variations which together pgsent a wide variety of
properties. One rst distinction can be made into single waled carbon nanotubes (SWNTSs)
and multi walled carbon nanotubes (MWNTs). A SWNT can be desaibed as the roll of
net mentioned above while a MWNT can be described as severalVBNTSs, with di erent
diameters that are inserted into eachother to form a telescpic structure. A schematic picture
of a MWNT, constructed of three SWNTSs, is seen in Fig. 2.2. Thework presented in this
thesis has involved SWNTs only and for that reason the MWNTSs will not be discussed further.

The idea that a SWNT can be thought of as a cylinder rolled froma rectangular graphene
sheet can also be helpful to understand another property of 8/NTs, called the chirality. The
chirality of a SWNT is a description of the structure of the SWNT, i.e., a description of
how the C atoms are positioned in relation to eachother and tle SWNT orientation. This



Figure 2.2: A schematic illustration of a MWNT constructed from three SW NTs.

is illustrated in Fig. 2.3 where one rectangular graphene sket has been used to fold two
di erent SWNTs. From the gure, it is clear that the rolling t he sheet around the horizontal
axis leads to a SWNT with a completely di erent structure com pared to rolling around the
vertical axis. For every SWNT, this di erence in structure ( chirality) can be characterised
by two chiral indices, (n;m) wheren  m[7]. The chiral indices can be understood as the
vector, called chiral vector, that will constitute the base of the CNT upon cutting and rolling
the graphene sheet, i.e., the sheet should be rolled around&ector that is perpendicular to
the chiral vector. In Fig. 2.4, the chiral vectors

C = na; + may (2.2)

of three di erent SWNTSs are plotted in a graphene sheet. The diral vectors are described
in a basis that is constructed from the orientation of the graphene sheet. Here the the basis
vectors (ai; ap) are seen in the gure and in this basis the chiral indices forthe three SWNTs
are (1G0), (8;2) and (5;5). These three CNTs are seen in the bottom of Fig. 2.4 and
the structural di erence is apparent. The (10;0) has a sawtooth like zig-zag end which is a
common property of all CNTs with chirality ( n;0). These CNTs are referred to as zig-zag
CNTs. The end of the (5;5) CNT show a structure that resembles an armchair and all CNT
with chirality ( n;n) are called armchair nanotubes. All other CNTs, with chirality (n;m),
n 6 m, m 6 0, do not have individual names but are referred to as chiralSWNTs. In the
previous section it was mentioned that CNTs are nanosized mi@rials but this is only partially
true. The diameters of SWNTs span from 4.2\[8] to a few nanometers while MWNTs have
slightly larger diameters, although still on the nanoscale The lengths of CNTs span from
the nano scale, having only one carbon ring in the smallest mecules resembling a CNT [9],
to the dm scale[10]. This means that that the length of the SWNI' may be of the order of a
billion times the diameter.

2.1.1 Mechanical properties

Carbon nanotubes are the strongest materials known today [1, 12] with a con rmed tensile
strength that exceeds that of carbon bres [13, 14] and with predictions of even higher tensile
strengths[15]. This unique strength could be exploited by ®ing CNTs as reinforcements in
other materials, much in the same way as carbon bres are usetbday.
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A recent report has showed that the e ect of CNT reinforcemert depends on both the
length and the orientation of the CNTs and the most e ective reinforcement is obtained
with long, directionally aligned CNTs. Also the thermal and electronic conductance of the
composites depend on the orientation of the CNTs[16]. Not oly was there a di erence for
composites that were reinforced with CNTs of random and diretional alignment but for the
composite with directionally aligned CNTSs, there was also adi erence in the directions that
were parallell and perpendicular to the CNTs. This means tha CNTs can be used in the
construction of materials that are conducting in one direction while they may be insulating
in another direction.

Although CNTs are used as reinforcements today[17] there & a few obstructions to be
overcome before CNTs can be used as reinforcements in the saraxtent as carbon bres are
used today. One such obstruction is that the strength of indvidual CNTs have not yet been
transferred and utilised in CNT based composites. Composés with CNT reinforcement have
shown strengths that are comparable to that of to carbon bre reinforced composites[15] which
means that much work remains before CNT reinforcement will kecome standard procedure.

A second, more practical obstruction is that the prices of CNI's today (May 2010) are rela-
tively high, spanning from approximately 550 $/kg for MWNTs to 80000 $/kg for SWNTs[18].
These prices limit the use of CNTs in products in the mainstream price segment. This is es-
pecially crucial for the reinforcement of larger products requiring larger amounts if reinforcing
material.

A very serious obstruction that must be considered before CN's are introduced into
society on a large scale are the possible negative health ects. Since the long CNTs have a
constitution that is similar to asbestos, which is well known for it's negative impact on living
organsims, it is necessary to evaluate the risks of CNTs witlgreat care before repeating the
mistake with asbestos. Reports have shown that CNTs may caues cell death[19] and that
they have an asbestos-like behaviour[20]. This imposes a ee of further studies of the health
e ects of CNTs.

2.1.2 Electrical properties

Also the electronic properties of CNTs are highly remarkabé [12,21{24]. For example, the
chirality of a SWNT will determine whether it will exhibit a ¢ onducting or semiconducting
behaviour. This has lead to the suggestion that CNTs may becme important building blocks
of the future nanoscaled electronics[25, 26].

Not only does the chirality determine whether the SWNTs are @nductors or semi-conductors,
it does also determine the band gap of the semi-conductors. Ais means that it is (in princi-
ple) possible to choose a material with a desirable bandgapsathe building block of electronic
components on the nano scale. Investigations have shown tha SWNT with chirality ( n;m)
will be metallic if n m = 3i, wherei is a non-negative integer, and semi conducting if
n m 6 3i. The band gap has been shown to decrease with increasing diater[23, 24] to
nally approach the zero bandgap of graphene.

These trends in the band structure can be readily obtained bysimple tight binding calcu-
lations, yielding analytical expressions for the energy leels[27{29]. These indicative results
did not include any curvature e ects but more sophisticated ab initio calculations have shown
that for small CNTSs, the curvature may a ect the electronic s tructure of the CNTs[30]. For
example, the (4 0) and (5;0) SWNTs which, according to the simple TB scheme, should be
semi conducting are in fact metallic. It has also been seen it bundles of CNTs may exhibit



di erent electronic properties than the individual CNTs[3 1]

Another remarkable electronic property of CNTs is the low resistance for electronic trans-
port. For comparison, CNTs can carry a current density that is orders of magnitude higher
than the possible current density of copper[32], commonly sed due to its good conductance
properties. This makes CNTs appropriate for use as conduct® in nano and micro scaled
electronic applications but the low resistance may also beftilised in macroscopic applications,
e.g. conducting composites.

2.2 Production of CNTs

As a few of the virtues of CNTs have been discussed, it has bee® apparent that CNTs

have the potential of being an important material in many fut ure applications. Although a

few problems, such as the high cost and possible toxicity, we discussed the full extent of
the problems of realising CNT based applications have not ben considered yet. The problem
concerning the production of large quantities of long CNTs & a certain chirality, preferably

produced at a certain position in an electronic circuit, will be discussed in this section.

There are three common methods for CNT production called aredischarge, laser ablation
and chemical vapour deposition (CVD). In arc-discharge, tte CNTs are produced in the soot
formed after an arc discharge when passing a high current bafeen graphite electrodes.

In the laser ablation method, a laser is used to evaporate céron atoms from a graphite
substrate. The carbon gas diuses in the growth chamber and @ITs are formed during
condensation.

These two methods will not be discussed further since the wér presented in the thesis is
more closely related to the circumstances of the CVD technige which will be discussed in
some more detail.

2.2.1 Chemical vapour deposition

As the name chemical vapour deposition implies are atoms, itially in the gas (vapour) phase,
deposited on a target material. For CNTs this means that feedtock molecules, containing
carbon atoms, are usually decomposed in the vicinity of a metl particle acting as a catalyst
for the decomposition. During the process, the C atoms will 2 deposited at the catalyst
particle, which can be either free[33] or mounted on a subsate[34], while the residue of the
feedstock, e.g., hydrogen atoms, may recombine and are thgit to remain in the gas phase.
Details of the CVD method have been reported in Refs. [34{37hnd a more extensive review
is found in Ref. [38]

The initial stages of CVD growth of CNTs are seen in the schemtc illustrations in panels
(a) and (b) of Fig. 2.5 where the feedstock molecules are degited on a catalyst particle
mounted on a substrate. The details of this stage of the CNT ngleation has remained a
much debated issue where di erent sources state that the C aims may either go in to the
metal particle[39] or remain at the surface[40]. It appeargeasonable to state that the catalyst
particle become saturated with C before the CNT growth starts but it is not known wether
the entire catalyst needs to be lled with carbon or if it is su cient to form small carbon
islands of the surface to nucleate growth.

For catalyst particles that are mounted on a substrate two dierent growth mechanism
are possible. If the interaction between the catalyst and sbstrate is strong, the catalyst will
remain attached to the substrate and the CNT will grow out from the catalyst particle[41, 42].
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Figure 2.5: CNTs growing from a catalyst particle that has been mounted s a substrate. The
feedstock molecules decompose (a) on the catalyst particglesaturates the catalyst (b)
and nucleate a CNT. Panel (c) shows the base growth mechanisrwhere the cluster
remains on the substrate. Panel (d) show the top growth mechaism where the cluster
lifts 0 and elevates at the top of the growing CNT.

This is referred to as the root growth mechanism. If the interaction between the catalyst
and the substrate is weak, the nucleated CNTs will attach to the substrate while the metal
particle will detach from the substrate and elevate at the top of the CNT[43, 44]. This growth
mechanism is referred to as top growth. Schematic picturesforoot growth and top growth
are seen in panels (c) and (d) in Fig. 2.5 respectively.

A large number of parameters are known to a ect the CVD growth mechanism as well
as the properties of the CNTs grown. These parameters incluel the temperature, the feed-
stock, the catalyst material, the substrate and additional substances available in the growth
chamber.

Typically, successful CVD growth of CNTs is achieved in the Emperature window between
800K to 1200K. Lower temperatures have been seen to lead to dzon encapsulation of the
catalyst[45] or defective CNTs[46] while higher temperatues appears to lead to formation
of increased amounts of amorphous carbon structures[46]. &hy of the nite temperature
calculations presented later in the thesis were performedor temperatures around 1000K
since this temperature is reasonable during CVD growth.

Some common feedstocks include methane[41, 47], acetyl¢hé] and ethanol[48] while e.g.
fullerenes constitute a less common feedstock[49, 50]. Bothe reactivity and molecular struc-
ture of the feedstock appears to be of importance for the groth process and quality of the
grown CNTs. Certain feestocks, e.g., acetylene, require yeer growth temperature than others.
Larger molecules, e.g., fullerenes, decompose only partiya which a ects the characteristics
of the grown C structure.

Common catalysts for CNT growth are Fe, Ni and Co or some alloythereof[38], although
there are recent reports telling about growth from other metals (e.g., Cu and Au)[51, 52] and
semiconducting particles[53]. It has been suggested thathie adhesion strength between the
catalyst particle and the CNT is of great importance and that if the adhesion is too strong,
the catalyst will become encapsulated while a weak adhesiowill lead to detachment of the
CNT[54].

Not only the constitution but also the size of the catalyst particle may be a parameter of
importance for CNT growth [55{60]. The diameter of the catalysts have been reported to be
slightly larger than the CNTs grown, typically 1 :1  1:6 times the CNT diameter.



Other important issues regarding the growth are the carbon dusion from the decompo-
sition site, on or near the catalyst surface, to the growing QNT[61]. Depending on the growth
mechanism, this may be limited by the C di usion rate in[62] or on[63] the catalyst particle.

The thermodynamic state of the catalyst particle[64] has ben suggested as a factor of
importance for the CVD growth. Although the bulk melting tem perature of the catalyst is
generally far above the temperatures relevant to CNT growth numerous studies have shown
that small size of the catalyst lead to a decrease in meltingémperature[65{71].

Not only the direct properties of the catalyst particles are important for the CNTs but also
the parameters that are induced by the substrate on which thecatalysts have been mounted
prior to CNT growth. Some common substrates are silicon, siton carbide, aluminium and
aluminium oxide[38]. The materials used as substrates may & at[51, 52, 72] but may also
contain defects such as protrusions and pores. In fact, pous substrates are often used for
nanotube growth since they prevent di usion of the catalyst particles. By the prevention of
formation of larger particles, thin single-walled CNTs with a narrow diameter distribution
can be grown[73]. Recent reports have shown that the di usio of catalyst particles plays an
important role in the termination of growth of CNTs[74, 75]. A complication, rather typical
for the eld of CNT growth, is that the same catalyst may exhib it a di erent behaviour
depending on the substrate on which it is mounted on[76]. Thé means that the two growth
parameters catalyst particle and substrate may not be chose completely independently.

One factor that may limit the CNT vyield is the life time of the ¢ atalyst particles. It has
been seen that a small amount of water in the growth chamber ha a positive e ect on the
growth of CNT forests[77, 78] by increasing the lifetime of he growth time. The addition of
water has proved so valuable that it has been given a separateame, i.e. water assisted CVD
growth or even super growth. Recent studies suggest that thevater inhibit the di usion of
catalyst particles[74]. Another result of this study was that Ostwald ripening, i.e., growth of
larger particles and shrinkage of smaller particles is obsged in the absence of water.

2.2.2 Control of CNT growth

Despite the extensive research e ort, the systematic prodation single chirality ensembles of
SWNTSs has not yet been achieved for any SWNT chirality. This means that the production
of SWNTs with chosen chirality, desirable for electronic applications, has not been achieved
either.

There are two plausible methods to achieve this task, eitheby choosing the CNT chirality
prior to growth[73,79] or by separation of nanotubes after gowth[80{82]. In Ref.[83], a
combination of the two methods has been used to achieve a pradtion of (8;4) SWNTs with
high purity.

It has been seen that CNT growth can be interrupted and then caotinued again after
docking of nanometer sized metal particles to the open endsfdhe initial CNTs[84]. The
new CNTs were seen to inherit the diameter and chirality of the initial CNTs. However, it is
not yet known if one nanotube continue growing with the same birality or if it is the overall
distribution of chiralities that remains the same. In the study of Wang et al[84], it was also
seen that the parent (initial) CNTs had to be handled with care in order for the continued
growth to work in a satisfactory manner. This was assigned tothe necessity of having an
uncompromised CNT end to dock the metal particle on to.
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CHAPTER3

Computational studies of carbon nanotubes

Since this thesis is dedicated to computational studies of G Ts, it may be interesting present
a short review of a few the computational e orts made this eld. In general, computational
studies can complement the experimental studies and deepdhe understanding of CNTs by
monitoring certain properties or stages, such as nucleatio or growth, at an atomistic level.
An advantage of computational modelling compared to expeninental studies is that it allows
for total control of speci c parameters, such as temperatue, pressure and atomic positions.

These positive aspects of computational modelling do not ame for free but are also
associated with a price that must be paid. In this case the pree is time, referring to the time
used on the computers and a calculation that require much tine on the computers will be
referred to as a computationally expensive calculation. Tk most crucial issue of an atomistic
calculation is the description of the interactions betweenthe atoms in the system, i.e., the
potential energy of the system and the forces that act on the 'oms. As discussed in more
detail in chapter 4, this can be calculated in di erent ways having di erent computational
cost and accuracy. In general the computational cost and aagacy are just two dierent
currencies that can be exchanged, i.e. high accuracy gendisameans a high cost andvice
versa.

3.1 An introduction to atomistic calculations and simwdas

The basics of atomistic simulations and calculations will ke outlined in this section while some
details will be described in chapters 4 and 5. In the discusen, the interatomic interactions,
also referred to as the potential energy surface(PES), wilbe divided into three categories
depending on the level of physics included in the descriptin. This categorisation may not be
completely unambiguous but since it is commonly used it is wath keeping it in the discussion.
The rst category contains the rst principles, sometimes r eferred to asab initio, calcula-
tions. This include methods like Hartree-Fock, post Hartree-Fock and quantum Monte-Carlo
but in this thesis it will exclusively mean density function al theory (DFT). In general the rst
principles calculations are the most accurate since they tie the full electronic structure , i.e.
guantum mechanics, into account. However, it should be notd that even the rst principles
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methods rely heavily on approximations.

Moving a step down in cost and, generally a step down in accury, the semi empirical
methods are reached. These take some quantum mechanics irmecount while other e ects are
modelled by empirical approximations. This makes the comptations signi cantly faster than
the rst principles methods. These methods include tight binding (TB), density functional
tight binding (DFTB), Hackel and PMS3.

The nal category contains the purely empirical methods, having no electronic structure at
all but relying solely on how atoms are known to interact with eachother in a certain situation.
These models are generally constructed by a sophisticated/stem of mathematical functions
depending on the atomic surrounding, e.g., of the bonding ditances and angles to other
atoms. Two common models to describe the C-C interactions a the Brenner potential[85]
and ReaxFF[86], both of which have been applied to studies oCNTs. The simplicity of
these models make the calculations very fast although the awracy is limited to qualitative
trends. These models are very sensitive to changes of the ané&al environment of the atoms.
Usually the models perform well for situations similar to those considered when constructing
the model while the performance is worse for other situatios. This property is called the
transferability of the model and while the rst principles a re highly transferable the empirical
methods are less transferable, i.e., DFT should have a high grformance for most situations
while the empirical methods performs well only for few situdions.

Not only the computational cost, accuracy and transferabiity of the potential energy
surfaces vary but also the areas for which they are applicalel. The applicability shows the
same tendency as the accuracy, meaning that the rst princiges methods can formally, i.e.
in theory, be used for many di erent types of calculations while the empirical methods are
less useful. The empirical models are restricted to studiesf the behaviour of atomic systems
under certain conditions, e.g. temperature change, stressntroduction of new atoms etc.,
while the rst principles methods are also able to reproducethe electronic structure of the
material with all that comes with that, e.g. band structures, chemical reactions, conductance,
magnetic properties etc.

Most atomistic rst principles calculations of CNTs use an optimisation technique, e.g.,
quasi-Newton or conjugate gradient algorithms, to nd the minimum energy structure of a
certain system. This gives the opportunity to compare the mhimum energies of di erent, but
related, systems in order to evaluate which is the most stald, and hence the most likely to
occur. Although structure optimisations do not provide information about the equilibrium
properties of the system, they are helpful tools for DFT calalations where dynamical methods
are una ordable.

If the energy and force calculations are computationally cleap, there are two common
methods to perform atomistic simulations at nite temperat ure. These techniques are called
Molecular Dynamics (MD) and Monte Carlo (MC) simulations an d the two are fundamentally
di erent and hence suitable for di erent types of simulatio ns.

Molecular Dynamics (MD) simulation is a technique to calculate numerical solutions to
the classical equations of motion for the atomic nuclei. Fron a given initial atomic con gu-
ration, the system can then be propagated in time. Within the simulation time, dynamical
properties can be studied as well as equilibrium propertiesunder the condition that the re-
laxation time lies well within the simulated time. For example, MD may be used to simulate
the time evolution of systems containing metal and carbon wiich in time will grow as CNTSs,
i.e., a true simulation of CNT growth. The length of the simulated time is very much de-
pendent of the size of the atomic system and on the type of intatomic interaction used.
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For simple, empirical interactions the simulated time is typically limited to sub-microsecond
trajectories while simulations with quantum interactions are even more limited (typically to
ps trajectories).

Monte Carlo (MC) is the collective name of various computational methods used many dif-
ferent disciplines such as physics, chemistry, mathematikand nance[87] (and literature[88]).
All MC methods make extensive use of random numbers (chancednd have been given the
name after the famous casino. The atomistic MC methods are stable for studies of equi-
librium properties of atomic systems, for example structural properties, solubility and phase
coexistence. An important dierence to the MD method is that there is no time concept
present in a MC simulation and the qualitative change of an abmic system during a MC
simulation can not be interpreted as a change in time.

After the introduction of the nite temperature simulation methods it is no longer evident
that the rst principles methods are always preferred over an empirical method. This is due
to the better statistical convergence of the faster methods i.e., the accuracy of the PES
must be put against the possibility to converge the simulaton which may equally important
for the calculation. Hence, a formally very accurate calcuhtion may have little chemical
meaning while a formally less accurate calculation may comtbute with important qualitative
information.

3.2 Carbon nanotubes

The great interest in CNTs has spurred an enormous e ort in the theoretical calculations of
di erent properties and applications of CNTs. In this section a few interesting computational
studies on CNTs will be discussed with the focus on studies tht provide a background to the
studies presented in the appended papers.

This means that a large number of calculations on CNTs will beleft without any discus-
sion. These calculations include early predictions of bandtructure of the CNTs[23, 89, 90],
structural data of MWNTs[91] and SWNT bundles[92],strain in and bending and buckling
of CNTs[93{100], the junctions between CNTs[101{104] and letween CNTs and metal[105{
108]. While some of the calculations use highly sophisticatd techniques to model quantum
phenomenon e.g., conductance, other studies have shown thenacroscopic concepts can be
directly transferred to the nano scale, e.g., the CNT based ston engine[109{111].

Many of these results are discussed more extensively in Refl12].

3.3 Metallic systems - clusters and bulk

As mentioned in the previous chapter, successful CVD growtlof CNTs takes place at temper-
atures around 1000 K where a feedstock is usually decomposeatia nanometer sized catalyst
particle, being either free in vacuum or supported by a subsate. It was also mentioned that
the thermodynamic state of the catalyst particle may be an important parameter during CNT
growth.

When considering Fe, being a common catalyst metal, as an exaple there should not be
any need for studies of the state of the particle since a typial CVD growth temperature of
1000 K is signi cantly lower than the bulk melting temperatu re of Fe which is approximately
1800 K.
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However, the bulk melting temperature may not be applicablewhen entering the nano
scale and already in 1909[113] it was suggested that the méig temperature of nite systems
depend on the size and that smaller particles should have mghg temperature below the
bulk melting temperature. Experimental studies have con rmed this melting behaviour for
clusters supported on a substrate[114{117] and for free chiters[118, 119].

In parallell with the experimental work, numerous theoretical studies of the thermal prop-
erties of small particles have been performed. These studiehave focused on free clusters[120{
129], clusters on at substrates [65{71] and clusters in comed geometries[130, 131].

Most of these calculations have been performed using MD simations with empirical
potential energy surfaces although MC simulations are posble as well[131].

The theoretical studies of free clusters agree with the exgéments, stating that the melting
temperature of nite sized clusters is lower than for bulk and that the melting temperature
is inversely proportional to the particle diameter.

Comparisons between free clusters and clusters on a substeahave shown that that clus-
ters that are mounted on a at substrate tend to have a higher melting temperature than a
free particle with the same number of atoms. This has been atibuted to the geometrical
change of the cluster that is induced by the substrate and it las been suggested that the size
of the supported cluster is better described by an e ective adius, corresponding to a larger
cluster[66] with a higher melting temperature. The larger dusters were also seen to melt via
a surface melting mechanism[129] while smaller clusters prrience a dynamic coexistence
between solid and liquid[70]. Surface curvature has also le@ discussed as a factor a ecting
the stability of the cluster[132] and hence the melting temperature.

The computational methods allow a detailed study of the atorric geometries and e ects of
atomic scale defects can be included. It has been discussdtht particular cluster sizes exhibit
melting temperatures which are higher than the slightly larger sizes[70]. This behaviour has
been attributed to the higher geometrical stabilities of these clusters, causing the so called
magic sizes to arise. Also the geometries of the magic numbehave been studied[133]. Two
examples of the magic sizes are the kg and Fess clusters consisting of an atom that has been
encapsulated by one and two lled atomic shells.

Metal carbides may be important for CNT growth and the meltin g behaviour of metal car-
bides[134] have been studied using MD simulations. These lcalations provided information
about the phase diagrams and melting temperatures of the metl carbides. It was concluded
that larger metal-carbide clusters may not be completely mdten at the temperatures relevant
for CNT growth.

Other data of relevance for CNT growth concern the diusion rates of C in or on the
catalyst metal. The di usion of C atoms on Ni clusters have been studied using DFT cal-
culations[135]. From comparisons of the di usion paths of Catoms on the clusters surface,
through the subsurface layers or through the bulk of the met# it was concluded that surface
di usion and subsurface di usion are plausible while the bulk di usion is more unlikely. An-
other study presented similar results[61] and added DFT inbrmation about the stability of
feedstock molecules on the Ni surface. In addition to the lowr C di usion rate through the
bulk, it was concluded that there is an energy barrier assoeited with the feedstock decom-
position and that this may be a factor limiting the CNT growth . It has been suggested that
the use of a feedstock with a lower dissociation barrier codl be used to achieve CNT growth
at lower temperatures[136]. Other DFT studies have reporte similar results[137{141].
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3.4 Carbon nanotubes and clusters

In order to understand the growth mechanism of CNTs it is important to understand what
happen to the system between nucleation and growth terminaibn.

One issue that may be of great importance is the carbon-catgt, and CNT-catalyst,
interactions. This has been studied in a number of DFT calcuhtions[54, 142{144]. Total
energy DFT calculations of di erent C structures were employed to determine the energetic
preference to create dierent carbon structures at a metal sirface[142]. It was concluded
that the energy associated with the introduction of pentagm defects, i.e. curvature, in the
C structure is overcome by a reduction of the number of danglhg C bonds, i.e. lowering
the energy. It should hence be favourable to nucleate a CNT gainstead of graphene akes.
In association with this, it has also been suggested that thechirality distribution of the
SWNTs grown may be dependent on the stability and number of cas available for a speci c
chirality[145, 146]. The stability of the caps on the substrate may be important for the CNTs
grown[143] and the matching of the end atoms of the CNT cap anda Ni surface could a ect
the stability of the cap on the surface. The stability was sea to dier for di erent CNT
chiralities which led to the suggestion that this matching could play an important role in the
formation of CNT caps at low temperature where the excess engy needed for certain caps
may not be provided at the growth temperature. This means tha CNT chiralities that have
many energetically stable cap structures should be more amdant than CNT chiralities with
fewer and less stable caps.

Other studies have discussed the importance of the adhesidnetween the CNT caps and
metal[39, 54, 144, 147{149]. It was seen that the adhesion r&ngth is expected to lie within a
interval for CNT growth to be successful and that a weak adhe®n would lead to detachment
of the CNT while a strong adhesion would lead to encapsulatio of the catalyst particle. It was
seen that common catalyst metals, e.g. Ni, Co and Fe, have a ginger adhesion compared to,
for example, Au. Studies of composite clusters have revealehat composites capable of CNT
growth had CNT-composite adhesion strengths that were morecomparable to the adhesion
strength between CNTs and common catalyst metals[149].

It has also been seen that a metal ring is su cient to study the CNT-metal adhesion
which may be convenient compared to having a complete metal laster as this leads to an
increased number of electrons which in turn leads to increasd computational cost for the rst
principles methods[144].

First principles calculations have been applied to study tre stability of C atoms when
included into existing CNT structures [150]. This study showed that it is energetically
favourable to include C atoms on positions such that new hexgons are formed with as
few intermedate steps as possible. This lead to the conclumn that the more such positions
that are available, the faster the CNT should grow which in e ect would mean that armchair
CNTs should grow faster than zig-zag since there are more peible inclusion cites.

3.5 Simulated growth of carbon nanotubes

To understand CNT growth, it desirable to be able to simulate all stages of the CNT growth
process, from C deposition on the catalyst via cap nucleatio to cap lifto and growth.

This highly intricate issue has been addressed by several search teams and a quite a few
interesting results have been published. A more extensiveeview of MD simulations of CNT
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growth if found in Ref. [151].

3.5.1 Empirical potential energy surfaces

Many empirical MD simulations have based the C-C interactions on the Brenner[85] or
ReaxFF[86] force elds while the force elds describing the metal-metal and C-metal in-
teractions have been developed by di erent research group$52{154].

Some keypoint results of these simulations were that, at theearly stages of CNT nucle-
ation, the C atoms move into the cluster[153, 155]. When a su cient amount of C is added
to the system, the cluster becomes saturated and C polygongdarts to form. The formation
of these polygons can be either in[155] or on[153] the clustelf formed on the cluster, these
structures form graphitic islands that will facilitate the small CNT caps which lift o and
grow as CNTs. The typical lengths of these simulations are inthe order hundreds of ns and
the attempted temperatures span from room temperature up t02500 K. It has been seen
that the growth temperature is of great importance for the structures produced[39] and that
for low temperatures, the attraction between the graphitic islands and catalyst is not over-
come and the cluster becomes encapsulated. At higher tempatures, the caps lift o but the
number of defects of the grown C structure is radically increased[39].

The studies have shown that the diameter of the CNTs grown depnd on the diameter of
the catalyst particles[153], a relation is also found expamentally[55{60].

The importance of the substrate during CNT growth has been irvestigated by Balbuena
et al.[156] who concluded that the increased melting point that isobserved with stronger
catalyst-substrate adhesion strength may a ect the nucledion and growth of CNTs.

3.5.2 Semi-empirical potential energy surfaces

Tight binding Monte Carlo simulations by Amara et al.[157] have shown a similar growth
mechanism as described above, with polygonal C structurefming a graphitic island on the
catalyst surface. This study emphasised that the solubiliy of C atoms in Ni is, in agreement
with abovementioned DFT results, limited to the subsurface layer. The cap formation took
place only in a narrow interval of the chemical potential, which is correlated to the feedstock
pressure. If the chemical potential (feedstock pressure) as too small, very limited C absorp-
tion on the surface was observed while if the the chemical pential was too large too much
C was absorbed on the surface with the consequence of encajaion of the metal particle.

It was seen that C atoms forming sg structures were more stable than other C atoms in
the bulk or on the surface. The increased stability of these tooms is a likely to be a partial

explanation of the cap lift 0.

Tight binding MD simulations have been performed to study the continued growth of
existing CNTs[158]. This study succeeded with continued CN growth although the CNT
chirality after the continued growth remained uncertain. It was seen that short C chains were
added to the existing CNT and that these chains where then woen to a web that became
part of the existing CNT.

The temperature dependence on the continued growth was studd and showed that a the
CNT grow faster on a Fe cluster at temperature 1500K comparedo 1000K and 2000K[159].
At the higher temperature, the deformation of the CNT became more pronounced while at
the lower temperature, polygons and chains were formed buthe clusters were not rejected,
i.e., the polygons remained on the cluster surface. These wiies were extended study the
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CNT growth from a small cap fragment, available at the beginning of the simulation[160].
CNTs were seen to grow from the seeds and the series of calctitans of continued growth
and cap lift of support a growth mechanism where a cap fragmenis nucleated, additional
C atoms attach to the cap, the cap lift o and continue growth as a CNT. Comparisons
between Fe and Ni as catalyst metals established that growthfrom the Ni nanoparticle was
approximately twice as fast as growth from a Fe particle of the same size[161].

3.5.3 First-principles potential energy surfaces

Ab initio molecular dynamics simulations of CNT growth have been pedrmed by Gaviel-
let[162] and by Raty et al[163]. During a simulation time of 25 ps the segregation of C iad
Co in a cluster was observed with C atoms di using from the clwster to the surface[162] where
C strings and polygons were formed. Di usion of C atoms on thesurface was observed with
the result that a few C atoms were incorporated into an existhg cap structure at the end of
the simulation.

Raty et al[163] reported of fast C di usion on a Fe surface which resuked in the formation
of a cap structure. It was also seen that the C solubility in Fe clusters was low, i.e, no C
atoms were seen to dissolve into the cluster. In addition, sidies of the formation of C strings
on an Au surface showed that the weak C-metal adhesion make thstrings leave the surface,
i.e. no CNT cap structure was formed on the surface.
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cHAPTERS

Computational Methods

The concepts of atomistic calculations and simulations thawere introduced in section 3.1 will
be discussed in more detail in this chapter. The separationnto empirical, semi-empirical and
rst principles energy calculations will be kept and discussed in the context of the methods
used for the work presented in the thesis. This means that theforce elds for Fe-Fe and
Fe-Al,03, used in Paper I, will represent the empirical methods, the durth moment tight

binding approximation, used in Paper Il, will represent the semi-empirical methods and the
density functional theory implementation in VASP, used in papers Il - V, will represent the
rst principles methods. The idea with this chapter is not to provide extensive descriptions
of the theoretical backround of the methods but rather to provide su cient information in

order to motivate the method of calculation, choice of paraneters and methods of analysis.

4.1 Introduction to atomistic calculations

The starting point of an atomistic simulation (or calculati on) is to construct an atomic struc-
ture, e.g., a CNT, that de nes the positions of the atoms. This system is then subjected to
some kind of manipulation, e.g. time evolution or relaxation, that require knowledge about
the energy of the system and/or the forces that act on the atons.

In general, the total energy of an atomic system can be obtaied by solving the Schredinger
equation (or Dirac equation if relativistic e ects are of im portance) for the system. For a
system with M atoms, each having having a number of electrons which in totasums up to
N electrons for the entire system, this leads to a many-body poblem with 3 (M + N)
independent variables.

For any such system, the Schredinger equation is given by

Hj ii = Ejj i (4.1)

whereH is the Hamiltonian operator, E; is an energy eigenvalue ang ;i is an energy eigen
state, which is the ground state if it is associated with the bwest energy eigen value. The
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Hamiltonian operator is given by

H = ~2Xr2Xi+}XXi ~_2X ﬁ+Xﬂ(42)
2me ' g I Rip2 J.@ijfi rij 2 jRk.  Rjj 7

under the assumption that no external elds are present. Theterms in order are the kinetic
energy of the electrons, the electrostatic potential betwen electroni and nucleil, the elec-
trostatic potential between electronsi and j, the kinetic energy of nucleil and nally the
electrostatic potential between two nucleil and k. The Schredinger equation constitutes a
problem of such dignity that it can only be solved analytically for the hydrogen atom, i.e., a
system whereM =1 and N = 1, while all other systems require some form of approximaton.
The need for approximations becomes apparent when consideg one of system that was
frequently used in work presented in the thesis. This systentontained 80 C atoms and 55 Ni
atoms which means thatM = 135 and N = 2020.

4.2 The Born-Oppenheimer approximation

One helpful approximation is based on the argument that sine the electrons are much lighter
than the nuclei, they will move signi cantly faster than the nuclei. This means that the
electrons will experience the potential from the atomic nudei as a stationary Coulomb po-
tential and that every move of the nuclei will result in an instantaneous recon guration of
the electrons. The e ect of this approximation is that the Hamiltonian can be separated into
two parts, one for the energy the electrons, moving in the el from the nuclei, and one for
the nuclei in which the electronic energy enters as a potendél energy term. This separation is
referred to as the Born-Oppenheimer (BO) approximation andmeans that total energy of the
system can be calculated separately for the Born-Oppenheisr Hamiltonians of the electrons
and ions respectively.

The BO approximation was adopted in all calculations preseted in the thesis and the
ions were exclusively treated as classical particles, i.all quantum e ects not included in the
potential energy due to the electronic system were neglecte The space of coordinates of the
atomic nuclei is referred to as the con guration space of theatomic system and all sets of
coordinates in con guration space that have the same potentl energy are said to lie on a
multidimensional surface called the potential energy surace (PES). If the BO approximation
is adopted, the PES may also be referred to as the BO surface.

As discussed, the PES depends, trivially, on the Coulomb replsions between atomic
nuclei and on the the electronic BO-Hamiltonian. The latter can be treated in di erent ways
taking electronic quantum e ects into account either directly or indirectly. Three di erent
approaches have been used in the work presented in the thesidn the following sections,
these well be presented with increasing complexity.

4.3 Basis sets

In order to nd numerical wave functions of the Schmedinger equation (or the Kohn Sham
equations), a common method is to introduce a basis set and #n construct the wave functions
as a linear combination of the basis states constituting theset. In the work presented in
the thesis, this concept is used for both the TB and the DFT catulations and it may be
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appropriate to introduce this general concept before intraucing the empirical PES, although
basis sets were not explicitly used in those calculations.
The introduction of basis sets means that the wave functionscan be written as
X
a(n) = ¢ «(r) (4.3)
k

where | is a basis state andc; is the wavefunction's coe cient for this state. In this basi s
the Schredinger equation can be written as

x h 1 2 | a X a

SPEHV) = 2 k) (4.9)
k k

In principle, the wave function should be expressed in a Hillert space, meaning that the
basis set should be in nite in order to represent all possibé wave functions. In practical
(computational) calculations it is highly impractical to w ork with in nite basis sets and it is
therefore necessary to truncate the basis set.

One way to do this is to consider the physics/chemistry of an #omic system and realise
that electrons are most likely to be localised around the atonic nuclei and that there is no
need to be able to express the wave function further away fronthe nuclei. It could also be
realised that most changes of the wave functions (large sp&l derivatives) occurs close to
the nuclei while the behaviour is more stable further away fom the nucleus. This means
that much e ort is needed to represent the wave function clog to the nuclei, less e ort is
needed further away and no e ort at all is needed far away fromthe nuclei. This has lead to
the approach where the basis sets are composed of functionschlised at the atomic nucleus.
These basis sets can be Slater type orbitals (STOs)[28], Gasians[28] or numerical orbitals,
like the Fireball basis set implemented in the DFT program Skesta. In this approach the wave
functions are constructed as a linear combination of orbitds that are localised at atoms, hence
forming a linear combination of atomic orbitals (LCAO). The LCAQO approach is adapted in
TB calculations while the DFT calculations were performed wsing a plane wave basis that
will be introduced later.

The standard method to obtain the wave function coe cients and eigenvalues is by diag-
onalization, being an O(N ) method for matrices of dimensionality N . This scaling means it
is desirable to keep the basis set as small (compact) as posk to enhance the computational
speed while it should be as complete as possible to capturealphysics as accurate as possible.
Another type of truncation of the basis sets is discussed in ssociation with plane waves in
section 4.6.3

4.4 Empirical potential energy surfaces

One of the simplest empirical potential energy surfaces is kown as the Lennard-Jones po-
tential[164] which is given by the expression
h 12 6l

where r is the distance between two atoms, is the depth of the potential well and 26
is the equilibrium interatomic distance. This is an example of a pair-potential, i.e. the
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potential energy depends only on the distance between two ams and the total potential
energy of the atomic system is then given as the sum of the poigial from all atomic pairs.
This type of potentials can not describe the structural properties of an atomic system in a
su cient manner, i.e., it is not su ciently accurate to desc ribe e.g., carbon or a metal in the
solid state, where the crystal structure is very prominent. The potential is however a very
practical tool that may be used in the preparation of input structures to other calculations,
e.g., DFT, since the distance between atoms can be optimisedAlthough the geometry of
the optimised structure may be unphysical it is preferable © random atomic positioning. It
is also a practical way to describe the interaction between toms and, e.g., surfaces, in a
phenomenological way.

In order to incorporate structural and chemical properties, the PES has to be expanded
to a more complex functional forms which takes the atomic surounding into consideration.
For example, this can be done by incorporating bonding angle and coordination numbers of
the atoms. Examples of such PESs for carbon systems are Rel8d] and ReaxFF[86]. For
metals, examples of PESs are the potentials by Gupta[165] ahErcolessi[166]. Force elds
for C-metal interactions have been developed by Zhaet al.[167] and Shibutaet al.[152].

4.4.1 The empirical Fe-Fe force eld

The PES used for the MD simulations of Fe clusters, presentedn Paper | can be written as
a sum of Born-Mayer (rst line in Eqn. 4.6) repulsions and many body attraction energies,
based on a second moment tight binding model(second line indn. 4.6). The functional form
of this potential is given by
X h re i
Ewot = Aexp p T 1
i6]
h .
exp 29 - 1 (4.6)
i6] fo
where rj is the distance between atomsi and j. The parameters are A = 0:13315eV,
=1:6179eV,p = 10:50,g = 2:60 andrg = 2:553A. The motivation for using this model is de-
scribed by Gupta[165] and has been shown to reproduce correttends for thermal properties
of transition metals[168{171].
This model has also been shown to reproduce the qualitativerends of the size depen-
dence of the melting temperatures of nite Fe clusters [134172] while quantitative predictions
require more complex models.

4.4.2 The substrate interaction

The PES used for the description of the interaction between E atoms and the substrate is
given by a Morse potential, tto ab initio data for interaction between iron and aluminium
oxide (Al,O3). The details of the ab initio calculations and the tting of the potential
parameters are found in Ref. [70].

The potential energy of one atom is given by

E(r)= AsxDfexp[ 2 (r ro)] 2exp[ (r ro)lg (4.7)
wherer is the distance between the Fe atom and the substrateD is the depth of the potential

well, rq is the equilibrium bond distance andAg; is a scalefactor introduced to study changes
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in the adhesion strength. The tted parameters are D = 0:153eV, = 1:268A ! and ro =
2:219. For Ag = 1 these parameter reproduce the Fe-A}O3 adhesion strength. The total
potential energy is given by the sum of individual atomic cortributions.

This PES only implicitly accounts for the lattice structure of the substrate, i.e. within
the model the substrate is treated as continuous and perfety smooth. This allowes for a
very convenient way of describing the substrate interactim in an average manner if the direct
interaction between individual atoms may not be of direct importance.

4.5 The tight binding approximation

The energy calculations in the TBMC method, used in Papers Iland IV, were performed
with a fourth moment tight binding approximation. This meth od was developed by Amara
et al. [173] and has been used with success in previous studies of 6daNi systems[157, 174].
The method combines empirical observations with quantum mehanics by the introduction

of a number of parameters describing the bonding and repulsn between atoms.

In principle, the parameters of this model are used to set up he Hamiltonian matrix which
can then be diagonalized in order to obtain the energy eigeralues. The matrix diagonalization
is however a time consuming process and instead Amarat al. used the moment method to
obtain an approximation of the local densities of states andpotential energies. This leads to
energies which are local in nature, referred to as the localrergies, and the sum of all local
energies constitute the total energy of the system.

In this section, a few of the basic concepts of TB will be outlhed as well as the spirit of the
moments method. This is done to illustrate the level of appraimation and the meaning of the
local energies which were used as a tool of analysis in Papdr The basic theory of standard
TB, i.e., not the moments method, is found in textbooks on el&tronic structure calculations
e.g., Refs. [27,175], and in the original publication by Sleer and Koster[176]. Details about
the general tight binding method, including the moments method, can be found in Refs.
[177,178] while the details of the method and parameters uskare found in Ref. [173, 179].

4.5.1 The basics of tight binding

In the TB method, the wave functions are expressed as a lineatombination of (orthonormal)
atomic orbitals (LCAQO). Every basis state can be written as ji; i wherei is the atom on
which the state is centred and is the electronic state, e.g., s, R, Py, Pz.

In this basis, the Hamiltonian matrix of the system can be sinplied to contain only
one- and two-centre Hamiltonian matrix elements, i.e., allpotentials which are not localised
on same atoms as the states are neglected. This means that theeect from the surround-
ing crystal on the electronic structure is neglected and thematrix elements are written as
h; jWiji; 1 =01if | 8 kandi 6 k. This approach is very convenient since these matrix
elements can be evaluated from precalculated Slater-KostEL76] parameters. The advantage
of this is that the integrals (matrix elements) need not be peformed explicitly, which is also
a time consuming process, but are approximated from the pammeters which are weighted
due to the distance and angles between the atoms. The Hamiltwan is constructed from the
above mentioned matrix elements.

The total potential energy of the atomic system is given by a sim of a band term and a
repulsive term as

E = Eband * Erepuisive: (4.8)
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where the band term is calculated as the sum, up to the Fermi eargy, of eigenvalues of
the Hamiltonian while the repulsive term is given by a phenonenological expression. The
latter is tted in order to reproduce some property of the system, e.g., bonding distances or
bulk modulus and the total repulsive energy is typically obtained as sum of repulsive pair
potentials, as discussed in association with the Lennard-dnes potential. The repulsive term
will not be discussed further here but the forms of it is foundin Ref. [179] for the C-C
interaction and in Ref. [173] for the C-Ni and Ni-Ni interactions.

4.5.2 The local energies

If the total density of states of the groundstate of an atomic system is known, the total energy
is found by an integration over all energies up to the Fermi errgy, i.e, by the expression

Epand = ED (E)dE (4.9)
1
where Efr is the Fermi energy andD (E) is the density of states (DOS) at energyE, given as
X
D(E) = (E  Ex): (4.10)
allE g

where Ey is the energy of the electronic statgj i. Now, the contribution of each basis state
can be obtained by summing over all electronic states, i.e.

X 2
di. (E)= h; j «i (B Eg) (4.11)
allEy

This is the local density of states (LDOS) corresponding to fate ji; i. The total density of

states can now be written as the sum of all local density of sties as

X
D(E)=  d. (E): (4.12)

alli;

This means that if the local densities of states are known, sas the the total density of
states and hence the total energy. In the TB scheme used, theotal densities of states are
calculated using the fourth moment TB approximation.

Instead of calculating the absolute band energy, it is more onvenient to calculate the
energy of the system compared to the energy of a system of inddual atoms, i.e., the energy
associated with the chemical bonds (in some sources, e.g.eR [178] called bond energy but
following the outline of Amara[173] it will still be referred to as band energy). Hence it is
appropriate to introduce the on site energies ;. , in the model approximated as the atomic
energy levels (s, p, ¢) for the individual states.

Summing over all states connected to lattice sitei, the LDOS for atom i is given by

X
d(E)= " d (E): (4.13)

and the on site energy i is given by lling the lowest energy atomic orbitals.
The band part of the local energy of atomi is now given by
Z

Ei=  (E  )d(E)E (4.14)
1
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where 'F is depend of the occupancy of local states of atom, i.e. a ctitious local Fermi
energy.

As discussed by Amaraet al.[173] these local energy bands are lled with a number of
electrons ful lling local and global neutrality condition s. In principle this means that every
atom has been given the number of electrons it would have as aemtral atom, i.e., any e ects
of charge transfer are neglected.

The sum of repulsive energy and band energy of one atom is refed to as local energy
of this atom and the local energies are discussed and used ihd analysis in Paper II.

45.3 The moments method

As discussed in Sutton[178], the moments can be associatedtlvthe LDOS as the second
moment is a measure of the width, the third moment of the skewmss and the fourth moment
of the presence of modes in the LDOS. Although the rst four manents do not provide full
information of the LDOS, the approximate characteristics of the LDOS can be derived.

The moments can be calculated as

X
!= Ha,a,Hayas :::Ha,a, Where a; 6 a6 :::ay (4.15)
ai;az;:han
where a correspond to a basis statgai = ji; i and Ha,a, = hagjH jazi. This means that the

moments can be approximated by "hopping"” along all closed pths of atoms and states having
nonzero Hamiltonian matrix elements. As an example for a C diner, the second moment of
state j1; p«i, i.e., the px orbital of atom 1, can be calculated by hopping from the ps state
of atom 1 to the s, py, py and p, states of atom 2 and then back topy orbital of atom 1.
This means that the second moment of this state is given as thesum of four contributions.
This suggests that the calculation of the fourth moment of al states in a material containing
hundreds of atoms is a rather complex task, especially at higer temperatures where all crystal
structures have been distorted.

Some more details about the connetion between the rst momets and the LDOS are
found in Ref. [177].

4.6 Density functional theory

In this section the basics of density functional theory (DFT) are outlined. Since the majority
of the DFT calculations in the appended papers were performa with the Vienna ab initio
simulation package (VASP) the description will focus on DFT as implemented in VASP and
the concepts needed to understand the parameters used.

Hopefully a statement like

The DFT calculations were performed using the Viennaab initio simulation
package (VASP)[180] using a plane-wave basis set in combitian with ultrasoft
pseudo potentials (US-PP). All DFT results are from spin polarised calculations
performed using the PW91[181] exchange-correlation funanal and a plane wave
energy cuto of 400 eV. The simulation box was large enough taallow for -point
sampling of k-space.
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will be comprehensible after reading this section despitetie highly simpli ed theoretical de-
scription. Since the discussion is mainly based on textboolkrguments, no speci c referencing
will be made unless something "nonstandard" is stated. The gneral DFT theory can be found
in Refs. [27, 28,175, 182] while details about implementatin in VASP is found in [180, 183].

4.6.1 The basics of density functional theory

The density functional theory is based on two theorems by Holenberg and Kohn, relating the
ground state electron density to the ground state energy. Tlese theorems can be expressed in
di erent ways but the forms in Ref. [182] appears especiallyaccessible for a rst introduction.
According to the theorems, the ground state energy of an atorit system is a functional of the
ground state electron density. This functional is unique ard does not depend on any external
properties, e.g., positions of atomic nuclei, in an explidiway. Moreover, the existence of the
functional is guaranteed and the ground state electron derigy (with corresponding energy)
is given by the density that minimise the total energy.

Although this has reduced the many body problem of the Schmalinger equation to an
optimisation problem in three dimensions it is not particularly helpful in practical calcula-
tions if neither the electron density nor the energy functional are known. An important step
towards a practical implementation of density functional theory is to replace the set of inter-
acting particles with a set of non-interacting particles and then add the e ects due to direct
interaction. Following this route the total energy of the at omic system can be written as

X z Z
E = a % d3r1d3r2”_(an£r2j2) + Exc[n] d3r Vi [n(r)In(r) (4.16)

a

where 5 are the eigenvalues of the Schmdinger-like Kohn-Sham eation

h X z i
1, Zn 3.0 N(r9
—r ———+ d°r + Ve[n(r = 4.17
" R g Vel 2= e (4.17)

The of electron interaction are added byE:[n] which is an exchange correlation energy given
as a functional of the density andVyc[n] is the exchange correlation potential, given as the
functional derivative of E4c[n]. The electron density can be obtained from the the Kohn-Shan

wave functions, 5, as
X
n=ja° (4.18)
a=1
where the sum runs over all occupied wave functions and wherdl is the total number of
electrons. Unlike for the Schredinger equation, the individual wavefunctions and eigenvalues
of the Kohn-Sham equation have no physical meaning but are wed as a tool to construct the
electron density.
For practical reasons in the future discussion, the potental terms of Eqn. 4.17, can be
concatenated into an e ective potential

X Zn 4 ‘ 430 n(r9
jr  Rnj jir r9

Verr (1) = + Vye[n(r)] (4.19)

n

As seen from the equations, the density is needed in order toltain the wave functions
which in turn yield the electron density. Typically, thisis done in a self consistency loop where
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an initial guess of the charge density is used to calculate th wave functions which in turn

will yield a new charge density. This procedure is repeated ntil a situation is reached where

the old charge density yield wave functions that will generde the same charge density again,
i.e., a self consistent electrical eld (SCF). In a practicd calculation, the SCF is obtained

when some predetermined criterion is ful lled. In the calculations presented in this thesis the
self consistency criterion is usually set to when the energgi erence between two consecutive
steps in SCF-loop is less than E = Ej;1 E; < 10 °eV.

4.6.2 Exchange correlation functionals

Although the existence if an exchange correlation functioml is guaranteed by the Hohenberg-
Kohn theorems there is a problem of knowing it and to this day, the exact form of this
functional remains elusive. In the equations above,Ey; is needed to calculate the total
energy and here some properties and approximations are digssed. The physical meaning of
this functional is that it introduces all many-body e ects, called correlation e ects, which are
not handled in an averaged way by the Hartree potential. It does also contain the exchange
e ects due to the Pauli principle, forcing electrons with same spin to keep a proper distance.

According to the theory, the functional is universal and must not depend on the external
eld. This means that the same functional should be valid for all electronic systems, i.e., it
should reproduce the correct groundstate energy for a solicas well as for a highly charged
ion despite the fundamental di erence of the systems.

There are numerous approximate exchange correlation funa@bnals (xc-functionals) that
are frequently used in practical DFT calculations. These cmes in two main kinds, commonly
referred to as the local density approximation (LDA) and genreralised gradient approxima-
tion(GGA).

Considering the LDA, the exchange and correlation depend dy on the local electron
density, i.e., the neither electron density at other parts d con guration space nor the spatial
change in electron density are taken in to account. This cou be considered as an homoge-
neous electron gas and where the exchange can be expressedlgiically and the correlation
contribution can be obtained from calculations, e.g., Quatum Monte Carlo (QMC). In Refs.
[175,182] some of the limitations of the LDAs are discussedTypically the performance of
the LDA functionals is limited for nite systems, e.g., metal clusters and CNTs. A problem
that could be of relevance to the work discussed in this thesiis the known overestimation of
the dissociation energies of molecules.

An technical improvement of the LDA is the generalised gradent approximation (GGA)
which, in additions to the local electron density, includesgradients in the charge density. Two
common GGA functionals are PW91[181] and PBE[184], both of wich have been used in the
work presented in the thesis. In Ref. [175], it is discussedhiat the bond lengths and bond
angles are better reproduced by the GGAxc-functionals than for the LDA xc-functionals
and this may be of great importance for the studies of CNTs andprovides a rationale for
the use of GGA functionals. A more extensive review of compasons of the LDA and GGA
functionals is found in Ref. [182].

In addition to the LDA and GGA classes of xc-functionals there exist other classes of func-
tionals e.g., the meta-GGA and hybrid functionals. These irclude higher order derivatives of
the density change and combines the exact exchange from a HRakculation with approxima-
tive correlation. For some systems, these are said to repragte the same accuracy as methods
taking correlation in in a low order perturbative way, e.g. M ller-Plesset perturbation theory,
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coupled cluster or con guration interaction. The computational cost is however signi cantly
lower[175].

The behaviour and accuracy of di erent functionals need to ke evaluated for each situation
and it may be deceptive to think that functionals of higher complexity are always superior
to functionals of lower complexity, e.g., it may be so that LDA functionals are preferable to
GGA functionals.

Another rationale for using the PW91 and PBE functionals for this work is that they have
been used with success in previous studies[144].

4.6.3 Plane waves as basis states

The possibility to express the wave functions as a linear colivination of atomic orbitals was
disscussed in section 4.3 and used in the TB method. Anotheraanmon type of basis states
are plane waves (PWs) which are used in the DFT program VASP. 8me details of this kind
of basis will be outlined since these details are necessary tunderstand the computational
parameters.

For periodic solids, Bloch's theorem states that the eigen dnctions for the Kohn-Sham
equation can be written as

(r) = X u(r) (4.20)

wherek is a point in the Brillouin zone, uk(r) is a function which has the same periodicity
as the cell ande’¥" is a plane wave. The periodicity ofu implies that

Uk (r) = ug(r + a) (4.21)

for any a being a translation to the same position in another cell, i.e a lattice vector.

Now, any periodic function can be written as a Fourier transform
z

ue(r) = dGuk(G)e® (4.22)

and imposing the condition in Egn. 4.21 gives that

et =1 (4.23)
for any lattice translation a. This means that the allowed reciprocal vectors,G, are precisely
restricted to the reciprocal lattice vectors and the wave function can now be written as

gkr X .
k(= p= C (G (4.24)
G

where is the volume of the primitive cell and Cy(G) are the Fourier coe cients correspond-
ing to the allowed reciprocal vectorsG. Considering this as a basis consisting of plane waves
(PWs), the basis functions are given by

(1) = pd@hr (4.25)

when including the phase factork in the basis. With these basis functions, the Hamiltonian
matrix elements can be given by

HGGO: th]H] kGoi (426)
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In reciprocal space the Kohn-Sham equation can be written as

Hog oCk(GY = kCy(G) (4.27)
GO

where 1
Hggo= §G-+m2Geo+\@ﬁ(G GY (4.28)

This exercise has led to two important concepts necessary tanderstand the settings for
VASP. First, the PW basis is assumed to include all reciprocé lattice vectors G, meaning
that the basis is a complete (in nite) basis set in reciprocd space. This basis needs to be
truncated in order to be practical for computations. It can b e noted that jG + kj2 corresponds
to the kinetic energy of the plane waves. For the groundstateof an atomic system, there must
exist a maximum energy of the electronic system, and it show be a good approximation to
restrict the basis to have only have only PWs corresponding ¢ an energy less tharE, i.e.,

jG + Kj? < E cu: (4.29)

In the calculations presented in this thesis the PW energy cto is typically setto E¢y =400
eVv.

The second important concept introduced by Eqn. 4.28 is thatk may take any value, as
long as it lies within the rst Brillouin zone. This means tha t for every value of k, there is
a separate KS equation with separate eigenvectors and eigesues. To calculate the total
energy it is necessary to consider all possible-points, i.e. to integrate over all k-points in the
Brillouin zone. The calculation of the energy eigenvaluesri certain directions in the Brillouin
zone gives the energy bands in that direction.

Since the length of the unit vectors of the Brillouin zone areinversely proportional to the
unit vectors of the super cell, it is clear that if the real space super cell is large & ! 1 )
the volume of the Brillouin zone becomes small. In the extrere case is when the supercell is
in nite in size and the reciprocal cell is in nitesimal, onl y one k-point can be sampled. For
large cells this means that although there are manyk-points, it is only necessary to sample
one to obtain the total energy. Typically, this point is chosen at k = 0 which is called the
-point. In the calculations presented in this thesis, having 55 Ni atoms and 80 C atom
were placed in a simulation box with side lengths of at least & A which allowed for -point
sampling of k-space. This box size is also large enough to separate eaclstm a su cient
vacuum not to interact with its own periodic replica (the periodic replicas will be discussed
further in association with the boundary conditions in section 5.4).

When performing a DFT calculation with PWs as the basis set it may also be interesting
to note that, for the largest G corresponding to the PW energy cuto Ey, the number of
PWs along every lattice vector are given by

_ cht chtjaij

ni= — = 4.30
' jbij 2 (4.30)

This shows that the size of the basis set increases with incasing box size eventhough the
PW energy cuto is held constant. This means that, unlike for LCAO-basis sets, there is
a computational cost associated with increasing box sizesra hence, the box must only be

This is true for the Schredinger equation but not for the KS e quation.
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large enough but preferably not larger. This is an e ect of the fact that the PWs o ers the
possibility to represent electrons thoughout the super cdl If the vacuum region of the super
cell is large, this means that a considerable computationake ort may be needed o er the
possibility to represent electrons where there are no eleobns.

An advantage of the PW basis set compared to a LCAO basis is thathe basis sets are
independent of the positions of the atoms as well as the numbreof atoms. In the work
presented in this thesis, this is important since many adhei®n energies are calculated. If that
were to be done within an LCAO approach, one would have to corider the possible basis set
superposition errors (BSSESs), which is not needed here.

4.6.4 Pseudopotentials

Since the PW cuto is associated with the Fourier expansion d real space, there is a corre-
spondence between the PW energy cuto and the possible resation of the wave functions in
real space. The resolution is given by

meaning that the larger the PW energy cut o is, the better the resolution is. If it is desirable
to have a high resolution of the wave functions, e.g. to resok the rapid spatial oscillations
close to the atomic nuclei, it is necessary to increase the PWnergy cuto with an increased
computational cost as the consequence. Also the Coulomb pehntials from the atomic nuclei
needs to be resolved properly when solving the KS equation.

One widely used method to avoid these unreasonably high PW ergy cutos is the
introduction of a pseudo potential. The philosophy of pseua potentials is based on the
idea that that the core electrons, which are tightly bound to the nuclei, do not contribute
signi cantly to the chemical bonding between atoms. This means that the potential from
these electrons, together with the potential from the nucle, can be concatenated to form an
e ective potential, called a pseudo potential. After the introduction of the pseudo potential
the valence electrons, which are explicitly treated in the RN basis, will not experience any
rapid potential changes in space but will instead experiene the pseudo potential.

To reduce the number of PWs needed to describe the atomic sysin, it is desirable that
the PP is a slowly varying function, called a soft PP. One comnon PP construction scheme
that ful | this requirement, along with other requirements like horm conservation, is called
the ultra soft pseudo potentials (US-PPs). The US-PPs are cosidered the best choice for
PW calculations[175] and were used in the VASP calculationgresented in this thesis.

The US-PPs must be constructed from an electronic con guraton, e.g. an atom. For
this system, it is necessary to choose which electrons thatra to be included in the US-PP
and which electrons that are to be treated as the valence eléons, i.e., treated explicitly in
the calculations. The performance of a US-PP may depend on th situation for which it was
constructed, e.g. a PP constructed for an atom may not perfom as well for a solid andvice
versa. This means that the transferability of the PP may need to be wnsidered. To VASP
a few di erent PPs, with slightly di erent performance, are available for some elements and
for the calculations presented in the thesis, the suggeste®Ps were used according to the
instructions. Also, the construction of the US-PPs will a e ct the hardness of the US-PP,
i.e., information about the PP is needed to determine the PW @ergy cuto needed for the
calculation. For VASP, this means that one should not use a laver energy cuto than the
highest recommended energy (if several atomic species areegent). For C and Ni systems,
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this minimum PW energy should be approximately 290 eV althowgh a cuto of 400 eV has
been used for most calculations presented in the thesis. Theomewhat obscure PW energy
cuto of 289.15eV in Papers Il and IV was however motivated by recommendation in the
US-PP.

When performing DFT calculations using US-PPs it may also beimportant to note
that the xc-functional is used during the construction of the US-PPs am that the same
xc-functional must be used for subsequent calculations, i.eevery xc-functional require a spe-
cial US-PP. For VASP, US-PPs are available for two xc-functionals, one LDA and the PW91
GGA functional. This constitutes a practical rationale for the choice ofxc-functional.

A problem with US-PPs concerns magnetic systems[182]. Thimeans that it is reasonable
to avoid magnetic systems and provides a practical rationad for the use of Ni as compared
to e.g. Fe, in the calculations presented in the thesis.

4.6.5 Tests of the VASP parameters

To investigate which parameters, e.g. PW energy cuto, boxsize andk-point sampling to
be used in the calculations, a few tests were performed for #hsystems under study. In Refs.
[54, 144, 185] systems with 55 Ni atoms and short CNT stubs werstudied by -point sampling
of k-space, PW energy cuto s less than or equal to 400 eV and in bosizes 15 15 30A3.
As the calculations with these parameters were successfuhe tests presented were initiated
with slight alterations of the abovementioned parameters.

The tests were performed for two di erent systems where the rst system had 60 Ni atoms
and the second had 60 Ni, 48 C atoms and 6 H atom. These systemsre among the largest
systems used in the studies presented in the thesis. The testwere performed with VASP
and the energies presented are for atomic con gurations thhave been optimised with the
conjugate gradient algorithm. All calculations were perfamed by -point sampling of k-space
and with the PW91 xc-functional. The calculated energies are given as eV per atn.

The results presented in Figs. 4.1 and 4.2 show that a box sizef 15 15 30 A3 and
a PW energy cuto of 400 eV should be enough to converge the redts to approximately 1
meV per atom. This should be su ciently accurate for the calculations presented later in the
thesis as the conclusions presented are based on comparisoof signi cantly larger energy
di erences.
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Figure 4.1: The diameter of an optimised Nigy cluster (top panel) is approximately 1 nm. The
energy per atom of an optimised atomic structure has calculted for di erent PW energy
cuto s (middle panel) and box sizes and geometries (bottom @nel). | t is clear that a
box size 15 15 15A2 and an energy cuto of 400 eV will relax the structure within
1 meV per atom. When evaluating the the dependency of the PW eergy cuto the box
size was set to 20 20 20 A3 while the energy cuto was 400 eV when evaluating the
e ect of the box size.
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Figure 4.2:
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The typical width of a system with CNT, with 4 carbon rings, at tached to a Nigo cluster
is approximately 1 nm while the typical height of the system is approximately 2 nm.
This is seen in the top panel while the energies per atom are gén for di erent box sizes
and geometries in the bottom panel. It is clear that a box sizel5 15 30AS3 and is
su cient to converge the total energy within 1 meV per atom.
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CHAPTERD

Relaxations, Molecular Dynamics and Monte-Carlo

The equations governing time the evolution and equilibrium properties of an atomic system
are, at least in principle, known to a su ciently accurate le vel. Similar to the Schredinger
equation, these equations can be written on a few lines on a jpeer but exact solutions can
found only for very simple systems. To extract useful information from these equations,
computational techniques can be applied to make numerical pproximations. These compu-
tational procedures are rarely straight forward solutions of the equations but are rather an
exploitation of certain properties of the equations. This is comparable to the case of the
Schredinger equation for which three di erent routes were discussed. Here, two completely
di erent approaches for nite temperature simulations, called molecular dynamics (MD) and
Monte-Carlo (MC) simulations, will be presented along with a general discussion about relax-
ations and boundary conditions. The MD and MC simulations used for the work presented in
this thesis were based on standard implementation if thesedchniques and good presentations
can be found in Refs. [164, 186{190]. Thanks to the good desptions on those books, there
will be no explicit referencing of material that could be obtained form any of the books but
only to statements that may be slightly nonstandard.

5.1 Classical molecular dynamics

In the description of MD simulations the atoms are consideréd to be classical particles which
can be described the classical equations of motion. The foes acting on the atoms are needed
to perform the time evolution and these forces are assumed tbe available from one the the
calculations described in section 4.4.

MD do not provide a general solution to the equations of motion but rather a solution
that is an approximation valid under a very short time, dt, and the sequence of such solutions
constitute the long time solution. Ideally, for an isolated system every time step should be
time reversible and the long time evolution should conservehe total energy of the system.
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5.1.1 The time integration algorithm

Ideally, a molecular dynamics simulation should be identi@l to the actual evolution of the
atomic system.This is almost never (if ever) the case due to gproximations made during
simulation. One approximation lies in the fact that the Hami ltonian available for computation
is very simpli ed compared to the "real" system Hamiltonian , i.e., a physical limitation rather
than a computational. A second approximation is the discreization of the time integration
of the equations of motion. This means that even if the true Hamiltonian was available
the simulated system trajectory is only an approximation of the true trajectory. This e ect
could be decreased by decreasing the time step which in thentit dt ! 0 would give the
correct time evolution. From a computational point of view t his is highly unpractical since a
desirable property of the time integration algorithm is that it is computationally inexpensive.
In practice most of the computational time is spent on the force calculations implying that the
time integration should use a minimum number of force calcudtions, i.e. the algorithm should
allow for large time steps. In addition, it is of physical importance that the algorithm is time
reversible and that it conserves the total energy of the simiated system. A successful time
integration algorithm should take these, sometimes contralicting, properties into account.

It is important to note that a consequence of the discrete time integration is that the
simulated particle trajectory will deviate from the true tr ajectory that would be obtained by
exact time integration. The consequence of this is that no coclusions should be drawn from
one single trajectory but instead from ensemble averages dfie system and the time evolution
of several di erent trajectories with independent startin g conditions.

One widely used time integration algorithm was suggested byerlet and can be imple-
mented as

r(t+ t)=2r() r{t t)+at)t? (5.1)

Even though the velocities are not directly needed in the impementation of the algorithm,
they can be useful for calculating average properties suchsathe kinetic energy and temper-
ature. The velocities can be calculated as
_re+t) r(t t),
v(t) = 1 X
This algorithm is symmetric in time and the energy conservaton is good even for relatively
long time steps.

One disadvantage with this algorithm is that the velocities are not really used in the the
time integration. This may mean a problem since scaling of tle velocities can be used as
a method of controlling the temperature during simulation, as will be discussed in section
5.1.3. The velocities can be introduced into the algorithm ty a modi ed form of the Verlet
algorithm, called the Verlet leap-frog algorithm. This is implemented as

(5.2)

r(t+ t)

)+ tv(t+ %) (5.3)

t. t
V(HE) = v(t E)+ ta(t) (5.4)

As seen in the equation, the calculated positions and veloties are shifted by one half time
step relative to each other. In order to calculate the total energy at time t, the velocities at
this time need to be calculated as the average

vit+ S+ vt )
5 :

v(t) = (5.5)

36



The Verlet leap-frog algorithm was used for the time integraion in the molecular dynamics
simulations presented in Paper I.

In the book by Sadus[188] there is a discussion about the digence in performance of
the di erent time integration algorithms. It is mentioned t hat the trajectories obtained from
di erent forms of Verlet algorithms are likely to be equival ent. It is also mentioned that the
Verlet class of integrators are likely to be preferred to otter algorithms, e.g. the Gear class,
since the accuracy of the integration is less sensitive to th length of timestep. The Verlet
leap-frog should hence be a satisfactory choice of integrat.

5.1.2 Temperature measurements

To measure a macroscopic observable from a MD simulation, its necessary to express the
observable in the properties known within the simulation, i.e. atomic positions, velocities and
energy.

For many simulations the ability to measure and control the temperature is of great
importance. . The temperature of an unconstrained atomic sgtem relates to the average
kinetic energy as

2NEyini =3NkgT (5.6)

wherekg is Boltzmann's constant, N is the total number particles and T is the temperature.
The term 3N originates from the total number of degrees of freedom of thesystem and
must be reduced if constraints are introduced. This relatio can be used to determine the
instantaneous temperature at timet as

2 X mvA(t)

TO= 3Nks 2

(5.7)

where the sum ofi runs over all particle velocities. By calculating the kinetic energies through-
out the simulation, the temperature can be calculated as theaverage of the instantaneous
temperatures.

5.1.3 Temperature control - the Berendsen thermostat

The knowledge of the instantaneous temperature is also nessary when the temperature
is to be controlled, e.g., by the Berendsen thermostat[191] Temperature control by this
thermostat is obtained by the application of a small perturbation to the velocities. The
perturbation provide either an increase or decrease of the iketic energy in order increase
or decrease the temperature of the system. This perturbatin is small so that the desired
temperature is obtained rst after large number of MD steps. Practically this is implemented
by a scaling of the updated velocities at each timestep by a fetor
h o1y =
= 1+ — T 1 (5.8)
whereT is the instantaneous temperature at this timestep, Tg is the desired temperature and
is the decay time for the temperature to reachTy. Setting = t means that temperature is
scaled towards the desired temperature in only one time step.e. a rather large perturbation.
There are a few di erent thermostats available and results fom comparisons between
di erent thermostats are discussed in Refs. [187,189]. Aliough the Berendsen thermostat
may not be the best choice for all types of simulations the vaiations are small and it has the
advantage of being very easy to implement.
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5.1.4 The Lindemann index

The melting temperature of an atomic system can be determind by the monitoring of several
properties, such as the caloric curves, the atomic mean squa displacements and bond length
uctuations.

The latter can be analysed via the Lindemann index given by

L
1 X h‘i?ihl’ijiz

N 1 hrij i
j6i
1 X
= 5 (5.9)
N i
where N is the total number of atoms, rj; is the distance between atoms and j, ; is the

local (atomic) Lindemann index of atom i and is the global Lindemann index of the system.
While the global Lindemann index gives a measure of the cluglrs thermodynamic state the

local Lindemann index of atomi gives a measure of the mobility of this particular atom. This

local property can be used to analyse the state of a certain gup of atoms, e.g. the surface
atoms of a cluster. This is discussed in some detail and someamples are given in Paper |
and the discussion thereof.

5.2 Monte Carlo

The simulations in Paper Il and IV were performed using the Mate-Carlo simulation which
along with MD is the most common method for atomistic simulations at nite temperature.
While MD is restricted to simulations of atomic systems, MC rests upon a very general idea
and can be used in many di erent elds. The common property of all MC algorithms is that
they make extensive use of random numbers.

In this section, only the application of the Metropolis Mont e Carlo algorithm to molecular
systems will be addressed. The discussion will be furtherrited to systems in the canonical
ensemble, i.e. systems for which the number of particles (Ntemperature (T) and volume (V)
are held constant. This is actually the same ensemble as digssed in association with the MD
simulations above although that was not explicitly discussd. Since spirit the MC simulations
may not be as transparent as the MD simulations, some importat steps of the derivation
of this algorithm will be sketched since this makes the procdure more comprehensible. The
details of these derivations, as well as similar derivatios for other ensembles, can be found in
any simulation textbook, e.g., Refs. [186,187]. As will be @dent later, the MC simulation
require no force calculation and may be more appropriate whe only the total energy of the
atomic system is available from the PES, e.g., the fourth monent TB approach described in
section 4.4.

As a short description of the MC algorithm, the random numbers are used to produce a
sequence of possible states of the system. In the discussibelow a state formally refers to
an atomic con guration in con guration space, i.e., an atomic con guration. This is followed
by an evaluation of the probability of the state and the importance of the state is weighted
by its probability, i.e., a probable state will have a have a large contribution to the measured
property while an improbable state will have less impact.
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5.2.1 Canonical ensemble Monte Carlo

The expectation value (ensemble average) of a properth(rN ; pN), depending on the positions
and momenta of N particles, can be written as
1 ZZ
PN pN)i = o dr¥dpM AN pN) (N5 pM) (5.10)

whererN is the positions of all particles, pN is the momenta of all particles, (rN;pN) is the
distribution function in phase space andQ is the patrtition function.

If the property A is the Hamiltonian of the atomic system the terms containing the
momentum can be solved analytically which means that the expctation value of the potential
energy can be written as

R N
g ANV (rNyexp %

Ei = K —g (5.11)
V(r\N)
g drN exp T

where the constantK contains the analytically derived ideal gas properties of he system and
V (r) is the potential energy term of the Hamiltonian.

This is an integration in 3N dimensions which, for largeN , is not very feasible to ordinary
integration techniques. For example, the smallest systemdghat were studied in Paper Il
contained 135 atoms in a box of size & 15A 30A, corresponding to a con guration space
in 3 135 = 405 dimensions. If this integration was to be performedon a grid with grid
spacing Q1A (which is a rather sparse grid) it is necessary to allow evey variable to take
150 150 300 =6:75 1CP dierent values for every xed value of the other variables. In e ect
this means that (6:75 10°)%® energy calculations are needed which would be completely
unrealistic and motivates a search for other more e cient methods.

An alternative procedure for the integration may be to implement a simple MC algorithm,
i.e., to construct a (large) number, Nyig Of random con gurations (representing the entire
phase space) and evaluate the expectation value as

P ) V(rN
FEi = K o vier v - 5.12
' v _Ntrial V(riN) . ( ' )

izl €XP T

Inthe limit Nyjg !'1 this should sample the entire space and hence give a correcilculation
of the expectation value. As is, this should not mean a greatmprovement over performing
the integration on the abovementioned grid. This is partially due to the unfortunate fact that
most con gurations in con guration space have a high energy(due to atomic overlap) and
hence a low probability. The consequence of this is that mosbf the simulation time would
be spent on sampling con gurations which do not contribute sgni cantly to the expectation
value. Another drawback of this waste of time would be that the calculated average property
would be based on few samples, i.e., the statistics would beswy poor.

5.2.2 Metropolis Monte Carlo algorithm

An improvement would be to construct only con gurations whi ch give signi cant contributions
to the expectation value, i.e., obtaining a decrease in the waste of time and an increase in
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the quality of the statistics. This is however di cult since it is not known a priori which
con gurations that give signi cant contributions. A solut ion to this problem is the Metropolis
Monte Carlo algorithm.

The discrete normalised probability to nd the system in state (con guration) i is given
by N
Pt

H(rN)
j
j exp ke T

Pr)= p (5.13)

For systems with many states, the transition probability (rN ! rJ-N) can be introduced in
order to represent the probability of a transition from stat e (con guration) i to state j.

In equilibrium the probability distribution is stable and d oes not change in time. This
means that the probability of being in state i and leaving to some other state should be equal
to the probability of not being in state i but end there after a transition. If this condition is
not ful lled the probability distribution would change and hence it can not be an equilibrium
distribution. This can be expressed by the results of Eqn. 513 and the transition probability
to all other states.

In the Metropolis MC algorithm this probability balance is r esolved with the stronger,
detailed balance condition imposing the equality of on eachpair of states individually. This
can be expressed as

PNy (Mt ry=PaN) (N1 ) (5.14)

stating that the probability of being in state i and leave to statej is equal to the probability
of being in statej and leave to statei. If the creation of a new con gurations is done in a
symmetric way without preferences, i.e. it is equally probdle to attempt a trial move from
state i to ] as a trial move fromj to i, the transition probability is equal to the probability of
suggesting the trial move, (r}' ! rl), times the probability of acceptance of the trial move,

(rN 1 orNy=acarl ! rN) (rV I rN) This means that equation 5.14 can be rewritten as

P(rM)acr 1 rN)= P(rM)acarN 1 M) (5.195)
which leads acrM 1 Ny PNy E(rN) E@N)
P )P J i
acqrN T ) =B =exp KT (5.16)

A common, but not the only, choice of acceptance probabilites that satisfy this condition is
that

acqrM ! M) = 1 it P(rl)  P(rY) (5.17)

J
N P(rM)=P(rN) if P(r]') <P (r]) (5.18)

acqrl! I ]

In the practical calculation, this means that a new con guration is accepted if the energy
of the new con guration is lower than the energy of the old conguration. If the energy of the
new con guration is higher than the old, it is accepted with a probability of P(r[')=P(r}").
In practice, this is achieved by comparing this ratio to a random number generated in the
interval 0 to 1. If the random number is less than this ratio, the new con guration is accepted,
othervise it is rejected.

The dierence between the Monte Carlo described in associabn with Eqn. 5.12 and
the Metropolis Monte Carlo is that for the rst the con gurat ions are created with equal
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probability but their impact is weighted. For the latter, th e creation of con gurations is
weighted but the impact of each con guration is equally important.

In principle, the Metropolis algorithm should sample the ertire phase space, irrespectively
of the starting con guration while this may not be achieved during a nite simulation time.
To ensure that the result does not depend on the starting conguration, many simulations
with di erent starting con gurations should be performed. This means that similar to the
previously discussed case of MD simulations no de nite corlasions should be drawn from
one single con gurational plot or calculated energy. Instead, analysis of a number of con g-
urational plots and energies can give an indication of the pobability of these structures or
energies.

5.3 Structure optimisations

For the DFT calculations, the computational cost is too high to allow for any converged
dynamical simulations although a few shorter MD simulations were performed to capture
temperature e ects. Instead a few structure optimisations, or relaxations, were performed
in order to nd the local (or global) minimum energy geometry of a structure with certain
properties. For the studies presented in the thesis, this iglone in order to make comparisons
between qualitatively di erent structures that are releva nt for the study. As an example from
Paper Il1, the two qualitatively di erent structures can ha ve the same number of C and Ni
atoms but either have 20 C atoms dissolved into the Ni clusteior as part of a CNT. The energy
comparison between these structures can provide informatin about which of the structures
that is the most stable and hence the most probable. This reqire that the input structures
to the calculation are well prepared since the calculationsare very sensitive to the spatial
positions of the atoms and small (0.1A) changes in the atomic positions may mean large
di erences in the calculated energies. This means that the esult of the calculation would be
completely dependent on the input con guration with the consequence that no conclusions
could be drawn. At least partially, this dependence can be rduced by a structure optimisation
which aims at nding the nearest optimal con guration. In pr inciple, this procedure does
still require that the initial con guration is very similar to the situation of interest since the
structure optimisations do not allow for large changes of tke atomic structure. These small
geometrical changes does also mean that most of the qualityfdhe structure is still present
after optimisations although minor qualitative changes may occur.

Formally, the nding of the optimal geometry of an atomic con guration means that the
nearest stationary point of the PES is to be found. The relaxdions associated with the
DFT calculations presented in the thesis were performed wih the conjugate gradient (CG)
algorithm (except for the few GPAW calculations where the quasi-Newton algorithm was
used). In principle this exploits the fact that a function ch anges the most along its gradient
and that a minimum is likely be found in the direction along it's negative gradient. The
minimisation is done iteratively where a step length is choen then traced in the direction of
the negative gradient. This procedure is then aborted when eme criterion of convergence
is fullled. Typically, the CG relaxations were aborted when the change in total energy
change between subsequent relaxation steps was less then $@V. This was usually obtained
within a few hundred relaxation steps although for some systms, e.g., the systems containing
NissCop-clusters, the relaxations were particularly long, requiing up to 1000 relaxation steps.

The results obtained from a relaxation with the CG, or any other OK optimisation algo-
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rithm, are very sensitive to the starting con guration and s tep length. Hence, it is important
not to draw de nite conclusions from one single relaxation kut instead from larger series of
calculations pointing towards the same trends. In the calclations in papers Il - V, this prob-
lem was addressed by di erent approaches. These included threlaxation of several di erent
structures with the same qualitative properties, MD simulations of the starting structure
before relaxation and simulated annealing with the TBMC method prior to relaxation. An
optimisation recipe that appeared rather e ective, but also very expensive, was to create a
structure, relax it slightly with VASP or TBMC, perform MD si mulation with VASP for a
few ps and then relax properly, i.e., using VASP with high acairacy. This procedure was
used for the Paper Il but it was not possible to use it for the vast amount of con gurations
in Paper V. Despite the relaxations and careful sample prepaation any conclusions based
on energy dierences of less than approximately 1 eV were avded in the analysis of the
results as energy di erences of this order are typical for ogmisations form di erent starting
con gurations.

5.4 Boundary conditions

When performing calculations on in nite systems, e.g., buk metal or CNTs (which can be
considered to be innite in one direction), it is undesirable to have any surfaces against
vacuum. This can be avoided by imposing periodic boundary caditions which in e ect
means that the calculations are performed for a simulation lox of nite size which is part of an
in nite system. The nite box is then replicated as periodic images throughout space. Hence,
the central simulation box has no surfaces and the system uret study can be considered as
periodic and in nite in size. For example, an atom close to the top of the central simulation
box will interact with atoms near the bottom of the periodic r eplica located above the central
simulation box. For the case of attractive interaction between the atoms this may mean that
one of the atoms leave the central box and enters the periodiceplica which in e ect mean
that it will be inserted into the central simulation box on th e opposite interface, i.e., at the
bottom if it was leaving at the top.

All calculations presented in the thesis have been perforneefor nite systems and impo-
sion of the periodic boundary conditions may appear redundat. Although this may be true,
the PW-basis set introduce periodic boundary conditions tothe DFT calculations whether is
it desirable or not and hence it is necessary to consider this

The PBCs mean an important advantage in the calculations of nh nite systems but for
nite systems they may also introduce di culties in the calc ulations. For example, the atoms
do not only interact with the atoms in the central simulation box but also with the atoms
in the periodic images. In principle, this means that every @dom has to interact with all
atoms in in nitely many periodic images. Consequently, an gom will interact with in nitely
many versions of it's own replica in the periodic images. Thé di culty might be avoided by
introducing what is known as the minimum image convention[187]. For an atom, indexedi,
this is implemented after the following scheme. A new box isntroduced, with centre in the
position of atom i. This new box has the same size and geometry as the originalmsulation
box. Now, atom i is only allowed to interact with atoms lying within the new box. Hence,
this atom can interact with all other atoms, but only with one version of them, lying either in
the simulation box or in a periodic image but not both. Especally, this atom is not allowed to
interact with one of its own replicas. This requires that the interaction between atoms is short
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ranged so that setting this cut-o distance does not constitute a too large approximation.

For nite systems, it is also necessary to isolate the atomicsystem with a su cient vacuum
distance to the periodic replicas, i.e., a system centred irthe middle of the simulation box
may not interact with any atoms in the periodic replicas. Under the assumption that the box
size large enough to allow for -point sampling, this means that calculations can be performed
for several box sizes with results that converge for a certai box size.

For the results presented in the thesis, the periodic boundey conditions were imposed on
the TBMC and VASP calculations while the MD simulations of Fe clusters were performed
in an in nite simulation box. As the box size did not a ect the time consumption of the TB
calculations, the boxes sizes used were very large and farymnd the cut o of the TB model.
For the DFT calculations, the box sizes were more crucial sine the increase in box size lead
to an increased size of the basis set and hence increased cdédtion time. The boxes should
then be chosen such that the both the calculation time and acaracy were optimised. The
tests presented in section 4.6.5 showed that the boxes usedeve su ciently large to avoid
this type of interaction as well, i.e., in addition to single k-point sampling.
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CHAPTERD

Summary of the appended papers

In this chapter a brief summary of the appended publicationswill be presented. Extensive

information about computational parameters, structure preparations, computational results

and analysis thereof is found in the publications while thissection serve as an overview and
complement. Some of the most interesting results will be higlighted and some additional

information will be provided. This additional material may include results that were not

included in the nal publication but it may also be more detai led explanations of our ideas
and arguments.

6.1 Paper | - Melting temperatures of supported clusters

As mentioned in section 3.1, the melting temperatures and bleaviour of free metal clusters
and metal clusters supported on at substrates have been ingstigated in previous studies. It
was concluded that than nano clusters have a signi cantly laver melting temperature than the
bulk melting temperature and that clusters on substrates hase higher melting temperatures
than free clusters of the same size, although still lower tha the bulk melting temperature.
This odd melting behaviour of small clusters was investigaéd further for Fe clusters attached
on substrates with di erent shape and adhesion strength. The studies were motivated by the
fact that CNTs are often grown from catalyst particles that are mounted on substrates. The
substrates are not likely to be perfectly at but may instead contain pores, ridges, protrusions
etc. which may a ect the melting temperature and mechanism d the clusters. A few di erent
substrate shapes, illustrated in Fig. 6.1, were included irnthe study.

All studies presented in this chapter were performed using ND simulations with empirical
force elds discussed in sections 4.4.1 and 4.4.2. This metld has been used in previous
studies[66, 70] and a more extensive review of the this worlsifound in Ref. [192].

6.1.1 Results

The rst study included in Paper | had the objective to understand how the cluster-substrate
adhesion strength a ect the melting temperature of the clugers. This was done for a Fesg
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cluster when the adhesion strength was varied from O (free akter) to 5:5 times the tted
Fe-Al,03 adhesion strength. The caloric curves for the di erent adhesion strengths are given
in Fig. 6.2 and it is clear that the melting temperature increases with increased adhesion
strength. This can be explained by the deformation of the clster which is induced by the
substrate and according to the discussion by Dinget al.[66], the supported cluster is better
described by a cluster with a larger, e ective, diameter and hence having higher melting
temperature. The stronger the adhesion becomes, the largethe e ective radius becomes
with the e ect that the melting temperature increases. The concept of the e ective radius is
illustrated in Fig. 6.3 where a cross section of a Fgg cluster is seen for scalings of 1, 2, 3
and 4 times the tted Fe-Al ;03 adhesion strength. The e ective radius of the cluster is see
to increase from 107A to approximately 14:6A.

The rst shaped surfaces studied were the deep cylindrical pres that are seen in panels
(b) and (c) in Fig. 6.1. These pore shapes were chosen to studjpe melting behaviour when
the clusters t entirely within the pore. It was expected tha t the melting temperatures of the
clusters in these pores would be higher than for clusters ortie at substrates since the number
of atoms that are stabilised by the substrate is signi cantly higher than for the at substrate.
This showed not to be the case and instead, for the tted Fe-AbO3 adhesion, the melting
temperature of the cluster in the pore was very similar to tha of a cluster on a at substrate.
For a Feysg cluster this is seen in Fig. 6.4 where the melting temperatue is plotted against
the Fe-substrate adhesion strength. When the adhesion is ated towards stronger adhesions,
the melting temperature of the cluster in the deep pore is seeto be signi cantly lower than
for the cluster on the at substrate. This can be explained by arguments similar to those
used above to explain the increase in melting temperature o€lusters on a at surface with
increased adhesion strength. When the clusters on the at shstrate becomes more attened,
i.e., experience a larger e ective radius, with increasingadhesion strengths the the clusters in
the deep pore can not smear over the surface in order to form aluster with larger e ective
radius. Instead the radius is de ned by the size of the pore with means that atoms close to
the pore walls may be stabilised by the stronger adhesion wke the atoms in the centre of
the cluster are not a ected by this and do not experience a rediced mobility with the result
that the melting temperature is not that strongly a ected by the adhesion strength.

The next substrate shape studied was the shallow, parabolipore seen in Fig 6.1(d). In
Fig. 6.5 the caloric curves for a Fgsg cluster which is either free, mounted on a at substrate
or mounted on the parabolic pore can be compared. It is cleartat the melting temperature
of a cluster on top of the shallow pore, is lower than the melihg temperature of a cluster
mounted on a perfectly at substrate.

This unexpected behaviour could be understood by analysis fothe atomic Lindemann
indices which provide a measure of the mobility of atoms in paticular regions of the cluster.
The atomic Lindemann indices, plotted againstz-position (i.e. height over the at part of the
substrate located in thexy-plane) are seen in left panel of Fig. 6.6 at a temperature jusbelow
the melting point of the cluster. At this temperature atoms b elow the at part of surface, i.e.
inside the pore, are more mobile than atoms on the top part of he cluster (z-position above

7:5A). The right panel of Fig .6.6 show the atomic Lindemann indices plotted against the
distance to centre of mass of the cluster. Here, atoms furtheaway from the centre of mass
of the cluster are more mobile than atoms in the bulk of the clster. The conclusion drawn
from these observations is that melting of clusters on shatiw pores starts on the surface of
the bottom part (half) of the cluster. This is illustrated in Fig. 6.7 where the Fesg cluster
on the pore is seen at temperatures that are just below (980 Kand just above (1000 K) the
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Figure 6.2:  Caloric curves for a Fesg cluster on a at substrate. The caloric curves are given for
di erent cluster-surface adhesion strengths given in the égend as scalings of the tted
Fe-Al,O3 adhesion strength. In this case a scale factoAg = 0 means no cluster-
substrate adhesion, i.e. a free cluster. The inset shows thealoric curve for an very
strong cluster-surface adhesion.

melting point. Atoms with an atomic Lindemann index ; > 0:1 are bright while atoms with
an atomic Lindemann index ; < 0:1 are darker. At the lower temperature (left panel) the
atoms with the higher Lindemann index are situated inside the pore and on on a ring, just
above the pore. In Fig. 6.7 three regions with di erent curvature can be identi ed. Atoms in
each of these regions experience a di erent e ective radiusi.e., they should experience the
melting behaviour of clusters of this size. Atoms in regionswith high mobility (a) and (b)
in Fig. 6.7 have a high curvature, i.e. a small e ective radius while the region (c), having a
lower atomic mobility, is associated with a lower curvature. This indicates that not only the
cluster size is of importance for the melting temperature bu also the clusters curvature.
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Figure 6.3: Cross sections of Fgg clusters mounted on substrates with adhesion strength®\ss =1,

2, 3 and 4 times the tted Fe-Al ;O3 adhesion strength. The cross sections show atoms
lying within a sheet of thickness 1 A perpendicular to the substrate and have been
sampled over 100 ps at 2000K. The e ective radiusy, is seen to increase with increasing
adhesion strength while the curvature of the cluster surfae decrease. The increase in
melting temperature with increasing adhesion strength is ndicated by the presence of
a crystal structure, seen by the horizontal fringes for the sronger adhesion strengths,
despite the high temperature.
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Figure 6.4: The melting temperatues for a Feso plotted against the scaling of the cluster-substrate
adhesion strength, i.e. di erent values of As; . Curves are for a cluster on a at substrate
and a cluster in a deep cylindrical pore.
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Figure 6.5: Caloric curves for a Fesg cluster. Caloric curves are for a free cluster, a cluster mooted
on a at substrate and a cluster mounted on a parabolic pore.

0,29 .. B 0,24 . B
.. . Lo

0,2+ 0,2

0,18 0,15

0.1~ 0,1+ . -

5 8
z-position (A) Distance to Centre of Mass (&)

Figure 6.6: The atomic Lindemann indices for at Feso cluster mounted on a shallow, parabolic
pore. Lindemann indices are plotted against height over the at part of the substrate
(left) and against the distance to centre of mass (right).

Figure 6.7: Typical atomic con gurations below (left) and above (right ) melting point of a Fezsg
cluster mounted on a parabolic pore. Atoms with average atort Lindemann index below
0:1 are dark red while atoms with average atomic Lindemann indg above Q1 are bright
red. Three regions with di erent surface curvature have bea indicated as (a), (b) and
(c). The bright red atoms of regions (a) and (b) indicate that atoms are more mobile
compared to the region (c) with lower curvature.
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6.2 Paper Il - CNTs on Ni clusters

The possibility to continue growth of existing CNTs[84] was mentioned in the introduction.
The CNTs obtained after the continued growth have the same cilrality distribution as the
initial distribution although the 1:1 correspondence for each CNT has not been established,
i.e., it is not known if each CNT will continue growth with the same chirality or if it is only
the overall distribution that remains the same. It was also ®en that the initial (seed) CNTs
had to be handled with care for the continued growth to be sucessful. This was attributed to
the necessity of having a nice, uncompromised CNT end upon atting the continued growth.
A crucial step here may be the docking procedure where new calyst particles are attached
to the open CNT ends.

Detailed understanding of the continued growth process mayo er a way of controlled
CNT growth, e.g., by the continued growth of certain chiralities while other other chiralities
are not continued. The docking of metallic nanoparticles omo existing CNT ends may also
be of importance for the construction of CNT based nanoelegbnics where the metal is used
as a contact material between CNTs and another material.

This constitutes the background for the study presented in Raper Il where the docking of
Ni nano particles to open CNT ends was investigated in a comisied DFT and TBMC study.
Geometry optimisations at 0 K were performed using VASP whike the TBMC method o ered
the opportunity to study the same systems at nite temperatures, typically 1000K. The
docking of Ni nano clusters to SWNT ends were studied for thre di erent situations. These
are referred to as gentle docking, forced docking and evapation. For the gentle docking the
CNTs were positioned above the cluster surface while for théorced docking the CNTs were
inserted into the clusters. For the evaporation the Ni atomswere randomly distributed on
the SWNT surface.

6.2.1 Results

For the gentle docking the SWNTSs were seen to attach to the clster surfaces, i.e., the SWNTs
had no roots below the cluster surface. Moreover, the clusts were seen to adapt to the CNT
shape and notvice versameaning that the geometry of the SWNT ends were not signi carily
altered when introducing a cluster. These results are illugated in Fig. 6.8 where the initial
(left) and typical nal (right) con gurations obtained aft er TBMC simulation at 1000 K
are shown for a Ngs cluster that had been gently docked to (55), (6;5), (9;2) and (10; 0)
SWNT ends. Another observation was that Ni atoms, that were iitially located inside the
SWNT, retract from the interior of the SWNT. For example, the (10;0) SWNT (bottom of
Fig. 6.8) initially has 4 Ni atoms above the lowest C ring and &ter the simulation, all of these
atoms are located below the lowest C ring. This is illustratel in Fig. 6.9 where the average
height above the lowest C ring of these atoms is plotted agaist the number of attempted
MC displacements. On average, the atoms move from positions 0.5 A above the lowest
C ring to a position  0:5 A below the ring. For all chiralities included in the study, t he
SWNT ends were seen to keep both the chirality and shape, indating that gentle docking of
Ni clusters onto CNT ends may ful | the requirements for continued growth, i.e. preserving
the CNT lips. The trends reported here are based on observatins of TBMC simulations but
DFT relaxations show the same trends, as presented in Paperl

For clusters docked with the forced docking procedure some @toms, initially positioned
below the cluster surface, were seen to dissolve into the dter. This is illustrated in Fig.
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6.10, showing a Nis cluster attached to (5;5), (6;5), (9;2) and (10;0) SWNT ends by the
forced docking procedure. In the gure, the dissolved C atons have been indicated as bright
blue atoms. The dissolution makes the SWNT shorter and simihrly to the gentle docking, the
SWNT lips attach to the (carbide) cluster surface. The nal c on gurations with a cluster on
the SWNT end were also seen to be stable, i.e., once the clustevas attached to the SWNT
end it remained there and no further carbon dissolved into tre cluster. The dissolution of
C atoms was not seen to introduce any new defects on the CNT endther than removal of
hexagons, i.e., the CNT chirality was clearly visible even &er forced docking. Under the
condition that the dissolved C atoms do not signi cantly alt er the growth properties the
forced docking would also allow for continued growth of CNTs The possible e ect of the
dissolved C atoms will not be discussed further in this sectin but will be addressed again in
Paper IIl.

For the case of evaporation or extremely forced docking, seein top left panel of Fig. 6.11
the Ni atoms initially positioned on the outside of a (9; 0) SWNT were seen to rapidly retract
to the SWNT end. Also Ni atoms positioned inside the SWNT retract to the end although
this is slower process as the atoms already at the end serve asoad block. The simulations of
these systems were performed at temperatures between 100@d 2000K where the di erence
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Figure 6.8: Initial (left) and nal (right) con gurations for Ni  55-SWNT systems. The CNT chiral-
ities from top to bottom are (5,5), (6,5), (9,2) and (10,0) nanotubes. The initial Niss
clusters, cut from the bulk fcc structure, were positioned slightly inside the SWNTs. The
nal structures were obtained from TB MC simulations at 1000 K.
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Figure 6.9: Relative height, compared to the lowest C ring of a (1Q0) SWNT, of the 4 Ni atoms
initially ~ 0:5 A above the lowest C ring. Thex-axis is the number of MC displacements,
N 200 whereN is the number of atoms allowed to move, i.e., 300 on thex-axis
corresponds to an average of 60000 MC displacements per atom

between the low and high temperature was that the equilibraion at 2000K was signi cantly
faster than at 1000K. At the higher temperature, there was ako a small ability for small nickel
clusters to leave the main structure and disappear as an indeendent unit into the simulation
box. The retraction to the end was seen irrespectively of whier the CNT structure was
held rigid or not but the process was signi cantly faster for the rigid structure and hence, the
CNT was held rigid for subsequent calculations. However, ashe situation above resemble
forced docking a few C atoms were dissolved into the metal wheallowing the CNT structure
to move.

TBMC simulations in the temperature span of 1000K to 2000K wee also performed for a
more sparse Ni distribution on the a (9 0) CNT end where the initial(left) and a typical nal
(right) con guration are shown in Fig. 6.12. During the simu lation, the Ni atoms formed
droplets on the SWNT surface which, for su ciently long simu lation times, combined to form
a cluster at the SWNT end.

Simulations of both dense and sparse Ni distributions showet that clustering on the nan-
otube end was energetically favourable compared to clustérg elsewhere or Ni wetting of the
CNT. The total energy histograms of the initial and nal con gurations for these systems are
shown as the bottom panels of Figs. 6.11 and 6.12 where the engg gained by the formation
of the larger clusters is in the order of 20 eV for both systems This indicates that that
evaporation of Ni atoms over the SWNT surface can be e ectivédy used in order to create a
Ni cluster situated at the SWNT end. However, the process maybe sensitive to the metal
concentration and for high metal concentration some C may dssolve into the cluster particle.

The retraction of Ni atoms from the CNT end can be analysed by acloser inspection of
the local energies available within the TB model. Here, the bcal energies are presented as
histograms sampled during the rst (for initial distributi ons) and last (for nal distributions)
segments of the simulations. During the sampling the atomiacon gurations were not allowed
to change signi cantly before sampling, i.e., the histograns should represent the true initial
and nal situations respectively.

The Ni atoms were categorised into bulk, surface and interfae atoms while C atoms were
categorised into bulk (CNT) and interface . Interface Ni atoms are de ned as Ni atoms with,

The categorisation in Papers Il and V are not entirely consis tent although they should be qualitatively
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Figure 6.10:

Initial (left panels) and nal (right panels) con guration s of Nis5-SWNT systems, for
(5,5), (6,5), (9,2) and (10,0) nanotubes. The Nis was created by random positioning of
Ni atoms around the SWNT end, representing forced docking. @rbon atoms dissolved
in the cluster are bright blue. Only the carbon atoms near the SWNT-metal interface
are shown for the sake of clarity.
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Figure 6.11:

— Initial

Arbitrary unit

Capped (9,0) SWNT with nickel atoms randomly distributed ov er the inside and outside
of the lower part of the nanotube wall (top left) and the 1500 K equilibrated structures
obtained when the SWNT is held rigid (top right). The Ni atoms retract to the SWNT
end and if the SWNT is allowed to relax some C atoms may be disdeed into the formed
Ni cluster (not seen in gure). The total energy histograms for the initial and nal
con guration obtained for the rigid SWNT. The system is seen to gain approximately
20 eV by retraction to the SWNT end.
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Figure 6.12: Capped (9 0) SWNT with nickel atoms sparsely distributed, by random on the inside
and outside of the nanotube wall (left) and the 1500 K equililrated structure (right).
The total energy histograms (bottom) for the initial and na | con guration shows that
the system gains slightly more than 20 eV by the formation of aNi cluster at the SWNT
end.

at least one C neighbour within the distancedcn; < 2:3A. Bulk Ni atoms were de ned as Ni
with at least 6 Ni neighbours within distance dyini < 2:5A while surface Ni had less than 6
Ni neighbours. Neither bulk nor surface Ni had any C neighbous.

The retraction to end can be understood by considering Fig. 6.3, showing the local energy
distributions for bulk, surface and interface Ni atoms for a (10;0) SWNT gently docked to
a Niss cluster. The interface atoms inside the SWNT are explicitly shown in the bottom
panel. The energy distributions for Ni atoms are centred areind 4:0 eV for bulk Ni, 3:6
eV for interface Ni and 3:4 eV for surface Ni while the energies for Ni atoms situated irthe
interior of the SWNT are distributed around  3:6 eV. This means that Ni atoms will retract
from the SWNT if this leads to an increase in the number of bulk Ni atoms, i.e. lowering
the potential energy of the Ni cluster. A further consequene of this is that small Ni clusters,
with few bulk atoms but many surface atoms, might favour interface positions as opposed
to surface positions, i.e., di use into the CNT. This is in agreement with results from other
studies, suggesting that CNTs may absorb nanoparticles belw a critical size[193].

The C dissolution into the Ni clusters could be analysed by a snilar approach as discussed
above. This does however put very high demands on the accurgof potential energy surface.

comparable.
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Local energy distributions of Ni atoms for the initial con g uration of a (10;0) SWNT

Figure 6.13:
gently docked to a Niss cluster. The energy distributions of bulk, interface and suface
atoms are seen in the top panel. The energy distributions of blk, interface and Ni

atoms inside the CNT (intube Ni) are seen in the bottom panel.

Since the limitations of the TB potential energy surface arenot completely known this will not
be discussed further in the thesis. Instead, the C dissolutin will be discussed in association

with the DFT study presented in Paper IlI.
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6.3 Paper Ill - CNTs on Ni-carbide clusters

In Paper 11, the e ect of di erent docking procedures of metal clusters to open CNT ends were
studied. As the forced docking procedure may cause dissoliain of C in metal particles it is
relevant to know what is the likely long time behaviour of these carbide systems, i.e., will they
remain stable or are they likely to change in time. Studies ofimetal carbides attached to CNTs
may also provide useful information about the properties ofthe CNT and catalyst during CNT
growth and continued growth. For two reasons only DFT calculations were included in this
study although the TBMC method was used in previous studies. The rst reason was that
the TBMC method could not describe chirality e ects in a suc iently accurate way. The
other reason is that the study of systems with CNTs, dissolvel C atoms, Ni and Ni-carbide
raises very high demands on the transferability of the PES. This means that although the
TBMC method may reproduce the qualitative trends more compicated e ects, e.g., the C
concentration in carbide clusters, must be treated in a beter way. Merely the use of DFT
does not a guarantee a high transferability as both the pseud potentials (or PAW potentials)
and the xc-functional are approximations. While the majority of the D FT calculations were
performed using VASP with US-PPs and the PW91 xc-functional, some additional control
calculations were performed with the DFT program GPAW, using a the PBE xc-functional
and a DFT implementation based on PAW-potentials. As these @lculations were extremely
expensive, only two di erent structures were used for the catrol calculations and with the
parameters chosen, the GPAW calculations had a lower accuiy than the VASP calculations,
i.e., they would correspond to VASP calculations with a PW erergy cuto of less than 400
eVv.

The calculations were performed for (33), (5;5), (9;1) and (10;0) SWNTs that were
either attached to pure Niss clusters or NissCo carbide clusters. As both systems have the
same number of Ni and C atoms the total energies are directly amparable. The same holds
for the systems with (5;5), (9;1) and (10,0) SWNTs for which the total energies can be
directly compared to determine the relative stability of th ese systems.

The complexity of these systems means that the results of thealculations are very sen-
sitive to the atomic starting con gurations used. To reduce this e ect, several qualitatively
identical systems, e.g., a CNT of a certain chirality attached to an amorphousNi 55 cluster,
were created for every type of system. The systems were alsalgected to MD simulation
prior to relaxation in order to reduce the e ect further. Alt hough there may still be an e ect
of the starting con guration, as illustrated in Fig. 6.14, t his should not a ect the qualitative
results presented in Paper IIl.

6.3.1 Results

In short, the calculations have shown that a CNT attached to apure Ni cluster is energetically
favoured compared to the same CNT attached to a Ni carbide. Ths can be seen in Fig. 6.15
and is also seen by a comparison of the rows for the same CNT-ifa¢ system in top and
bottom tables of Fig 6.16. From the tables of Fig. 6.16, it is dso clear that the adhesion
energies between CNTs and clusters are higher for carbideudters compared to pure metal
clusters, i.e., the attachment of carbide clusters is weakethan the attachment of pure clusters.
However, the di erence adhesion energy between the CNT andhe pure and carbide clusters
is small compared to the total adhesion energy, i.e., the dierence in adhesion is only a few
eV while the total adhesion energy is in the order of 15 - 25 eVThis indicates that if the

57



adhesion energy is strong enough for the CNT to remain attachd to the pure Ni particle it
will most likely remain attached to the Ni carbide as well. This means that the Ni-carbide
clusters will remain stable on the CNT ends in the sense that hey are rmly attached and
will not easily detach.

A comparison of the total energies of systems with a CNT attabed to pure Ni and Ni-
carbides shows the energy di erences in the order of 7 - 10 e\hifavour of the system with
pure metal. This energy di erence indicates that given the toice the CNTs are most likely to
be attached to pure metal cluster. Consequently, a CNT formel on, or mechanically attached
to, a Ni(-carbide) cluster will serve as a sink and drain any &entual C atoms from the Ni
particle and thus end up attached to a pure Ni cluster.

Both the total energies and the adhesion energies between CI$ and clusters were depen-
dent on the C concentration in the cluster and both energies wre seen to increase gradually
with increasing C concentration. For the total energies this can be seen in Fig. 6.17, showing
a (9;1) CNT attached to Ni(-carbide) clusters with 0, 6, 14 and 20 dssolved C atoms. For
this CNT the total energy of the carbide with 20 C atoms is approximately 9 eV higher
than for the corresponding system with a pure Ni cluster. A smilar trend is observed for
individual (carbide) cluster and CNT systems as well. From these results it could be deduced
that the greater stability of systems with pure Ni, as compared to systems with Ni-carbide,
is joint property of the greater stability of the Ni cluster a nd the CNT when the C atoms are
bound in the CNT, i.e., a higher stability of the local atomic environment, and the weaker
adhesion between CNTs and Ni carbides. Remembering the lotanergies discussed in Paper
Il it was seen that C atoms were most stable when part of asp? network while the stability
of Ni atoms were comparable when being in the bulk or neighbatng dissolved C atoms.
Similar arguments may explain these results as well althoulg no such energies are available in
a DFT calculation. This means that the driving force for the draining of carbon atoms from
the cluster into the CNT may also be a joint e ect of higher atomic stability and a stronger
adhesion. Hence, it may also be argued that if C atoms are addkto the carbide cluster at a
rate that is similar to the rate of C inclusion into the CNT, th e driving force is only due to
the increased stability of the atoms as the adhesion energyemains constant.

Another interesting result in Paper Il was that, in corresp ondence with the results in
Paper I, the CNT end retain it's shape and chirality when att ached to a metal carbide, i.e.,
the CNT is attached to the cluster surface and appears to haveno roots below the cluster
surface. Together with the results of Paper Il, this indicates that the docking procedure
may not be crucial for the continued growth of CNTs as the Ni-arbide may be drained of
C atoms, i.e., forming a pure Ni cluster. A similar argument suggest the docking procedure
may not be crucial for the creation of electric contacts betveen CNTs and metal as the metal
can be puri ed if a metal carbide is undesirable. This may hovwever require an annealing of
the created junctions as the temperatures relevant for elgtonics may be to low to achieve
signi cant C diusion in the metal particles while the tempe ratures relevant to continued
CNT growth may allow this to spontaneously occur.

So far, the arguments were based on DFT calculations at OK wlth may be a limitation
as CNTs are typically handled at higher temperatures. In orcer to verify that these results
did not change as temperature e ects (vibrations) were introduced, nite temperature MD
simulations of a (9;1) attached to a Niss and Nis5Cyg were performed. These simulations
showed that the trends with lower energies of the pure metal gstems compared to the carbide
systems holds even at higher temperature. The adhesion engies were strong enough to keep
the clusters rmly attached to the CNTs but the trend that the adhesion between pure Ni
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and CNTs is stronger than the adhesion between Ni-carbide ath CNTs could only be seen as
an indication because of the large energy uctuations. It ishowever possible that this could
be seen more clearly in longer simulations which would allowior better statistics than what
could be achieved for these DFT calculations.

Figure 6.14: Relaxed structures of a (91) CNT attached to an icosahedral (left) Nis5 cluster and
an amorphous dito (right). The energy di erence of approximately 3 eV illustrates that
there is an e ect of the geometry of the Ni cluster.
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Figure 6.15:

Typical relaxed structures of CNTs attached to pure Ni clusters (left column) and
to Ni carbides (right column). The chiralities of the CNTs ar e (5;5) (top), (9;1) and
(10; 0) and all clusters contain 55 Ni atoms. All systems contain @ equal number of C
and Ni atoms respectively to make the total energies directf comparable. To form the

carbide clusters, 20 C atoms have been dissolved into the Bb cluster, i.e. forming a
Ni55C20 carbide.
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Figure 6.16: Total energies and adhesion energies of {3), (5;5), (9; 1) and (10;0) CNTs attached to
pure Ni clusters (top) and Ni-carbide clusters (bottom). The adhesion energies between
CNTs and clusters are seen to be slightly higher for the carlle clusters compared to
the pure metal clusters.

Figure 6.17: Relaxed structures and energies for a () CNT attached to Ni(-carbide) clusters.
The carbon content in the cluster is 0, 6, 14 and 20 C atoms whd the total number of
C atoms is held constant, i.e., all systems have 80 C atoms. Tehtotal energy increase
with increasing carbon content and it is argued that this enegy increase is partially
due to the geometrical distortion of the structure and partially due to the decrease in
energy due to C dissolution.
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6.4 Paper IV- Properties of C atoms and CNTs on Ni clusters

The work presented in Paper IV extends the work presented in Rper Il and the work pre-
sented in another study conducted within the group[194]. Inthe latter it was seen that there
may be a maximum cluster size for growing CNTs of a certain chrality and that if the cluster
size is larger diameter, the CNT may also increase in diamete Hence, it may continue it's
growth as a CNT with di erent chirality.

In this study the opposite question was addressed, i.e., thpossible existence and reason for
a minimum cluster size needed for successful CNT growth. Aarding to experiments[57, 60]
CNTs are typically grown from clusters of with diameters of 1 1.6 times the CNT diameter.

Following the results of Paper II, the focus of this study wason Ni clusters that are
gently docked onto either open CNT ends or fullerenes. The gdle docking meant that the C
structures were not deformed in the production stage and tha the initial potential energies
were low, i.e., the C structures were not deformed during subequent relaxation or simulation.
Hence, the C structures could truly be considered as ideal CIls and fullerenes. The studies
were performed with a combination of OK DFT calculations and TBMC calculations at nite
temperatures relevant to CNT growth, typically 1000K. The exact computational details are
found in Paper IV.

The study focussed on (55) and (10;0) SWNTs that were attached to Ni clusters of
di erent size and the stability of these systems were compaed to systems where fullerenes
were formed by closure of the two CNTs respectively. Some tyipal example structures are
seen in Fig. 6.18 where a (1®) and a Cgg fullerene have been attached to Nig, Nizs and Niss
clusters. This comparison of energies made it possible touwidate whether it is energetically
favourable for a CNT-Ni system to retain it's shape or to encgsulate to form a fullerene
instead, i.e., whether it is likely that the CNT end remains open.

In Paper IV and Fig. 6.19, the DFT energies are given for the abmic system relative the
energy of a system containing the Ni cluster andh C atoms in a graphene sheet, i.e.,

E = E nC Ni cluster ENi cluster n ECgraphene (61)

This had the advantage over comparisons of total energies tit systems with di erent number
of atoms are directly comparable. A negative relative energ indicates that the system is
more stable than the free Ni cluster and C atoms in graphene wite a positive energy indicate
the opposite. In the comparison between di erent systems, asystem with a lower relative
energy is more stable than a system with a higher relative engy. The relative energy takes
into account both the adhesion between Ni and C systems and escts of deformation and
curvature of the C structure. To avoid confusion, the relative energies are introduced here
since the energies in Fig. 6.19 are given as relative energibut they serve no deeper purpose
in the analysis presented. The TBMC calculations were only sed to compare the stability
of systems with an equal number of atoms and hence, the totalrergies of di erent systems
could be directly compared and there was no need to introducé¢he relative energy.

6.4.1 Results

When comparing the energies of (55) and (10;0) CNTs with the energies of fullerenes at-
tached to Niyg clusters, it was seen that the fullerene systems were favoad by approximately
1.5 to 4 eV over the corresponding systems with CNTs. This meas that a cluster with 10
Ni atoms is not su ciently large to stabilise CNTs. Hence, if such a small cluster was to
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be docked onto a CNT end it would eventually result in the closure of the CNT. A similar
trend was observed when Nis clusters were attached to the same CNTs and fullerenes while
the attachment of Niss clusters lead to the opposite trend, i.e., the system with a QT and
a cluster was energetically favourable. These results ardlustrated in Fig. 6.18 where the
approximate energy di erences are given for the three di erent cluster sizes and CNTs. In the
gure the existence of energy barriers for the CNT closure hae been indicated. The height of
these barriers have not been investigated in this work althogh the existence of the barriers
is seen. Two indications of the existence barriers, based oDFT calculations, are that CNTs
do not spontaneously close during relaxation nor do they clse during MD simulation at high
temperature, e.g., the simulations performed in Paper IIl.During the MD simulation, a slight
diameter decrease of the lowest CNT ring could however be obsved for some CNTs and this
may a rst step towards closure. The CNTs were not seen to clos during the long TBMC
simulations at 1000 K, which may constitute another indication that an energy barrier has
to be overcome in order to achieve CNT closure. It is howeverikely that closure may be
observed for longer simulations than what could be practicdy achieved during the time of
the study.

When performing similar calculations for a few more clustes sizes, it was seen that cluster
sizes of approximately 40 Ni atoms are required in order to kep both the (10;0) and (5;5)
CNT ends open. The results of these calculations are seen inig: 6.19 where the relative
energies are given as functions of the cluster size.

These results were obtained at OK but in order to understand QNT growth it is important
to study the same systems at nite temperature when the thermal vibrations may alter the
binding between C structures and metal. The temperature e ects were included by using the
TBMC method at 1000K for systems with 10, 25 and 55 Ni atoms usig the same atomic
structures used for the DFT calculations. The total energy histograms for (5;5), (10;0) and
fullerenes attached to the Ni clusters are given in Fig. 6.20 As seen in Fig. 6.20, the same
trends as for the DFT calculations were obtained with the TBMC method, i.e., only the Nisg
cluster was su ciently large to keep the CNTs from closure. In the energy histograms in Fig.
6.20 there is an overlap between the peaks for CNT and fulleree systems, i.e., the reported
trends are visible as an average behaviour but may not be trudor every possible atomic
con guration. For example there are atomic con gurations, that are likely to occur at 1000
K, for which it is more stable to have a Niss cluster attached to a fullerene compared to a
CNT. This is however not true for most of the likely con gurat ions. This overlap does also
indicate that if the energy barrier of going from a CNT to a fullerene is small, the barrier may
be overcome at these temperatures. Depending on the the siédion, this may cause CNT
closure with the possible abortion of the CNT growth. The cakulation of energy barriers is
however a highly complicated question that was not addressgin the study.

As discussed above, the smallest clusters that are able to &p the (5;5) and (10;0) CNTs
open appears to be in size of approximately 30 - 45 atoms whicborresponds to a diameter
between 84 and 94 A. These diameters are slightly larger than the diameters ofthe CNTs
which are 68 A for the (5;5) and 7:8 A for the (10;0). This indicates that the radius of the
smallest clusters able to keep CNTs open should lie in the sizinterval of 1:1 to 1:3 times
the CNT diameter. This is close to the results found experimatally[57, 60] where CNTs were
seen to grow from clusters in the size range of:1 1.6 times the CNT diameter.

As two nal speculations and possible continuations of the poject one can imagine that the
CNT-metal adhesion will a ect the minimum cluster size needed for successful CNT growth
since more energy is needed to compensate for the decreasesmber of C-C bonds of the CNT
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Figure 6.18: Typical minimum energy con gurations and the energy di ere nces between systems
with CNTs and fullerenes attached to Ni clusters with 10 (top), 25 (middle) and 55
(bottom) atoms. The systems with a fullerene attached to a Nicluster are more stable
for the smaller clusters while the systems with a CNT attachal to the cluster are more
stable for the larger clusters. The energy barriers visibleén the gure serve as a reminder
that CNT closure is associated with a barrier although the heght of the barrier was
not investigated in the study. The approximate energies gien are for both zig-zag and
armchair CNTSs.

compared to the fullerene. This means that a metal with weak QNT-metal adhesion, e.g.,
Au[54], may require a larger cluster to grow CNTs compared toa metal with strong CNT-
metal adhesion, e.g., Ni. Another similar idea is that theremay be a di erence in minimum
cluster size for zig-zag and armchair CNTs since the adhegiobetween the CNTs and metal
clusters is di erent. These two ideas that remains to be investigated in later studies.
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Figure 6.19: The relative stability for (10 ;0) and (5;5) CNTs and fullerenes attached to clusters of
sizes 10, 25, 34, 43 and 55 Ni atoms. The systems with fullerea are more stable for
smaller clusters while the systems with CNTs are more stabldor the larger clusters.
The shift in stability appears in the size interval 30 to 40 Ni atoms. The gure is
adapted from Ref. [185].
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Figure 6.20: Total energy histograms obtained at 1000K with the TBMC method for CNTs and
fullerenes attached to clusters of sizes 10, 25 and 55 Ni at@sn From the histograms it
is clear that only the Niss is likely to be able to keep the CNT end from closure.
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6.5 Paper V - The e ect of Ostwald ripening of Ni clusters aktad to
CNTs

The strength of CNTs make them an appropriate material for us as reinforcement in com-
pounds. e.g., polymer materials. The strength of the compdte is increased by reinforcement
with long, directionally aligned CNTS[195] as compared to sort and randomly aligned CNTSs.
These results may become very important in future applicatons required that it is possible to
produce substantial amounts of long CNTs that can be directonally aligned when dispersing
them in the polymer melt. Today, one problem is that the CNT growth stops spontaneously
after a certain growth time and hence, induce a limitation on length of the CNTs. Water
assisted CVD growth[77, 78] (super growth) has proved to be @ e cient method to increase
the growth time and that it allows for growth of dense mm long CNT forests. However,
the maximum length of the CNTs is still limited and the growth can not be maintained for
arbitrarily long time

Recent reports provide an, at least partial, explanation ofthe success of super growth as
the presence of water in the growth chamber may also inhibit he process of Ostwald ripening
of the catalyst particles[74]. It was discussed that the caalyst deactivation may be due to
a combination of Ostwald ripening and di usion of the cataly st particles into the substrate
material[75, 76]. One step to enhance the CNT growth time, ad hence yield, may be to
understand the parameters of the Ostwald ripening of the caalyst particles. This may also
be a way to achieve chirality separation if there is a di erence in the Ostwald ripening rate
of catalysts attached to CNTs of di erent diameters and chirality.

This issue was addressed by a combination of DFT calculatios, presented in Paper V,
and numerical modelling, presented in Paper VI. The DFT calailations were performed using
VASP for the (3;3), (4;4), (5;0), (6;0) and (8;0) CNTs attached to Ni clusters containing
between 15 and 60 Ni atoms. Some examples of initial structws are seen in Fig. 6.21.

In addition to the systems described above, the discussionteut the atomic energies in
Paper V involves (5;5) and (10, 0) CNTSs attached to icosahedral Nis clusters. These starting
con gurations were obtained from the relaxed structures discussed in Paper Ill. The results
of Paper I, stating that the cluster will form a droplet at an uncompromised CNT end were
considered in the construction of starting con gurations.

6.5.1 Results

Ostwald ripening is driven by the energy gained by increasig the number of bulk atoms
and reducing the number of surface atoms, i.e, by taking sudce atoms from small clusters
and adding them to larger clusters and thereby increasing tie bulk. Since Ostwald ripening
is driven by energy di erences in an ensemble of clusters, th smallest smallest number of
particles that can constitute an ensemble, and hence expegihce Ostwald ripening, is two. For
that reason, the energy comparisons in Paper V were done fohese small ensembles containing
only two clusters. In the following discussion these small msembles will be referred to as sets
while the constituents of the set will be referred to as strudures, e.g. a set may contain two
clusters each of which is referred to as a structure.

To verify that these nano sized systems would, according tolte DFT calculations, experi-
ence Ostwald ripening a few control calculations were perfioned for free clusters, i.e. clusters
that were not attached to any CNTs. These results showed thatone larger cluster was sig-
ni cantly more stable than a two smaller clusters containing the same number of atoms and
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hence, Ostwald ripening will occur at the proper conditions

When performing similar calculations on the sets with Ni clusters attached to CNTs,
it was seen that that Ostwald ripening may occur for these sytems as well. The Ostwald
ripening process may however be more complicated as the e exfrom CNTs are included as
well. An illustration of this is seen in Fig. 6.22 where the taal energies of sets containing
two (5;0) CNTs attached to a total of 30, 40 or 50 Ni atoms are given. Tle Ni atoms were
either distributed equally, i.e., both CNTs had a cluster of the same size, or on only one of the
CNTs leaving the other CNT with an open, unpassivated end. Fo the sets with 30 Ni atoms,
it is energetically more stable when both CNTs have a clustercompared to only one having
the larger cluster. For the sets with 40 Ni atoms the stability is approximately the same for
both sets while for the sets with 50 Ni atoms the set with one lage cluster is favoured over
the set with two smaller clusters. This indicates that Ostwald ripening may not occur for all
cluster sizes and that there may be a minimum cluster size neked to compensate for leaving
dangling C bonds at the CNT end. Similar studies for other CNT chiralities showed that the
minimum cluster size needed increased with increasing CNTluster adhesion strength. This
means that zig-zag CNTs require larger Ni systems than armchir CNTs and that CNTs with
larger diameters (more C bonds at the end) require larger clsters than thinner CNTSs.

The di erence in the description of Ostwald ripening between free clusters and clusters
attached to CNTs can partly be associated with the two di erent "sources of energy", i.e.,
the higher stability of cluster atoms in the bulk compared to atoms at the surface and the C-
metal binding energy at the CNT lips. This suggests that there should be an energy balance
between the energy that can be gained by an increase in the bkibf the cluster and the energy
that can be lost by decreasing the number of C-metal bonds.

To study the stability of individual atoms, the concept of at omic energies was introduced.
These energies were calculated as the energy cost of remowal a particular atom, i.e., the
atomic energy of atomi is de ned as

Efo™ = ENy  En | (6.2)

whereEy is the total energy of the full system with N atoms andEy  is the total energy of
the same system but with atomi excluded (the system with atomi removed is not relaxed as
this would ideally would give the same energy for alli). The analysis of these atomic energies
is analogous with the analysis if the local energies of the TBnethod, as discussed in Paper
I1, although the physical meaning of the two concepts are fumamentally di erent.

Analysis of the atomic energies at the junction between the QIT and the cluster showed
that the CNT result in a local stabilisation of the Ni surface atoms near the CNT. An example
of this is seen in Fig. 6.23 where the stability of Ni atoms in he bulk, on the surface and on
the CNT interface have been indicated for a (33) CNT attached to Ni,5 and Nisg clusters.
For the larger cluster, Ni atoms on the CNT interface have a shbility that is comparable to
the bulk stability while the surface atoms have a lower stablity. For the smaller cluster, the
interfacial atoms are less stable than the bulk although stil more stable than surface atoms.
On the other hand, if the cluster is small the fraction of atoms that are stabilised either in
the bulk or by the interface may be larger than for a slightly larger cluster. This means that
a small cluster may be favoured compared to a slightly largercluster although a much larger
cluster is favoured over the small cluster.

The observations of the atomic energies lead to the idea thathe Ostwald ripening be-
haviour of the clusters could better be described by a critial factor, taking both the cluster
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size and the local stabilisation into account. It could alsobe argued that the critical factor
may induce an extreme point in the cluster stability. The details of the extreme point are
most likely to be determined by the CNT diameter, CNT-metal adhesion and size distribution
of the clusters in the ensemble. This means that the Ostwald ipening may not only lead to
atomic di usion from the smaller clusters to the larger but also that atoms may di use from
both smaller and larger sizes to a particular size near the exeme point of the stability.

This is illustrated in Fig. 6.24, where the stability of a set with two (6 ;0) CNTs with 20
Ni atoms each is compared to a set where the the Ni atoms are digbuted 15 atoms on one
CNT and 25 atoms on the other CNT. The system with equal distribution is favoured by
approximately 0:9 eV, indicating that a system with two smaller clusters of approximately
the same size will lead to a ripening towards the more stableintermediate size. In Fig. 6.25,
the same situation is seen for a (44) CNT and 80 Ni atoms distributed equally or 30 on
one CNT and 50 on the other CNT. Once again the set with equal alister size was the most
stable although the stable cluster size is larger than for tle (6;0) CNT. It can be noted that
the energy di erences in these calculations are relativelysmall and may contain an e ect of
the optimisation process. Although this is true the trends should be trustworthy since the
same trend is observed for all systems included in the study.This support the idea that
the cluster stability may have an extreme point and it does abko indicate that the extreme
point depends on the CNT diameter. This is reasonable consering two clusters of the same
size but attached to CNTs of dierent diameter. Then the fraction of cluster atoms that
are stabilised by the CNT must be larger for the CNT with larger diameter. For CNTSs,
this is particularly important since it may mean that CNTs of a certain diameter may keep
their clusters for a signi cantly longer time than other CNT s although the initial cluster size
distributions were similar.

As the potential diameter dependence on the Ostwald ripenig has been established it
is also interesting to investigate whether there is a prefeence among the chiralities in a
distribution. This can be expected from analysis of the atonic energies, as seen in Fig. 11 in
Paper V, showing that the atomic stabilisation at the interf ace is stronger for a (100) CNT
compared to a (55) CNT. It is then reasonable to expect that zig-zag CNTs, haung stronger
CNT-cluster adhesion, have a stronger stabilising e ect than armchair CNTSs.

This was veri ed by considering sets with one (6 0) and one (33) CNT and a total of 50
Ni atoms. A comparison of the total energies when the Ni atomswere distributed equally,
only on the (3;3) CNT or only on the (6;0) CNT indicate that it is more stable to have all Ni
atoms on the (6 0) CNT compared to the other situations. This means that in an ensemble
with di erent CNT chiralities, the zig-zag CNTs are less a e cted by the Ostwald ripening
and hence more prone to keep the clusters attached. The samesbaviour was observed for a
set with a (4;4) and (8;0) and a total of 60 Ni atoms as seen in Fig. 6.26

The above discussion indicates that the critical factor goerning the Ostwald ripening
should depend on both the CNT diameter and chirality. Since he arguments were partly
based on observations of the atomic energies it is reasonabto state that the critical factor
can be constructed from local properties of the clusters in a ensemble. This will be discussed
further in Paper VI where a simple model for the stabilisation is constructed.

Some of the calculations presented above have assumed thate Ostwald ripening of the
smaller clusters will result in CNTs with open ends, i.e., haing a number of dangling C
bonds at the end. This is may not be case in an experimental sitation where substrate,
feedstock and residue molecules may passivate the open CNhds. The e ect of passivation
was evaluated by a few calculations where bHimolecules were allowed to dissociate and attach
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to the end. This meant a radical change to the trends reportedabove. When passivation was
taken into account, the zig-zag CNTs were more stable when foning a large cluster on one
CNT while the other CNT end was passivated as compared to havig two small clusters on
each CNT and the H as B molecules in the medium. In e ect, this means that the minimum
cluster size needed for Ostwald ripening to occur may be deeased by continuous passivation
of the CNT end. The same trend was seen for the armchair CNTs #&hough the e ect was
less pronounced. This preserves the e ect of the chirality a the Ostwald ripening although
the details vary with the external conditions. Another possible scenario can be associated to
the results in Paper 1V, i.e., the CNTs may close when the cluter becomes to small. This
may as well lead to abortion of the CNT growth before all metal atoms have di used from
the CNT end.

In this study no e ects of the substrate were taken in to account since calculations of CNT-
cluster systems mounted on substrates is not feasible with BT calculations. It is reasonable
to believe that the substrate would a ect all metal clusters in the same way and hence it
would not change the e ects induced by the CNTs. This will be discussed in association with
Paper VI.

Figure 6.21: Two typical input structures to the DFT calculations. The st ructures are for a (3 3)
CNT attached to a Nis cluster (left) and for a (8;0) CNT attached to a Nigp cluster
(right).
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Figure 6.22: The optimised geometries and total energies of two (80) CNTs attached to 30 (top),
40 (middle) and 50(bottom) Ni atoms. The atoms are either didributed equally (left)
or only on one CNT (right). If the cluster size is less than appoximately 40 Ni atoms it
is energetically favourable to keep one small cluster on edcCNT while if the number of
atoms becomes larger, it is energetically favourable to hav one larger cluster and one
open CNT end. Although the energy di erences here are relatiely small the conclusions
are supported by the similar trends observed for other systms as well.

Figure 6.23: The atomic energies for bulk (blue), surface (green) and irerfacial (yellow) Ni atoms
for system with (3;3) CNTs attached to Niys (left) and Nisg (right) clusters. The
energies given are the average for each atomic category.
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Figure 6.24: The optimised geometries and total energies of two (80) CNTs and 40 Ni atoms,
distributed either equally on both CNTs (left) or 15 atoms on one CNT and 25 atoms
on the other (right). The situation with equal Ni distributi ons is seen to be the most
stable situation.

Figure 6.25: The optimised geometries and total energies of two (#4) CNTs and 80 Ni atoms,
distributed either equally on both CNTs (left) or 30 on one CNT and 50 on the other
CNT (right). The situation with equal Ni distributions is se en to be the most stable
situation. The larger diameter CNT appears to increase the sable clusters size as seen
from a comparison with Fig. 6.24.

Figure 6.26: The optimised geometries and total energies of (8) and (4;4) CNTs and a total of
60 Ni atoms. The Ni atoms are either distributed equally (let), only on the (4;4) CNT
(middle) and only on the (8;0) CNT (right). It is energetically favourable to have all
Ni atoms on a cluster on the (8§ 0) CNT compared to the other distributions while a it
is more stable to have the Ni atoms distributed equally as corpared to having all Ni
atoms on the (4;4) CNT.

72



6.6 Paper VI - Modelling of Ostwald ripening of clustersctéal to CNTs

The DFT calculations of Ostwald ripening of the metal catalysts in Paper V were followed
by numerical modelling of atomic di usion in an ensemble of N clusters attached to CNTSs.
The modelling aimed at extending the DFT results of Paper V in order to study the time
evolution of CNT-cluster ensembles. The spirit of the modeling was very similar to what has
been described by DeSmeet al.[196] with the di erence that the Ostwald ripening of free
clusters is governed by the critical size only and not the ctiical factor. Hence, the e ects of
CNTs had to be introduced and the modelling slightly modi ed to include this in a consistent
way. Another di erence is that the modelling is (numericall y) very intricate for small systems,
i.e., the systems of relevance to CNT growth. This is due to tle expression

C(r)=exp T 1+ T (6.3)
describing the concentration of a substance at the surfacefaa spherical drop in a medium.
If r the exponential function can be approximated by the rst two terms of the Taylor
expansion and this is the common practice in simulations of ®twald ripening, e.g., the
results of Ref. [196]. As discussed in Paper VI this approxiration is not valid for the cluster
sizes relevant to CNT growth, i.e. clusters in the order of a @éw nm. Consequently a more
complicated procedure where the exponential is taken carefoexplicitly is necessary. The
derivations of the equations governing the Ostwald ripenirg and the numerical "trick” used
in the modelling are extensively discussed in Paper VI and Wi not be discussed further.
Instead the focus will be on some particular considerationgaken in the study and on a few
of the most interesting results.

The model for inclusion of CNT e ects on the clusters was basd on some observations from
previous DFT calculations. The rst observation, discussel in Paper V, was that the e ect of
the CNT can be considered as local, i.e., the stabilisation oNi atoms at the CNT interface
do not aect Ni atoms further away from the CNT lips in a signi cant way. The second
observation, also discussed in Paper V, was that an increadeadhesion strength between the
CNT and metal lead to an increased stability. The third observation, presented in Paper I,
was that a cluster will form a drop at the CNT end and that the th e cluster adapts to the
shape of the CNT and notvice versa Larger clusters at CNT ends were not seen to take any
particular geometries but were more or less spherical. Theourth observation was that when
the cluster becomes very small, it is energetically favourhale to form a metal ring at the CNT
end than a cluster. This will be discussed in some detail bele and some DFT data will be
presented.

For clusters with a radius larger than the CNT radius only the part of the cluster that is
located directly under the CNT will be stabilised. This was modelled by the stabilisation of
a spherical cap with the same radius as the CNT, as illustratd in Fig. 6.27(a). This means
that at most half of the surface area can be stabilised while lie rest of the cluster has an
ordinary cluster surface. As the cluster decreases in sizeart of the cluster may be inserted
into the CNT. This was discussed in Paper Il and Ref. [193]. Ths means that an increased
fraction of the clusters surface atoms are stabilised. Thiss illustrated in Fig. 6.27(b) for a
cluster partially inserted into the CNT. If the clusters are much smaller than the CNT radius
the clusters will no longer have a spherical shape but instehbecome deformed in order to
minimise the number of dangling C bonds at the CNT end. This isillustrated in Fig. 6.27(c)
where all cluster atoms are stabilised. If the cluster is toosmall to form a cluster-like shape
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at the CNT end without leaving any dangling C bonds the cluster is instead assumed to form
a ring with the same diameter as the CNT. In that case, all Ni atoms are stabilised by the
CNT.

The assumption that the Ni atoms form rings at the CNT ends is based on DFT calcula-
tions and the results of some of these calculations are presied in Figs. 6.28,6.29 and 6.30.
These gures show the optimised structures and total energes for (8 0), (10;0) and (13;0)
CNTs attached to Ni systems with the same number of atoms as th number of C atoms at
the CNT end, i.e., 8, 10 and 13 Ni atoms for the CNTs, respectiely. The Ni systems are
either formed as small clusters, planar akes or rings. As tle CNT diameter increase, the
small Ni clusters can no longer saturate all dangling C bondsit the CNT end with the result
that the formation of a ring becomes energetically favouralte, i.e., it is favourable to form
Ni-C bonds compared to the extra Ni-Ni bonds which would be pesent in the clusters but
not in the rings. For the (8;0) and (10;0) CNTs, 8 and 10 Ni atoms appears to be su ciently
large to form clusters that are stable at the end while for the (13;0) CNT, 13 Ni atoms is
not su cient, i.e., it is more stable to form a ring than a clus ter. In the numerical model,
all small Ni systems are stabilised as rings even though it mabe favourable to have a small
clusters instead for the smaller CNTs, e.g., (80).

The cluster stabilisations, called , in Paper VI were given relative the stability of surface
atoms of free clusters, i.e., = 1 correspond to a free cluster while < 1 correspond to a
stabilised cluster. As the clusters may be partially stabiised di erent parts of the clusters
may have di erent stabilisations, i.e., dierent -factors. In that case, the total stabilisation
is is given as the sum of the partial stabilisations. Here, tle total -factor is written as

= a 1+ay »where ; =1isfor the free part, a;, of the cluster and  is for the stabilised
part a,. In Paper VI, the armchair CNTs stabilise cluster atoms in their vicinity by 10%
while zig-zag CNTs have a stabilising e ect of 20%, correspading to » = 0:9 for the region
stabilised by an armchair CNT and , = 0:8 for the region stabilised by a zig-zag CNT. These
stabilisation factors were not chosen with other considertions than to reproduce trends in
stability and are not likely to reproduce the exact di erenc e between armchair and zig-zag.
The di erence between the stabilisations is rather small wih the consequence that a larger
di erence between armchair and zig-zag may lead to a more pnoounced chirality e ect of
the Ostwald ripening. To illustrate this a few calculations were performed for a very strong
stabilisation , =0:2.

The model should be directly applicable for CNTs grown with the root growth mechanism,
i.e., where metal atoms can di use on a substrate, eventhoulg no substrates were explicitly
present in the model. This can be motivated by considering tlat clusters mounted on a
substrate can be described by the introduction of an e ectiwve cluster radius[66]. As discussed
in association with Paper I, the e ective clusters have a lover curvature and can be considered
to be larger than a free cluster with the same number of atoms.n the description, a part of
the larger cluster is completely imaginary and can not expeience any di usion. This means
that only a part of the surface area of the cluster can exchang atoms by di usion. If this
a ect all clusters in the same way, i.e. all clusters have thesame fraction of the surface area
available for di usion, the e ect of the substrate will only correspond to an increase in the
radius of all clusters. In order to verify that the same faction of the cluster surface area is
available for all cluster sizes, a few MD-simulations were prformed with the same method
and parameters that were used in the study in Paper I. These snulations were performed
at 2000K for clusters containing 50 to 900 atoms and for two salings of the tted Fe-Al ;O3
adhesion. Three examples of cross sections of clusters arftetcorresponding e ective clusters
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are seen in Fig. 6.31. For the clusters in Fig. 6.31 only the pa of the e ective cluster that is
located above the substrate is available for atomic excharg by di usion. From simulations
of several cluster sizes it can be seen that the surface fraoh available for di usion is the
same for all cluster sizes. The data from these calculationare given in Fig. 6.32. For the
clusters in Fig. 6.31, approximately 85% of the e ective suface area of the clusters is available
for di usion. In order to obtain more quantitative results i t may be necessary to modify the
model, e.g., by using the e ective cluster size instead of tk real cluster size and by introducing
complete stabilisation of the 15% of the cluster that are bebw the substrate. This was not
analysed further since it was not considered likely to a ectthe qualitative results.

In the discussion below, the simulation time will be given inthe dimensionless property
called ow time. This takes time into account but it does also contain the di usion coe cient.
This means that it is a measure of both time and particle ow, i.e., the same ow time can
be reached by having a low atomic ow during a long time or by havzing a large atomic ow
during a short time. As the ow time is a measure of the total atomic ow, the ow time
scales are very di erent for small and large clusters, i.e.ensembles of large clusters can stand
a large ow without signi cant change while an ensemble with small clusters would change
signi cantly during the same ow time. This explains the di erent time scales in the presented
data.

6.6.1 Results

According to the theory for Ostwald ripening[196{198] the particle size distribution will reach
a stable distribution, called the LSW distribution after a s u ciently long equilibration time.
In order to test both the model and the numerical implementation thereof, simulations of free
clusters were performed with the aim of reaching the LSW distibution. These simulations
were started from Gaussian cluster size (radius) distribuions containing 10000 clusters centred
around 8 nm with a standard deviation of 0:1 nm. In Fig. 6.33, the size distributions of the
clusters are given as functions of both the radius,r, and the relative average radius, i.e.
r=<r> . The LSW distribution was obtained after a ow time of approx imately 4:5 10°
(in the legend referred to as 45M) and the size distribution remained stable for at least ow
time of another 20 10°. Formally, the LSW distribution should remain completely stable
but since the model is based on the time evolution of a nite ,and constantly decreasing,
number of clusters the LSW distribution will only remain sta ble for a nite simulation time.

During a simulation time of approximately 25 10, the average cluster radius increase
from approximately 8 nm to approximately 25 nm and the total number of clusters in the
calculation decreased from 10000 clusters to approximatgl500 clusters. The decrease in the
number of clusters does also mean that the quality of the stastics decrease in time which is
seen by the increased amount of noise in the curve in Fig. 6.33

The success in reaching the LSW distribution indicates thatthe implementation of the
method is reliable and that it may be applied to the modelling of other systems. This
lead to the continuation of the study to calculations of smaler clusters attached to CNTSs.
Since CNTs are typically grown from clusters of similar or sightly larger diameters than
the CNTs[57,59, 60] the initial cluster size distributions had an average size equal to the
CNT diameter. The initial size distributions were Gaussian and the standard deviations
were small compared to the average cluster size. The numbelf @lusters were 20000 for all
calculations except for the calculations aiming at the repoduction of the LSW distribution
which contained 10000 clusters (relevant only for the calclations discussed above).
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If several CNT diameters or chiralities were present in the ame calculation the initial
cluster size distribution was created by a random process wdre the a cluster size was chosen
from the Gaussian distribution and then attached to a CNT wit h a randomly chosen property,
e.g., chirality. The probability of choosing the di erent p roperties was however equal for all
clusters, e.g., it was equally probable to choose a zig-zag an armchair CNT. In e ect, this
means that the simulation may not contain exactly the same nunber of zig-zag and armchair
CNTs. The dierences are however very small and in an ensembl of 20000 clusters the
di erence in number of clusters with di erent properties wa s usually less than 100 clusters.
For example, the calculations with two di erent CNT radii (p resented below) contained 20000
clusters whereof 10038 were attached to CNTs with radii 6 and 9962 to CNTs with radii
0:7.

The rst study containing CNTs was conducted in order to compare the behaviour of
cluster ensembles attached to CNTs with the identical distibutions of free clusters. The size
distributions of free clusters and clusters attached to theCNTs of radiusrcyt = 0:5 nm with
stabilisation factor , = 0:8 after owtimes O (initial), 5 and approximately 9.7 are given in
Fig. 6.34. Of the initial 20000 clusters less than 500 clusts had disappeared when the size
distributions in Fig. 6.34 were sampled. As expected the si distribution of the free clusters
broaden in time while the size distribution of clusters attached to CNTs is more stable during
the same ow time. The size distribution for the clusters attached to CNTs also exhibits a
clear concentration of cluster sizes slightly above the raiis of the CNT. This is in agreement
with the DFT results presented in Paper V, stating clusters are stabilised by the CNTs and
that they may be stable for long times at a size that is determned by the CNT radius and
adhesion.

In order to understand how the Ostwald ripening of metal cluders is a ected by the
dimensions of the CNTs similar calculations were performedor a cluster ensemble, initially
containing 20000 clusters attached to approximately equabmounts of CNTs of radius Q6 nm
and radius @7 nm. The size distributions of these cluster ensembles areeen in Fig. 6.35 for
free clusters (2 = 1:0) and for clusters with the CNT stabilisations , =0:8 and , = 0:2.
The di erence between the free clusters and the clusters atiched to CNTs with stabilisation

2 = 0:8 is merely in the timescale of the Ostwald ripening, i.e., tle ripening rate is higher
for the free clusters than for the stabilised clusters. Whenapplying a stronger stabilisation
( 2 =0:2) the e ect is more pronounced and during a simulation time d 75 no clusters had
disappeared although a signi cant amount of the smaller free clusters had dissapeared after
a ow time of 30. These results support the idea that the CNT may act as limiting factor
of the Ostwald ripening and that the time scale of the Ostwald ripening is a ected by the
quantitative properties of the stabilisation. The latter i s further supported by the results in
Fig. 6.36 where an approximately equal number of clusters hae been attached to CNTs with
a radius of 0.5 nm but with di erent chirality. For these syst ems the clusters attached to the
armchair ( o = 0:9) like CNTs will decrease in size but increase in size dispem while the
clusters attached to zig-zag like CNTS (2 = 0:8) are more likely to increase in size.

The last set of calculations were performed for an ensemblef alusters that were attached
to approximately equal amounts of CNTs of radius 0.5, 0.6 and0.7 nm The clusters size
distributions contained in total 20000 clusters and were intiated at a size that was equal
to the radius of the CNT size and the standard deviation of the distribution was 0:01 nm.
The calculations were performed for free clusters and for alsters attached to CNTs with two
di erent stabilisations , = 0:8 (zig-zag like) and ,=0:2

The results of this simulation are seen in Fig. 6.37 where theCNT stabilisation is once
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again seen as a limiting factor on the Ostwald ripening rate. The very strong stabilisation
( 2 = 0:2) is also seen to lead to a narrowing of the size distributios although Ostwald
ripening appears to occur, seen by the change in the averagézs of the initial distributions.
The percentual size change is less for the larger clusters &m for the smaller, i.e., clusters
decreased from b nm to approximately 0:44 nm while the larger clusters increased from @
nm to approximately 0:73 nm. This corresponds to a decrease in size of 12% for the shea
cluster but only an increase of 4% for the larger clusters. Tks di erence in the precentual
change could be understood from the relation

Re/ n*2 (6.4)

relating the cluster size, R¢, to the number of atoms, n of the cluster. The change in the
radius as an e ect of a change in the number of atoms is then gien by

dR;
dn

which decreases with increasing number of atoms, i.e. the meoval of a few atoms from a
small cluster means a hig decrease in the radius while the adttbn of the same number of
atoms to a larger cluster means a small increase in the radiusThe e ect of this is that if
the CNT and cluster size dispersions are large, the smallerlasters are strongly a ected by
Ostwald ripening while the larger clusters are hardly a ected at all, i.e., the smaller CNTs
are are a ected by Ostwald ripening on a shorter time scale ttan the larger CNTs.

Another consequence may be that the if the larger clusters a in the stable size region they
may remain in this region for long time eventhough the smalle clusters have completely van-
ished, i.e., clusters attached to large CNTs may survive theOstwald ripening for (in nitely)
long times.

Yet another implication may be that if CNTs are successfully grown from clusters with
sizes 11 to 1.6 times the CNT diameter[60] a cluster with a too large diameer may also act
limiting on the CNT growth, i.e., not only too small clusters may inhibit the CNT growth.
Since the larger clusters are a ected the least by the Ostwal ripening, it is reasonable that
these clusters will remain in the size window 11 to 1:6 times the CNT diameter for longer
times than the smaller clusters. Although these clusters mg not be stable for in nitely long
times they may still be stable for signi cantly longer times than the smaller clusters.

/| n %3 (6.5)
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Figure 6.27: The regions of the clusters that are stabilised by the CNT areseen by the enclosed
curves. The gures correspond to situations where the clustr radius is signi cantly
larger than (a), similar to (b) and smaller than (c) the CNT ra dius.

Figure 6.28: A (8;0) CNT attached to 8 Ni atoms in the shape of a small cluster at he side of the
CNT(left), in the centre of the CNT (middle) or as a ring (righ t). The total energies of
centred cluster and the ring are comparable while the energpf the cluster on the side
is signi cantly higher.

Figure 6.29: A (10;0) CNT attached to 10 Ni atoms, either in the shape of a small dister at one
size of the CNT (left), in the middle of the CNT (middle) or as a ring (right). The
small cluster in the middle is approximately 2 eV lower in en&gy than the ring.
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Figure 6.30: A (13;0) CNT attached to 13 Ni atoms, either in the shape of a small dlister (left), a
planar "star" shaped ake (middle) or a ring (right). The rin g is approximately 6 eV
lower in energy than the other structures. It is reasonable hat the reason for this is
that the ring leaves no dangling C bonds at the CNT end.

Figure 6.31: Cross sections of metal clusters on a at substrate with the @rameterised Fe-ALO3
adhesion strength. The cluster sizes are 100 (left), 400 (rddle) and 800 atoms (right).
For all cluster sizes, approximately 85% of the e ective clster surface is above the
substrate. The cross sections have been sampled over a 100lpag MD simulation at
2000K. All sampled atoms were positioned in a sheet of thickess 1A perpendicular to
the substrate.
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Figure 6.32: The surface fraction of the e ective clusters situated abowe the substrate surface, i.e.
the surface that is available for di usion, is given as a fundion of the number of atoms
in the cluster. The fractions are given for the parameterise Fe-Al,O3 adhesion and for
a scaling of twice this adhesion strength. The data is sampl& at 2000 K which means
that available surface fraction varies in time with the standard deviation given in the
plot. The surface fraction above the substrate surface is sn to be independent of the
cluster size and, as expected, the stronger adhesion leads & smaller surface fraction
available for di usion.
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Figure 6.33: The size distributions for free clusters for tree di erent times of the simulations are
given as functions of the relative average radius (top) and otal radius (bottom). After
a simulation time of approximately 4:5 10° (4:5M) the stationary LSW distribution
was reached. A this time the average radius was approximatgl11l nm.

80



— =0
L --t=5 i
- 129.7
@
=30F -
>
g | |
<
83 0.6
[ —t=0 ]
60 =5
[ - t=9.95 ]
@
2 1
>
230 1
<
84

Figure 6.34: Time evolution of distributions of free (top panel) and CNT- attached (bottom panel)
clusters starting from Gaussian distributions centred araund 0:5 nm with a standard-
deviation of 0:01 nm. The distributions are given after ow times O (initial ), 5 and
approximately 9.7.
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Figure 6.35:  Size distributions for clusters initially centred around 0:6 nm and G7 nm are given
after di erent ow times indicated by t in the legends. The clusters were either free
( 2 = 1:0) or stabilised by CNTs with stabilisations , = 0:8 and , = 0:2 and the
same radius as the average size of the initial cluster disthbiution, i.e., 0:6 nm and 0.7 nm
for the cluster distributions, respectively. In the top panel, the initial (t = 0) cluster
size distribution (dotted) and distributions after a owti me of approximately 29 are
given for free clusters (solid) and the size distribution of CNT stabilised clusters with

2 =0:8 (dashed). The middle panel show the initial cluster size ditribution (dotted)
and the size distribution of CNT stabilised clusters with >, = 0:2 after a owtime of
29. The relative abundance (bottom), de ned asN.s=No.7 is given for the free clusters
(dotted), for CNT stabilisations , =0:8 (dashed) and , = 0:2 (solid).
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Figure 6.36:
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The size distributions of clusters attached to armchair like ( , = 0:9) and zig-zag like
( 2 = 0:8) CNTs with radius 0:5 nm (top). The initial distributions were Gaussian
centred around Q5 nm with a standarddeviation of 0:01 nm (dotted lines) and the
number of clusters of attached to each type of CNT were approinately equal. After a
owtime of 19 the size dispersion of both cluster types havencreased and the clusters
attached to zig-zag like CNTs increase in size on the expens# the clusters attached
to arechair like CNTSs.
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Figure 6.37:  Size distributions for clusters, initially centred around 0:5 nm, 0:6 nm and 07 nm,
given after dierent ow times. The clusters were either free ( o = 1:0) (top) or
stabilised by CNTs with stabilisation factors , = 0:8 (middle) and , =0:2 (bottom).
The owtimes at which the distributions were sampled are given in the legends where

owtime t =0 correspond to the initial distribution.
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CHAPTER /

Conclusions and Outlook

The work presented in the thesis has focussed on a number of ganeters that are of impor-
tance in the search for methods of controlled growth of CNTs.The size of the systems under
study has spanned from single particles to in nite CNT foreds, i.e., from the single metal
clusters present prior to CNT growth to the large CNT ensembles present after growth

Although the temperature during CNT growth is signi cantly lower than the bulk melt-
ing temperature of the metal used as catalyst these metal clsters may be liquid. This is
attributed to the known size dependence of the melting tempeature but also on e ects in-
duced by external parameters. For clusters mounted on a sultsate both the adhesion strength
between the substrate and cluster and the surface structuref the substrate were seen to a ect
the melting temperature. For CNT growth this means that the same catalyst metal may be
either liquid or solid depending on which substrate it is mowted. This can provide a partial
explanation for the observed e ect of the substrate on CNT giowth.

In the studies of the attachment of CNTs to metal clusters it was found that CNTs
are attached above the cluster surfaces and that clusters apt to the shape of the CNT
and not vice versa The e ect of this is that the cluster may be geometrically deformed
while the CNT will retain both shape and chirality at the end. This trend was observed
irrespectively of whether the cluster was a pure metal or a m&l carbide. The metal carbide
systems were however less stable than the corresponding $s1s with pure metals although
the the adhesion strength between CNTs and carbide clusteraias comparable to the adhesion
strength between CNTs and pure metal. This means that if the alhesion is strong enough
for pure metal clusters to remain attached to the CNT it is lik ely that also carbide clusters
remain attached to the CNTs. The lower stability of the carbide systems may however imply
that the CNT drain the clusters from excess carbon atoms.

Upon variation of the the size of the metal clusters attachedto the CNTs it was found that
a minimum cluster size is needed to prevent the CNT ends fromlosing. This is a possible
explanation for the observed trend that CNTs grow from cluster particles with diameters that
are similar to or slightly larger than the diameters of the CNTs. From these results it could
be concluded that both pure metals and metal carbides may be dcked onto open CNT ends
in order to achieve continued growth of CNTs as well as for thecreation junctions between
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Figure 7.1: A C structure grown during a TBMC simulation at 1500 K. The sim ulation was started
from a structure with a (9;1) CNT cap attached to a Niss cluster. The initial atomic
structure is shown in association with Paper Il

CNTs and electrode materials. The exact behaviour of theseystems may however depend
on the size of the clusters, the carbon content and the tempeture as the mere possibility
of docking is not a guarantee for the successful achievemewff neither continued growth nor
operational contacts.

The learnings from these studies were transferred to studi of large ensembles of CNT-
cluster systems. This was done in order to understand if the Gtwald ripening of the catalysts
may provide any information of relevance for the controlled CNT growth. The systems
under study mimicked the experimental distributions of CNT s with di erent diameters and
chiralities attached to clusters of dierent size. Both the adhesion strength and the CNT
diameters were seen to a ect the properties of the Ostwald gening of the clusters. It was
predicted that clusters attached to CNTs of large diametersand strong CNT-cluster adhesion
are most likely to survive Ostwald ripening. This means thatthese CNTs should have a longer
growth time than other CNTs although introduction of radica Is in the growth chamber may
impose radical changes to the trends.

Finally, a simple phenomenological model for simulations dthe Ostwald ripening in cluster
ensembles was constructed. The model reproduced the statiary LSW distribution describing
Ostwald ripening as well as the qualitative trends of the DFT calculations for nano clusters
attached to CNTs. The model did also allow for predictions ofthe long time behaviour of
the CNT-cluster distributions after Ostwald ripening.

Although these studies have provided information that take the CNT community a few
steps further towards the controlled CNT growth much work is likely to remain before this
becomes reality. The next study to be performed within the project will address the stability of
C atoms on the surface of metal clusters. Hopefully this stugt can provide information about
both the formation of the CNT cap and the mechanisms during CNTI' growth. This study is
most likely to be conducted with DFT and TBMC calculations in a combination that will
allow for high accuracy, exibility, nite temperature and hopefully simulated CNT growth.
The structure in Fig. 7.1, showing a CNT that has continued growth from an existing seed
CNT, indicate that the latter may become reality in the "near " future. Preliminary results
indicate that C atoms are more stable when forming strings onthe cluster surface compared
to attaching to the cluster surface as monomers. Hence, theagly formation of strings and
polygon structures on the cluster surface appears to be morkkely than random positioning
of C atoms on the surface. Another indication is that C atoms n the middle of the strings
may detach from the surface which may be important for the regction of the cluster from the
CNT end. It may also limit the maximum allowed length of the chains before soot is formed
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instead of CNTSs.
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