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Abstract
Carbon is one of the most fascinating elements in the periodic table due to its
ability to form different hybridizations of electron orbitals: sp, sp2 and sp3 . A
large variety of carbon allotropes with a wide array of properties result from controlling these hybridizations. In this thesis the focus is on diamond, where the
hybrization is sp3 . Using computer simulation, we employ a molecular dynamics (MD) methodology to study annealing, implantation, mechanical deformation
and structural relaxation in various forms of diamond. The systems studied
range from nanodiamonds (NDs) found in meteorites, diamond nanopillars bent
in an electron microscope and epitaxial diamond interfaces in semiconductor heterostructures. Two chapters address the fundamentals of computer simulation
of carbon, while the other four chapters are closely motivated by experimental
results from collaborators and the literature.
In Chapter 2, we examine a common variant of the widely-used Tersoff potential in which the coefficient of the upper cutoff is increased to 2.45 Å to improve
the properties of amorphous carbon. We demonstrate that this modification
leads to nucleation of diamond nanocrystals during annealing of amorphous carbon. This behavior, which we show to be unphysical, occurs due to interactions
between the cutoff function and the second neighbor shell. It does not, unfortunately, represent a new pathway for synthesizing diamond.
In Chapter 3, we study fourteen well-known and commonly used interatomic
potentials for carbon and compare their capability to model carbon. Surprisingly, no two potentials are found to yield the same result. GAP, ReaxFF and
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EDIP are the best transferable potentials for the disordered carbon structures,
and from the computational cost perspective, EDIP is found to be the most efficient interatomic potential. In addition, we develop a web application tool,
www.carbonpotentials.org, which collates all the data from our findings and enables users to perform a real-time comparison of any combination of data sets.
In Chapters 4 and 5, MD simulations are used to answer two important astrophysical questions: (i) how do noble gases become incorporated into meteorite
NDs? and (ii) how are noble gases released from NDs upon thermal annealing? Chapter 4 is motivated by ion-implantation experiments at the University
of Huddersfield, UK, where xenon is implanted into NDs. We provide atomistic
simulations into the irradiation process to understand the experimental results
and investigate the implantation of noble gas into NDs of different sizes and factor in different implantation energies. We show that the low energy of noble gas
implantation into the meteoritic size of ND is a suitable mechanism for entrapment of noble gases into NDs. In Chapter 5, a large number of simulations are
employed to provide detailed atomistic insight into the thermal release patterns
of implanted noble gases from NDs. Intriguingly, these results predict a unimodal
temperature release distribution for the light noble gases and a bimodal behavior
for the heavy noble gases, which is precisely the observation from meteoritic and
laboratory study of NDs.
In Chapter 6, we use MD simulations to study the origin of unexpected plastic deformation of diamond nanopillars. This work is motivated by collaboration
with an experimental group at the University of Technology Sydney. In their
experiment, they employ the electron beam of a scanning electron microscope to
charge nanopillars and their surroundings, and the resulting electrostatic forces
cause the nanopillars to bend. We show that this new form of plastic deformation
is strongly dependent on the size of the nanopillar and crystallographic orientation of the diamond. With atomistic simulations, we find that this mechanical
deformation of (001)-oriented nanopillars can be explained by the emergence of

iii

Abstract
a new phase of carbon, O8-carbon, which is localized to the deformed regions of
the bent diamond nanopillars.
Finally, in Chapter 7, atomistic simulations are performed to understand
the nature of the interface between diamond and silicon carbide. This work
is motivated by collaboration with an experimental group at the University of
Melbourne, where they studied heteroepitaxial growth of silicon carbide on diamond. Atomistic simulations show that the large lattice mismatch of 22% is
resolved through bonding reconstructions at the interface, which alleviates the
lattice strain via point dislocations in a plane without forming extended defects
in three dimensions. The methodology developed in this chapter can potentially
be applied to other heterostructures with large lattice mismatches such as silicon
on silicon-carbide.
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Chapter 1
Introduction
Carbon is the fourth most abundant element in the universe after hydrogen,
helium and oxygen, and is often found in the sun, stars, comets, and in the planets’
atmosphere. It is also the fifteenth most widely distributed element in the Earth’s
crust and the second most detected element in the human body (Haggerty, 1999).
Hence, carbon makes an interesting topic in nanoscience and nanotechnology
across all scientific disciplines such as physics, chemistry, materials science and
engineering. Carbon is the sixth element in the periodic table and has two tightly
bound (1s) and four valence electrons (two in the 2s and two in the 2p). The
ground electronic configuration of carbon is 1s2 2s2 2p2 , which allows it to form
three different bonds; single, double and triple bonds. Figure 1.1 illustrates the
a)

b)
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o
o

120

sp

sp

109.5
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Figure 1.1: Three different hybrid orbitals of carbon. (a) linear sp hybrid orbitals, (b)
trigonal planar sp2 hybrid orbitals and (c) tetrahedral sp3 hybrid orbitals.
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three different spatial hybrid orbitals of carbon. A carbon atom forms bonds with
one to four neighbouring atoms. Depending on the degree of hybridization, the
compounds show different structural features:
• sp hybridization: one s-orbital hybridizes with one of the p-orbitals to make
two sp-hybridized orbitals with linear symmetry. It has a linear geometry
with the angle 180◦ between orbitals. (Figure 1.1(a))
• sp2 hybridization: one s-orbital is mixed with two of the p-orbitals to make
three hybridized orbitals with trigonal symmetry. It has a trigonal planar
geometry and the angle between orbitals is 120◦ . (Figure 1.1(b))
• sp3 hybridization: one s-orbital is mixed with all three p-orbitals to make
four hybridized orbitals. It has a tetrahedral geometry with an angle of
109.5◦ between orbitals. (Figure 1.1(c))
The two well-known bulk allotropes of carbon are graphite and diamond.
Graphite has sp2 bonds, each atom being bound to three nearest neighbors, while
the bonds in diamond are sp3 , each carbon being bound to four nearest neighbors
(Pierson, 1993a,b). Graphite and diamond are the most important form of carbon
due to their unique variety of physical properties and application. For example,
graphite is soft, opaque and black, and it has very high conductivity. Diamond
is the hardest material known and highly transparent, with a very low electrical
conductivity. Graphite is the most thermodynamically stable form of carbon
at ambient conditions. Diamond is thermodynamically unstable under normal
pressures and at sufficiently high temperatures diamond transforms into graphite.
However, due to a high activation energy barrier, the transition of diamond into
graphite is extremely slow at room temperature as to be unnoticeable. A brief
description of the structure and properties of graphite and diamond are presented
below.
Graphite - The atoms are arranged in a hexagonal unit cell containing four
carbon atoms. The unit cell has dimensions of 2.456 Å × 2.456 Å × 6.708 Å (see
2
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Figure 1.2) and a density of 2.27 g/cm3 (Wyckoff, 1963). Graphite consists of dis-
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form is more thermodynamically stable, the rhombohedral form would transform
into the hexagonal form when it is heated above 1300◦ C (Fitzer et al., 1995). A

sp

thorough description of some of the physical properties of graphite has been given
2
3
sp
sp
by Pierson (1993b). As the topic of applications and properties of graphite is out
of the scope of this thesis, we will not get into further details.
2.8 g/cc
Diamond - Diamond is another well-known allotrope of carbon. Each carbon
atom in diamond has its nearest neighbors located at the corners of a tetrahedron.
All carbon atoms are sp3 -hybridized and connected to four equidistant carbon
atoms with four σ-bonds, where the bond length is 1.545 Å. Generally, there are
two types of diamond: cubic and hexagonal. The unit cell of cubic diamond
– the most abundant type – contains eight carbon atoms, which is associated
with the Fd3̄m space group with a lattice parameter of 3.567 Å and a density of
3.514 g/cm3 (Krüger, 2010). The cubic diamond structure is stacked according
to a ABCABC sequence (Figure 1.3(a)). Hexagonal diamond, however, is rare in
nature and was first discovered in meteorites (Lewis et al., 1987). The hexagonal
lattice is built from tetrahedrons of carbon, similar to the cubic type, but the
carbon atoms are arranged in a different way. As shown in Figure 1.3(b), the
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b)
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B
A

A

C

B

B

A

A
Figure 1.3: The lattice structure of (a) cubic and (b) hexagonal diamond. Figures
adapted from Salzmann et al. (2015).
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hexagonal diamond structure has an ABAB stacking sequence and its unit cell
contains four carbon atoms.
There are two categories of diamond: natural and synthetic. Natural diamonds can be found in and around meteorite impact sites and also they can
grow under high pressure high temperature (HPHT) conditions within the Earth.
They differ considerably in size and quality. These diamonds are formed in the
Asthenosphere part of the mantel of Earth at a depth of about 150 kms. They
are formed at a pressure of more than 4.5 GPa and at temperatures between 900
and 1500◦ C (Haggerty, 1986; Krüger, 2010; Fedorov et al., 2002). Diamonds are
spread out over the Earth’s surface in Kimberlite deposits that volcanic eruptions
bring to the surface (Richardson et al., 1984; Nowicki et al., 2004; Sobolev et al.,
2004). Meteoric impacts on the Earth’s surface can be another source of natural diamond. Natural meteoric diamonds might have formed terrestrially (Lewis
et al., 1987) or else from carbonaceous material under the high pressure high
temperature conditions of impact (Hanneman et al., 1967; Koeberl et al., 1997).
Manufacturing of synthetic diamonds has been an interesting topic during the
past few decades and has seen several advances in techniques. The HPHT method
that imitates natural diamond formation is the most commonly used technique
to produce large volumes of diamonds, mainly suitable for industrial purposes
such as grinding and cutting tools. Another method to produce synthetic diamond is chemical vapor deposition (CVD). In the CVD growth method, diamond
grows through a chemical reaction from carbonaceous gases deposits onto seed
substrates at moderate pressure (below one atmosphere) and temperatures (200
– 1200◦ C). Figure 1.4 shows the schematic of the HPHT and CVD methods. We
will not get into further details on the applications, properties and formation of
bulk diamond since this topic would be beyond the scope of this thesis.
In the past two decades, the availability of high-resolution microscopy techniques such as Transmission Electron Microscopy (TEM) and Scanning Tunneling
Microscopy (STM) has advanced research in the area of carbon nanomaterials.
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a)

b)

c)

109.5

sp3
Figure 1.4: A schematic of the producing synthesis diamond with (a) HPHT and
(b) CVD methods. Panel (a) adapted from www.gemrockauctions.com and panel (b)
adapted from Eaton-Magana and Shigley (2016).

In what follows, we briefly explore the structure and properties of the five most
famous nano-allotropes of carbon: graphene, fullerenes, carbon onions,
2.8 nanodiag/cc
monds and diamond nanopillars (Figure 1.5).
Graphene - Graphene is a one atom-thick layer of sp2 -hybridized carbon
atoms arranged in a honeycomb structure (Figure 1.5(a)). Each carbon atom has
one π-bond which is oriented out-of-plane as well as three σ-bonds to its three
neighbors, with the bond length being about 1.415 Å. It is the basic structure
of some carbon allotropes such as graphite, fullerenes and carbon nanotubes.
The theory of graphene was first investigated by Wallace (1947) when he studied the electronic properties of graphite, and for the first time TEM image of
graphene was observed (Evans and Phaal, 1962). In a pioneering study Novoselov
et al. (2004) extracted graphene from bulk graphite. Several synthesis methods
have been employed to generate graphene, such as exfoliation, hydrothermal selfassemble, epitaxy, nanotube slicing and ion-implantation.
Graphene has some unique physical, thermal and electrical properties compared to other allotropes of carbon. Graphene has the highest electrical conductivity among the carbon materials. It also shows high transparency; a single
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Figure 1.5: (a) Graphene; (b) Three different fullerene isomers; C60 , C70 and C80 . The
e)
f)
geometry of C60 is the same as that of a soccer ball; (c) Carbon onion; (d) Nanodiamond
(ND) particle (truncated octahedral geometry). XYZ-coordinates of panels (b) and (c)
are taken from www.nanotube.msu.edu.
http://www.nanotube.msu.edu/fullerene/fullerene-isomers.html
layer of graphene
absorbs about 2.3% of white light with potential as a transparhttps://www.frontiersin.org/articles/10.3389/fnsys.2014.00091/full

ent conducting coating (Nair et al., 2008). As graphene has an ultimate tensile
strength of 130 GPa and a Young’s modulus of 1000 GPa, it is the strongest
monolayer material (Lee et al., 2008). It is capable of carrying very high currents
and demonstrating a high thermal conductivity. Balandin et al. (2008) reported
an extraordinarily large thermal conductivity of approximately 5300 W/m/K for
suspended graphene. Note that this value strongly depends on the sample history
http://www.nanotube.msu.edu/fullerene/fullerene-isomers.html

and temperature.
https://www.frontiersin.org/articles/10.3389/fnsys.2014.00091/full

Graphene is expected to be a potential material for future optoelectronic
devices, including solar cells and liquid crystal displays to substitute indium tin
oxide, which has downsides relating to high cost, limited supply and brittle nature
of indium (Guo et al., 2010). Considering its extraordinary thermal, chemical and
mechanical stability, high transparency and atomic layer thickness, graphene can
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be an ideal material to use in transparent electrodes. Graphene has also been
used as a transistor for its unique 2D structure and high mobility (Chen et al.,
2007) and is employed as an electron acceptor in such photovoltaic devices as
the layered graphene-quantum dot hybrid (Yin et al., 2012). Graphene’s tunable
bandgap and its large optical absorptivity make it a prospect for efficient light
absorbers. Graphene field-effect transistors can be used in chemical and biological
sensors for providing low noise, high sensitivity and chemical stability as wells as
their biocompatible nature (Schedin et al., 2007; Fowler et al., 2009).
Fullerenes - Fullerenes or buckyballs are molecular allotropes of carbon with
geodesic graphene-like structures that contain pentagons (i.e., five-membered
rings) and hexagons of carbon atoms, which bend the graphene sheet into spheres,
ellipses or cylinders (Figure 1.5(b)). Fullerenes were discovered by Kroto et al.
(1985) and were named after Richard Buckminster Fuller for their resemblance
to his geodesic domes. The discovery of fullerenes sparked a research interest
in finding new forms of carbon, which had previously been limited to graphite,
diamond, and amorphous carbon. Interestingly, in addition to being discovered
in the laboratory by experimental observation, fullerene also exists in nature and
space. Buseck et al. (1992) found fullerene in a family of minerals known as
“shungites”. Cami et al. (2010) observed fullerene in a cloud of cosmic dust surrounding a star and, recently, by using the Hubble Space Telescope, interstellar
fullerenes were detected in the space between two stars (Cordiner et al., 2019).
Fullerenes must consist of at least twelve pentagons due to their closed cage
structure (Dresselhaus and Dresslhaus, 1995). All carbon atoms have a sp2 hybridization and are bonded to three other carbon atoms. The molecular structure of a fullerene is edgeless, without any dangling bonds. These characteristics
make the fullerene structure unique and different from such crystalline structures
as graphite and diamond with edges and dangling bonds at the surface. C60 is
composed of 60 carbon atoms and comprises of 12 pentagons and 20 hexagons,
with each pentagon being surrounded by hexagon once alone. Another common
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fullerene structure is C70 , but fullerenes with different numbers of carbon atoms
are also commonly obtained (Krüger, 2010).
Fullerenes have many interesting physical properties (such as solubility, spectroscopic, thermodynamic, X-Ray diffraction, electronic, electrical, optical properties) and a number of notable potential applications (such as solar cells, chemical sensors, gas storage and gas separation, fuel cells and hydrogen storage,
storage for radioactive isotopes, superconductor, lubricants, and direct bandgap
semiconductor) (Krüger, 2010). An extended discussion of the applications and
properties of fullerene is beyond the scope of this thesis and we refer the reader to
Krüger (2010) for a thorough description of the physical and chemical properties
of fullerenes and their manufacturing methods.
Carbon Onions - Another nano form of carbon are carbon onions which
were first synthesized by Iijima (1980) in arc discharge experiments. Carbon
onions, also known as onion-like carbon or carbon nano-onions, are a member
of fullerene family, with quasi-spherical concentric fullerene-like shells that range
from double to multilayered structures (Figure 1.5(c)). The intershell distance
in carbon onions is about 3.4 Å which is close to the distance between graphene
layers in graphite. Their properties include thermodynamic, electronic, electrical
and optical properties as well as the possibility of conversion into other forms
of carbon (Krüger, 2010; Butenko et al., 2010). For example, they have high
electrical conductivities and relatively easy dispersibility compared to graphene,
making them promising materials for electrochemical applications. They are ideal
additives to battery and supercapacitor electrode for high power applications due
to their excellent capacitance retention at high current densities. Carbon onions
also have potential applications in tribological, catalysis, composite materials,
and electromagnetic devices (Krüger, 2010; Zeiger et al., 2016).
During nearly the past four decades, in addition to arc discharge, which is the
most common approach to generating carbon onions, other synthesis methods
have been employed. These methods include electron beam irradiation (Ugarte,
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1992; Xu and Tanaka, 1995; Troiani et al., 2003), laser irradiation (Gorelik et al.,
2003), high-temperature nanometer-sized diamond annealing (Kuznetsov et al.,
1994; Qiao et al., 2006; Xiao et al., 2014), implantation of carbon ions onto metal
particles (Cabioch et al., 1997; Thune et al., 2003) and CVD. It should be noted
that with the exclusion of the CVD method, all the above-mentioned methods are
costly due to their high-temperature processes, and they produce only a limited
number of carbon onions in highly condensed forms. On the contrary, the CVD
method is a better synthesis method for generating pure carbon onions in large
amounts (He and Zhao, 2010).
Nanodiamonds - Nanodiamonds (NDs) are small diamond particles of 100
nm (Krüger, 2010) and Kharisov et al. (2010, 2012). There are several methods
to produce NDs such as hydrothermal synthesis (Nickel et al., 2008), gas-phase
nucleation at ambient pressure (Frenklach et al., 1991), chlorination of carbide
material at moderate temperatures (Gogotsi et al., 2001), ion and laser bombardment, microwave plasma CVD techniques (Lewis III et al., 2007) and detonation
methods. Based on the production process, NDs can be divided into two different
categories. The first one is nano-crystalline diamond which refers to materials
with particles less than 100 nm in size, and the second one is ultra-nano-crystalline
diamond whose particles are smaller than 10 nm. It is important to note that
ultra-nano diamond (ultra-ND) particles have been found in meteorites, protoplanetary nebulae, and interstellar dusts (Xiao et al., 2014). The fact that the
mechanisms of their origin and formation are still ambiguous has made them an
interesting topic in astrophysics. It is generally thought that NDs can be formed
during the CVD-like method in stellar atmospheres in the evolutionary sequence
of becoming type-I and type-II supernova (Haggerty, 1999). Another possibility is that the NDs may originate from a kind of shock wave synthesis inside a
supernova (Krüger, 2010). Figure 1.6 illustrates the comparison mechanism of
formation of NDs in both types of supernova.
Isolated ND particles (see Figure 1.5(d)) with sizes of tens of nanometers
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Figure 1.6: Schematic mechanism of formation of diamonds in type-I and type-II supernovae. Left panel shows the evolutionary sequence of becoming type-I supernova
by explosion of dense white dwarf. In a type-II supernova, right panel, a single star
undergoes a gradual and then a catastrophic collapse as core fuels in sequential layers
are expended. On final implosion and rebounding, the outermost envelopes are blasted
into the interstellar media. Inset is an electron image of a diamond from the Murchison
meteorite. Figure taken from Haggerty (1999).

are one type of ND structures (Shenderova and McGuire, 2006). This type of
NDs can be produced with HPHT diamond synthesis, CVD technique, and as
shown in Figure 1.6, with CVD-like method in stellar atmospheres. For example, Regueiro et al. (1992) reported that at room temperature and at high static
pressure buckyballs (C60 buckminsterfullerene) can be transferred to diamond.
Also, transformation of fullerenes and nanotubes to diamond under high pressure
and high temperature are discussed by Ma et al. (1994) and Cao et al. (2001),
respectively. Stability of ND particles have been investigated by many groups.
For example, for the first time, Badziag et al. (1990) showed, using a simple
atomistic model, that NDs with a size below ∼3 nm in diameter are energetically
favoured over polycyclic precursors to graphite, without requiring the high pres11
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Figure 1.7: Common geometry morphologies of ND particles. (a) Hexahedron, (b)
Truncated hexahedron, (c) Cuboctahedron, (d) Truncated octahedron, (e) Octahedron, (f) Rhombic dodecahedron, (g) Tetrakis hexahedron, (h) Triakis octahedron, (i)
Deltoidal icositetrahedron and (j) Hexakis octahedron. Figure taken from Barnard
(2011).

sures or extreme kinetic conditions usually associated with diamonds. Moreover,
in a series of studies Barnard carried out simulations on the phase stability of ND
particles (Barnard and Zapol, 2004; Barnard et al., 2003b; Barnard, 2011, 2014a).
These modeling studies predict that the truncated octahedron geometry is the
stable morphology for dehydrogenated NDs. Figure 1.7 shows common geometry
morphologies of ND particles. Note that as the topic of ND particles is the main
focus of studies in Chapters 4 and 5, further details can be found in Section 1.1.1.
Diamond Nanopillars - Diamond nanopillars (DNPs), also known as diamond nanowires, are one form of ND structures that have been of particular
interest for a long time due to their interesting applications on nanomechanical
and optoelectronic nanodevices (Appell, 2002). DNPs were discovered by Shiomi
(1997) and have been synthesized by various techniques, which are summarized in
a review by Yu et al. (2014). Baik et al. (2000) used a method involving air plasma
etching of polycrystalline diamond films to produce aligned diamond whiskers (see
Figure 1.8(a)). The CVD method is used to fabricate polycrystalline diamond
nanocylinders (Masuda et al., 2001). Ando et al. (2004) combined microwave
plasma treatment with reactive ion etching to form single crystalline DNPs (see
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a)

c)

b)

Figure 1.8: Scanning electron microscope micrograph of (a) diamond nano-whiskers,
(b) array of diamond rods and (c) single nanorod. Panel (a) is from Baik et al. (2000)
and panels (b) and (c) are from Ando et al. (2004).

Figure 1.8(b) and (c)). In addition to these experimental studies, some researchers
have used computer modeling to study the thermodynamic and geometry stability
of NDPs (Barnard et al., 2003a; Shenderova et al., 2003; Barnard, 2004; Okada,
2009). In addition to the stability of the DNPs, Barnard (2005) predicts that the
thin DNPs (diameter less than about 1.8 nm) have a considerably small band gap
compared to the bulk diamond. This theoretical study also suggests that based
on the diameter of the DNP, the morphology of the surface and degree of surface
hydrogenation, DNPs can be semiconductor or semimetal structures. Note that
as the topic of DNPs is the main focus of Chapter 6, the mechanical properties
of DNPs will be reviewed in more details in this chapter under Section 1.1.2.

New allotropes of carbon
Many new allotropes have been theoretically predicted or experimentally synthesized. These new allotropes have either two- or three-dimensional configurations
and possess some interesting properties. In what follows, we briefly explore the
structure and properties of a variety of new carbon allotropes. In order to easily
compare these allotropes, they are divided into two groups based on their parent
structures, graphene (sp2 bonded) and diamond (sp3 bonded). Note that full details and properties of all new allotropes would be beyond the scope and purpose
13
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of this thesis; hence, only a brief overview of these allotropes is provided in what
follows to help contextualize our findings in Chapter 6.
The new two-dimensional allotropes with graphene root have semiconductor
and metallic behaviours. Figure 1.9 represents seven of these new allotropes.
Graphenylene, which is also known as biphenylene carbon (panel (a)), has been
predicted in modeling studies (Balaban et al., 1968) and observed in experiment

b)
a)

Pentagraphene

Graphenylene

Twin Graphene

c)

Graphene

g)

H18 carbon

Graphyne

d)

Phagraphene

Biphenylene

f)

e)

Figure 1.9: New carbon allotropes based on graphene. (a) graphenylene; (b) pentagraphene; (c) twin graphene; (d) graphyne; (e) phagraphene; (f) biphenylene; (g)
H18 carbon. As described in the text, the colour coding in panels (b)–(d) showing the
hybridizations, i.e., sp2 and sp3 , and in panel (g) showing Wyckoff positions of atoms.
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(Du et al., 2017; Totani et al., 2017). All the 12 carbon atoms in graphenylene’s
unit cell are sp2 -hybridized, and in terms of energy it is less stable than graphene.
Graphenylene is also a semiconductor due to its small electronic bandgap. Pentagraphene is another semiconductor metastable allotrope of carbon which has
only been proposed theoretically (Zhang et al., 2015). Panel (b) shows the lattice
structure of pentagraphene, which consists of 6 atoms with sp2 (blue) and sp3
(red) hybrids. Twin graphene (panel (c)) is a semiconductor allotrope of carbon
which was theoretically predicted by Jiang et al. (2017). Its unit cell has 18
atoms and contains two types of inequivalent carbon atoms, (i) on the surface
planes and (ii) on the mid-plane, which are depicted by blue and red spheres,
respectively. Graphyne (Balaban et al., 1968) and its family (i.e., graphdiyne,
graphyne-3 and graphyne-4) are other semiconductor allotropes of carbon, and
so far only graphdiyne has been experimentally synthesized (Haley et al., 1997).
The crystal structure of graphyne is illustrated in panel (d), with the colour
coding showing the atoms on the surface (grey) and mid-plane (red).
Phagraphene and biphenylene are two metallic allotropes of carbon which
have been shown in Figure 1.9(e) and (f). Phagraphene is a theoretically stable
allotrope and all sp2 -hybridized carbon atoms construct pentagonal, hexagonal
and heptagonal rings (Wang et al., 2015). Another new metallic allotrope is
biphenylene, which was synthesized by Lothrop (1994). As seen from panel (f)
in Figure 1.9, by rotating two C−C bonds in the hexagonal ring in the graphene,
biphenylene with square and octagonal rings is generated. Also, biphenylene is
energetically less stable than graphene and phagraphene. H18 carbon is another
theoretically energetically stable metallic allotrope of carbon that has not yet been
found in the experiments. It was predicted by Zhao et al. (2016) and has a threedimensional sp2 - and sp3 -hybridized carbon bonding structure. The structure of
the H18 carbon is illustrated in panel (g), with the colour coding showing Wyckoff
positions of atoms.
Three-dimensional diamond-based new allotropes of carbon, similar to the
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graphene-based ones, have some novel mechanical or physical properties such
as metallic and superhard behaviours. Figure 1.10 illustrates the seven threedimensional new allotropes of carbon. Hex-C18 is a metallic allotrope of carbon
that has been theoretically predicted (Liu et al., 2017). So far, it has not been
experimentally observed but XRD calculations suggest that hex-C18 might exist
in detonation soot (Chen et al., 2003; Pantea et al., 2006). Hex-C18 can be gen-

Tri-C9

b)
a)

Hex-C18

T-type carbon

c)

Diamond

g) C20-T carbon

T-carbon

Tetragonal C64

d)

C14-diamond

f)

e)

Figure 1.10: New carbon allotropes based on diamond. (a) Hex-C18 ; (b) Tri-C9 ; (c) Otype and T-type carbon; (d) T-carbon; (e) C14 -diamond; (f) tetragonal C64 ; (g) C20 -T
carbon. Colour coding showing the hybridizations, i.e., sp2 and sp3 , as described in
the text.
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erated by rotating some bonds in graphene and its unit cell consists of 18 carbon
atoms with sp2 and sp3 hybrids. The lattice structure of this allotrope is shown
in panel (a), with the colour coding showing the hybridization (yellow = sp3 and
red = sp2 ). Panel (b) illustrates another metallic structure that has been theoretically predicted is called tri-C9 (Cheng et al., 2016). Although it has not been
synthesized in experiment, modeling studies predict that it can be generated by
compressing graphite. Also, simulations suggest that it is a thermodynamically
and mechanically stable allotrope. O-type and T-type carbon are two other metallic carbon allotropes which have been proposed theoretically (Liu et al., 2018).
These allotropes can be generated by using self-assembling diamond nanostripes
and C=C bond as linkers. Panel (c) illustrates the T-type carbon using colour
coding to indicate the hybridization (sp2 and sp3 atoms are shown as grey and yellow, respectively). O-type, with orthorhombic symmetry, corresponds to an odd
number of diamond nanostripes, while tetragonal symmetry allotrope (T-type)
corresponds to an even number. So far, only one of the T-type family which is
named T10 carbon has been experimentally observed (Xu et al., 2015). In addition, from a theoretical point of view, both types of allotropes are mechanically
and thermodynamically stable.
T-carbon is one of the well-known new allotropes of carbon that was theoretically predicted by Sheng et al. (2011) and has recently been synthesized in
experiment (Zhang et al., 2017; Xu et al., 2019). Figure 1.10(d) illustrates the
unit cell of T-carbon which contains two tetrahedrons with eight carbon atoms.
Theoretical studies proposed that due to narrow direct electronic band gap, this
allotrope is a semiconductor, and from a thermodynamical point of view, it is
metastable compared to diamond and graphite. Panel (e) shows a C14 -diamond
allotrope, with the colour coding showing the hybridization (brown = sp3 and
blue = sp2 ). As its structure is nearly similar to diamond, this allotrope is thermodynamically stable (Wu et al., 2017). Tetragonal C64 is another semiconductor allotrope of carbon with tetragonal symmetry (Wei et al., 2017). The crystal
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structure of this allotrope is illustrated in panel (f), with sp2 denoted by blue and
red spheres, while the black spheres depict sp3 hybridization. Theoretical study
predicts that this allotrope is dynamically and mechanically stable. Wang et al.
(2016) theoretically proposed another stable allotrope of carbon which is called
C20 T-carbon (panel (g)) and contains 20 carbon atoms in its unit cell with sp3
hybrid.
During the past decade, in addition to the above mentioned 14 new allotropes
of carbon, many other allotropes have been proposed such as P-carbon (Pan
et al., 2017), D-carbon (Fan et al., 2018), bcc-carbon (Liu et al., 2008), M-carbon
(Kiyohara et al., 2006; Li et al., 2009), Novamene (Burchfield et al., 2017), Protomene (Delodovici et al., 2018), Zayedene (Delodovici et al., 2019), K4 crystal
(Itoh et al., 2009), W-carbon (Wang et al., 2011), O-carbon (Wang et al., 2012),
tricyclobutabenzene carbon (TBBC) (Zhang et al., 2018), porous CY carbon (Zhu
and Wang, 2016), K6 carbon (Niu et al., 2014), m-C8 (Sung et al., 2017), threedimensional pentagon carbon (3D-C5) (Zhong et al., 2017), cyclo[18]carbon (C18 )
(Kaiser et al., 2019), and Pentadiamond (Fujii et al., 2020). Note that due to the
industrial and academic significance of new allotropes of carbon, there has been
increasing interest in recent years in discovering more carbon allotropes. As a
result, new forms keep being proposed every now and then but it is more a theoretical exercise than an experimental synthesis. I have thus provided an overview
of the 14 most famous allotropes together with a list of other recently found forms
to help contextualize our findings in Chapter 6 (i.e., a new O8-carbon allotrope).

1.1

Experimental context

In this thesis, the focus is on diamond, and we apply atomistic simulations techniques to study implantation, annealing, mechanical deformation, and structural
relaxation in various forms of diamond. In the following section we will provide a
brief overview of experimental studies from the literature and our collaborators.
This section is divided into four main parts: (i) ion-implantation into nano18
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sized diamond at the University of Huddersfield, UK, (ii) meteoritic literature
of stepped pyrolysis of meteoritic and synthetic nanodiamond, (iii) mechanical
deformation of diamond nanopillars in an electron microscope at the University
of Technology Sydney, and (iv) epitaxial diamond interfaces in semiconductor
heterostructures at the University of Melbourne.

1.1.1

Ion-implantation and thermal release mechanism

Nanodiamonds are one of the most abundant grains found in primitive meteorites (Ott, 1993), yet their origin is poorly understood. It has long been debated
whether or not NDs originated at a time prior to the formation of the Solar System. In this regard, NDs provide a record of nuclear and chemical processes in
stars and in the interstellar medium as well as sensitive astrophysical information
on galactic mixing (Ott, 1993; Koscheev et al., 2001; Nittler, 2003; Huss, 2005).
In addition, NDs contain isotopically anomalous noble gases and preserve them
for billions of years (Koscheev et al., 2001; Huss, 2005). The fact that these
trapped noble gases are isotopically anomalous has been taken as evidence that
the meteoritic NDs came from outside the Solar System and are presolar grains;
that is, they formed before the Sun’s formation. For this reason, they can provide
us with information on the history of nucleosynthesis in the galaxy. Their characteristics also provide clues to the conditions encountered in interstellar space,
in the solar nebula, and in the host meteorites. Meteoritic NDs are the least
well understood presolar grains due to their small size ranging between 0.2 and
10 nm in diameter, with an average diameter of ∼2.7–3.0 nm (Lewis et al., 1987;
Daulton et al., 1996; Dai et al., 2002; Huss, 2005; Daulton, 2006).
The discovery of nanodiamonds was made possible through the isotopically
anomalous xenon which is trapped in the diamonds. This isotopically strange
xenon is different from the “normal” Solar System xenon in that it is enriched in
Heavy and Light isotopes simultaneously. The trapped gas component, which is
called HL, also contains P3 which is another isotopically different component of
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Xe. The P3 gas component has isotopic ratios close to Solar System xenon, but its
isotopic composition is distinct (Huss, 2005). Figure 1.11 shows the isotopic pattern of anomalous HL component for xenon (Xe-HL), where it shows pronounced
excesses in the Light isotopes
and

136
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Xe and

126

Xe, and in the Heavy isotopes

134

Xe

Xe. The light and heavy nuclides are produced from nucleosynthesis in

supernovae (Clayton, 1989; Howard et al., 1992; Ott, 1996; Daulton, 2006). The
nuclear origin of the
capture, while

134
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Xe and

Xe and

136

126

Xe is the p-process and the so-called proton

Xe are formed through the r -process, also known

as neutron capture process. Neither of these processes occur within the Solar
System, which indicates that NDs contained within the meteorites come from a
pre-solar source in which heavy and light isotopes are preferentially produced.
The mechanism through which these noble gases became incorporated into the
NDs is not well understood, and there are doubts over whether meteoritic NDs
are solar or pre-solar. To date, many different theories have been proposed to
identify the cosmic origin of the ND, but none is without problems. Some of these
theories include CVD, hydrothermal, ion and laser irradiation, microscale plasma
(microplasma), and microwave plasma CVD (Angus and Hayman, 1988; Bach-

Figure 1.11: Isotopic composition for the pure Xe-HL component which are normalized
by the solar ratios (132 Xe). Figure is taken from Amari (2009).
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mann et al., 1991; Kharisov et al., 2010; Schwander and Partes, 2011; Kharisov
et al., 2012; Kumar et al., 2013; Xiao et al., 2014). In addition to experimental
studies on the generation of NDs, some computational modeling for synthesizing
nanodiamond have been reported (Barnard et al., 2005; Adler and Pine, 2009;
Adler et al., 2009; Marks et al., 2012). Note that the topic of formation of ND is
out of the scope of this thesis, and thus we will not get into further details.

Ion-implantation mechanism
So far, two theories have been seriously considered as mechanisms for incorporation of noble gases into NDs. It has been hypothesised that gasses could be
captured during the diamond growth process (Matsuda et al., 1991, 1995), and
secondly, through an ion implantation method (Lewis and Anders, 1981; Lewis
et al., 1987; Anders and Zinner, 1993; Daulton et al., 1996; Verchovsky et al., 1998;
Koscheev et al., 2001; Gilmour et al., 2005). Ion implantation is the most popular and plausible mechanism through which noble gases are incorporated into the
NDs. A strong evidence for an ion implantation hypothesis was explored in the
laboratory by Verchovsky et al. (2000) and Koscheev et al. (2001). For context,
Verchovsky et al. (2000) implanted about 1000 eV (argon, krypton and neon)
and Koscheev et al. (2001) used an implantation energy of about 700 eV (helium,
argon, krypton and xenon) into ultradispersed detonation diamonds (UDD) of
very similar size to meteoritic NDs (Huss and Lewis, 1994a,b). They showed that
low energy ion implantation is a suitable mechanism for trapping noble gases in
NDs.
In addition to experimental studies, some computational modeling for ion implantation has been reported (Biersack and Haggmark, 1980; Ziegler et al., 1985;
Verchovsky et al., 2001, 2003, 2004). For example, Biersack and Haggmark (1980)
used Stopping and Range of Ions in Matter (SRIM) simulation to calculate the
interaction of ions with the matter. SRIM is popular computer program in the ion
implantation research and technology community and also used widely in other
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branches of radiation material science. Verchovsky et al. (2003) used Monte-Carlo
Transport of Ions in Matter (TRIM) simulation, which is developed by Ziegler
(2004), to model noble gas ions implantation into spherical grains in free space.
Note that they considered the natural abundance isotope of noble gases, i.e., 4 He,
22

Ne,

36

Ar,

84

Kr and

132

Xe. They observed that for implantation energies of a

few hundred keV or less, the projected and lateral scattering, and also backscattering are important factors. In addition, they determined the dependence of ion
implantation on the grain size and ion angle of incidence. Figure 1.12 illustrates
the ion scattering as a function of implantation depth of neon and xenon, while it
is obvious that the scattering process of neon is substantially different from that
of xenon which is the heaviest noble gas.
Based on the above-mentioned arguments, the mechanism of noble gases implantation into NDs and also the impact of the size of the NDs and implantation
energy remain to be studied in detail. Recently, Shiryaev et al. (2018) reported
a combined experimental and computational study of xenon implantation into
NDs of widely different sizes. They used the Microscope and Ion Accelerator for
Materials Investigations (MIAMI) facility at the University of Huddersfield in the
United Kingdom to irradiate ND clusters with xenon ions. They considered three
different kind of NDs clusters: (i) natural NDs extracted from meteoritic ND with

Figure 1.12: Monte-Carlo TRIM simulation of 1.2 keV of neon and xenon implantation
into spherical diamond. Figure is taken from Verchovsky et al. (2003).
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a long-normal size distribution and a mean size of 2.7–3 nm (Lewis et al., 1987;
Daulton et al., 1996; Dai et al., 2002; Huss, 2005; Daulton, 2006), (ii) synthetic
NDs created by detonation NDs with mean size of 4–5 nm (Vlasov et al., 2010)
and (iii) synthetic NDs with grain sizes of 30–40 nm which are produced from
explosives (Shenderova et al., 2011). Shiryaev et al. (2018) used in situ transmission electron microscopy (TEM) imaging to monitor real-time evolution of
an implantation experiment. While 6 keV ions quickly destroyed the small NDs
(2–3 nm diameter), the larger grains (5 nm and above) were highly resistant to
irradiation.
Figures 1.13 and 1.14 show TEM images displaying a cluster of NDs before
(top panels) and after (bottom panels) irradiation by 6 keV xenon ions at room
temperature. Figure 1.13(a) and (c) illustrate the TEM images of detonation
ND, while panels (b) and (d) represent the meteoritic NDs. Figure 1.14 shows
analysis of the evolution of detonation NDs. To identify the size of NDs of the
clusters some of the NDs are highlighted based on the initial diameters (before

Figure 1.13: Transmission electron microscopy (TEM) images of (a) and (c) detonation
NDs, and (b) and (d) meteoritic NDs before and after xenon irradiation. Figure is taken
from Shiryaev et al. (2018).
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Figure 1.14: TEM images and analysis of detonation NDs, (a)–(d) before and (e)–(h)
after irradiation with 6 keV Xe. Individually-identifiable NDs on the peripheries of
the clusters are highlighted according to their initial diameters in red (<5 nm), green
(∼10 nm) and blue (>15 nm). All the panels have the same scale marker. Figure is
taken from Shiryaev et al. (2018).

irradiation). As can be seen, after the irradiation, the smaller NDs are completely
destroyed while the larger ones remain nearly unchanged. In the same study,
MD simulations of the implantation process explained this result by showing
that small NDs are heated to very high temperatures (over 3000 K) for several
picoseconds. Larger NDs, however, have sufficient thermal mass to absorb the
deposited energy and retain their diamond character.
Following on the above-mentioned ion-implantation experiments from Shiryaev
et al. (2018), Chapter 4 of this thesis provides full details of the atomistic simulation of xenon implantation into NDs. The NDs range in size from 2 to 10 nm
and the implantation energy of up to 40 keV are considered. In addition, in
the first part of Chapter 5, low implantation energies (up to 700 eV) are considered to simulate and study the hypothesis explored by Verchovsky et al. (2000)
and Koscheev et al. (2001). Chapter 5 also includes a mechanism for incorporation of noble gases into the meteoritic and synthetic NDs based on our atomistic
simulations.
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Thermal release mechanism
Thermal release behaviors of noble gases during the stepped pyrolysis of meteoritic NDs is still very much an open issue. As mentioned before, meteoritic
NDs contain at least two different isotopic noble gas components, called P3 (with
a nearly “normal” isotopic composition) and HL (with an “anomalous” isotopic
composition). Laboratory stepped pyrolysis studies showed that different isotopic
components of entrapped noble gases into the meteoritic NDs are released at different temperatures, which means that these components have different origins
(Huss and Lewis, 1994a,b; Koscheev et al., 2001; Huss, 2005). Stepped pyrolysis
experiments reveal that light noble gases (helium and neon) have a single broad
peak temperature-release distribution, while for heavy ones (argon, krypton and
xenon) the thermal-release distribution is bimodal (Huss and Lewis, 1994a,b). It
is generally accepted that the P3 component is released from the NDs at low temperatures (up to 800◦ C), while the HL component is released at high temperatures
(more than 1000◦ C) (Huss and Lewis, 1994a,b).
The origin of the uni- and bi-modal thermal release behaviors of noble gases,
in particular helium and xenon, from meteoritic NDs is still very much an open
issue. To date, many different hypotheses have been proposed to understanding
the origin of the P3 and HL components to identify the incorporation of the
noble gas, and gas release during pyrolysis. One of them suggests that the P3
gases are sited near the surface of ND grains (Huss, 2005; Nuth and Allen, 1992),
and also probably because of some thermal event, these P3 gases are trapped
between the surface graphitic-like structure of diamond grains and the bulk of
ND grains (Fisenko and Semjonova, 2010). This hypothesis also suggests that the
HL anomalous components are implanted into the NDs which is consistent with
the r - and p-processes in supernova nucleosynthesis (Clayton, 1989; Howard et al.,
1992; Ott, 1996). Another theory suggests that both P3 and HL components are
implanted into separate ND grains and the concentration of both gases is strongly
dependent on the size of ND grains (Verchovsky et al., 1998; Fisenko et al., 2004;
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Gilmour et al., 2005; Fisenko et al., 2014). These studies suggested that the bimodal release temperature could explain that both P3 and HL components are
located in different ND grains with similar sizes.
Another laboratory explanation of thermal release behaviors of noble gases
was proposed by Koscheev et al. (2001), where they implanted noble gas ions
into synthetic ND. As discussed before, they showed that ion implantation is a
suitable mechanism for trapping noble gases in diamond. Another remarkable
experimental result suggests that implantation of a single isotopic composition
can produce bi-modal temperature release from the same grains. This suggests
that the isotopically anomalous (HL) and normal (P3) gases found in the NDs
were probably implanted into them through events separated in time and space.
That is, the HL component must have been implanted into the diamonds in a first
stage, and the P3 component must have been incorporated at a different stage.
In contrast with the previous hypothesis by Verchovsky et al. (2000), a series of
experiments by Koscheev et al. (1998, 2001, 2004, 2005) suggest that both the P3
and HL gases can be located in the same or different populations. This suggests
that the P3 component is released simultaneously at low and high temperatures,
which means that P3 component is released along with the anomalous pure HL
component at the high temperature peak. It is to be noted that, as shown in
Figure 1.15, their pyrolysis measurements observed a single broad temperature
distribution for He and Ne, and a bimodal distribution for Ar, Kr and Xe, corresponding almost exactly with those found for meteoritic NDs (Huss and Lewis,
1994a,b). Even though the implantations involved only a single component for
each noble gas, a bimodal temperature-release distribution was found.
In summary, it is generally accepted that the anomalous HL gases are implanted into the meteorite NDs; and by graphitization of NDs at high temperature, HL component is released from NDs. In contrast, the incorporation and
releasing process of P3 gases have remained ambiguous. In Chapter 5 of this
thesis, a molecular dynamics approach is employed to detailed atomistic insight
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Figure 1.15: Thermal release patterns of noble gases during stepped pyrolysis of meteoritic (Orgueil) NDs (Huss and Lewis, 1994a,b) and terrestrial (UDD) NDs implanted
with noble gas mixture (700 eV). Figure taken from Koscheev et al. (2001).

into the process of implantation and incorporation of noble gases into NDs and
also presents a clear atomistic explanation for the release process of entrapped
gases from NDs during the annealing.

1.1.2

Deformation of diamond nanopillars

Understanding of mechanical deformation and failure mechanisms, as well as
ultimate damage tolerances of nanostructured materials, is crucially important
for applications of nanomaterials into future generation nanodevices in sensing,
defense and energy storage (Brinckmann et al., 2008; Jang and Greer, 2010; Taloni
et al., 2018). Intriguingly, mechanical properties of bulk materials can be altered
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dramatically when the material dimensions are reduced to the micro- and the
nano-scale (Zepeda-Ruiz et al., 2007; Gu et al., 2012; Huang et al., 2014) as was
demonstrated with metals (Gu et al., 2012) or silica glasses (Luo et al., 2015). Of
a particular scientific and technological interest are the different carbon allotropes
(Si et al., 2016; Bauer et al., 2016; Shiell et al., 2018).
Diamond, the hardest bulk material known so far, is remarkably stiff and
durable (Banerjee et al., 2018). It has significant applications in a variety of
research topics such as biomedicine, electronics, and photonics (Robinson, 1986;
Zhu et al., 1998; Aharonovich et al., 2011; Mochalin et al., 2012; Wang et al.,
2014; Zhu et al., 2016; Chen and Zhang, 2017). The mechanical properties of
diamond have been of particular interest for a long time. To date, many theoretical studies and experimental investigations (Uemura, 1994, 1995; Telling et al.,
2000; Roundy and Cohen, 2001; Xiong et al., 2007; Jiang et al., 2011; Guo et al.,
2011; Jensen et al., 2015) have been performed to study its strength and elastic modulus under various loading conditions (Xiong, 2011). Elastic and plastic
deformation of diamond have also been studied intensively and form the basis
of many devices and technologies developed in the field of integrated electronics,
catalysis and nanophotonics.
Recently, Banerjee et al. (2018) experimentally reported the ultralarge and
reversible elastic deformation of h111i-oriented diamond nanoneedles. They observed this deformation in nanoneedles of both single-crystalline and polycrystalline diamond. Figure 1.16(a) shows the elastic deformation and full recovery
to original shape. They also demonstrated catastrophic fracture along the {111}
planes after the critical displacement of the needle (see Figure 1.16(b)). Very
recently, our experimental collaborators at the University of Technology Sydney
used the electron beam of a scanning electron microscope (SEM) to induce an
electrostatic-deformation of nanoscale diamond pillars (Regan et al., 2020). They
showed that DNP bent through large angles and can undergo reversible plastic
deformation in (100)-oriented nanopillars, while (111)-oriented nanopillars un-
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Figure 1.16: (a) Scanning electron microscope (SEM) micrographs of ultralarge elastic
deformation in a single-crystalline nanoneedle during loading and subsequent full recovery after unloading. (b) Larger deformation of the same nanoneedle in panel (a) to
the point of catastrophic fracture. Figure adapted from Banerjee et al. (2018).

dergo elastic deformation and brittle fracture. As our findings in Chapter 6 are
motivated by their remarkable results, the full details of their experimental results
are provided in what follows.
In their deformation experiments, the beam was used to locally charge diamond nanopillars and their surroundings, generating Coulomb forces that are
sufficiently strong to deflect the nanopillars. This technique is unique and attractive because physical contact is not needed to induce bending. It is also,
rapid and reversible and enables real-time imaging of deformation dynamics with
high spatial resolution. Employing this technique, they were able to characterize the deformation dynamics of a large number of nanopillars, and to delineate
dependencies on the size and crystallographic orientation of nanopillars.
Tapered diamond nanopillars were fabricated from single crystal diamond
with (001) and (111) orientations using a reactive ion etching (RIE) process.
The fabrication process is shown in Figure 1.17. A colloidal solution of SiO2
microbeads was dispersed on the bulk diamond surface, followed by an RIE step
in an oxygen plasma. They utilized conditions that favored resputtering, resulting
in local micromasking of the SiO2 microbeads to obtain diamond nanopillars

29

Chapter 1: Introduction

a)

b)

d)

c)

Figure 1.17: Schematic diagram of fabrication procedure, taking a bulk CVD-overgrown
diamond and undergoing a dry etch procedure to fabricate diamond nanopillars. (a)
A bulk diamond is (b) coated with a Silica (SiO2 ) bead solution. (c) Inductively
coupled plasma-reactive ion etching (ICP-RIE) of the bulk diamond is being done into
the described conditions. (d) The fabricated diamond nanoneedles undergo a cleaning
process and are complete. Figure adapted with permission from the Supplementary
Materials of Regan et al. (2020).

with diameters ranging from ∼200 nm to ∼20 nm. Further details have been
provided in Regan et al. (2020). The density of diamond nanopillars ranges from
closely packed to isolated, as shown in Figure 1.18(a) and (b). This is useful for
controlling charging of the nanopillars in an SEM, as is discussed below. The
shape of the diamond nanopillars, shown in Figure 1.18(b), is typically tapered
with a minimum diameter of ∼15 nm, situated on a conical base that is ∼200 nm
wide.
To study the deformation dynamics of diamond, the fabricated nanostructures were pre-irradiated and imaged using the focused electron beam of a SEM,
as shown shematically in Figure 1.18(c). Under the conditions used here, electron irradiation does not generate defects in diamond (Martin et al., 2015). It
does, however, give rise to localized charge accumulation (Cazaux and Lehuede,
1992) due to electron injection/emission into/from the nanopillars and surrounding diamond, generating electrostatic forces that are sufficiently strong to bend
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Figure 1.18: Deformation of (001)-oriented single crystal diamond nanopillars. (a) Distribution of diamond nanopillars after fabrication. The scale bar corresponds to 2 µm.
(b) Isolated tapered nanopillar showing the typical shape. The scale bar corresponds to
500 nm. (c) Schematic of the experimental setup used to deform and image nanopillars.
The blue colour indicates a focused electron beam. (d) Schematic of the underlying
charging mechanism that was utilized to bend diamond nanopillars. (e) False-color
SEM image of a diamond nanopillar before deformation. (f) The same nanopillar after
bending induced by an electrostatic force with deflection of ∼25 degrees. Scale bars
correspond to 100 nm. Figure adapted with permission from Regan et al. (2020).

the nanopillars (Figure 1.18(d)). A free standing nano structure charges positively when the material volume is small relative to the interaction volume of the
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electron beam. In contrast, large volumes (in relation to the electron interaction
volume) such as the bulk will charge negatively. The charging effect is amplified
by the strongly insulating nature of diamond, which prohibits charge neutralization through the bulk. As the electron beam was focused on a larger diamond
structure next to a nano pillar with a narrow neck, positive charges accumulated,
resulting in a Coulomb force. A typical example is shown in Figure 1.18(e) and
(f), by an SEM image pair of a nanopillar before and after localized electron beam
irradiation was used to deform it. The deformation of the diamond nanopillar
was limited to the narrow, tapered section of the diamond, where the nanopillar
diameter has a minimum. Note that localized scanning of the diamond by the
electron beam, as well as spot-irradiations can be used to redistribute the charges,
alter the electric field distribution and therefore reversibly bend the nanopillars
in arbitrary directions.
Previous reports (Humble and Hannink, 1978; Huang et al., 2014; Banerjee
et al., 2018) on mechanical indentation of diamond nanopillars show elastic deformation, followed by brittle fracture or restoration of the nanopillars to their
original positions upon stress relief. In contrast, deformation of our (001)-oriented
nanopillars is permanent, indicating a deformation beyond the elastic response,
into the plastic regime. The plastic nature of the deformation was confirmed
by imaging of nanopillars after exposure to atmosphere, and confirmed by the
conventional elastic behaviour (and brittle fracture) of (111)-oriented nanopillars
that is demonstrated below.
The act of plastic deformation requires the formation and propagation of defects (e.g. dislocations) within the lattice that does not result in brittle fracture.
Previous works by Huang et al. (2014) and Humble and Hannink (1978) have
shown that in diamond, the (111) plane exhibits such dislocations under specific
conditions, due to a lower binding energy along this direction. On the molecular scale, plastic deformation requires breaking and re-formation of interatomic
bonds. Yet, in diamond, the covalent bonds are highly directional and thus
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strongly resist deformation, leading typically to brittle fracture along a crystallographic plane. However, the plastic deformation observed here suggests that
the nanopillars are sufficiently small for the Gibbs Free energy to be lower, to
induce ductile rather than a brittle deformation. The nanometre scale of the
pillars is required for plastic behaviour to occur, which was indeed observed in
experiments that we used to identify the ultimate diameter below which deformation was observed. Figure 1.19(a) shows the results from a statistical study
of over 50 nanopillars, with an approximate threshold of ∼40 nm, above which
no bending was observed. Figure 1.19(b) and (c) show typical examples of the
deformation of nanopillars with minimum diameters of 18 nm and 21 nm, respectively. An example of a nanopillar that is sufficiently thick in order not to exhibit
any bending is shown in Figure 1.19(d). The video of the deformation process is
b))

a))

c))

d))

Figure 1.19: Size-dependence of the deformation behaviour of (001)-oriented nanopillars. (a) Histogram of nanopillars that were observed to bend/deform as a function of
size. Blue and red bars designate nanopillars that did and did not bend, respectively.
(b) SEM image pair showing a typical example of a “thin” nanopillar with a minimum
diameter of 18 nm bending from its initial position (left) to the plastically-deformed
position (right). (c) Analogous example of plastic deformation of a nanopillar with
a minimum diameter of 21 nm. (d) Typical example of a “thick” nanopillar with a
minimum diameter of 70 nm that did not undergo deformation. Scale bars in (b)–(d)
are 200 nm. Figure adapted with permission from Regan et al. (2020).
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provided in Movie 1.1. We note that, in some cases, the nanopillars undergo a
noticeable vibration prior to plastic deformation, which indicates that the electrostatic force was initially too weak to exceed the elastic regime. The vibrations
increase during electron imaging/irradiation, and deformation would occur when
the electron beam was localized to the thinnest region of the nanopillar.
The plastic behaviour seen in Figures 1.18 and 1.19 was not observed in (111)oriented nanopillars subjected to the same deformation conditions. In contrast,
these nanopillars exhibit elastic deformation and brittle fracture, which is typical
deformation behaviour of bulk diamond. The effect is illustrated in Figure 1.20,
where the thin diamond nanopillar was irradiated with the electron beam but
was fractured (rather than bent). Video of the fracture is shown in Movie 1.2.
The dramatic difference between the deformation dynamics of (001) and (111)oriented nanopillars serves as direct evidence for the underlying mechanisms revealed by the simulation results presented in Chapter 6, and for the fact that the
plastic behaviour exhibited by (001)-oriented nanopillars is not an artifact of hysteresis of the electron-beam-induced charging process that we used to deform the
nanopillars. Note that we exclude damage caused by the electron beam, amorphisation or surface termination as plausible causes for the plastic deformation,
since those would have been identical for both (001) and (111) oriented pillars.
Intuitively, the elastic behaviour of (111)-oriented diamond seen in Figure 1.20 is
consistent with the fact that the (111) plane of face-centered cubic structures has
the lowest bonding energy. It is therefore a natural shear direction, suggesting
that (111)-oriented diamond pillars will be most susceptible to brittle failure.
In Chapter 6, we complement these experimental results with molecular dynamics simulations of the deformation process that reveal the underlying mechanism. Our simulations provide atomistic details of the plastic, elastic and brittle
failure of diamond nanopillars. Our results reveal that strain induces the emergence of a new ordered allotrope of carbon – which we term O8-carbon – that
mediates the plastic deformation process.
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a)

b)

.

Figure 1.20: Brittle fracture of (111)-oriented diamond nanopillars. (a) False-color
SEM image of a nanopillar before deformation. (b) The same nanopillar after brittle
fracture. Scale bars correspond to 100 nm. Figure adapted with permission from Regan
et al. (2020).

1.1.3

Epitaxial diamond interfaces

Semiconductor heterojunctions are routinely formed to exploit the superior properties of two different materials. However, to attain good quality material properties and optimized device performance, control over the interface crystallinity
and defect formation is required. In the case of a pair of materials with a high degree of lattice mismatch, such a coherent interface is typically prohibited, limiting
the available options for heterojunction engineering. The emergence of advanced
epitaxial or so-called textured growth techniques has developed new interesting
research topics on materials and heterostructures, surprisingly for materials with
huge lattice mismatch. In recent years, studies have reported the epitaxial growth
of diamond on different materials with a close lattice structure, such as silicon
(Si) and silicon-carbide (SiC). Due to its scalability and thermal expansion, Si is a
promising substrate material for the epitaxial growth of diamond, and this mechanism has been previously reported (Narayan et al., 1988; Williams and Glass,
1989; Jeng et al., 1990; Jiang et al., 1993; Robertson, 1995; Schreck and Stritzker,
1996). On the contrary, due to the huge lattice mismatch (∼32%) and significant
surface energy differences (1.51 and 5.60 J/m2 for Si and diamond, respectively
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(Hong and Chou, 1998)), diamond nuclei on Si did not coalesce with neighboring
nuclei (Yaita et al., 2018).
Lee et al. (2000) reported that by using a cubic polytype silicon carbide (3CSiC) intermediate layer, diamond can make nuclei on the Si substrate. Based
on this experimental result and due to the smaller lattice mismatch between diamond and SiC (∼18%) compared to diamond and Si (∼32%), epitaxial 3C-SiC
buffer layers on Si substrates are useful for diamond epitaxy (see Figure 1.21).
Also, by using the high-resolution transmission electron microscope (HRTEM),
Wen et al. (2009) studied the interface structure of 3C-SiC and Si, and investigated the interfacial misfit defects. Based on their analysis, four different types
of misfit dislocations at 3C-SiC/Si interface were determined. In addition to experimental studies on SiC/Si heterostructure, few computational studies of the
SiC/Si interface have been reported. A series of works from Cicero et al. (2002a,b)
and Pizzagalli et al. (2003) studied the misfit dislocations at the SiC/Si interface
using classical and first-principles calculations. They showed that according to
the computed configuration energy, it is favorable to have carbon atoms at the
reconstructed interface. Also the edge dislocations at the interface were the most
efficient mechanism for the strain relaxation. Their results were in agreement
with laboratory observations by Long et al. (1999).
In the case of epitaxial growth of diamond on SiC, which has exactly the
same crystal structure, a few experimental studies have been reported (Walmsley

Figure 1.21: A schematic demonstration of diamond thin film on Si substrate with
3C-SiC buffer layers. Percentage of the lattice mismatch of layers are shown. Figure is
taken from Yaita et al. (2018).
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and Lang, 1983; Chang et al., 2000; Voronin et al., 2001; Park et al., 2006, 2007).
These studies used TEM to investigate the microstructural behaviour of the interface of diamond and cubic SiC (β-SiC). The main outcome of these experiments
is that an orientation relationship exists between diamond and SiC composites
(Matthey et al., 2017). Similarly, Stoner and Glass (1992) reported the heteroepitaxial growth of diamond on (001)-β-SiC substrates. They employed an in
situ bias pretreatment by standard microwave plasma chemical vapor deposition.
Based on their scanning electron microscopy results, ∼50% of the initial diamond
nuclei are textured with the (001) planes parallel to the (001)-SiC substrate and
[110] directions are aligned within 3◦ . Park et al. (2007) experimentally pointed
out the relationship between {111}-diamond and {111}-3C-SiC and also h011idiamond and h112i-3C-SiC, and they observed about 5% lattice mismatch in the
diamond/3C-SiC interface. In a recent experiment, Yaita et al. (2017) reported
epitaxial nucleation of diamond on the (001)-3C-SiC/(001)-Si substrates with a
small tilt of the planes and small misfit dislocations. In addition, Suto et al.
(2017) successfully fabricated a highly oriented (111)-diamond film on (111)-3CSiC/(111)-Si substrates.
Recently, our experimental collaborators at the University of Melbourne went
one step further than the studies mentioned above, and for the first time, they
demonstrated local coherent heteroepitaxial growth of (100)-SiC on (100)-diamond
with minimal strain (Tsai et al., 2020). They performed high-resolution transmission electron microscopy (HRTEM) to confirm the quality and atomic structure
near the interface. Note that as these experimental results are a point of focus in
this thesis, in what follows we will provide detailed descriptions of the performed
experiments to help contextualize our findings in Chapter 7.
A HRTEM image of the fabricated SiC-on-diamond interface is shown in Figure 1.22 with accompanying Fast Fourier Transforms (FFTs) and a Near Edge Xray Absorption Fine Structure (NEXAFS) spectrum. Figure 1.22(a) shows three
distinct layers: a protective layer of graphite used for TEM handling, the grown
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SiC film with a cubic lattice structure, and the diamond substrate. The 3C-SiC
layer is confirmed with NEXAFS in Figure 1.22(b) (Chang et al., 1999; Prado
et al., 2003; Liu et al., 2017). The grown 3C-SiC layer, seen in Figure 1.22(a),
is approximately 10 nm thick and not atomically smooth nor perfectly homogenous with noticeable shadow contrasting around the interface. This is due to
changes in material density that occur through the sample lamella (∼100 nm
thick) and strain from localized and extended defects. Despite this, the crystallinity in both the grown layer and substrate is evident, as seen in the inset
which is the calculated FFT of the TEM image Figure 1.22(a). Importantly, no
major strain-relieving threading dislocations are observed to propagate into the
bulk on either side of the interface. Figure 1.22(c) is the enlarged area highlighted
in Figure 1.22(a) with a dashed box where high coherence between 3C-SiC and
diamond is seen to be over 8 nm wide. Despite the coherence, the two materials
are very slightly misoriented by approximately 1◦ , as shown in orange, compa-

Intensity (a.u.)

b)

SiC
1830

1850

1870

1890

Photon Energy (eV)

Figure 1.22: (a) Cross-sectional HRTEM (5 nm scale bar) of the prepared sample,
showing graphite, SiC and diamond layers. The image is taken in the [110] direction,
and the inset shows the FFT of the entire image. (b) SiC NEXAFS of the surface
after 1350◦ C anneal. (c) Magnification of the selected area in (a) demonstrating a
coherent interface between SiC and diamond; slight misorientation is shown via the
orange and light blue lines. (d) is the FFT of (c) with clear and largely oriented SiC and
diamond signals. (e) and (f) are FFTs of the dashed and dotted regions, respectively,
highlighted in (c) that verify the crystal quality of SiC and diamond. Figure adapted
with permission from Tsai et al. (2020).

38

Chapter 1: Introduction
rable to the literature values of 0.52◦ when diamond was seeded on a 3C-SiC
substrate (Yaita et al., 2017). Coherence over 5–10 nanometres without extended
defects in the grown layer indicates that a periodic bonding structure exists at
the interface.
The quality of the interface is further demonstrated by the FFT shown in
Figure 1.22(d), which is calculated from Figure 1.22(c). Here, the bright diffraction signals are arranged into inner and outer hexagons which are calculated from
the delineated areas in Figure 1.22(c); these are caused by 3C-SiC and diamond,
respectively. From these FFTs it is clear that the misalignment between the two
materials, if any, is very slight with [11̄1̄], [002] and [11̄1] signals showing a strong
linear dependency, thus providing strong evidence that the grown 3C-SiC used
the diamond as a template for crystallization. From these diffraction points, the
lattice constants for 3C-SiC and diamond are derived to be 4.42 Å and 3.61 Å,
respectively. The signal peaks were located by fitting Gaussians to intensity line
cuts that went through opposing [002] diffraction points to achieve sub-pixel accuracy. The calculated values are within 2% accuracy of the literature lattice
constant values of aSiC = 4.360 Å (Taylor and Jones, 1960; Järrendahl and Davis,
1998) and adiamond = 3.567 Å (Krüger, 2010) and are well within instrumental
error margins. This, in conjunction with the FFT plots, indicate that there is
minimal strain between the materials despite a lattice mismatch of 22%. Outside
the area of high quality crystallinity; however, stacking faults and defects begin to
appear in the grown 3C-SiC layer as shown by fault lines in Figure 1.22(d) which
are barely evident in Figure 1.22(e). The formation of low-strain SiC locally on
single-crystal diamond provides strong evidence that this fabrication procedure
has promise in bypassing the polycrystalline limitations of diamond growth seen
in other diamond heterostructures (Koizumi et al., 2018).
A microscopic understanding of the atomic structure and the chemical environment at the interface, which plays a significant role in the physical properties
of semiconductor heterojunctions, still remains hardly accessible to any above-
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mentioned experimental technique. Atomistic simulations are a powerful tool for
complementing the experiments. To understand the formation of SiC/diamond
heterostructure and provide atomistic details of the SiC/diamond interface, classical molecular dynamics simulations are used in Chapter 7. In that chapter,
we provide an atomic-level discussion of dislocations and reconstructions on the
SiC/diamond heterojunctions interface.

1.2

Computational method

Computer simulations, also known as virtual experiments, are principal methods
in all different disciplines of scientific research. They are playing a significant
role in enhancing the understanding of laboratory (real) experiments. Computer
simulations can accompany experimental as a way to model what happens in realworld experiments. Atomistic simulation methods calculate the interaction energies between atoms/molecules in a system (or atomic nuclei and electrons), and
also determine the evolution of such systems with time. In the scope of atomistic
simulations are various methods, from the most accurate quantum mechanical
methods to more approximate empirical pair potential methods. Basically, the
accuracy of the methods has an inverse relation with the computational cost of
calculations. The quantum mechanic methods can be applied to small systems
(e.g., less than 100 atoms) for picosecond timescale, while the empirical methods
can handle large systems with millions of atoms over nanosecond periods of time.
Calculating the energy of a system of atoms is the substantial requirement
to carry out atomistic simulations. Time and space derivatives of this energy
give rise to all calculable properties of the systems such as electronic properties,
optimized atomic configuration, and thermodynamic and elastic properties. In
this section, we briefly introduce the computational method that has been used
in this thesis.
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1.2.1

Molecular dynamics simulations

Molecular Dynamics (MD) simulation is a well-established computational method
used to provide understanding of the equilibrium and transport properties of
nano-structure materials by using classical mechanics. Nowadays, MD method
is broadly used in different scientific research areas such as physics, chemistry,
astrophysics and biology.
MD technique solves Newton’s equations of motion of a system of N particles
(called N -body system). The general protocol of MD simulation has three steps:
(i) set up initial systems and conditions such as position and initial velocity of each
atom, (ii) by applying classical potential method, atomic and molecular forces
are calculated, and (iii) the new configuration of the system for each time step is
identified by using Newton’s equations of motion. These steps are then repeated
until the required time for the simulation is achieved. Note that the physical
properties of the system are usually ensemble or time averages. In other words,
as MD simulations propagate the equations of motion of the system, to compute
the properties of the system relies on post-processing of trajectory information.
Equations of motion
Classical Newton’s equation of motion of N -body system is used to calculate the
force between the particles. The force is equal to the negative derivative of the
potential energy as
Fi = −

∂U (r1 , r2 , . . . , rN )
,
∂ri

(1.1)

where Fi is the force acting on the ith particle, U is the potential energy and r
is the position of the particles. To calculate the force between the particles the
above equation is integrated over the time. Various algorithms exist to integrate
the equation of motion. These algorithms are derived from a third-order Taylor
expansion of the position (coordinate of the particle) forward and backward in
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time t:
r(t + ∆t) = r(t) + v(t)∆t +


F(t) 2 ∆t3 0
∆t +
F (t) + O ∆t4 ,
2m
3!

(1.2)

r(t − ∆t) = r(t) − v(t)∆t +


F(t) 2 ∆t3 0
∆t −
F (t) + O ∆t4 .
2m
3!

(1.3)

and

For the MD simulations in this thesis the velocity-Verlet algorithm is used.
Based on the Verlet algorithm (Verlet, 1967) the position of the particles can be
defined by summing Equations (1.2) and (1.3),
r(t + ∆t) + r(t − ∆t) = 2r(t) +


F(t) 2
∆t + O ∆t4
m

(1.4)

F(t) 2
∆t .
m

(1.5)

or
r(t + ∆t) ≈ 2r(t) − r(t − ∆t) +

The estimate of the new position contains an error that is of order ∆t4 , where
∆t is the time step in MD scheme and m is the mass. This equation suggest that
we can generate the next position of the particle (r(t + ∆t)) by using the current
position (r(t)) and the previous position (r(t − ∆t)) along with the current force
(F(t)). Note that the Verlet algorithm does not use the velocity to compute
the new position, whereas the velocity at time t can be calculated from previous
positions using
r(t + ∆t) − r(t − ∆t) = 2v(t)∆t + O ∆t3



(1.6)

or
v(t) =


r(t + ∆t) − r(t − ∆t)
+ O ∆t2 .
2∆t

(1.7)

This expression for the velocity is only accurate to order ∆t2 (Frenkel and
Smit, 2001). For more accurate the velocity a Verlet-like algorithm must be used,
like the velocity-Verlet algorithm. The velocity form of the Verlet algorithm is
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given by the following equations,
r(t + ∆t) = r(t) + v(t)∆t +

v(t + ∆t) = v(t) +

F(t) 2
∆t
2m

F(t + ∆t) + F(t)
∆t.
2m

(1.8)

(1.9)

In this method, we can calculate the new velocities only after we have calculated the new positions.
Physical quantities
MD simulations computes quantities such as position of the particles and their
velocities. In order to convert those quantities into macroscopic observables such
as pressure, energy and temperature we need statistical measurement. For example, the temperature is calculated by taking the average of velocity over all
particles in system by the following expression,
hTi =

X
1
mn vn .vn i,
h
3(N − 1)kB n

(1.10)

where vn is the velocity of nth particle, kB is Boltzmann’s constant and N is the
total number of particles in the system. Pressure is calculated by
hPi =

NkB hTi
1 XX
+
h
Fn1 n2 .rn1 n2 i,
V
3V n n
1

(1.11)

2

where V is the volume of the system and Fn1 n2 is the force acting between n1 and
n2 particles and rn1 n2 is the distance between two particles.
MD simulations can be performed in a number of ensembles which are defined by three different physical variables such as the number of particles (N),
volume (V), temperature (T), total energy (E) chemical potential (µ) and pressure (P). Different ensembles can be generated depending on which three variables
are constant or constrained. The simplest ensemble is the NVE ensemble that
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is called microcanonical ensemble and stands for a constant number of particles, constant volume and constant total energy. Other well-known ensembles
are the NVT (also named canonical) and NPT (also called isothermal-isobaric)
ensembles. There are different methods to control temperature, such as Andersen (Andersen, 1980), Nosé-Hoover (Hoover, 1985) and Bussi (Bussi et al., 2007)
thermostats. The most popular methods for controlling the pressure in the NPT
ensemble are Andersen (Andersen, 1980), Nosé-Hoover (Hoover, 1985) and ParrinelloRahman (Parrinello and Rahman, 1981) barostats. All the simulations in
Chapters 2, 3 and 7 are performed in an NVT ensemble using the Bussi thermostat to control the temperature, while in Chapters 4 and 5 we use an NVE
ensemble. Also, most of the simulations in Chapter 6 are performed in an NVT
ensemble using the Bussi thermostat and some of them are performed in an NPT
ensemble using the Nosé-Hoover thermostat.
Potential energy and force (see Equation 1.1) of the system can be calculated
in several ways, such as force fields, pair potentials, many-body potentials, tightbinding and ab initio methods. Force fields usually use harmonic expressions
to describe the bond breaking and stretching. They are composed of atomic
interaction parameters and formula with two different terms. The nonbonded
or so-called noncovalent term contains pairwise energy components such as electrostatic and Lennard-Jones (LJ), whereas the bonded/covalent part includes
covalent energy terms, such as angle bending, bond stretching, torsion angle and
dihedral energies. Pair potentials include the LJ potential and calculate the total
energy by summing over all pairs of atoms. Tight-binding is the simplest quantum mechanical calculation method that includes electrons in the simulations.
Ab initio methods, such as density functional method, approximate the energy
from first principles based on the laws of quantum mechanics. Many-body potentials are another way to calculate the force and energy of the system, which
are higher-order terms of analytical potentials. We will discuss these potentials
later in Section 1.2.3.
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1.2.2

Periodic boundary conditions

Molecular dynamics simulations are usually implemented systems of thousands
of particles. In order to generate bulk material and eliminate edge effects, we use
periodic boundary conditions. A schematic of periodic boundary conditions in
two-dimensions is shown in Figure 1.23. In a simulation with periodic boundary
conditions, as a particle moves in the original simulation box (primitive cell), its
periodic images of the particle in neighboring simulation boxes move in exactly
the same way. Note that the particles in the primitive cell interact not only
with the other particles in the cell but with their periodic image in each adjacent
box as well. Hence, particles can pass through the box boundary and enter the
neighboring box. When this happens, the image of the same particle will enter
the main simulation box from the opposite side, keeping the mass in the box
constant and eliminating edge effects (Allen and Tildesley, 1989).

Figure 1.23: A two-dimensional schematic of periodic boundary conditions. The central
simulation box is repeated to generate a bulk material.
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1.2.3

Interatomic potentials for carbon

The interatomic potential, which is used to describe the interaction between
atoms, is a crucial part of the MD simulations. Generally, a proper potential
function is required to have a realistic MD outcome. Hence, when generating the
potential, in the first step, a suitable functional form should be determined. In
the second step, parameters of the function are matched to a database of values that explain physical properties such as lattice parameters and bulk elastic
constants. Modern potentials are usually matched to a wide comprehensive set
of values, resulting in very accurate predictions under conditions for which the
potentials are fitted. However, a broad fitting procedure does not commit the
performance of the potential in all various kinds of simulations. This leads to
choosing the functional form and the parameters’ value in the fitting procedure
and plays an essential role in the transferability of the potential, i.e., how well it
performs in situations to which it was not fitted (Sand, 2015).
Carbon has always been a challenge for interatomic potential and computational study, which is due to having various hybridizations and forms, as discussed
earlier in this chapter. The first useful interatomic potential for carbon was developed by Tersoff (1988). This potential, which describes the different hybridizations of carbon, opened a new field in the study of different carbon materials
such as fullerenes, nanotubes, diamond and amorphous carbon. Despite its utility, the Tersoff potential has some shortcomings: there is no long-range attraction
between graphitic planes, nor is there a dihedral term to penalize the rotation
of π-bonds. Historically, one of the most significant improvements was the Reactive Empirical Bond-Order (REBO) potential developed by Brenner (1990),
and since then many other credible carbon potentials have been proposed, most
of which can trace their lineage to the original Tersoff potential model. These
newer potentials improve on the Tersoff and REBO potentials in various ways,
adding medium-range/long-range terms (e.g., LCBOP (Los and Fasolino, 2003;
Los et al., 2005a), AIREBO (Stuart et al., 2000), EDIP (Marks, 2001, 2002b),
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ReaxFF (van Duin et al., 2001)), or incorporating screening (e.g., SED-REBO
(Perriot et al., 2013), REBO-S (Pastewka et al., 2008), Tersoff-S (Pastewka et al.,
2013)).
So far, at least 46 carbon potentials have been developed (de Tomas et al.,
2019). Some of these potentials are only suitable for carbon, and some are suited
to other chemical species such as hydrogen, oxygen and silicon (de Tomas et al.,
2016). In Tables 1.1, 1.2 and 1.3, we summarize the main details of all carbon potentials developed to date. Potentials are catalogued by families according to the nature of their functional form. The tables collect the main characteristic of each potential formalism and capacity to describe other chemical
species. Key acronyms in both tables are as follows: REBO, Reactive Empirical Bond Order; AIREBO, Adaptive Intermolecular REBO; SED-AIREBO,
Screened Environment Dependent AIREBO; ABOP, Analytic bond-order potential; EDIP, Environment-dependent interaction potential; ReaxFF, Reactive
Force Field; LCBOP, Long-range Carbon Bond Order Potential; MEAM, Modified Embedded Atom Method; RSS, Reaction State Summation; COMB, Charge
Optimized Many Body; ML, Machine Learning; GAP, Gaussian Approximation
Potential. As a side note, many of these carbon potentials are not coded into
the free MD packages such as LAMMPS (we will describe this package later in
Section 1.2.7); full details of the Tables 1.1, 1.2 and 1.3 including their availability in LAMMPS are provided in www.carbonpotentials.org and also in the
Supplementary Materials of de Tomas et al. (2019).
A detailed discussion of the history of carbon potentials and a comparison of
the merits of dominant models have been provided by Marks (2010) and de Tomas
et al. (2016). In what follows, we summarize the four potentials that will be used
in this thesis: Tersoff, REBO, EDIP and ReaxFF. As providing full details of these
potentials and other listed potentials would be beyond the scope and purpose of
this thesis, a brief overview of these potential is presented below.
Tersoff potential (Tersoff, 1988) - This is the first potential for carbon
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REBO

Tersoff 1990

Tersoff 1989

Si Tersoff

Si Tersoff

Builds on

2000

2002 Minor change in two parameters

2004 Adds oxygen

2008

2008

AIREBO

AIREBO-II

REBO-CHO

AIREBO

REBO2-S

Environment-dependent screening function

Environment-dependent van der Waals

Adds van der Waals (Lennard-Jones)

Adds dihedral. New short-range treatment.

2002

REBO-II

Adds hydrogen. Treats carbon radicals.

1990

Fermi-type cutoff. Adds van der Waals

Environment-dependent screening function

Extended cutoff

Adds nitrogen and boron

REBO-II

AIREBO

REBO-II

AIREBO

REBO-II

REBO

Tersoff

Tersoff/Nordlund

Tersoff 1988

Tersoff 1988

Tersoff 1989

Tersoff 1988

Variable cutoff rescaled with system volume Tersoff 1989

Minor change in parameters

Reparametrization to treat C defects in Si

Generalization to multicomponent systems

REBO

2011

1998

Tersoff

mTersoff/Nordlund

1996 Adds van der Waals and uses larger cutoff

Nordlund

2013

1995

Tersoff

Tersoff-S

1994

Tersoff

2005

1990

Tersoff

Ext. Tersoff

1989

Tersoff

Reparametrization for carbon

1988

Tersoff

Main characteristic

Tersoff

Year

Name of potential

Family

H

H

H/O

H

H

H

H

Si/B/N

Si

Si

Si

Si

Other species

(Pastewka et al., 2008)

(Liu and Stuart, 2008)

(Ni et al., 2004)

(Kum et al., 2003)

(Stuart et al., 2000)

(Brenner et al., 2002)

(Brenner, 1990)

(López et al., 2011)

(Pastewka et al., 2013)

(Titantah and Lamoen, 2005)

(de Brito Mota et al., 1998) &
(Matsunaga et al., 2000)

(Nordlund et al., 1996)

(Tang and Yip, 1995)

(Tersoff, 1994)

(Tersoff, 1990)

(Tersoff, 1989)

(Tersoff, 1988)

Reference

Table 1.1: Summary of carbon potentials detailing their main characteristics and capacity to describe other chemical species. The
potentials are grouped by families and arranged in chronological order. Where relevant the historical basis of the potential is specified.
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2013 Environment-dependent screening function

2015 Replaces Lennard-Jones with Morse

1991

1996 Simpler functional form. More efficient.

1999

SED-REBO

AIREBO-M

Heggie

Andribet

Broughton
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Heggie

Tersoff 1988

AIREBO

REBO-II

AIREBO

Builds on

2007

2015

Mrovec

Zhou

2008 Adds oxygen

2011 Adds low gradient London dispersion

2015 Reparametrization for solid carbon

2017

2017

ReaxFFCHO

ReaxFF-lg

ReaxFFC2013

ReaxFFC2013−II

ReaxFFCHO−2016

Improve chemistry of combustion kinetics

Reparametrization for defect in graphite

Flexible and general functional form

2001

ReaxFF

ReaxFF

2000 Long-range π-repulsion. Dihedral terms.

EDIP

Reparametrization for pure carbon

Improved σ bond term

1999 Analytic approximation of tight-binding

Pettifor

ReaxFFCHO

ReaxFFC2013

ReaxFFCHO

ReaxFF

ReaxFF

Si EDIP

Pettifor

Pettifor

Valence bond treatment. No angular terms. Tersoff 1988

EDIP

ABOP

2012 Adds oxygen and charge equilibration

qAIREBO

REBO

Wigner-Seitz treatment of local bonding

Name of potential Year Main characteristic

Family

Table 1.2: Continue of Table 1.1

H/O

H/O

H/O

H/O/N

H/O

H

H

H

H

H/O

Other species

Ashraf and van Duin (2017)

(Smith et al., 2017)

(Srinivasan et al., 2015)

(Liu et al., 2011)

(Chenoweth et al., 2008)

(van Duin et al., 2001)

(Marks, 2000)

(Zhou et al., 2015)

(Mrovec et al., 2007)

(Oleinik and Pettifor, 1999)

(Pettifor and Oleinik, 1999) &

(Broughton and Mehl, 1999)

(Andribet et al., 1996)

(Heggie, 1991)

(O’Connor et al., 2015)

(Perriot et al., 2013)

(Knippenberg et al., 2012)

Reference
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COMB

ML

2009

Kumagai

2013

2017

COMB3

ChIMES

Force-matching against liquid DFT data

Charge dependent short-range interactions

Employs neural network algorithms

Screening function and dihedral term.

REBO-II

REBO-II

REBO

RSS

Short-range interactions. No sp3 bonds.

2017 Employs machine learning

2008

RSS

MEAM

MEAM

MEAM

MEAM

Extended to unsaturated hydrocarbons.

GAP

2017

MEAM-BO

Saturated bonds only (i.e., no π-bonds).

Developed for Ni catalysis of nanotubes.

Reparametrized for C. Long-range term.

2010

2014

Nouanian

LCBOP-I+

LCBOP-I

REBO

Builds on

Hybrid Tersoff/REBO. Reparametrization. Tersoff/REBO

Improved bond dissociation energetics

Adds torsional term

Simultaneous bond-order & long-range fit

Main characteristic

ANN

2010

Uddin

2005

Erhart/Albe

2005

2005

LCBOP-II

Lee/Lee

2004

LCBOP-I+

MEAM

2003

LCBOP-I

LCBOP

Year

Name of potential

Family

Table 1.3: Continue of Table 1.2

H/O/N

H

H

Ni

Si

Other species

(Lindsey et al., 2017)

(Liang et al., 2013)

(Deringer and Csányi, 2017)

(Khaliullin et al., 2010)

(Kumagai et al., 2009)

(Shi, 2008)

(Mun et al., 2017)

(Nouranian et al., 2014)

(Uddin et al., 2010)

(Lee and Lee, 2005)

(Erhart and Albe, 2005)

(Ghiringhelli et al., 2005)

(Los et al., 2005b) &

(Ghiringhelli et al., 2004)

(Los et al., 2005a)

Reference
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that was developed based on an earlier potential for silicon. Tersoff is a widely
used potential since it is fast and straightforward compared to other potentials
(computational cost for different carbon interatomic potentials are provided in
Chapter 3). The strengths of bonds, according to the number of neighbors, are
modified by the treatment of multiple hybridization states and bond-order. Note
that bond-order is the number of chemical bonds between a pair of atoms and
indicates the stability of a bond. The Tersoff potential is a short-range potential
and applies a switch cutoff function to recognize the nearest neighbors. The
short cutoff is 2.1 Å that is intermediate between the first and second neighbors
and has a cosine shape cutoff function between 1.8 and 2.1 Å. By choosing the
short cutoff, we can calculate that the potential energy involves relatively few
atoms; however, the lack of any interaction more than 2.1 Å means there is no
attraction/repulsion between graphene layers. This results in the Tersoff potential
predicting nearly the same density for graphite and diamond (3.5 g/cc), whereas
from an experimental point of view, graphite is much less dense than diamond. So
far, a variety of modifications have been employed to the Tersoff’s cutoff function.
For example, Nordlund et al. (1996) extended the Tersoff potential to include
van der Waals attraction by adding an attractive long-range term and increasing
the cutoff to 2.46 Å. Further, in order to improve the properties of amorphous
carbon, some studies modified the coefficient of the upper cutoff. An example
of an aspect of the modification is presented in Chapter 2, where we modify the
Tersoff potential by increasing the upper cutoff to 2.45 Å. We also show that
although this modification leads to an improvement in the amorphous carbon at
high densities, it is owing to unphysical nucleation of nanocrystal diamond during
the annealing of amorphous carbon. As a side note, Table 1.1 provides a number
of modified Tersoff potentials. This includes the adding of nitrogen and boron
(de Brito Mota et al., 1998) as well as using an environment-dependent screening
function (Pastewka et al., 2013) and a Fermi-type cutoff function (López et al.,
2011) to improve the description of bond making and breaking.
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REBO potential (Brenner, 1990) - The first modifications of the Tersoff
potential is REBO potential, which added hydrogen interaction and improved
the description of the radicals. In the beginning, REBO potential was developed
for simulating the chemical vapor deposition of diamond. Since then, it has been
applied to a wide range of problems involving carbon and hydrocarbon systems.
One disadvantage of the REBO potential is that it cannot simulate the pathway for breaking and making of bonds. To improve the short-range bonding, a
modified version of the potential called REBO-II was released. When Brenner
et al. (2002) changed the functional form, an improved database was used for
the fitting of parameters and a dihedral term was added to discipline rotation of
π-bonds. Similar to the Tersoff potential, REBO and REBO-II potentials have
cosine shape cutoff functions, but range is between 1.7 and 2.0 Å. Hence, they cannot accurately predict the density of graphite and diamond as REBO-II potential
predicts that graphite is 3% denser than diamond. The adaptive intermolecular
REBO (AIREBO) potential (Stuart et al., 2000) is another generation, where
the Lenard-Jones interaction is employed to extend the long-range interaction
between the sp2 sheets, and a switching function is used to deactivate the longrange term at short distances. Similar to the Tersoff potential, a considerable
number of REBO potential versions have been developed so far (see Tables 1.1
and 1.2). For example, Ni et al. (2004) added oxygen and Pastewka et al. (2008)
and Perriot et al. (2013) used an environment-dependent screening function to
improve the description of bond making and breaking. Also, O’Connor et al.
(2015) replaced the Lennard-Jones form with a Morse expression.
EDIP potential (Marks, 2000) - This potential is not related to the Tersoff
and REBO potentials and involves an entirely different functional form. It is
based on the earlier EDIP potential for silicon, where an atom-centered bondorder is employed. As a side note, EDIP for silicon is one of the most commonly
used potentials for MD simulation of silicon-based structures, including amorphous silicon (Voyles et al., 2001), silicon defective structures (Justo et al., 2000;
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Nord et al., 2002) and epitaxial growth of silicon (Bernstein et al., 2000). The
EDIP potential for carbon was originally developed for simulating the growth of
amorphous carbon thin films and liquid quenched carbon systems. The cutoff
functional form of EDIP potential differs from Tersoff- and REBO-like potentials
and uses a generalized coordination term to capture long-range π-repulsion and
dihedral rotation penalties. EDIP potential predicts the energetics of bond making and breaking by robust numerical fitting to density-functional-theory data for
the transformation between diamond and rhombohedral graphite as this reaction
changes the hybridization from sp3 to sp2 . Owing to this cutoff treatment, the
EDIP potential is relatively long-ranged, extending to 3.2 Å. Beyond this point,
there is no interaction beyond this cutoff, which means EDIP cannot describe the
van der Waals attraction between graphitic layers. Besides this, as EDIP potential uses an atom-centered bond-order, it does not penalize isolated sp2 atoms,
which should have raised energy by being π radicals. Despite these shortcomings of EDIP potential, it is capable of simulating layered structures (Lau et al.,
2007; Suarez-Martinez et al., 2010; Powles et al., 2009), as in many situations
the driving force for layering is the long-ranged π-repulsion between sp2 -bonded
layers (de Tomas et al., 2016). It is useful to point out that, on the positive side,
EDIP potential is a fast and robust potential and has previously been successful
in simulations of many different forms of carbon such as diamond (Marks et al.,
2012; Fairchild et al., 2012; Buchan et al., 2015), carbon onions (Lau et al., 2007),
amorphous carbon (Marks, 2002a; Best et al., 2020), glassy carbon (Shiell et al.,
2018, 2019; Huang et al., 2020), nanotubes (Suarez-Martinez and Marks, 2012)
and carbide-derived carbons (de Tomas et al., 2017, 2018).
ReaxFF potential (van Duin et al., 2001) - This potential proposes a completely different procedure for modeling carbon. Although chemical intuition is
used to design most of carbon potentials, the framework of ReaxFF is as general
as possible and is parametrized against a large data set. Components of this potential include many different chemical possibilities, including bond order, charge
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transfer, van der Waals, under/over-coordination and torsion (de Tomas et al.,
2016). The ReaxFF potential developed for simulating the hydrocarbons and has
since been expanded to describe many other chemical species, including oxygen,
nitrogen, sulfur and many metals. The ReaxFF potential has made a significant
contribution to understanding a wide variety of research topics such as proteins,
fuel cells and catalysis. However, it has two main shortcomings. The first one
is the liquid state, which it cannot describe with the same accuracy as EDIP
potential. The second shortcoming is poor performance for solid carbon phases.
So far, a few versions have been developed to improve the ReaxFF potential (see
Table 1.2), such as reparametrization to improve the solid carbon phase (Srinivasan et al., 2015), an improved parameter for defects in graphite (Smith et al.,
2017) and improving the chemistry of combustion kinetics Ashraf and van Duin
(2017).
Finally, a comprehensive comparative study by de Tomas et al. (2016) compared the performance of six well-known carbon potentials (Tersoff, REBO-II,
EDIP, ReaxFFC2013 , LCBOP-I and COMB3) and analyzed their ability to explain amorphous carbon and the graphitization process. As the study found that
no two potentials yield the same results and none of the possibilities is perfect,
further study on the performance of interatomic potentials for carbon is required.
In this regard, in Chapter 3, we expand this comparative study with eight additional commonly used potentials (AIREBO, REBO2-S, Erhart/Albe, ABOP,
GAP, Tersoff-S, Tersoff/Nordlund and Tersoff with modified cutoff) and study
their capability to model carbon.

1.2.4

ZBL potential

In MD simulations, all interatomic potentials that were mentioned in Section 1.2.3
are equilibrium potentials, which do not work well when two atoms are very close
to each other. In order to describe the close-range interaction, these potentials can
be splined with a suitable potential. One well-known potential to describe short-
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range interaction is the standard Ziegler-Biersack-Littmark (ZBL) pair potential
(Ziegler et al., 1985). The ZBL potential is a Coulomb potential with a screening
function (Φ) which is described as
1 Zi Zj e 2
Φ (rij ) ,
UZBL (rij ) =
4π0 rij

(1.12)

where 0 is the vacuum permittivity, Zi is the atomic number of atom i, rij is the
interatomic separation and Φ (rij ) is the screening function, is given by

Φ (rij ) =

4
X


ci exp

i=1

−di rij
a


(1.13)

where the ci and di are constants, and a is the screening length and is given by
a=

0.46850
.
Zi
+ Zj 0.23
0.23

(1.14)

The ZBL potential can join with equilibrium potentials and applies to interatomic distance less than ∼1 Å. This combination is commonly used in ionimplantation simulations where equilibrium potential describes the chemical bonding regime, while ZBL potential describes the nuclei regime. For example, EDIP
potential is successfully coupled with the ZBL potential for simulation of radiation damage cascades in graphite (Christie et al., 2015; Vuković et al., 2018)
and diamond (Buchan et al., 2015). Interpolation process used to switch between
EDIP and ZBL potentials is described by using two Fermi-type scaling functions
(FEDIP and FZBL ). These functions are defined by the position of the midpoint
of each function (rEDIP and rZBL ) and the width (w) of the switching region.
Details of switching between EDIP and ZBL potentials is provided by Christie
et al. (2015) where they choose the values as rEDIP = 1.05 Å, and rZBL = 0.45 Å
and w = 0.07 Å. These values are selected to ensure a smooth transition between
the two regimes. The same approach has been used in the ion-implantation simulations presented in Chapters 4 and 5, and also in the simulations by Marks

55

Chapter 1: Introduction
et al. (2003), Pearce et al. (2005), Christie et al. (2015), Buchan et al. (2015) and
Vuković et al. (2018).

1.2.5

Thomson problem

In MD simulations of ion-implantation, the initial position of the implanted
species should be systematically varied in order to collect robust statistics across
various crystallographic orientations as well as generating a wide variety of implantation conditions. The most intuitive way of accomplishing this is to uniformly sample across the surface of a sphere. However, uniformly distributing
a large number of points on the surface of the sphere is a non-trivial task with
no analytical solution. This is a mathematical problem outlined by Thomson
(1904) whilst attempting to determine the arrangement of point charges in the
atom. The so-called Thomson problem has been generalised to finding the minimum energy for N point charges on a sphere and has formed a significant area
of research applicable to a multitude of real-world problems. A notable study of
solving the Thomson problem was carried out by Wales and Ulker (2006). They
used a global minimum search algorithm to systematically classify the minimum
energy solution for N < 400. However, for large N , the number of local minima
increases exponentially and finding the global minimum using simple numerical algorithms becomes a time-consuming task. Their data are available on the
Cambridge Cluster Database website (Wales et al., 2006). As another pioneering
work, Robinson and Marks (2014) have provided a general application software,
called NanoCap, where numerical optimization algorithms are applied to solving
the Thomson problem (Robinson et al., 2013).
In Chapters 4 and 5, to simulate the experimental studies of ion-implantation
into the nano-sized diamond particles, as discussed in Section 1.1, the initial position of the implanted species is taken from the solution to the Thomson problem
for 25 charge points as generated by the NanoCap software (Robinson and Marks,
2014). Those points are illustrated in Figure 1.24 and the Cartesian coordinates
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Figure 1.24: Solution to the Thomson problem for N = 25 in which point charges
(shown in red) are uniformly distributed over the surface of a sphere. Figure taken
from Buchan et al. (2015).

are listed in Table 1.4. This useful method has been previously used in ionimplantation simulation studies by Robinson et al. (2012, 2014), Robinson et al.
(2012), Buchan et al. (2015), Christie et al. (2015) and Shiryaev et al. (2018).

1.2.6

Analysis methods

In this section, we briefly describe three common micro-properties that we typically use to analyze the data in this thesis.
Radial distribution function (RDF)
The pair distribution function or pair correlation function in a system of particles,
which is also called the radial distribution function (RDF) or g(r), is an important
structural characteristic. It gives consideration to the local environment around
any given atom in a short distance and describes how density varies as a function
of distance (Ding, 2014). We consider a homogeneous atomic system as shown in
Figure 1.25 where the blue particle is as the reference particle to be at the origin
O and green particles are those whose centers are within the pink circular shell.
If N and V are, respectively, the total number of particles and the volume of the
system, then ρ = N/V is the average number density of particles; hence, the local
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Table 1.4: Cartesian coordinates of the 25 initial position of the implanted species as
shown in Figure 1.24.
Cartesian coordinate (Å)

Point Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

x

y

z

-0.9143482794
-0.4462573799
0.0746127557
0.2772515579
-0.4652896722
0.1441925433
0.7426358958
-0.2078223871
-0.8049328937
0.3378908664
0.9265616574
-0.4901596387
0.3420189067
0.4475328912
-0.3961370122
-0.3419401154
-0.8459163602
0.3977043253
0.2851312370
-0.3749527143
0.6975555148
0.8646077760
0.8621272936
-0.8994545745
-0.2130261777

-0.4046281859
-0.8944780327
-0.8753324908
-0.9205606381
-0.5055030020
0.9031588475
0.6570505272
0.1502121179
-0.0847035038
0.3456088997
0.0185767307
0.6643035144
-0.3156641019
0.3969758313
0.5700861474
-0.6974554982
0.0589062130
-0.4189540221
0.8712593786
0.9201308752
-0.6407731763
-0.4008923973
0.2642757087
0.4252221756
-0.0859557607

0.0155966333
0.0276296905
0.4777300148
-0.2751357576
0.7266169801
0.4043669206
0.1295242481
0.9665641080
-0.5872889858
-0.8754337500
0.3756839097
0.5643087534
0.8850871381
0.8013267127
-0.7197758346
-0.6297878891
0.5300524215
-0.8162774019
-0.3995087893
-0.1130028073
0.3206649968
-0.3028839371
-0.4323134039
-0.1008343673
-0.9732581645

time-averaged density at a distance r from O is ρ×g(r). Another point to consider
is that RDF involves determining how many particles are within a distance of r
and r + dr away from the origin (blue particle). The RDF is usually normalized
as the ratio between the number of local particles and the average number density
of particles in the system. The normalized RDF can be calculated as
g(r) =

dn(r)
,
ρ 4πr2 dr
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Figure 1.25: A homogeneous atomic system for calculation of the RDF. Figure taken
from Ding (2014).

where dn(r) is the number of atoms in the shell of thickness dr (see Figure 1.25).

Coordination number
The coordination number is the total number of neighbors of each atom within
a certain distance that bonded to it. As noticed earlier the coordination number
of each carbon atom in the diamond structure is four, while the coordination
number in graphite is three. The coordination number of disordered system is
calculated through the pair distribution function (Waseda, 1980; Vahvaselka and
Mangs, 1988). The first coordination number can be determined by taking the
average number of neighbors in the first spherical shell with a radius between r0
and r1 , i.e., from the starting point to the position of the first minimum of g(r),
Z

r1

r2 g(r)ρdr.

n1 = 4π

(1.16)

r0

Note that at the starting point (r0 = 0), g(r) is zero and r1 is the position of
the first minimum of g(r). Therefore, n1 is the area under the first peak of g(r)
(see Figure 1.26). The second (n2 ) and the third (n3 ) coordination numbers can
be defined by following a similar expression for the second and third shells. It is
useful to point out that in this thesis the coordination numbers of carbon-based
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Figure 1.26: Representation of coordination numbers in pair distribution function of
simulated graphitised amorphous carbon. Data is taken from a web application tool,
www.carbonpotentials.org.

systems are determined by counting the number of nearest neighbors within a
radius of 1.85 Å where the pair distribution function has dropped to zero (see
Figure 1.26).
Mean squared displacement (MSD)
One of the main purposes of mean squared displacement (MSD) analysis is calculating the deviation of the position of a particle with respect to a reference position
over time and another purpose is measuring the diffusion coefficient value. The
MSD is calculated as:
MSD(t) ≡ ∆r2 (t) =

N
1 X
|rn (t) − rn (0)|2 = |rn (t) − rn (0)|2
N n=1

(1.17)

where N is the number of particles in the systems, rn (0) is the initial position of
the particle and the position of each particle at time t is denoted by rn (t). The
MSD also contains information on the diffusion of atoms. For solids the MSD
goes towards a constant value as t increases due to atoms not moving freely in
the system but fluctuating around their lattice position. However, for gases and
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liquids the MSD will increase linearly as a function of time and it is possible to
investigate the behaviour of a system looking at the slope of the MSD. The slope
of the MSD or the so-called diffusion constant D is defined by:
1
MSD(t).
t→∞ 6t

D = lim

(1.18)

The same approach has been used to study the diffusion of the liquid carbon
in Chapters 2 and 3. Note that in our simulations, the MSD is calculated by
in-house or open-source classical MD code, which is discussed in the following
section.

1.2.7

Overview of LAMMPS and OVITO

A popular open-source classical molecular dynamics code is LAMMPS (Largescale Atomic/Molecular Massively Parallel Simulator), which was developed by
Sandia National Labs (USA) and Temple University (Plimpton, 1995). Due to its
large library of force field potentials, LAMMPS can model different systems such
as atomic, polymeric, metallic and biological systems ranging from several atoms
to millions. As LAMMPS can be run on a laptop and any multi-core computer
cluster, it is widely used in a variety of research studies. One of the advantages
of LAMMPS is that researchers can easily improve and modify codes and also
add a new force field into its large potential library. All the molecular dynamic
simulations in Chapters 2, 3, 6 and 7 are performed by using LAMMPS.
To display, animate and analyze the MD simulation data and also assess
how the structure is changing during the simulation, we use OVITO (Stukowski,
2010), which is an open-source software available to all main operating systems.
We have particularly used OVITO for rendering images and movies as well as
analyzing some parts of our simulation data. One advantage of using OVITO is
that it has a comprehensive variety of data analysis functions such as coordination
number and radial distribution function calculation. It also contains different
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data manipulation and visualization tools such as slicing, interactive selection
of particles and bonds, diamond structure identification, colour coding functions
and display of periodic images and wrapping/unwrapping of particle trajectories.
Some of the above-mentioned analysis functions and tools are used in Chapters 2,
3, 4, 5, 6 and 7. Another advantage of using OVITO is being well-suited to import
and export LAMMPS data.

1.3

Thesis structure and overview of chapters

This thesis is comprised of eight chapters. Chapters 2 and 3 deal with the fundamentals of computer simulation of carbon, while Chapters 4, 5, 6 and 7 are
directly motivated by experimental results from collaborators and the literature
discussed in Section 1.1. The materials in Chapters 2, 3, 4, 6 and 7 have already been published, and the materials in Chapter 5 are to be submitted for
publication. Each chapter outlines its own objectives and has abstract, methods,
results, discussion and conclusion sections. This format makes it easier to read
any chapter with minimal referral to previous chapters. Although every effort has
been made to provide a comprehensive yet nonrepetitive literature review, some
limited overlap inevitably occurs given the preparation of chapters as “papers”.
Chapters 2 and 3 are organized in accordance with fundamentals of the simulation of carbon and benchmark some of the most commonly used interatomic
potentials for carbon. In Chapter 2, we examine Tersoff potential, a widely used
potential in which the coefficient of the upper cutoff is increased to improve the
properties of amorphous carbon. In Chapter 3, we perform a comparative study
of fourteen well-known and commonly used carbon interatomic potentials: Tersoff, Tersoff-S, Tersoff/Nordlund, Extended-cutoff Tersoff, REBO-II, AIREBO,
REBO2-S, ReaxFF, EDIP, LCBOP-I, COMB3, Erhart/Albe, ABOP and GAP.
Once a reasonable interatomic potential is chosen, we study the implantation
of xenon into nanodiamonds while comparing it with ion-implantation experiments (Chapter 4). Chapter 5 outlines the thermal release patterns of implanted
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noble gases from nanodiamonds during the annealing process through comparison with experimental studies of synthetic and meteoritic nanodiamond. In
Chapter 6, we study the origin of novel macroscopic and unexpected plastic deformation of diamond nanopillars. Lastly, in Chapter 7, atomistic simulations
are performed to understand the nature of the interface between diamond and
silicon carbide. The atomistic results in Chapters 6 and 7 are compared with
experimental observations performed by our collaborators. General conclusion
and future research directions are discussed in Chapter 8. Details of author
contribution and copyright information are provided in Appendixes A and B, respectively. Appendix C provides some screenshots of an online application tool
“www.carbonpotentials.org” which is developed in Chapter 3. Finally, front cover
of the ACS Applied Electronic Materials journal which is highlighted our results
in Chapter 7 is provided in Appendix D.
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Chapter 2
Unphysical nucleation of
diamond in the extended cutoff
Tersoff potential
The main text and most of the figures comprising this chapter have been published in Molecular Simulation 44, (2018) 164–171. In this chapter, we examine a
common modification to the widely-used Tersoff potential in which the coefficient
of the upper cutoff is increased to improve the properties of amorphous carbon.
Using molecular dynamics simulations, we show that this so-called extended cutoff Tersoff model leads to nucleation of diamond nanocrystals during annealing
of amorphous carbon. By varying the density of the system, and examining the
radial distribution function in conjunction with the modified cutoff function, we
demonstrate that this behaviour is unphysical, and does not represent a new
pathway for synthesizing diamond.
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2.1

Introduction

When Tersoff developed the first useful interatomic potential for carbon in 1988
(Tersoff, 1988), a new era in computational carbon science commenced. Based on
a bond-order formalism proposed several years earlier by Abell (1985), the Tersoff potential was the first empirical potential capable of describing the multiple
hybridization states of carbon. With a straightforward functional form and low
computational cost, the Tersoff potential found widespread use across the entire
spectrum of carbon materials, including graphite, diamond, fullerenes, nanotubes
and amorphous carbon. Presently around 1200 articles cite the original work.
The computational efficiency of the Tersoff potential arises from the shortrange nature of the potential, in which nearest-neighbor contributions dominate.
The general functional form of the Tersoff potential is given by
N
N
h
i
1 XX
U=
fC (rij ) fR (rij ) + bij fA (rij ) ,
2 i j6=i

(2.1)

where U is the total energy of the system, N is the number of atoms and rij is the
interatomic distance, i.e., the distance between the atoms i and j. The functions
fR and fA are the repulsive and attractive pair potentials, respectively. The
function fC is a smooth cutoff function, which limits the range of the potential.
The function bij is the essential part of the potential and represents a measure
of the bond order. It is a monotonically decreasing function of the coordination
numbers of atoms i and j, and is given by

−1/2n
bij = 1 + β n ζijn

(2.2)

where
ζij =

X

fC (rik )g(θijk )eλ

3 (r

3
ij −rik )

(2.3)

k6=i,j

Here, β, n and λ are adjustable parameters and the function g(θ) describes the
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angular dependence. All the parameters can be found in (Tersoff, 1988). Finally,
the cutoff function, fC , which varies smoothly from unity to zero according to
the functional form is given by

fC (r) =



1




1
2







r≤R
h
i
+ 12 cos π(r − R)/(S − R)

R<r<S

(2.4)

r≥S

0

where R = 1.8 Å and S = 2.1 Å. The corresponding cutoff function is shown
by the blue curve in Figure 2.1. Exactly the same cutoff function is used in
the REBO potential, except with slightly different parameters (R = 1.7 Å and
S = 2.0 Å).
For the main crystalline forms of carbon, i.e., graphite and diamond, the precise values of R and S do not affect bond-lengths, elastic constants and cohesive
energies. As long as R exceeds the nearest neighbor bond-length, and S is below
the second neighbor bond-length, varying R and S does not alter these properties
of these bulk phases. As a result, the cutoff parameters are often considered as
1.2
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S = 2.45 Å
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neighbour graphite
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Figure 2.1: Cutoff function for the Tersoff potential (see Equation 2.4) using the original
parameters (blue curve, S = 2.1 Å), and the extended cutoff Tersoff potential (red
curve, S = 2.45 Å). Dotted lines indicate the determined experimentally interatomic
distances for the first and second coordination shells in graphite and diamond.
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free parameters which can be tuned according to the task at hand. There are
numerous examples of this philosophy with both the Tersoff and REBO family of
potentials, particularly for studies of fracture and amorphous carbon. In the case
of fracture simulations, the majority of which involve defects and grain boundaries
in graphene, it is common to use a step-function cutoff (i.e., set R = S) to avoid
non-physical strain hardening in stress-strain curves (Shenderova et al., 2000; Belytschko et al., 2002). As an aside, this practice should be strongly discouraged,
as it results in discontinuous energies and forces, and alters the dynamics of bond
rupture as detailed in the study by Gamboa et al. (2015). Fracture simulations
typically use only a single value of the cutoff; values employed in the literature
include: 1.92 Å (Grantab et al., 2010; Wei et al., 2012; Zhang et al., 2012; Wu
and Wei, 2013), 1.95 Å (He et al., 2014), 2.0 Å (Zhao and Aluru, 2010; Cao
and Qu, 2013; Jhon et al., 2014; Dewapriya et al., 2004) and 2.1 Å (Rajasekaran
et al., 2016). In studies of amorphous carbon, a variety of modifications have
been employed, mostly motivated by the desire to increase the sp3 fraction at
high densities. In simulations using the REBO potential, Jäger and Albe (2000)
chose values of R = 1.95 Å and S = 2.25 Å, while Titantah and Lamoen (2005)
and Sha et al. (2013) each performed Tersoff potential simulations leaving the
original value of R unchanged, but with S increased to 2.45 Å. The cutoff function for this case is shown by the red line in Figure 2.1. A very similar value of
S = 2.46 Å was also proposed by Nordlund et al. (1996) in an extension of the
Tersoff potential to include van der Waals attraction.
In this chapter, we use molecular dynamics (MD) simulations to explore the
ramifications of increasing the cutoff of the Tersoff potential. We focus on the
modification suggested in Titantah and Lamoen (2005) and Sha et al. (2013) for
amorphous carbon, in which R is unchanged and S = 2.45 Å. Using a variety
of values of S spanning the range 2.1 to 2.45 Å we construct amorphous carbon
structures using the liquid quenching method (Marks, 1997) and subsequently
anneal at high temperature. For the largest cutoff we observe unphysical nu-
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cleation of diamond at certain densities. Using the radial distribution function,
we correlate this effect to interactions between the second neighbor coordination
shell and the cutoff itself. This observation demonstrates that Tersoff potential
with an extended cutoff is not as robust as has been assumed.

2.2

Methodology

Our MD simulations are performed using LAMMPS software (Plimpton, 1995),
and are broadly similar to the comparative study of six common interatomic
carbon potential by de Tomas et al. (2016). The MD workflow is illustrated
schematically in Figure 2.2. The first step involves choosing a value of S, and
making the appropriate change in the parameter file for the Tersoff potential.
Four values of S are considered: 2.1, 2.2, 2.3 and 2.45 Å. The original value of
R = 1.8 Å is left unchanged.
For each value of the cutoff S, amorphous carbon networks are created for ten
different densities from 1.5 to 3.2 g/cc to cover the experimental density range
observed experimentally. For each density, the same initial configuration was
used for the different cutoff values. To create the amorphous structure, a liquid
is first created at the desired density, and then quenched to 300 K in 1 ps to form
the amorphous solid (Marks, 1997). The liquid is generated via the spontaneous
melting of a randomized simple cubic lattice, and is equilibrated at 9000 K for
5 ps. In the study of the unmodified Tersoff potential by de Tomas et al. (2016)
a temperature of 8000 K was used to equilibrate the liquid; this rather high value
is necessary as the melting point of carbon with the original Tersoff potential is
around 6000 K, an overestimate of roughly 2000 K (Tersoff, 1988). For the values
of S used in this chapter we find that an even higher value of 9000 K is required
to ensure a highly diffusive liquid as measured by the mean-squared-displacement
(MSD). An example plot of the MSD for S = 2.45 Å at a density of 3.0 g/cc is
shown in Figure 2.3(a); the MSD increases linearly with time and has a significant
slope, indicative of a fully equilibrated liquid.
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MD Simulation
Cutoff Parameter S
2.1 Å

2.2 Å

2.3 Å 2.45 Å

Density
1.5 g/cc 2.0 g/cc 2.5 g/cc 2.6 g/cc 2.7 g/cc
2.8 g/cc 2.9 g/cc 3.0 g/cc 3.1 g/cc 3.2 g/cc

Analysis

Liquid Carbon

MSD vs liquid
equilibration time

Quench
Amorphous
Carbon

sp3 fraction vs density

Anneal

MSD vs annealing time
Diamond crystallite
vs annealing time

Graphitization?

RDF
Pressure vs annealing time

Figure 2.2: Schematic of the workflow used to study the performance of the extendedcutoff Tersoff potential.

Once the amorphous structure is created, it is annealed for 400 ps at a temperature of 6000 K. This approach is identical in spirit to the work by de Tomas
et al. (2016) in which high-temperature annealing was used to study structural
evolution and transformation. As with the liquid, the MSD is used to select the
annealing temperature, but in this case the goal is to have some atomic rearrangement without melting the structure, allowing atomic displacements up to 5 Å (∼
twice the lattice parameter in graphite). Panel (b) of Figure 2.3 shows representative data of the MSD for annealing of the same 3 g/cc system shown in panel
(a). In this case the MSD increases with time in a sub-linear manner, and the
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Figure 2.3: Representative data showing the mean-squared-displacement (MSD) as a
function of time for S = 2.45 Å and a density of 3 g/cc. (a) MSD at 9000 K showing
significant diffusion demonstrating the structure is in the liquid phase, and (b) MSD
at 6000 K showing very little diffusion, less than 3.0 Å after 400 ps, associated with
structural evolution during annealing.

average absolute displacement (computed by taking the square-root of the MSD)
is less than 3.0 Å after 400 ps. This demonstrates that there is rearrangement
without the structure becoming a liquid.
After annealing, the structures are minimized to zero Kelvin and structural
analysis is performed. This energy minimization removes kinetic energy and
thermal vibration allowing accurate structure analysis. Coordination analysis was
performed by counting the number of nearest neighbours using a cutoff of 1.85 Å.
For the purposes of analysis and visualization, atoms are considered to be sp,
sp2 and sp3 hybridized if they have two, three and four neighbours, respectively.
Diamond crystallites are identified using the diamond structure indentification
tool (Maras et al., 2016) in the OVITO visualization package (Stukowski, 2010).
Atoms are classified as diamond if all of their first and second neighbours are
positioned on diamond lattice sites (either cubic of hexagonal). If some of the
second neighbours are absent, atoms are still counted as diamond if all four
neighbours are positioned on a lattice site.
All simulations (creation of amorphous and annealing) are performed in the
NVT ensemble using the Bussi thermostat (Bussi et al., 2007) to control the temperature (see Section 1.2.1). The equations of motion are integrated using the
velocity Verlet algorithm and a time step of 0.1 fs is used. All simulations contain
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32,768 atoms in a cubic simulation box (originally from an initial 32 × 32 × 32
simple cubic lattice of carbon atoms) with periodic boundary conditions in all
three dimension (see Section 1.2.2). The magnitude of the randomization used to
destabilize the simple cubic lattice is 0.2 Å. Note that our original aim in performing these simulations was simply an exercise in benchmarking the performance of
the modified Tersoff potential.

2.3

Results and discussion

Using the technique outlined in the Methodology in Section 2.2, amorphous carbon structures are created for a range of densities from 1.5 to 3.2 g/cc. The
accuracy of the results is compared to experimental data, for which it is wellknown that the sp3 fraction of amorphous carbon varies linearly with the density
(Schwan et al., 1996). Figure 2.4 presents the sp3 fraction of these amorphous carbons and for a range of densities and values of the cutoff S. For the original value
of S, namely 2.1 Å, the sp3 fraction differs substantially from experimental values
shown as black circles. The discrepancy is particularly large at high densities,

sp3 fraction (%)

100
S = 2.1 Å
S = 2.2 Å
80
S = 2.3 Å
S = 2.45 Å
Experimental
60
40
20
0
1.5

1.8

2.1
2.4
2.7
Density (g/cc)

3

3.3

Figure 2.4: Amorphous carbon sp3 fraction as a function of density for different values
of the cutoff parameter S. Experimental data is from Schwan et al. (1996).
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where the sp3 fraction is underestimated by around a factor of two. Increasing
the value of S doesn’t change the sp3 fraction at the lowest two densities, but for
all other densities an effect is seen, particularly at the highest density of 3.2 g/cc
and largest value of S. In this case the sp3 fraction rises to ∼75%, very close
to the experimental value. This improvement in the sp3 fraction of high density
amorphous carbon is the reason that larger values of S have been proposed by
Titantah and Lamoen (2005) and Sha et al. (2013).
The next step in the simulations is the annealing of the amorphous carbon
structures for 400 ps to study structural evolution. Based on the study of the original Tersoff potential and five other carbon potentials (de Tomas et al., 2016), we
expected that the higher density annealed carbons would resemble the annealed
structure by the original Tersoff potential, remaining amorphous and retaining
similar coordination fractions (see Figure 2.5 which is extracted from de Tomas
et al. (2016)). However, to our surprise, we find that in some cases diamond
crystals gradually appear within the amorphous matrix. An example of one such
simulation is shown in Figure 2.6 where S = 2.45 Å and the density is 2.8 g/cc.

LCBOP-I
REBO-II

ReaxFF
Tersoﬀ

COMB3
EDIP

Figure 2.5: Evolution of the sp2 fraction for the first 200 ps of annealing of 3.0
g/cc amorphous carbon for six different carbon potentials (Tersoff, REBO-II, EDIP,
LCBOP-I, ReaxFF and COMB3). Note that the calculations (except ReaxFF) have
reached equilibrium by this time. Figure taken from de Tomas et al. (2016).
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0 ps
a)

b)

200 ps
d)

100 ps

50 ps
c)

400 ps

300 ps
f)

e)

Figure 2.6: Time evolution during annealing of a 2.8 g/cc amorphous carbon system
using S = 2.45 Å. Annealing is performed at 6000 K, and the cross-sectional slices
are 1 nm in thickness. Red, green, and blue circles depict sp, sp2 , and sp3 bonding,
respectively.

The initial structure seen in panel (a) is the amorphous carbon structure, and the
network is seen to be fully disordered, as shown by the colouring which depicts
the hybridization state (red is sp, green is sp2 and blue is sp3 ). The remaining
panels depict varying stages in the annealing, which is performed at 6000 K. At
first very little change is discernible, but after 50 ps a small region of blue can be
seen near the centre of the slice. These atoms are all sp3 hybridized, and furthermore, the angle of the cross-sectional slice reveals the characteristic hexagonal
channels of diamond. As the annealing continues, this crystallite continues to
grow, and additional crystallites appear in the simulation cell, though not always
with the axis aligned along the viewing direction. After 400 ps has elapsed, more
than half of the atoms in the viewing plane are blue, and one of the crystallites is
nearly half the width of the simulation cell. A video animation of time evolution
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of diamond nucleation during the annealing process is provided in Movie 2.1.
To highlight the diamond crystals in a more quantitative manner, we used
a coordination-number-based topology tool within OVITO as discussed in the
Section 2.2. The results of this analysis are shown graphically in Figure 2.7, with
atoms in a diamond topology shown in orange and all others in black. The figure
shows the final structure after 400 ps of annealing for six different densities; all
of the data shown used S = 2.45 Å. Note that Figure 2.7(b) can be directly
compared to the final panel in Figure 2.6, with a clear one-to-one correspondence
between concentrations of orange in the former and blue atoms in crystallites
in the latter. While no distinction is made in the figure between cubic and
hexagonal diamond, the cubic phase dominates, typically amounting for around
60% of the diamond atoms. Considering the six densities in Figure 2.7, it is
2.7 g/cc
a)

b)

c)

3.2 g/cc

3.1 g/cc

3.0 g/cc
d)

2.9 g/cc

2.8 g/cc

f)

e)

Figure 2.7: Effect of density on diamond formation in annealing simulations using
S = 2.45 Å. Atoms with a local diamond topology are shown in orange. All other
atoms are shown in black. Annealing is performed at 6000 K and the cross-sectional
slices are 1 nm in thickness and show the final structure after 400 ps of annealing.
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evident that 2.8 g/cc is some type of threshold, above which diamond crystals can
nucleate out of the amorphous structure during annealing. At 2.8 and 2.9 g/cc,
the crystallites grow to dominate the simulation cell, while at 3.0 g/cc there is a
reduced amount of diamond, diminishing to quite small relative diamond fraction
at 3.1 and 3.2 g/cc. We note that, as discuss later in this section, the pressure at
the densities associated with nucleation process is extremely high. In addition,
it should be noted that the density range at which the diamond nucleates is far
below the experimental diamond density of 3.52 g/cc. This large difference and
very high pressure are suggestive that the diamond nucleation is unphysical.
The time evolution of the in-growth of the diamond is quantified in Figure 2.8.
At the densities of 2.6 and 2.7 g/cc, which is below the critical threshold, no
diamond appears anywhere in the structure. For the 2.8 and 2.9 g/cc densities
the fraction of atoms which are diamond increases to around 45% after 400 ps,
at these densities equilibrium has yet to be reached, and the diamond fraction
would continue to increase if the simulation are run longer. For example, at
densities of 2.8, 2.9 and 3.0 g/cc after 600 ps of annealing, the diamond fraction
increases to around 76%, 68% and 23%, respectively. At the higher densities

Diamond fraction (%)
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100 ps
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30
20

10
0
2.6

2.7
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3.2
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Figure 2.8: Percentage fraction of atoms in a diamond environment as a function of
density at four different times during the annealing. Calculations performed using
S = 2.45 Å.
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of 3.1 and 3.2 g/cc, little change occurs after a couple of hundred picoseconds.
Visual inspection of the atomistic structure reveals that, at these densities, small
nanocrystals of diamond nucleate, amounting to around 6% of the total system,
but these do not grow in size as occurs at the lower densities.
During the crystallization of the nanocrystals the atoms do not move far from
their original positions in the amorphous carbon. Taking the square-root of the
MSD of the all atoms in a simulation box for the entire annealing process yields an
average displacement of 6.5 Å at 2.8 g/cc, reducing to just 1.6 Å at 3.2 g/cc. This
observation that the atoms don’t migrate far during the annealing emphasizes
how the diamond nucleation occurs locally as the atoms rearrange themselves
and change their hybridization in order to access a more stable configuration.
Insight into the nature of the diamond crystallites is gained by computing
the radial distribution function (RDF), also known as g(r). This information is
plotted in Figure 2.9 for seven densities. At the lower densities the RDF has the
characteristic broad peaks of an amorphous material, but at 2.8 and 2.9 g/cc sharp
peaks appear superimposed on the broad background, indicative of the diamond
phase. Even though diamond crystals can be seen at 3.0 g/cc in Figure 2.7, these
do not produce a clear peak in the RDF, while at the highest densities the RDF
resembles that of an amorphous structure.
In addition to highlighting the diamond structure, the RDF also serves to
indicate the nature of the diamond itself. The dashed vertical lines in the figure
indicate the expected locations of the first three neighbours assuming the experimental diamond nearest neighbour distance of 1.545 Å (note that the Tersoff potential predicts almost exactly the same value: 1.544 Å). However, it is apparent
that these lines do not coincide with the peaks for the 2.8 or 2.9 g/cc structures.
Rather, the peaks at these two densities are instead shifted to larger distances
by a fixed multiplicative factor, indicating that the diamond is stretched in both
cases. The stretching factors are slightly different for each case, being 1.039 for
2.8 g/cc and 1.031 for 2.9 g/cc. The peaks corresponding to these stretched di-
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Figure 2.9: Radial distribution function after annealing for seven different densities
using S = 2.45 Å. The dashed vertical lines indicate the position of the first three
neighbours in ideal diamond, while the solid lines indicate the corresponding positions
of stretched diamond as described in the text. The geometric factors at the top of the
figure relate higher-order neighbours to the nearest neighbour distance R0 .

amond distances are shown as solid vertical lines. Note that only the first peak
position is fitted to the data, while the position of the second and third peaks is
computed using the geometric factors for the distances in diamond. As expected,
the computed position of the second and third peaks corresponds exactly with
the peaks in the RDF. This stretching of the diamond reduces the density of the
nanocrystals to 3.15 and 3.22 g/cc for the systems with overall density of 2.8 and
2.9 g/cc, respectively. By comparison, the density of ideal diamond is 3.52 g/cc.
This stretching in part reflects the tension that the crystals experience due to
being embedded in a matrix with a density much lower than diamond itself.
To understand how the appearance of stretched diamond relates to the cutoff
itself, quenching and annealing simulations at 2.8 g/cc are performed with four
different cutoffs. The RDFs for both the amorphous and annealed samples are
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presented in Figure 2.10, along with the associated cutoff function which is plotted
in red using the right-hand axis. For the lowest three values of S the RDF of the
amorphous and annealed structures are virtually identical, consistent with the
behaviour of the unmodified potential in which the annealed structures remain
amorphous. Only for the highest value of S = 2.45 Å does the RDF develop
the sharp peaks indicative of the appearance of the diamond crystallites. This
demonstrates conclusively that the appearance of the diamond upon annealing is
not a physical effect, but instead is an artifact of the modified potential itself.
The origin of the problem can be understood intuitively via the inset shown in
Figure 2.10(e) which plots both of the RDFs and the cutoff function for the small
region indicated in panel (d). This distance range corresponds to the onset of
the second neighbour peak as well as the distance at which the cutoff function is
decaying away to zero. The inset shows how there is considerable overlap between
the tail of the cutoff function and the leading edge of the second RDF peak of the
amorphous structure. However, after annealing the RDF has shifted significantly
and there is much less overlap with the cutoff function. Inspection of the other
three cases shows that this effect is unique to the case S = 2.45 Å. For small
values of S the cutoff function either terminates completely prior to the onset of
second neighbour distances, or has minimal overlap.
The changes seen in the inset in Figure 2.10 lie at the heart of the unphysical
diamond at large values of S and provide a rationalization for the behaviour. In
the Tersoff potential the cutoff function has two roles; (i) it limits the range of the
potential to first neighbours only, and (ii) it controls which distances contribute
to the bond-order itself. The problems with extending the cutoff arise when there
is significantly overlap between the cutoff function and the second neighbour of
the RDF. When this happens additional repulsion between second neighbours
occurs, and the bond order changes such that the effective coordination number
increases. Both of these effects combine to stabilise higher coordinated structures,
which explains why the amorphous structure, which contains a mixture of sp2 and
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Figure 2.10: (a)–(d) Effect of the cutoff parameter S on the radial distribution function
of amorphous carbon (gold dotted line) and annealed carbon (solid blue line). The
corresponding cutoff function is shown in red using a dash-dot line. Panel (e) shows an
inset as indicated for the case S = 2.45 Å.
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sp3 bonding, gradually transforms into a structure with a much higher fraction
of sp3 bonds.
Since the behaviour is unphysical, we have not explored the reasons why large
diamond crystals are not favoured at 3.1 and 3.2 g/cc with S = 2.45 Å, but two
possible explanations present themselves. One is that the dynamics is simply
too slow at 6000 K and higher temperatures are required, but an alternative
rationale is that the stretching of the diamond is an important requirement to
avoid interactions between second neighbours, and hence higher densities make
the formation of diamond disfavoured as the distances between atoms would be
too close to those of ideal diamond itself.
Further insight into the effect of increasing the cutoff comes from the time
evolution of the hydrostatic pressure shown in Figure 2.11. The upper panel shows
that for S = 2.45 Å the pressure is extremely high, initially greater than 100 GPa
for 3.0 and 3.1 g/cc. For comparison, the Berman-Simon phase-boundary line
separating graphite and diamond sits at around 12 GPa at high temperature
(Bundy et al., 1996). Despite such high values, the pressure only drops by ∼20%
during the simulation. In contrast, at the densities associated with diamond
nucleation (i.e., 2.8 and 2.9 g/cc), the fall in pressure is substantial, and is still
falling at the conclusion of the simulation. This reduction is understandable,
since the diamond nanocrystals (even in stretched form), pack more efficiently,
giving rise to reduced pressure in the system overall. At the lowest density shown,
2.7 g/cc, the pressure is still substantial but no reduction occurs, consistent with
the lack of structural evolution during annealing. Figure 2.11(b) emphasizes
the earlier observations that qualitatively different behaviour occurs when the
value of S encroaches upon the second neighbour distances. As the value of S
increases, the pressure in the system increases monotonically; clearly it is wrong
that the pressure should depend on the value of the cutoff. The highest cutoff
value of S = 2.45 Å corresponds to the same data shown in panel (a); here
the pressure reduces substantially due to the appearance of the nanocrystals,
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Figure 2.11: Time evolution of pressure during annealing of amorphous carbons. (a)
Effect of varying the density for a fixed cutoff of S = 2.45 Å. (b) Effect of varying the
cutoff S for a fixed density of 2.8 g/cc.

eventually dropping below the value for S = 2.3 Å.
As a final comment, we note that reducing the value of S to avoid the unphysical stablization of diamond is not a useful option, since reducing S rapidly
decreases the sp3 fraction of the high density amorphous carbon as seen in Figure 2.4. Since a high sp3 fraction is the original reason for increasing S, it would
appear that this strategy does not have an optimal operational region in which to
operate. As an aside, it is interesting to note that in the simulations of Jäger and
Albe (2000) which used the REBO potential and increased cutoffs (R = 1.95 Å
and S = 2.25 Å), they too observed an increase in the sp3 fraction, but at the expense of five-fold coordinated atoms and a large delta-function spike in the RDF.
Both of these properties are unphysical, and reinforce the message of this work
81

Chapter 2: Unphysical nucleation of diamond ...
that the cutoff function of the potential cannot be used as an arbitary tuning
parameter, particular for the amorphous carbons where a range of bondlengths
are present.

2.4

Conclusion

In this chapter we consider the practice of increasing the cutoff of the Tersoff potential to 2.45 Å and show how this modification leads to unexpected behaviour
during our annealing process of amorphous carbon. We demonstrate that diamond nanocrystals nucleate out of the amorphous phase, eventually converting a
large portion of the structure. By systematically varying the value of the cutoff
and the density, we show that this behaviour is unphysical and arises for numerical reasons associated with interactions between the cutoff function and the
second neighbour peak as measured by the radial distribution function. These
observations provide an important lesson not only for carbon simulations but for
other material systems where there is temptation to tweak parameters to improve
a particular property of the potential. The experience of this study is that this
practice, while appealing, should be performed with a high degree of caution, and
extremely thorough testing should be performed to ensure that the improvement
in one property is not offset by a huge reduction elsewhere.
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Transferability of interatomic
potentials for carbon
The main text and most of the figures comprising this chapter have been published in Carbon 155, (2019) 624–634. In this chapter, we test eight common
carbon potentials, i.e., AIREBO, REBO2-S, Erhart/Albe, ABOP, GAP, TersoffS, Tersoff/Nordlund and Tersoff with modified cutoff, and compare their ability
to describe disordered carbon structures. Using molecular dynamics simulations
we produce and anneal amorphous carbon structures of different densities. Characterization using coordination analysis, ring statistics, radial distribution functions and diffraction intensity show that no two potentials give the same result for
each property. To address this lack of transferability, we have developed a web
application tool, www.carbonpotentials.org which collates all carbon potentials
and enables real-time and equivalent comparison. Unlike a traditional publication that is frozen in time, the tool is expandable and can accommodate new
potentials and data.
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3.1

Introduction

In recent years there have been two large community efforts to collate the parameters of interatomic potentials and benchmark their performance. The most complete resource is the Knowledgebase of Interatomic Models, or OpenKIM (Tadmor et al., 2011, 2013), which archives interatomic potentials for the entire periodic table. OpenKIM provides standardized tests to evaluate performance and
also includes an Application Programming Interface (API) integrated with common simulation packages such as LAMMPS (Plimpton, 1995) and GULP (Gale,
1997). Though not as complete as OpenKIM, the Interatomic Potentials Repository (Becker et al., 2013) hosted by the National Institute for Standards and
Technology (NIST) is also an excellent resource for many elements, including
multi-component alloys. These two websites reflect both a maturation of the
field as well as an increasing complexity which can create difficulties for new entrants. For a summary of the rich variety of methods available for interatomic
potentials, see recent reviews by Akimov and Prezhdo (2015) and Harrison et al.
(2018).
For the specific case of carbon these efforts towards standardization and collation have been less effective due to the lack of an universal functional form.
Unlike the Lennard-Jones or Embedded Atom Method potentials, for example,
where parameters exist for many systems and the functional form is fixed, new carbon potentials continue to be developed that require their own unique code-base
and/or library. Consequently, many popular carbon potentials are not available
in the OpenKIM or NIST databases, and often considerable user effort is required
to use new potentials, even for the relatively standard LAMMPS package.
In an interesting study, de Tomas et al. (2016) summarized the situation for
carbon potentials by collating all potentials known to us and performing standardized tests involving liquid quenching and annealing on six common methods: Tersoff, REBO-II, EDIP, LCBOP-I, ReaxFFC2013 and COMB3. The simulations were made as similar as possible and all calculations were performed with
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LAMMPS. Surprisingly they observed substantial differences between the potentials, with the sp3 fraction, radial distribution function, topology and layering
varying dramatically. Since this article was published there have been a number
of developments which motivate further study. Firstly, at least five new potentials
have appeared, including the Gaussian Approximation Potential (GAP) machine
learning approach (Deringer and Csányi, 2017) which is perhaps the most accurate (and computationally costly) potential for carbon presently available. We
have also become aware of three potentials that escaped in de Tomas et al. (2016).
Further progress was an additional study by Aghajamali et al. (2018) as discussed
in Chapter 2, where we analyzed a common variant of the Tersoff potential and
showed that unphysical nucleation of diamond occurs from an excessively large
cutoff parameter. Finally, the AIREBO potential implementation in LAMMPS
was updated, removing a bug that had previously prevented equilibration of a
liquid.
In this chapter we extend upon de Tomas et al. (2016) study by performing
simulations of liquid quenching and amorphous carbon annealing at four different densities using the GAP, AIREBO, REBO2-S, Tersoff-S, Erhart/Albe, extended Cutoff Tersoff, ABOP and Tersoff/Nordlund potentials. Combined with
the six potentials examined in de Tomas et al. (2016) study, this brings the
total number of potentials studied up to 14. Such a large set of data creates
problems for comparison and evaluation, and so we have also created a website,
www.carbonpotentials.org, which collates all the data from our studies and enables the user to perform real-time comparison of any combination of data sets.
The website contains a 3D visualisation tool to inspect the structures and also
includes a list of all carbon potentials in the literature that are known to us. Our
intention is that this resource be expanded over time, both by ourselves and also
in collaboration with the carbon science community.
This chapter is structured as follows. In Section 3.2, we summarize our
Methodology, paying particular attention to the rationale used to choose tempera-
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tures for the liquid quenching and annealing phases. In Section 3.3 we present our
results for (i) amorphous carbon generated by liquid quenching, and (ii) graphitization of amorphous carbon due to high-temperature annealing. The focus is
on the annealing phase as this reveals the greatest variations between potentials.
We also include a selection of results from our earlier study to provide context.
In Section 3.4 we present a discussion of the results and provide details on the
functionality of the website.

3.2

Methodology

In this chapter, we test the performance and evaluate the transferability of the
following eight carbon potentials:
• the extended-cutoff Tersoff potential (Ext. Tersoff) first suggested by Titantah and Lamoen (2005) where the only modification from the original
Tersoff potential (Tersoff, 1988) is increasing the cutoff parameter from 2.1
to 2.45 Å
• the Erhart-Albe potential (Erhart/Albe) developed by Erhart and Albe
(2005) which targets SiC and whose functional form incorporates terms
from the original Tersoff (Tersoff, 1988) and REBO potentials (Brenner,
1990)
• the screened Tersoff potential (Tersoff-S) by Pastewka et al. (2013) where an
environment-dependent function is added to the original Tersoff potential
(Tersoff, 1988) to improve the description of making and breaking bonds
• the modified Tersoff-Nordlund potential (mTersoff/Nordlund) by López et al.
(2011) where a smooth Fermi-type cutoff is implemented in the original Tersoff potential and van der Waals interactions are added following Nordlund’s
formalism (Nordlund et al., 1996)
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• the screened version of the second generation REBO potential (REBO2S) by Pastewka et al. (2008) which implements an environment-dependent
function on REBO-II potential (Brenner et al., 2002) to improve the description of making and breaking bonds
• the Adaptive Intermolecular REBO potential (AIREBO) by Stuart et al.
(2000) based on the second generation REBO potential (Brenner et al.,
2002) where long-range interactions are described by a Lennard-Jones term
with a switching function to restrict their effect at short distances
• the Analytical Bond Order Potential (ABOP) by Zhou et al. (2015) which
uses the latest reparametrization of the original ABOP potential (Pettifor
and Oleinik, 1999) developed from tight-binding theory
• the Gaussian Approximation Potential (GAP) recently developed by Deringer and Csányi (2017) where kernel-based machine learning is employed
instead of a classic empirical functional form
Most simulations are performed in a highly parallelized manner using LAMMPS
on a Cray XC40 supercomputer. The only exception was the mTersoff/Nordlund
simulations which are performed on a Dell workstation using a serial in-house
code. The computational cost of the LAMMPS simulations is shown in Figure 3.1,
with the GAP simulations over three-orders of magnitude more expensive than
the Tersoff variants. Due to this extreme computational cost, the GAP simulations are more modest than the other potentials, involving substantially fewer
atoms, shorter annealing times, and half the number of densities.
The structures for the extended-cutoff Tersoff system are taken from Aghajamali et al. (2018) which is discussed with more details before in Chapter 2 and
reanalyzed. In the case of the ABOP potential (Zhou et al., 2015), we obtained
the parameters directly from the authors and performed tests to confirm that the
published results were reproduced. The Tersoff-S and REBO2-S simulations used
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GAP
ReaxFF
COMB3
REBO2-S
EDIP
AIREBO
ABOP
Tersoff-S
LCBOP-I
REBO-II
Ex. Tersoff
Tersoff
Erhart/Albe
0.0001

0.001
0.01
0.1
1
Computational Cost (μs/atom/timestep/cpu)

10

Figure 3.1: Computational cost for different carbon potentials in LAMMPS simulations
on a Cray XC40. Values are calculated from a 10,000-step annealing simulation of a
1.5 g/cc amorphous structure using 48 processors.

routines from the Atomistica package (www.atomistica.org) which is compiled separately and linked into LAMMPS. For the GAP simulations, LAMMPS was built
with the QUIP module including GAP routines from www.libatoms.org (Bartók
et al., 2010, 2013). The AIREBO and Erhart/Albe simulations are straightforward to implement, using routines and parameters built into LAMMPS.
The molecular dynamics (MD) workflow follow the same approach as used
by de Tomas et al. (2016) and broadly similar to our previous Chapter 2 (see
Figure 2.2). For each potential, we generate four amorphous carbon structures
via liquid quenching with densities of 1.5, 2.0, 2.5 and 3.0 g/cc (only 1.5 and
3.0 g/cc for GAP simulation) to cover the experimental density range observed
experimentally. The starting configuration is a slightly randomized simple cubic
lattice of 32 × 32 × 32 unit cells containing 32,768 carbon atoms (16 × 16 × 16
with 4,096 atoms for GAP simulation) which is large enough to accommodate
statistical variation. Box lengths vary from 7.58 nm for the 1.5 g/cc structures
to 6.02 nm for 3.0 g/cc (from 3.79 nm to 3.01 nm correspondingly in the case of
GAP simulation). Velocities are initialized at 100 K. This unstable configuration
quickly melts, after which the liquid is equilibrated for 5 ps at a temperature Tliquid
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Figure 3.2: Example of the temperature profile during the creation of the amorphous
structure and annealing. Figure is taken from de Tomas et al. (2016).

which depends on the potential. The amorphous carbon structure is obtained via
rapid (1 ps) quenching of the liquid followed by equilibration at room temperature
for 5 ps. The amorphous structure is then annealed for 400 ps (200 ps for GAP
simulation) at a temperature Tanneal to induce graphitization. An example of the
temperature profile through this protocol is illustrated in Figure 3.2.
The final structure is minimized using a conjugate gradient scheme and then
characterized to determine all structural analysis. This includes snapshots, time
evolution of the coordination fractions, ring statistics, radial distribution functions and the Debye diffraction intensity. Coordination fractions are calculated by
counting neighbours within a cutoff distance of 1.85 Å. Shortest-path ring statistics are calculated using the algorithm of Franzblau (1991), using an in-house
code developed by Nigel Marks (my principal supervisor) and previously used to
study amorphous carbon (Marks et al., 2002). Due to the large system size, a
single frame is sufficient for the radial distribution function analysis. The diffraction scattering intensity computed using the Debye scattering equation (Warren,
1990), which was code in fortran by Nigel Marks with a scattering factor of a
single carbon atom.
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To select Tliquid we vary the temperature in coarse steps of 1000 K and compute the mean-square displacement (MSD) to ensure that self-diffusion is broadly
similar between all of them. A comparison of the MSD behavior for 3.0 g/cc liquid carbon is shown in Figure 3.3, with the corresponding temperatures listed in
Table 3.1. Although the diffusion constant reduces with increasing density, for
simplicity we choose just a single value of Tliquid for each potential. For most of the
potentials a temperature of 8000-10000 K yields comparable diffusion coefficients
at a given density. The only exception is REBO2-S potential for which a value of
16000 K is required at the highest density of 3.0 g/cc. This extremely high temperature indicates that self-diffusion is inhibited under these conditions, perhaps
due to the action of the screening term. Notably different is the GAP potential
for which a significantly lower temperature of 6000 K gives equivalent diffusion
behavior. For comparison, the EDIP potential from de Tomas et al. (2016) work is
also shown in Figure 3.3, and like GAP potential, it uses a Tliquid value of 6000 K.
Since GAP and EDIP potentials are both fitted to density-functional-theory data
on liquid carbon, this suggests that most of the other potentials overestimate the
temperatures required to reproduce liquid state behavior.

50

MSD (Å2)

40
30

Ext. Tersoff
Erhart/Albe
ABOP
Tersoff−S
AIREBO
REBO2−S
GAP
mTersoff/Nordlund
EDIP

20
10
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1

1.5
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2.5
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3.5

4

4.5

5

Liquid equilibration time (ps)

Figure 3.3: Time evolution of the mean-square displacement (MSD) of 3 g/cc liquid
carbon for various potentials. Data collection starts at t = 1 ps to allow time for the
liquid to equilibrate. The temperature used for each potential is listed in Table 3.1.
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Table 3.1: Temperatures used for equilibration of the liquid and annealing of the amorphous carbons. Data for the Tersoff, REBO-II, EDIP, LCBOP-I, ReaxFFC2013 and
COMB3 potentials is from de Tomas et al. (2016)

Name of potential

Tliquid (K)

Tanneal (K)
density

(g/cc)

2.0
5000

2.5
5000

3.0
6000

Ext. Tersoff

9000

1.5
5000

Erhart/Albe

9000

4000

4000

4000

4000

ABOP

8000

2500

3000

4000

4000

Tersoff-S

9000

4500

4000

4000

5000

AIREBO

10000

4000

4000

4000

4500

REBO2-S

∗

10000

3500

3500

4000

4500

GAP

6000

3500

-

-

3000

mTersoff/Nordlund

8000

3500

3500

3500

4000

Tersoff

8000

5000

5000

4500

4500

REBO-II

6000

4500

4500

4000

4000

EDIP

6000

4000

4000

3000

3000

LCBOP-I

8000

5500

5500

5000

5000

ReaxFFC2013

6000

3500

3500

3000

3000

COMB3

6000

4000

4000

4000

4000

∗ Tliquid for 3.0 g/cc is 16000 K.

The second stage involves annealing the amorphous carbons at a temperature
high enough to allow atomic rearrangement, but not so great that it melts the
structure. To find this temperature, which depends on both the potential and the
density, it is helpful to examine the MSD in conjunction with the sp2 fraction. As
an example, Figure 3.4 shows data used to determine Tanneal for the Erhart/Albe
potential at a density of 1.5 g/cc. The data in panel (a) shows that at 5000 K the
MSD is varying linearly; this is indicative of melting and hence this temperature
is too high. At 4000 and 4500 K the MSD is varying in a manner more akin to the
square root of time, see inset in panel (a), which is much more reasonable for an
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annealing process. After 100 ps the MSD corresponds to average movement of 3.3
and 5.5 Å, respectively; again, both values are reasonable for diffusion within a
solid. However, consideration of the sp2 fraction as shown in panel (b) shows that
more graphitization has occurred at the lower temperature, and hence 4000 K was
selected. This process of examining the MSD and sp2 fraction was performed for
all potentials and all densities in steps of 500 K; the chosen values of Tanneal are
listed in Table 3.1. Generally speaking, the higher densities required a slightly
higher annealing temperature, with the only exceptions being GAP potential,
a) 120
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4

2

MSD (Å )

6

80

2
0

60

0

2

4

6

8 10


√
time (ps0.5)
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88
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4500 K
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72
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Figure 3.4: Data used to select the annealing temperature for the Erhart/Albe potential
simulation at 1.5 g/cc. (a) Time evolution of the mean-square displacement (MSD)
for three temperatures. (b) Time evolution of the sp2 fraction for the same three
temperatures. The inset in panel (a) shows that for a suitable annealing temperature
the MSD varies as the square-root of time.
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Figure 3.5: Fraction of sp3 bonding as a function of density in amorphous carbons
created by liquid quenching. Open circles show experimental data from Schwan et al.
(1996). Panel (a) is from this work and panel (b) is from de Tomas et al. (2016).

where the reverse behavior is seen, and Erhart/Albe potential, where the same
temperature was selected for all densities.

3.3
3.3.1

Results
Amorphous carbons (a-C)

It is well known from experimental and density-functional-theory (DFT) studies
that the sp3 fraction of amorphous carbons increases linearly with density, and
hence this relationship represents one of the simplest tests of the transferability
of a carbon potential. Figure 3.5(a) shows the sp3 fraction versus density for the
eight potentials studied in this work, while panel (b) shows the same data from
de Tomas et al. (2016). Experimental data from Schwan et al. (1996) is shown
as empty circles; note that DFT studies (Marks et al., 2002) almost exactly
reproduce the experimental trend.
At low densities all eight potentials in panel (a) have sp3 fractions consistent
with experiment and DFT, but as the density increases significant deviations occur. Broadly speaking, the eight potentials can be split into two groups. The first
group, containing ABOP, Erhart/Albe, AIREBO and mTersoff/Nordlund poten-
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tials, have sp3 fractions of 20–30% at 3.0 g/cc, underestimating the experimental
value by approximately a factor of three. The second group, containing GAP, extended Tersoff, Tersoff-S and REBO2-S potentials, have values clustered around
60%, considerably closer to experiment. This observation of a wide spread of sp3
fractions at high density mirrors the results from our findings from de Tomas
et al. (2016) as seen in Figure 3.5(b).
While the relation between sp3 fraction and density of amorphous carbon is
an excellent first step in assessing a potential, it does not provide a guarantee of
transferability. For example, as investigated in Chapter 2, on the extended Tersoff
potential we observed that the high sp3 fraction at high densities is associated
with overlap of the cutoff function into the second neighbor shell. This leads to
unphysical nucleation of diamond during annealing of the amorphous structures.
In the next section, we will see a similar effect for the Tersoff-S potential.

3.3.2

Graphitization of a-C under annealing

To assess the ability of the potentials to describe the making and breaking of
bonds, the amorphous structures were annealed at high temperatures until equilibrium was reached. With the exception of GAP potential, the annealing time
was 400 ps for all potentials. The high temperature enables a substantial rearrangement of the structure, leading to significant time evolution of the coordination fractions as shown in Figure 3.6. At the lowest density of 1.5 g/cc all eight
potentials exhibit broadly similar behaviour, showing an increase in the fraction
of sp2 bonds. This development of graphitic bonding during annealing is the expected behaviour for a carbon system heated to high temperatures. Despite the
similarities, the sp2 fraction at 200 ps still varies somewhat, from as little as 82%
for REBO2-S potential, to a high of 97% for GAP potential. Note that as can be
seen from the Figure 3.6 and Table 3.2, most of the coordination fractions (sp,
sp2 and sp3 ) have already reached equilibrium by this time. Full details of the
coordination fractions after 200 and 400 ps of annealing are provided in Table 3.2.
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Figure 3.6: Evolution of sp2 bonding for the first 200 ps of annealing of amorphous
carbon. Data is shown for each potential at densities of (a) 1.5 g/cc, (b) 2.0 g/cc, (c)
2.5 g/cc and (d) 3.0 g/cc.

The time-evolution of pressure during the annealing simulations for the 1.5 g/cc
and 3.0 g/cc structures is shown in Figure 3.7. For comparison, data for EDIP
potential is also included. After a few tens of picoseconds the pressure fluctuates
around a constant value.
As the density increases, large differences appear between the potentials. Even
at 2.0 g/cc (Figure 3.6(b)), the REBO2-S structure has substantially fewer sp2
atoms than the other potentials, and a high sp fraction approaching 30%. At
2.5 g/cc (Figure 3.6(c)) the sp2 fractions are spread out, with no particular value
more common than other. At the highest density (Figure 3.6(d)) the sp2 fraction
varies from less than 30% for extended Tersoff potential to 94% for ABOP potential. Similar to what was observed for amorphous carbon in Figure 3.5(a), the
potentials can be divided into the same two groups, indicating that highly sp3
amorphous carbon transforms into annealed structure with a high sp3 fraction,
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Table 3.2: Percentage coordination fractions for carbon structures generated using
all fourteen potentials and four densities. Data is shown for amorphous carbon (a-C)
prepared by liquid quenching and subsequently annealed carbons at two stages (200 and
400 ps). Data for the Tersoff, REBO-II, EDIP, LCBOP-I, ReaxFFC2013 and COMB3
potentials is from de Tomas et al. (2016). The melting and annealing temperatures
used are given in Table 3.1.
1.5 g/cc

Name of potential
sp

sp2

sp3

2.0 g/cc
sp

sp2

2.5 g/cc

sp3

sp

sp2

sp3

3.0 g/cc
sp

sp2

sp3

Tersoff

a-C
200 ps
400 ps

23.9 71.6 4.1
11.0 84.8 4.2
9.9 85.4 4.7

12.1 78.9 9.0
8.2 85.7 6.1
8.3 85.9 5.8

4.4
2.4
2.6

76.8 18.8
81.5 16.1
81.4 16.0

1.6
0.9
1.0

64.1 34.1
65.0 34.1
65.3 33.7

REBO-II

a-C
200 ps
400 ps

18.4 77.1 4.2
2.9 92.6 4.5
2.1 93.8 4.1

9.4
4.1
3.6

84.0 6.6
89.3 6.6
89.6 6.7

3.3
1.7
1.4

86.5 10.2
89.3 9.0
90.0 8.6

1.3
0.7
0.5

85.0 13.7
90.7 8.6
93.3 6.2

EDIP

a-C
200 ps
400 ps

29.6 62.0 8.4
3.7 93.9 2.4
2.8 95.5 1.7

15.0
2.5
2.3

66.3 18.7
93.9 3.6
95.0 2.7

4.0
0.9
0.7

60.3 35.7
62.8 36.3
65.0 34.3

0.3
0.2
0.2

44.8 54.9
39.6 60.2
39.3 60.6

LCBOP-I

a-C
200 ps
400 ps

36.6 62.7 0.1
24.5 74.9 0.2
23.2 76.2 0.2

13.0 86.5 0.5
8.8 90.8 0.4
9.0 90.6 0.4

4.2
1.4
1.4

94.0 1.8
97.9 0.7
97.9 0.7

1.0
0.6
0.6

92.7 6.3
96.9 2.5
97.0 2.4

ReaxFFC2013

a-C
200 ps
400 ps

37.7 60.5 1.7
3.6 95.2 1.2
1.9 97.1 1.0

20.3
3.5
1.8

7.8
1.1
0.7

81.2 11.0
94.4 4.5
96.0 3.3

1.5
0.2
0.1

72.1 26.4
86.0 13.8
90.2 9.7

COMB3

a-C
200 ps

18.0 58.4 22.5
14.3 51.0 33.2

14.3 55.4 29.4
10.6 49.4 39.5

9.8
6.6

52.3 36.9
49.8 43.2

6.0
3.6

49.2 43.7
48.8 47.6

Extended Tersoff

a-C
200 ps
400 ps

22.7 74.2 2.8
12.1 85.7 2.1
10.9 86.9 1.9

9.4
5.7
5.9

82.3 8.3
89.0 5.2
88.8 5.2

2.4
1.6
1.6

71.9 25.7
74.6 23.8
75.0 23.4

0.2
0.3
0.3

36.8 62.8
28.9 70.7
27.7 72.0

Erhart/Albe

a-C
200 ps
400 ps

28.1 69.0 2.6
8.6 89.6 1.7
7.8 90.4 1.8

14.9
5.3
5.8

78.9 6.0
91.9 2.8
91.3 2.8

7.3
2.6
2.7

78.9 13.7
86.8 10.5
86.5 10.8

3.4
1.0
0.9

70.0 26.6
73.5 25.4
74.3 24.8

ABOP

a-C
200 ps
400 ps

38.9 53.9 0.5
6.9 89.8 1.7
5.9 90.1 1.9

24.9
5.7
5.1

68.0 3.4
89.8 1.9
91.2 1.4

12.1
4.9
4.2

77.6 8.8
92.5 1.1
93.6 0.9

5.1
3.7
3.3

76.1 18.6
93.1 3.1
94.2 2.5

Tersoff-S

a-C
200 ps
400 ps

18.4 78.9 2.6
6.7 90.7 2.5
5.9 91.5 2.5

7.7
3.1
2.8

85.2 7.1
93.2 3.6
93.9 3.3

1.9
1.0
1.0

76.8 21.5
80.2 18.8
80.5 18.5

0.4
0.6
0.5

48.1 51.5
40.3 59.1
39.5 60.0

AIREBO

a-C
200 ps
400 ps

38.7 60.0 0.8
11.5 86.7 1.7
8.5 89.2 2.2

18.1 78.3 3.4
5.9 91.7 2.5
5.7 92.0 2.3

5.4
0.8
0.8

84.9 9.7
91.3 7.8
91.3 7.9

1.5
0.3
0.3

78.4 19.8
81.7 18.0
81.8 17.9

REBO2-S

a-C
200 ps
400 ps

41.0 58.2 0.8
16.6 81.8 1.5
16.1 82.3 1.6

28.2 69.2 2.6
27.9 70.4 1.7
27.2 71.0 1.8

11.6 70.8 17.6
17.8 76.1 6.1
17.5 76.6 5.9

0.9
0.6
0.6

45.5 53.6
38.0 61.3
37.6 61.7

GAP

a-C
200 ps

25.1 70.1 4.7
2.3 96.6 1.1

9.0
–

78.0 13.0
–
–

2.0
–

67.9 30.1
–
–

0.1
0.03

38.9 60.9
43.0 56.4

mTersoff/Nordlund

a-C
200 ps
400 ps

22.1 75.3 2.4
7.8 90.8 1.4
6.2 92.1 1.6

9.2
3.2
3.0

85.1 5.7
94.1 2.7
94.5 2.5

3.4
1.2
1.2

82.1 14.5
87.1 11.7
87.3 11.5

0.9
0.7
0.8

69.4 29.6
68.1 31.1
68.1 31.3
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Figure 3.7: Evolution of pressure during the annealing of the 1.5 g/cc (panel (a)) and
3.0 g/cc structures (panel (b)).

Figure 3.8: Evolution of sp2 bonding for the first 200 ps of annealing of amorphous
carbon for for the Tersoff, REBO-II, EDIP, LCBOP-I, ReaxFFC2013 and COMB3 potentials. Figure is taken from de Tomas et al. (2016).

and vice-versa. The significant variability between the different potentials mirrors our previous study where large variations also emerged during the annealing
process (for the analogous plot see Figure 3.8 which extracted from de Tomas
et al. (2016)). This demonstrates that based on our methodology, carbon in-
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teratomic potentials do not produce equivalent structures, but rather generate a
broad spectrum of possibilities.
Figures 3.9 and 3.10 show cross-sectional slices of the 1.5 and 3.0 g/cc annealed
structures. These are all slices from the center of the simulation cell; however,
due to the periodic boundary conditions this is an arbitrary choice. Atoms are
coloured by bonding type, with red, green and blue denoting sp, sp2 and sp3
hybridization, respectively. For comparison, also shown in the figures are the
most important structures from de Tomas et al. (2016). The GAP structures
have half the box-length of the other structures and hence a 2 × 2 tiling (panel
(g) of both figures) provides a convenient means to display the structure on the
same scale.
Looking first at the 1.5 g/cc structures in Figure 3.9, an enormous range
of variability is evident, even though all the structures are highly sp2 bonded.
Grouping the potentials by microstructure, three broad categories can be identified. In the first category, containing extended Tersoff, Erhart/Albe, Tersoff-S,
AIREBO, mTersoff/Nordlund and Tersoff, the structures are highly disordered,
with small graphene fragments and a few pores. In the second category, containing ABOP, REBO-II, REBO2-S and ReaxFF, there is an increase in short-range
order and larger graphene fragments are present. These graphene fragment are
curved/entangled, but are not stacked. In the third category, containing EDIP
and GAP, the structures show the highest degree of order, with stacking of layers
present in EDIP structure and the onset of this behavior in GAP structure. Due
to the small system size with GAP structure it is not possible to observe a large
number of stacked layers.
The 3.0 g/cc structures in Figure 3.10 exhibit an even wider range of variability, spanning a combination of different bonding types and microstructures.
In this case, five categories can be identified. In the first category, containing
Erhart/Albe, AIREBO, mTersoff/Nordlund and Tersoff, the structures are fully
disordered/amorphous with majority sp2 bonding (seen by the excess of green
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a) Extended Tersoﬀ

e) AIREBO

i) Tersoﬀ

b) Erhart/Albe

f) REBO2-S

j) REBO-II

c) ABOP

g) GAP

k) EDIP

d) Tersoﬀ-S

h) mTersoﬀ/Nordlund

l) ReaxFF

Figure 3.9: Cross-sectional slice of 1 nm thickness for 1.5 g/cc annealed carbons generated using twelve different potentials. Panels (a)–(h) are from this work and panels
(i)–(l) are from de Tomas et al. (2016). The GAP structure in panel (g) is a 2 × 2 tiling.
Red, green and blue atoms denote sp, sp2 and sp3 bonding, respectively.
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a) Extended Tersoﬀ

e) AIREBO

i) Tersoﬀ

b) Erhart/Albe

f) REBO2-S

j) REBO-II

c) ABOP

g) GAP

k) EDIP

d) Tersoﬀ-S

h) mTersoﬀ/Nordlund

l) ReaxFF

Figure 3.10: Cross-sectional slice of 1 nm thickness for 3.0 g/cc annealed carbons
generated using twelve different potentials. Panels (a)–(h) are from this work and
panels (i)–(l) are from de Tomas et al. (2016). The GAP structure in panel (g) is a
2 × 2 tiling. The colour codings details are the same as Figure 3.9.
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in the snapshots). In the second category, containing REBO2-S and EDIP, the
structures are also amorphous but predominantly sp3 bonded, as seen by the
abundance of blue-coloured atoms. In the third category, containing extended
Tersoff and Tersoff-S, the structure is predominantly sp3 bonded but contains
a mixture of amorphous and diamond crystallites. In the fourth category, containing ABOP, REBO-II and ReaxFF, the structures are highly sp2 bonded and
contain randomly oriented stacked layers. The GAP structure exists in a category
all of its own, being the only potential to produce phase separation into stacked
layers and a dense disordered phase. Inspection of the structure showed that the
disordered phase is tetrahedral amorphous carbon (ta-C), with around 80% sp3
bonding and an absence of crystallites.
We have shown in Chapter 2 that the diamond crystallites seen for the extended Tersoff potential are an artifact arising from overlap of the cutoff function
with the second neighbour shell. The observation of crystallites with Tersoff-S
suggests this behavior is also an artifact. To analyze this behavior, we follow the
same approach in Chapter 2 and performed additional simulations and employed
the diamond structure identification tool (Maras et al., 2016) in the OVITO visualization package. Amorphous carbon and annealed structures were generated for
densities between 2.7 and 3.2 g/cc, in intervals of 0.1 g/cc. Figure 3.11 shows the
time evolution of diamond nucleation for Tersoff-S and extended Tersoff structures, revealing that the process occurs in a narrow density window. The original
Tersoff potential and other modifications (Erhart/Albe and mTersoff/Nordlund
potentials) do not produce diamond crystallites. Further analysis showed that the
3.0 g/cc REBO2-S structure, which uses the same screening approach as TersoffS structure, also contained a small amount (2.1%) of diamond crystallites. This
suggests the crystallite nucleation is an anomaly due to the screening function.
Another anomaly is the observation of five-fold coordinated atoms in the
3.0 g/cc GAP structure. The developers of GAP potential also observed some
five-fold atoms in simulations of thin-film deposition (Caro et al., 2018) and these
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Figure 3.11: Time evolution of the fraction of atoms in a crystalline diamond environment as a function of density. Panels (a) and (b) correspond to Tersoff-S and extended
Tersoff structures, respectively; data in panel (b) is from Chapter 2 and reploted.

are presumably an artifact of the machine learning approach. In our simulations,
around 0.5% of the atoms are five-fold coordinated, forming four families of motifs
a)

b)

c)

d)

Figure 3.12: Four types of unphysical bonding motifs involving five-fold coordinated
atoms (yellow circles) in the GAP structure at 3.0 g/cc. Panel (a) shows the most
common motif, while the others are less frequent. Blue circles denote sp3 atoms.
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Figure 3.13: Local environment and bondlengths of all atoms with five-fold coordination
in the 3.0 g/cc GAP structure. Green, blue and yellow circles indicate atoms with 3, 4
and 5 neighbors respectively. Number of neighbors determined using a 1.85 Å cutoff.

as shown in Figure 3.12; the structure in panel (a) is by far the most common. All
of these motifs are chemically unlikely; for full details showing all configurations
and bond lengths, see Figure 3.13. Several other potentials (Tersoff, REBO-II,
extended Tersoff, Tersoff-S and AIREBO) had the occasional five-fold atom, but
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the fraction was at least a factor of ten lower than those in the 3.0 g/cc GAP
structure and typically far smaller.
The radial distribution functions (RDFs) for the eight potentials studied in
this work are shown in Figure 3.14(a), with the vertical dotted lines indicating
the bond length of graphite and diamond. Based on the cross-sectional slices
and high sp2 fractions, one might expect that the RDFs would all have their first
peak close to the ideal graphite value of 1.42 Å. Surprisingly, most of the first
neighbor peaks are intermediate between graphite and diamond, with the Tersoff
family of potentials often closer to diamond. Only GAP potential (and possibly
ABOP potential) predicts an RDF centred around the ideal graphite value. Large
variations between the potentials can also be seen in the position and shape of
the second and third neighbor peaks of Figure 3.14(a). Only ABOP potential has
a pronounced third peak at a distance of 2.84 Å as expected for graphene. As
shown in panel (d), EDIP potential also exhibited a clear third peak, while for
REBO-II and ReaxFF potentials it is less pronounced.
At higher densities, the RDF of GAP potential is clearly distinct from the
other potentials, as seen by the bimodal first neighbor peak in Figure 3.14(b).
The two peak positions align with graphite and diamond, as expected based on
visual examination of the cross-section in Figure 3.10(g). The extended Tersoff, Tersoff-S and REBO2-S potentials all have their first peaks aligned with the
diamond bond length, consistent with the observation of diamond crystallites.
The Erhart/Albe and mTersoff/Nordlund potentials, both of which are closely
related to the original Tersoff potentials, have their first peak intermediate between graphite and diamond. In fact, for these three potentials the first peak
position does not change with density. Of the eight potentials, only ABOP and
AIREBO potentials have the first peak centered on graphite. However, while
AIREBO structure is amorphous (Figure 3.10(e)), the ABOP structure shows
stacked layers (Figure 3.10(c)) with sufficient order to produce a third peak in
the RDF (Figure 3.14(b)). Layering and a third peak in the RDF was similarly
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Figure 3.14: Radial distribution function of the annealed structures. Panels (a), (b),
(c) and (f) are from this work, while panels (d) and (e) are from de Tomas et al. (2016).
The vertical dotted lines indicate the bond length for graphite and diamond.
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Figure 3.15: Ring statistics of the annealed structures. Panels (a), (b), (c) and (f) are
from this work, while panels (d) and (e) are from de Tomas et al. (2016).

observed in de Tomas et al. (2016) for ReaxFF and REBO-II potentials (see Figure 3.14(e)). For comparison, data for the 2.0 and 2.5 g/cc structures from this
study are also shown in panels (c) and (f), respectively.
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To characterize the topology of the structures we compute ring statistics from
triangles to dodecagons. Figure 3.15(a) shows data for the eight potentials at
low density, with the number of rings normalized per atom. Consistent with
the high sp2 fraction, most of the potentials show a predominance of hexagons
over other rings, with AIREBO structure being a notable exception, favouring
heptagons over hexagons. While this result may look surprising, a preference
for heptagons was also found by the AIREBO potential developers themselves in
a study of amorphous carbon (Stuart et al., 2006). Their study also found the
same relationship between sp3 fraction and density as reported here. The greatest
number of hexagons occur for GAP and ABOP structures, which overlap each
other for much of the ring distribution; only the EDIP structure (Figure 3.15(d))
has more hexagons. For reference, note that a pure graphite structure contains
0.5 hexagons per atom, while a pure diamond structure contains 2 hexagons per
atom.
It is instructive to consider a subset of structures in Figures 3.15(a) and (d)
for which octagons and above are negligible. All of these structures, which include ABOP, GAP, ReaxFF and EDIP, contain a large fraction of hexagons and
a smaller fraction of pentagons and heptagons. The pentagon/heptagon ratio
confers local curvature to the structure, and can be correlated with the graphene
fragments seen in Figure 3.9. The large graphene layers seen with GAP and EDIP
structures are consistent with similar amounts of pentagons and heptagons, implying flat curvature, while the smaller fragments seen for ABOP and ReaxFF
structures are consistent with negative curvature implied by an excess of heptagons over pentagons. The remaining structures show poor crystallinity reflected
in a significant amount of larger polygons. The most extreme case is AIREBO
structure with a comparatively flat ring distribution, resulting in an amorphous
structure as seen in Figure 3.9(e). Similar behavior was observed in LCBOP-I
structure, and to a lesser extent for Tersoff structure (see Figure 3.9(d)).
In the case of the high density structures in Figure 3.15(b), each of the eight
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Figure 3.16: Diffraction intensity computed using the Debye scattering equation for
the 1.5 g/cc annealed structures. Panel (a) is from this work and panel (b) is from
de Tomas et al. (2016). The dashed line indicates the position of the 002 scattering
peak corresponding to the graphite interlayer spacing of 3.35 Å.

potentials shows a different trend, with no two structures possessing the same ring
distribution. Whereas earlier it was possible to group the potentials according to
their microstructure or RDF, here each distribution is unique, emphasizing that
the potentials do not generate equivalent structures. The greatest number of
hexagons occurs for extended Tersoff due to the nucleation of the large diamond
crystallites. The other two structures with diamond crystallites (Tersoff-S and
REBO2-S) also have large number of hexagons, as does the GAP structure due
to the presence of the ta-C phase. At the other extreme, the AIREBO structure
contains only a small number of hexagons and the peak is shifted towards large
rings, not dissimilar to LCBOP-I structure (Figure 3.15(e)). For comparison, data
for the 2.0 and 2.5 g/cc structures from this study are also shown in panels (c)
and (f), respectively. The story of complexity and variability between potentials
extends to these intermediate densities, and is nicely summarized by panels (c)
and (f) which shows that the topology of the annealed structures are strikingly
different to the low and high densities discussed in the main text.

108

Chapter 3: Transferability of interatomic potentials for carbon
Figure 3.16 presents diffraction intensities for the 1.5 g/cc structures, with the
vertical dotted line showing the position of the 002 peak indicative of graphitic
ordering. None of the eight structures in panel (a) exhibit an 002 peak, with the
exception of GAP potential which has a small shoulder at the expected position.
A similar situation occured in de Tomas et al. (2016) (see Figure 3.16(b)), with
only EDIP potential producing a sharp 002 peak. Even then, the EDIP 002 peak
is in the wrong location as the absence of van der Waals interactions means the
spacing is too large, and hence the corresponding value of s is too small. At
the slightly higher density of 2.0 g/cc, EDIP, ABOP and ReaxFF structures all
exhibit layering, in agreement with recent ReaxFF simulations by Li et al. (2018)
who used a similar methodology to ourselves to study graphitization. Generally
speaking, the data in Figure 3.16 are in conflict with a well-known result for glassy
carbon, namely that high-temperature annealing of a precursor at this density
should produce stacked graphitic layers (Harris, 2004). The absence of this feature
in most of the potentials is a clear demonstration that further development of
carbon potentials is required.

3.4

Discussion

In this chapter we systematically analyze the performance of eight carbon potentials, extending upon de Tomas et al. (2016) study of six other potentials.
Having reached a total of 14 potentials, most at four different densities, we have
a substantial data set with which to evaluate transferability via amorphous carbon and annealing. Disturbingly, there are large differences between the various
potentials, covering all aspects of the microstructure, topology and hybridization.
Even though the potentials produce very similar similar results for graphite and
diamond, the study of disordered phases reveals that each potential deals with
the complexity of non-crystalline bonding in very different ways. This provides
clear evidence that the challenge of developing an efficient and accurate carbon
potential is yet to be solved.
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A significant number of potentials (ABOP, REBO-II, ReaxFF, AIREBO, Tersoff, Erhart/Albe, mTersoff/Nordlund and LCBOP-I) favour sp2 dominant structures, regardless of the density, a result which is almost certainly incorrect. At
high density, the extended Tersoff, Tersoff-S and REBO2-S potentials predict high
sp3 fractions for both the amorphous and annealed structures, but the annealed
carbons exhibit diamond crystallites which are unphysical. For the extended Tersoff potential, as discussed in Chapter 2, this behaviour can be directly linked to
overlap of the cutoff function with the second neighbour coordination shell, while
for the screened potentials (Tersoff-S and REBO2-S) the behaviour is likely connected to the screening function. The screening function is also presumably the
reason for the extraordinarily high temperature of 16000 K required for the liquid
equilibration in the REBO2-S 3.0 g/cc structure. As our previous work shows,
the COMB3 potential is currently unsuitable for modelling disordered carbons
due to a bias for triangles. EDIP potential provides good all-round performance
at all densities, while ReaxFF potential also behaves well at densities below that
of graphite. In principle, the machine learning approach of GAP potential offers
the best way forward, but presently this potential is limited by the enormous
computational cost, which is two to three orders of magnitude greater than the
alternatives. The observation of five-fold coordination in the high-density GAP
structures is also a cause for concern that requires further investigation.
To facilitate interactive analysis of the data set we have constructed an online
tool, www.carbonpotentials.org,∗ which collates all of the data from our study.
Even for the present work it is not possible to satisfactorily compare all data in
a single plot, and this problem will only become worse as more potentials are
developed. On the website the user can select one or more potentials to examine,
and has access to all characterization data, plus 3D interactive visualization.
Atomic coordinates are available for download, and tabs provide quick navigation
between data sets at different densities. Our tool is live, and can be expanded
∗

Screenshots of the online application tool are provided in Appendix C.
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over time, providing a modern approach in which all information related to carbon
potentials is gathered into a single hub. We invite researchers developing future
potentials to contribute data using the same computational methodology.
A secondary role of the website is to provide a point of collation for all carbon
potentials known to us. de Tomas et al. (2016) identified 39 carbon potentials
which they categorized into families according to their developmental lineage. The
information was presented in a table which summarized the main characteristics
of each potential, the ability to describe elements other than carbon and whether
or not the potential was available in LAMMPS. An updated version of this table
with 46 potentials is available on the website (see Figure C.3) and is also shown
before in Chapter 1 (see Tables 1.1, 1.2 and 1.3). We have intentionally excluded
from this table potentials that are specific to graphene and its layered derivatives
(bilayer graphene, graphite, etc). While this class of potentials (examples include
(Kolmogorov and Crespi, 2005; Tewary and Yang, 2009; Zalizniak and Zolotov,
2017; Rowe et al., 2018; Wen et al., 2018)) can provide excellent performance for
graphene-type systems, they are not transferable to a general system of carbon
atoms. These graphene-oriented potentials assume a fixed hybridization, planar
geometry and typically use a pre-assigned atomic index to distinguish between
inter-layer and intra-layer interactions.
The merits of performing systematic comparison of carbon potentials have
also been demonstrated by a number of recent studies by other authors, all of
which have used LAMMPS. These works have considered elastic constants of
graphene, diamond and nanotubes (Gayk et al., 2018; Lebedeva et al., 2019),
liquid carbon (Dozhdikov et al., 2017), fracture mechanics (Tangarife et al., 2019)
and amorphous carbon thin-film deposition (Li et al., 2018). Broadly speaking,
these five studies observe similar trends to those seen in this work, reporting large
variations between potentials and in the case of the fracture study, unphysical
behavior related to the switching function.
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3.5

Conclusion

To summarize, we have demonstrated a lack of transferability in carbon potentials and the need for thorough testing before selecting a potential to describe a
particular carbon system. This is an important message not only for modellers,
but for the whole carbon community, as awareness of the limitations of a potential
is crucial for the proper interpretation of simulations. Our results also provide
impetus for developing better and more efficient potentials that can accurately
describe carbon in a wide variety of situations. While machine learning frameworks such as GAP potential offer a promising way forward, these potentials are
presently extremely costly. For large systems and long simulation times, EDIP
and ReaxFF remain the best potentials, with ReaxFF potential having the advantage that the parameters are available for hydrogen and oxygen. However, to
use a colloquial expression, the devil is in the details, and it remains the responsibility of each researcher to ensure that their use of a potential is consistent with
its design. To this end, we anticipate that our www.carbonpotentials.org tool will
aid in this task and provide a forum for further development of potentials.
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Chapter 4
Modification of nanodiamonds by
xenon implantation
The main text and figures comprising this chapter have been published in Nuclear Instruments and Methods in Physics Research Section B 453, (2019) 32–40.
This chapter is motivated by experiments of ion-implantation into nanodiamonds
(NDs) at the University of Huddersfield, UK, as discussed in Section 1.1.1. Here,
we provide molecular dynamics simulations for the irradiation process to understand experimental results. The NDs vary in size from 2 to 10 nm, and xenon
energies of 50 eV up to 40 keV are considered. For small NDs an energy-window
effect occurs in which xenon energies of around 6 keV destroy the ND, while in
larger NDs the radiation cascade is increasingly similar to those in bulk material.
Destruction of the small NDs occurs due to thermal annealing associated with
the small size of the particles and the absence of a heat-loss path. Simulations
are also performed for a range of impact parameters, and for a series of doublenanodiamond systems in which a heat-loss path is present. The latter shows that
the thermal shock caused by the impact occurs on the timescale of a few picoseconds. These findings are relevant to ion-beam modification of nanoparticles by
noble gases as well as the meteoritic studies discussed in Chapter 5.
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4.1

Introduction

Nanodiamonds (NDs) are found in primitive chondritic meteorites at concentrations as high as 1500 ppm (Ott, 1993; Huss, 2005). Within these NDs are trace
amounts of xenon and other noble gases whose unusual isotopic abundances indicate a pre-solar origin and provide information on nucleosynthesis processes in
supernovae. Ion-implantation is the most popular explanation for the presence
of the noble gases in NDs (Lewis et al., 1987; Anders and Zinner, 1993; Daulton
et al., 1996; Verchovsky et al., 1998), although another possibility is that the
noble gases were incorporated during growth of the ND. The implantation hypothesis was studied experimentally by Verchovsky et al. (2000) and Koscheev
et al. (2001) using low-energy implantation into detonation nanodiamonds, which
are similar in size to meteoritic NDs. Even though their studies employed only a
single implantation energy and used isotopes of natural abundance, many of the
characteristics observed in the meteoritic data were observed.
Recently, Shiryaev et al. (2018) performed a combined experimental and computational study of xenon implantation into NDs of varying size. Implantation
experiments were performed in situ in a transmission electron microscope (TEM),
enabling real-time monitoring of irradiation effects. While large NDs (40 nm diameter) were resistant to the ion beam, the small NDs (2–3 nm) were gradually
destroyed under 6 keV irradiation. Stopping and Range of Ions in Matter (SRIM)
calculations do not predict this effect, while molecular dynamics (MD) simulations explained these observations via a temperature effect, which anneals the
smaller-sized NDs. The success of the MD approach is that it goes beyond the
binary-collision approximation used by SRIM, and captures all the thermal motion associated with the collision cascade.
In this chapter our MD studies of xenon implantation into ND are performed
in two main ways: (i) low implantation energies are considered to study the
hypothesis explored by Verchovsky et al. (2000) and Koscheev et al. (2001), and
(ii) a second ND particle is introduced to capture thermal conduction effects
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relevant to the in situ experiments by Shiryaev et al. (2018) at the University
of Huddersfield, UK (see Section 1.1.1). We also examine the effect of varying
the impact parameter and include a comprehensive description of the simulation
approach, including the description of the xenon–carbon interactions and the
methodology for generating the ND coordinates. The latter is a useful starting
point for further investigations of noble gases within NDs as studied in Chapter 5.

4.2

Methodology

Atomic interactions between carbon atoms were described using the environment
dependent interaction potential (EDIP) for carbon, coupled with the ZieglerBiersack-Littmark (ZBL) potential (Ziegler et al., 1985) to describe close-range
pair interactions between carbon atoms. Further details of the interpolation process used to switch between the EDIP and ZBL forms are provided earlier in
Section 1.2.4. In the comparison study of carbon interatomic potential in Chapter 3, we found that EDIP potential has excellent transferability across a wide
range of conditions, and is superior to many common carbon potentials. One
aspect of EDIP potential which is still being developed is the ability to describe
hydrogen, and hence all NDs in the simulations are dehydrogenated.
For the xenon–carbon (Xe–C) interactions, we used the standard ZBL potential coupled with a Lennard-Jones (LJ) potential of the form
 

σ 12  σ 6
−
,
ULJ (r) = 4ε
r
r

(4.1)

with parameters εXe−C = 0.0114 eV and σXe−C = 3.332 Å as given in Simonyan
et al. (2001). For simplicity, we did not employ the anisotropic terms as implemented in Simonyan et al. (2001). Interpolation between the LJ form and
the ZBL interaction was described in the same manner as Christie et al. (2015)
and Buchan et al. (2015), using Fermi-type switching functions. The parameters
were empirically determined to provide a smooth transition from the strong re115
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Figure 4.1: Interaction energy between the xenon and carbon atoms (green line). At
close approach the interaction is pure ZBL (blue line), while at distances around equilibrium and greater a Lennard-Jones (LJ) expression is used (red line). Interpolation at
intermediate distances is performed using a Fermi-like switching function as described
in the text.

pulsive region of the ZBL to the weakly attractive region of the LJ potential. The
resulting functional form of the energy for xenon–carbon interactions is
h
i h
i
UTotal (r) = UZBL (r) × f (r + δ) + ULJ (r) × (1 − f (r − δ)) ,

(4.2)

where f (r) is a Fermi-type switching function, δXe−C = 0.07 Å. The Fermi function is given by
i−1
f (r) = 1 + exp bF (r − rF )
h

(4.3)

where bF controls the sharpness of the transition and rF is the cutoff distance;
these parameters are chosen manually to ensure smoothness. For xenon–carbon
we use bF = 8 Å and rF = 2.7 Å, the same as the recent implantation study by
Shiryaev et al. (2018). A plot of the xenon–carbon interaction energy covering
the ZBL and LJ regimes is shown in Figure 4.1, with the attractive region shown
in the inset.
The simulations are performed using an in-house MD package developed by
Nigel Marks (my principal supervisor). All calculations are performed in an NVE
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ensemble (constant number of particles, volume and energy), using Verlet integration and a variable timestep. The algorithm for the timestep automatically
adjusts the timestep using the metric ||Fmax ||∆t as described in Marks and Robinson (2015). During close approaches the timestep was reduced to values as small
as 10−5 fs, and was subsequently increased as kinetic energy was dispersed and
the system equilibrated. Periodic boundary conditions are not employed. Prior
to ballistic implantation, all ND coordinates are relaxed by steepest descent and
equilibrated at 300 K. The majority of the simulations are 1 ps in length, which
is sufficient to model the ballistic phase of the Xe implantation onto the ND
(Shiryaev et al., 2018), which involves the transferring of kinetic energy from
the xenon to the carbons. A smaller number of longer simulations extending up
to 85 ps are performed to study annealing effects and thermal transport. Temperatures are determined using the kinetic energy of the main carbon cluster;
the xenon atom and any ejected carbon atoms are excluded from the calculation and the net momentum of the cluster os subtracted prior to computing the
temperature.
Construction of the nanodiamond coordinates is a non-trivial problem. The
question of stable nanodiamond morphologies has been extensively studied by
Barnard and Zapol (2004) and some sets of Cartesian coordinates are available
online (Barnard, 2014b). For dehydrogenated NDs, as discussed earlier in Chapter 1, they showed that the relevant stable geometry is the truncated octahedron,
formed by cleaving a carbon nanoparticle out of diamond such that it has only
{100} and {111} faces (see Figure 1.7). One important detail of dehydrogenated
NDs is that the {100} surfaces need to be reconstructed in a 2 × 1 arrangement
to eliminate dangling bonds (two-fold coordinated atoms) on the {100} surface.
The key idea is to cut the ND out of an infinite crystal using clipping planes in
the h100i and h111i directions to obtain the truncated octahedron structure. All
of these aspects are implemented in a Fortran program written by Nigel Marks
(my principal supervisor). The program generates a ND of arbitrary size, with all
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Figure 4.2: Two views of the 3.9 nm diameter ND. (a) Perspective view showing the
truncated octahedral geometry. Carbon atoms are shown in red and the white lines
highlight the {100} and {111} faces. (b) Cross-sectional view (1 nm slice) using colour
coding to indicate the hybridization: sp2 and sp3 atoms are shown as green and blue
circles, respectively.

atoms at the surface being sp2 bonded (the {100} surface due to the reconstruction, and the {111} surface by design). Figure 4.2 represents the perspective and
cross-sectional views of an example of ND. Table 4.1 lists all of the NDs studied
in this chapter; the parameters d{100} and d{111} are the distances from the origin
to the {100} and {111} planes, respectively. The radius was measured by comTable 4.1: Parameters (number of atoms and distances), diameter and sp3 fraction for
the twelve NDs studied in this chapter.

Diameter (nm)

Natoms

d{111} (Å)

d{100} (Å)

sp3 (%)

2.1
2.6
3.1
3.6
4.0
4.6
5.1
6.0
7.1
8.0
9.0
10.2

837
1639
2793
4363
5975
8389
11591
18977
29359
46393
61849
90395

9
12
14
15
18
20
22
26
30.5
35
39
44

10
14
17
21
21
24
27
31
35.5
46
46
49

69.9
74.9
78.4
81.0
83.7
85.4
86.6
88.8
90.4
91.3
92.4
93.5
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puting the average distance between sp2 bonded atoms and the centre-of-mass
of the ND. The NDs studied in this chapter span the typical range observed for
meteoritic ND (range of 1–10 nm, with average diameter of around 3 nm; (Dai
et al., 2002; Huss, 2005)) and detonation ND (average of 4–5 nm). Our largest
ND of 10 nm is of sufficient size to exhibit bulk-like behavior, and hence we did
not simulate the 40 nm diamonds studied in Shiryaev et al. (2018).
The energy of the implanting xenon is varied between 2 and 40 keV, with
most simulations perform using 6 keV to provide a comparison to Shiryaev et al.
(2018) experimental results. The initial position is always a few ångströms (e.g.,
5 Å) beyond the edge of the ND and for most simulations the initial velocity
vector was towards the centre of the ND. In a small number of simulations the
initial position of xenon is displaced perpendicular to the initial velocity vector to
study the effect of varying the impact parameter (see Figure 4.3(a)). To collect
robust statistics across the various crystallographic orientations, the xenon atom
is introduced at 25 different locations distributed uniformly (Thomson points)
around the ND. Further details are discussed earlier in Section 1.2.5. A schematic

Impact parameter

a)

b)

Initial
velocity
vector

Figure 4.3: (a) Schematic showing the initial velocity vector of the xenon towards the
centre of the ND and the impact parameter. The ND atoms are shown in red, and in
this example a 4.0 nm diameter ND is shown. (b) The typical geometric relationship
between a ND and the initial xenon locations. The initial xenon locations (shown in
blue) are solutions to the 25-point Thomson problem (see Section 1.2.5).
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indicating a ND and the various xenon positions is shown in Figure 4.3(b) and
Movie 4.1; note that the location of the xenon atoms has been expanded outwards
for clarity. Also, the Cartesian coordinates of the xenon atoms are listed in
Table 1.4. Note that during simulations statistical data is recorded, in particular
the sp3 and sp2 fractions taken as a percentage of the unit sphere. This leads
to the ability to track ND deformation during implantation simulations which is
represented graphically. Throughout implantation simulations other statistical
data is tracked such as temperature, atoms ejected and energy ejected as to gain
information about the damage caused during ND irradiation by xenon.

4.3

Results and discussion

The implantation of a xenon atom into the ND is a highly energetic event, leading
to substantial disruption in certain cases. Figures 4.4 and 4.5 show representative
implantations for varying impact energies incident onto a 3.1 nm diameter ND.
In each case the initial position and velocity vector is the same; Figure 4.4 plots
the time-variation of the cluster temperature and sp3 fraction, while Figure 4.5
shows a series of snapshots. Note that the cluster temperature refers only to
carbon atoms retained within the cluster, with the xenon and any ejected carbon
atoms excluded from the calculation. Video animation sequences of all three
impacts are shown in Movie 4.2, Movie 4.3 and Movie 4.4.
At 2 keV the xenon atom deposits almost all of its kinetic energy into the
ND. As shown in the top panel of Figure 4.5, the xenon takes 0.2 ps to travel
through the ND, ejecting a small number of carbon atoms (six) in the process.
For the case shown, the xenon exits the ND with just 24 eV of energy, while
for other impact directions the xenon end-of-range sometimes falls within the
ND. The transfer of kinetic energy into the ND rapidly increases the temperature of the ND, as shown in Figure 4.4(a); after a very short period (less than
0.1 ps) the temperature reaches equilibrium at a value slightly above 2000 K.
This temperature is sufficient to slightly reduce the number of sp3 bonds (see
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Figure 4.4(b)) in the ND, principally at the {111} edges on the right-hand side of
the ND where a small amount of graphitization occurs. Figure 4.4(b) also shows
that for the 2 keV impact the sp3 fraction undergoes oscillations which gradually
die away; these reflect a “ringing” of the structure in which sound waves reflect
back-and-forth across the ND.
The bottom panel of Figure 4.5 shows that implantation of a 40 keV xenon
has a similar effect on the ND as seen at 2 keV. The chief difference is that
the xenon passes through the ND extremely quickly, taking around 0.02 ps as
seen in the figure. The xenon exits the ND with a very high kinetic energy
(23.2 keV), and also ejects a significant number of carbons (23 atoms). The
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Figure 4.4: Time evolution of (a) the cluster temperature and (b) sp3 fraction for the
three xenon implantation events shown in Figure 4.5.
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Figure 4.5: Time evolution of three typical implantation events into a 3.1 nm diameter
ND for impact energies of 2, 6 and 40 keV. In each case the xenon exits the ND. Only
at 6 keV is there any significant destruction of the ND. Carbon atoms and the xenon
are shown as red and blue circles, respectively.

combined kinetic energy of the ejected carbons is 15.0 keV, meaning that only
1.8 keV of the original impact energy is deposited into the ND. This results in an
equilibrium ND temperature of around 2000 K as shown in Figure 4.4(a). Since
the temperature is slightly less than for the 2 keV case, the annealing effect which
reduces the sp3 fraction is also less significant, as can be seen in Figure 4.4(b).
The behaviour at 6 keV is completely different to the higher and lower energy
cases. Here, a much larger amount of kinetic energy is transferred to the ND.
As shown in the sequence in the middle row of Figure 4.5, the xenon exits the
ND after 0.1 ps, but even at this stage there is already a significant amount of
structural damage to the ND. The final kinetic energy of the xenon is 0.4 keV,
while a total of 67 carbon atoms are ejected, with a combined kinetic energy
of nearly 1 keV. In total, around 4.7 keV of kinetic energy is transferred to the
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ND, increasing the instantaneous temperature to well above the melting point
as shown in Figure 4.4(a). Note that the melting point of the bulk diamond is
circa 4300–4500 K for EDIP, similar to experimental studies which find a value
around 4500–5000 K with higher values more likely; see Savvatimskiy (2015) for
a rigorous discussion of the complexities of molten carbon. Even once the system
has equilibrated, the temperature is extremely high, at just over 4000 K. At
such a high temperature there is substantial conversion of sp3 into sp2 bonding
in combination with some evaporation of atoms. As seen in Figure 4.4(b), the
sp3 fraction is greatly reduced, and after 1 ps the majority of the tetrahedral
bonding is lost. Due to the high temperature, running the 6 keV simulation
beyond the 1 ps point drives further structural rearrangement. Figure 4.6 shows
t=0 ps
a)

b)

c)

t=80 ps

t=40 ps

t=10 ps
d)

t=1 ps

t=0.1 ps

f)

e)

Figure 4.6: Cross-sectional snapshots (1 nm slices) for the time evolution of a 3.1 nm
ND impacted by a 6 keV xenon ion. Note that this is the same impact as shown
in Figure 4.5, the difference being that the simulation continues up to 80 ps to show
the effect of long-time annealing. Red, green and blue circles denote sp, sp2 and sp3
hybridization, respectively. Yellow atoms have just one neighbor and xenon is presented
as a large orange circle.
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snapshots of the system up to a time of 80 ps, using colour coding to indicate
the hybridization. Note that the images in Figure 4.6 are cross-sectional slices,
whereas those in Figure 4.5 show all atoms. After some tens of picoseconds, the
ND has graphitized into a carbon onion structure, with spirals evident in crosssection. In the context of the implantation experiments, however, it is by no
means apparent that such long annealing of an isolated ND is appropriate. We
will return to this point later on by considering heat-loss paths which limit the
amount of time the system spends at high temperature.
Ion implantation processes are sensitive to the impact parameter of the primary collision and crystallographic orientation, and hence it is necessary to average over many different directions to collect accurate statistics. In the case of
the 6 keV impact, for example, we found that for our 25 initial directions the
final temperature of the ND varied from a low of 2520 K to a high of 4160 K.
Similar variability was observed in other quantities we extracted from the data.
The merits of averaging are seen in Figure 4.7 which shows the variation in the
temperature, sp3 fraction and number of carbon atoms ejected as a function of
xenon energy. The error bars indicate the standard deviation, and even though
the spread is substantial, the lines linking the mean values themselves are quite
smooth, particularly for the temperature and sp3 fraction. When the xenon energy is around 6 keV damage to the ND is maximal, with the sp3 fraction (see
Figure 4.7(b)) reduced to well under half its initial value and around 50 carbon
atoms being ejected (see Figure 4.7(c)). For higher xenon energies the nuclear
stopping efficiency decreases significantly, leading to a lower residual temperature
and much less damage (as measured by the sp3 fraction and number of atoms
ejected). At the highest energy considered, 40 keV, the effect of the xenon is very
similar to that at 2 keV, consistent with the single impact sequences shown in
Figure 4.5.
The energy dependence of all three quantities in Figure 4.7 are closely correlated, highlighting that the heating of the ND is the critical quantity that drives
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Figure 4.7: Effect of impact energy for xenon implantation into a 3.1 nm diameter ND.
All properties computed 1 ps after initiation of the event. (a) Cluster temperature, (b)
sp3 fraction and (c) number of carbon atoms ejected.

the damage process. When the ND temperature is 1000 K or so the sp3 bonds
are able to withstand the implantation due to the high melting point of diamond.
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700

Figure 4.8: Final kinetic energy of the xenon atom (left-axis, blue squares), and implantation probability (right-axis, red circles) for 25 low-energy implantations onto a
3.1 nm ND. Error bars indicate one standard deviation.

However, when the temperature approaches several thousand degrees, sp3 bonded
atoms change to sp2 and the ND begins to convert to a nested fullerene structure,
or carbon onion, as shown in Figure 4.10(a). The large number of sp2 bonded
atoms is seen in the large number of green atoms, consistent with the sp3 fraction
of ∼30% at 6 keV as seen in Figure 4.7.
It is instructive to examine more closely the low-energy regime in Figure 4.7,
since this is relevant to the ion-implantation experiments (Verchovsky et al., 2000;
Koscheev et al., 2001) performed to interpret xenon release from meteoritic NDs.
Figure 4.8 shows that for very low xenon energies (i.e., 50 eV) the xenon does not
incorporate into the ND, and is reflected with around half its initial kinetic energy.
For an incident energy of 200 eV there is a ∼50% probability that the xenon will
be incorporated, increasing to 100% at around 500 eV. For context, as discussed
in Section 1.1.1, the experiments by Koscheev et al. (2001) used an implantation
energy of ∼700 eV while those of Verchovsky et al. (2000) used ∼1000 eV and
hence their experiments fall in a regime where the xenon is always implanted at
least several atomic layers into the ND, but not with sufficient energy to pass
through the ND. As a secondary observation, the modest energies used in their
experiments implies only a small amount of heating as seen in Figure 4.7; as a
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result there will be no annealing effect such as occurs for implantations in the
vicinity of 6 keV. To clarify, these comments on the experimental implantation
studies apply only to a single impact, while the experiments used doses of order
1015 ions/cm2 , corresponding to tens of ions per square-nanometre. At these
doses, individual NDs may be struck multiple times, leading to accumulated
damage beyond that considered in the present simulations.
As described in the Methodology, for a 6 keV impact energy the effect of the
impact parameter was determined by displacing the ND perpendicular to the
direction of the initial velocity vector. The displacement was varied from 1 to
13 Å, and for each displacement 25 different initial directions were considered.
Figure 4.9 shows the effect of the impact parameter on the cluster temperature
and sp3 fraction after 1 ps has elapsed. The number of carbon atoms ejected
is shown in panel (c). The result was as intuitively expected; namely that the
greatest damage to the ND occurs for the direct collision and a higher impact
parameters progressively transfers less energy to the ND and fewer sp3 -bonded
atoms are lost, tending to zero effect when the xenon grazes the edge of the
ND. Interestingly, the number of ejected atoms is quite insensitive to the impact
parameter, showing an approximately constant value between 0 and 10 Å.
All of the data discussed to this point has been for a 3.1 nm diameter ND. To
study the effect of varying the ND size, a series of calculations were performed
using a 6 keV xenon and NDs ranging from 2.1 to 10.2 nm. Cross-sectional
snapshots in Figure 4.10 demonstrate that the size of the ND strongly influences
the nature of the damage created by the xenon impact. For larger diameters, such
as the 5 and 6 nm NDs seen in panels (c) and (d), there is minimal disruption to
the ND itself, and damage is concentrated along the trajectory of the Xe. In the
case of the 6 nm ND, the residual damage consists of isolated point defects, much
the same as for cascades in bulk diamond; see simulations by Buchan et al. (2015).
For the 4 nm ND the damage caused by the xenon is much more substantial, with
a wide damage track and graphitization on several {111} faces, while at 3 nm the
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Figure 4.9: Effect of impact parameter on (a) temperature, (b) sp3 fraction and (c)
number of atoms ejected for 6 keV xenon impacts onto a 3.1 nm ND. Error bars indicate
one standard deviation.

ND is largely transformed into a carbon onion.
The size-dependence effect seen in Figure 4.10 is explained by Figure 4.11
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which quantifies the temperature, sp3 fraction and kinetic energy absorbed by
the ND. Panel (a) shows that the cluster temperature falls off rapidly as the
size of the ND increases; at 3 nm the average temperature after 1 ps is above
3500 K, drawing near to the melting point of diamond. This high temperature
explains the spherical graphitization behavior seen in Figure 4.10(a). For a 4 nm
ND, the temperature is around 700 K lower, reducing the extent of spherical
graphitization but still sufficient to cause some structural rearrangement as seen
in Figure 4.10(b). For the 5 and 6 nm NDs the average temperature at 1 ps is circa
1900 and 1300 K, respectively, far below the diamond melting point, explaining
why the damage tracks resemble those of bulk diamond.
Figure 4.11(b) quantifies the amount of kinetic energy which the xenon deposits into the ND. This quantity is determined by summing the kinetic energy

Figure 4.10: Cross-sectional snapshots (1 nm slices) showing how the size of the ND
influences damage following implantation of a 6 keV xenon from the left of frame. All
snapshots are 1 ps after impact. Colour codings are the same as Figure 4.6.
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Figure 4.11: Effect of ND diameter for xenon implantation at a fixed impact energy of
6 keV. All properties computed 1 ps after initiation of the event. (a) Cluster temperature, (b) sp3 fraction and (c) kinetic energy absorbed by the ND.

of all ejected particles (xenon plus carbons) and calculating the difference from
the original value of 6 keV. The graph shows that the small NDs absorb only
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a small fraction of the total implantation energy, while for the large NDs the
entire energy of the xenon is deposited into the ND. Even though more kinetic
energy is absorbed by the large NDs, the final cluster temperature as shown in
Figure 4.11(a) monotonically decreases with increasing diameter due to the rapid
increase in number of atoms with diameter. This demonstrates an important
aspect of ion implantation into nanoparticles, namely that a small particle will
only absorb a modest fraction of the impact energy, but since a small particle
contains few atoms, the resultant temperature increase is substantial.
Figure 4.11(c) quantifies the fraction of sp3 bonds as a function of ND diameter; note that the maximum value (solid triangles) varies with diameter due to the
changing surface-to-volume ratio. The loss of sp3 bonding is particularly strong
for the small NDs. After 1 ps, around 16% of the atoms in the 2 nm ND are sp3
bonded, as compared to 70% sp3 bonding in the original ND. As the diameter
increases, the loss of sp3 bonding gradually reduces, but remains significant in
the 3–4 nm range. For NDs around 6 nm and above the sp3 fraction is virtually
unchanged due to the passage of the Xe.
The light-blue circles in Figure 4.11(c) show the sp3 fraction after 10 ps has
elapsed. Since the NDs in these simulations are isolated, the residual thermal
energy drives an annealing process which gradually graphitizes the smaller NDs.
In the experimental situation however, thermal conduction with surrounding NDs
will provide a heat-loss path, and hence the annealing process will not continue
indefinitely. This raises the question as to what simulation time should be used;
thus far we have used 1 ps, but if thermal conduction is very rapid then a shorter
simulation time should be used, and likewise, if thermal conduction is poor, then
the NDs should be allowed to self-anneal for longer.
To address the question of thermal conduction between NDs, a second suite of
calculations were performed in a system containing two identical NDs in varying
degrees of thermal contact. The starting structure was the 3.1 nm ND, which
was replicated and displaced along a vector correspond to one of the 25 Thomson
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Figure 4.12: (a)–(c) Cross-sectional snapshots of three of the double-ND systems used
to study the effect of thermal conduction. (d) Bar plot of the 25 different translation
directions showing the number of bonds connecting the two NDs. Panel (a) shows the
weakest thermal contact, comprising just 3 bonds. Panel (b) shows typical (average)
thermal contact, with 16 bonds. Panel (c) shows the highest thermal contact, with 47
bonds. Connecting bonds are shown in red. Blue and green circles denote atoms and
data for the primary and secondary ND, respectively.

points. The displacement was increased in small increments of 0.1 Å until the
smallest bondlength in the entire double-ND system exceeded a threshold of 1.3 Å.
The structure was then relaxed using steepest descent minimization. This process
was repeated for the other 24 Thomson points, yielding a set of 25 double-ND
systems exhibiting a wide range of thermal contact. The system with the weakest
thermal contact is shown in Figure 4.12(a), containing just 3 connecting bonds
(red lines) connecting the two NDs. In contrast, the best thermal contact involved
47 connecting bonds as shown in Figure 4.12(c). To determine a typical value of
connections, we computed the number of connections for all 25 systems, as shown
in the bar plot of Figure 4.12. This shows that the average number of connections
is around 18, for which the structure in Figure 4.12(b) is a representative example.
For all 25 double-ND systems, two 6 keV simulations were performed. These
ballistic simulations, which we refer to as either transverse or parallel, are shown
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Figure 4.13: Time-evolution of temperature and sp3 fraction for a 6 keV xenon impact
into a double-ND system with average thermal contact (see Figure 4.12(b)). The first
data point is 1 ps after initiation of the event, followed by data in 3 ps intervals. Panels
(a)–(c) show the initial conditions and data for a transverse impact, in which the impact
direction is maximally orthogonal to the translation vector. Panels (d)–(f) show the
same quantities for a parallel impact, in which the impact direction is the same as the
translation vector. Blue and green circles denote atoms and data for the primary and
secondary ND, respectively. Red squares denote data for a single ND. The orange circle
and pink arrow indicate the xenon atom and its initial direction, respectively.

in detail for the case of average thermal contact in Figure 4.13. Snapshots of the
two systems after 85 ps has elapsed are shown in Figure 4.14. In the transverse
impact case, the initial direction is the Thomson point vector which is maximally
orthogonal to the translation vector, while for the parallel impact case the initial
direction is the same as the translation vector. Note that the ND centred at
the origin is considered as the primary-ND as in all simulations it is the ND to
be first impacted by xenon hence the ND which has undergone a transition is
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Figure 4.14: Cross-sectional snapshots (1 nm slices) showing the two double-ND systems seen in Figure 4.13 after 85 ps of annealing. Colour codings are the same as in
Figure 4.6. The orange circle and dotted arrow indicate the xenon atom and its initial
direction, respectively.

considered as the secondary-ND. The blue and green circles in Figure 4.13(b)
show the temperature of the individual NDs as a function of time, using the same
colour scheme employed in panel (a) for the atoms. The heat-loss path provided
by the secondary ND (green circles) has an obvious effect on the temperature of
the primary-ND, shown in blue. After approximately 30 ps the two NDs attain
thermal equilibrium with each other, reaching a temperature of ∼2250 K. The
red squares in Figure 4.13(b) show the exact same impact for a single-ND system
in which there is no heat-loss path. In this case, the temperature of the ND is
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substantially higher, equilibrating at around 4000 K. The effect of this higher
temperature on the sp3 fraction of the primary-ND is shown in Figure 4.13(c),
with red and blue circles corresponding to the single- and double-ND systems,
respectively. For the single-ND case, all sp3 bonding is lost and the ND transforms
into a carbon onion, while for the double-ND around 8% of the sp3 bonds persist
(see primary ND in Figure 4.14(a)). While the effect of the heat-loss path is
clearly apparent, it is important to recall that the original sp3 fraction is 78%,
and hence in both cases substantial modification of the ND occurs.
The parallel impact case shown in Figure 4.13(d)–(f) demonstrates that the
effect of thermal contact is influenced by the initial direction. In this instance,
the xenon atom is directed towards the centre of mass of both NDs, and this
alignment means ballistic transfer of energy occurs between the primary and
secondary NDs. As a result, the secondary ND is no longer just a heatsink
as it was in the transverse impact case. Panel (e) shows that the equilibrium
temperature is 3000 K, substantially higher than seen for the transverse impact,
and much closer to the single impact data (red squares). As would be expected,
the similarity in temperatures between the single- and double-ND systems means
that the difference ∆sp3 in panel (f) is minimal. Due to the higher equilibrium
temperature, the primary ND graphitizes completely into a carbon onion as seen
in Figure 4.14(b).
The equilibration between the primary and secondary ND seen in the nonballistic, transverse impact data of Figure 4.13(b) can be intuitively understood
from a macroscopic perspective using Newton’s law of heating/cooling. Both
temperature profiles are well-fitted by decaying exponentials, with exponents of
9.0 and 8.4 ps−1 for the primary and secondary ND, respectively. The solid
lines in Figure 4.15 show the corresponding fitted exponential curves, along with
data for the cases of strongest and weakest thermal contact. The average decay
constant for the strongest contact is 4.2 ps−1 , while for the weakest contact case
it is 20 ps−1 . These data provide a timescale for the heat-loss path when NDs

135

Chapter 4: Modification of nanodiamonds by xenon implantation

Transverse Impact

Temperature (K)

3500
3000
2500
2000
1500

Strongest Contact

1000

Average Contact
Weakest Contact

500
0

10

20

30
40
time (ps)

50

60

Figure 4.15: Time-evolution of temperature for a 6 keV transverse impact onto the
double-ND systems corresponding to weakest thermal contact (Figure 4.12(a)), average
thermal contact (Figure 4.12(b)) and strongest thermal contact (Figure 4.12(c)). The
blue and green traces are decaying exponential fits to the raw data, and correspond to
the primary and secondary ND, respectively.

are in contact with one another. This situation is directly relevant to the in situ
implantation/TEM experiments by Shiryaev et al. (2018) which motivated the
present simulations. In the experiments, NDs were suspended in ethanol and
deposited onto a holey carbon grid, producing an aggregate of NDs that provide
a heat-loss path. Based on the simulation results, it is reasonable to propose that
1 ps of annealing is about right, while 10 ps is certainly too much, particularly
since each ND will have some degree of thermal contact with several other NDs.
The effect of having too much annealing is illustrated in Figure 4.16 which
plots the quantity ∆sp3 (as defined in Figure 4.13) as function of annealing time
for transverse and parallel impacts. These two situations can be considered as
the extrema, with a typical impact falling somewhere in-between. All data points
are averages across 25 different translation directions and the errors denote one
standard deviation. This sample is of sufficient size to display a clear trend
in which overly long annealing times lead to significantly different sp3 fractions
for transverse impacts. In contrast, there is little effect for parallel impacts as
the kinetic energy of the atoms ejected from the primary-ND is deposited into
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Figure 4.16: Effect of annealing time on the difference in sp3 fraction between singleand double-ND systems for transverse (red circles) and parallel (blue squares) impacts.
The sign convention is defined so that a positive difference means the double-ND value
is higher. Data collected for all 25 of the translation directions (see Figure 4.12) and
the error bars indicate one standard deviation.

the secondary-ND; this increases the temperature of the secondary-ND, thereby
reducing the temperature gradient along the heat-loss path.

4.4

Conclusion

In this chapter, we showed how MD simulation can be quantitatively used to
study implantation of xenon into NDs. Following on experimental study by
Shiryaev et al. (2018), we provided detail on the key experimental/simulation
result, namely, that an implantation energy around 6 keV provides maximal damage. We also detailed a pronounced size effect, showing that small NDs (below
3–4 nm diameter) are easily destroyed, losing many atoms and graphitizing those
which remain. An important aspect of the damage process is the interplay between the amount of kinetic energy deposited in the ND, and the number of
atoms in the ND itself. This energy transfer leads to thermal heating of the
ND, with an effect seen only when the temperature approaches the rather high
melting point of diamond. To assess the length of annealing that should be used
in the simulations, we also studied a double-ND system in which two particles
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are touching with varying degrees of thermal contact. This mimics the heat bath
that occurs in the experiment, and suggests an annealing time of one picosecond
is reasonable.
The methodology developed here can be easily extended to describe a variety
of similar topics. The most obvious is the implantation of noble gases into NDs,
which is relevant to presolar studies where all of the noble gases are important. To
extend the present work to elements other than xenon one simply needs to take LJ
parameters for noble gas interactions with carbon and bridge to the short-range
ZBL expression. These parameters are easily obtainable due to the many studies
of gas-adsorption onto carbon networks, and are conceptually straightforward due
to the weak interactions between carbon and a noble gas atoms. Implantation
involving other chemical species is also possible, but the interactions are less
trivial due to the formation of formal chemical bonds. Beyond NDs, the noble gas
implantation methodology can also be usefully applied to study ion-irradiation
effects in a wide variety of different carbon nanoforms, such as graphene, graphene
bilayers, fullerenes and nanotubes, as well as bulk materials.
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Chapter 5
Predicting release temperatures
of noble gases in pre-solar
nanodiamonds
The main text and the figures comprising this chapter have been used in a paper which is to be submitted (preprint is available on arXiv). This chapter is
motivated by experiments of stepped pyrolysis of meteorite and synthesis nanodiamonds, as discussed in Section 1.1.1. Here, by using molecular dynamics
simulation, we show that low-energy ion-implantation is a viable way for the
incorporation of noble gases into nanodiamonds. Our model also provides atomistic details of the thermal release patterns of implanted noble gases. The results
reproduce all experimental results and show that with the implantation of only
a single isotope noble gas atom, light noble gases are released in a single broad
peak while the heavy elements are released in two distinct peaks. Accordingly,
our model shows that the thermal release process of noble gases is highly sensitive
to the impact and annealing parameters as well as to crystallographic orientation
and types of defect.
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5.1

Introduction

Trace quantities of xenon and other noble gases found within the primitive chondritic meteorites nanodiamonds (NDs) have isotopic distributions significantly
different to terrestrial abundances, providing strong evidence that the NDs, and
hence the meteorites, are pre-solar. To quantify the noble gas composition, the
NDs are chemically separated from the host meteorite, pyrolyzed to release the
gases and then analyzed with a mass spectrometer. Typically, one in every million NDs will contain a xenon atom, and one in ten will contain a helium (Huss,
2005). Stepped pyrolysis reveals that light elements (helium and neon) have a
temperature-release distribution comprising a single broad peak, while for heavy
elements (argon, krypton and xenon) the thermal-release distribution is bimodal
(Huss and Lewis, 1994a,b).
As discussed earlier in Section 1.1.1, the bimodal character of the thermalrelease during stepped pyrolysis has commonly been attributed to the presence
of different components of xenon. The low-temperature peak around 500◦ C has
an isotopic distribution close to terrestrial abundances and is referred to as P3,
while the high-temperature peak around 1420◦ C is isotopically anomalous (Huss
and Lewis, 1994a,b) and known as HL due to an excess of Heavy and Light
isotopes. The other heavy noble gases (i.e., argon and krypton) also exhibit
bimodal behavior, with the same release temperatures and isotopic anomalies.
These isotopic anomalies have been extensively studied, since pre-solar material
provides information on the history of nucleosynthesis and galactic mixing. For
xenon, an excess of heavy and light isotopes is consistent with r- and p-processes
in supernova nucleosynthesis (Clayton, 1989; Howard et al., 1992; Ott, 1996).
Understanding the origin and meaning of the P3 and HL components has
proved challenging due to difficulties in identifying the specific processes responsible for (a) incorporation of the noble gas, and (b) gas release during pyrolysis.
While one possibility is that the noble gases were trapped during growth of the
NDs, the most popular explanation for incorporation is an implantation-type
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process where noble gases are driven into pre-existing NDs (Lewis and Anders,
1981; Lewis et al., 1987; Verchovsky et al., 1998; Gilmour et al., 2005). The
strongest support for the latter hypothesis comes from Koscheev et al. (2001)
who implanted low energy (∼700 eV) noble gas ions into synthetic NDs. Pyrolysis measurements observed a single broad temperature distribution for helium
and neon, and a bimodal distribution for argon, krypton and xenon, corresponding closely to those found for meteoritic NDs (Huss and Lewis, 1994a,b). Even
though the implantations involved gases with terrestrial abundances, a bimodal
temperature-release distribution was found. Similar studies by Verchovsky et al.
(2000) also found a bimodal distribution. This suggests that the P3 and HL
components were probably implanted via different events at different stages in
the history of the ND grains.
In this chapter, we use the molecular dynamics (MD) approach and apply it to
the question of the single and bimodal temperature-release of noble gases. To the
best of our knowledge, atomistic simulation methods have not previously been
applied to this problem. We simulate the implantation and pyrolysis processes for
helium and xenon, and find excellent agreement with experimental data collected
from meteorites. We reproduce the single release peak for helium and bimodal
release for xenon. The simulations explain how the mass, implantation depth
and crystallographic location of the noble gases gives rise to the experimental
observations, and for the first time provide an atomistic explanation of the release
mechanism.

5.2
5.2.1

Methodology
Simulation methods

Our simulation methods are broadly similar to the previous chapter where we
studied the modification of NDs by xenon implantation. The MD simulations
are performed using the Environment Dependent Interaction Potential (EDIP)
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(Marks, 2000) for carbon–carbon interactions in combination with the standard
Ziegler-Biersack-Littmark (ZBL) potential (Ziegler et al., 1985). Further details
are provided in Section 1.2.4. As explained before in Chapter 3, EDIP potential
has proved itself to be highly transferable. To describe helium–carbon and xenon–
carbon interactions, we use a Lennard-Jones (LJ) potential coupled with the ZBL
potential, with interpolation between the two interactions controlled using Fermitype switching functions as described earlier in Chapter 4. All parameters of
the LJ potential (Equation 4.1), the total interaction energy (Equation 4.2) and
the Fermi functions (Equation 4.3) for both helium–carbon and xenon–carbon
interactions are provided in Table 5.1. Figure 5.1 illustrates the helium–carbon
and xenon–carbon interaction energy covering the ZBL and LJ regimes.
We perform our simulations using an in-house MD package. Similar to the
previous chapter, implantation simulations are carried out in an NVE ensemble,
using Verlet integration and a variable timestep (Marks and Robinson, 2015).
However, annealing simulations are performed in an NVT ensemble using a
velocity-rescaling thermostat. Periodic boundary conditions are not employed.
All simulations use a 4999-atom ND with a diameter of 3.9 nm (see Figure 4.2);
this size is similar to synthetic and meteoritic NDs (Huss and Lewis, 1994a,b;
Table 5.1: Parameters of the Lennard-Jones potential, the Fermi functions and the
total interaction energy for both helium–carbon (He–C) and xenon–carbon (Xe–C)
interactions. Xe–C parameters are the same as used in Chapter 4, while ε and σ for
He–C are taken from Nguyen et al. (2008). As discussed in previous chapter, the other
parameters (bF , rF and δ) are chosen manually to provide a smooth transition from
the strong repulsive region of the ZBL potential to the weakly attractive region of the
LJ potential.

Lennard-Jones potential
(Equation 4.1)

Fermi-type switching
(Equation 4.3)

Total interaction energy
(Equation 4.2)

ε (eV)

σ (Å)

bF (Å)

rF (Å)

He–C

0.0013

2.89

9.2

2.2

0.09

Xe–C

0.0114

3.332

8.0

2.7

0.07
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He−C Pair Energy (eV)

Chapter 5: Predicting release temperatures of noble gases ...
2
a)

ZBL He−C
Total He−C

1
0.5
0
1.6

Xe−C Pair Energy (eV)

LJ He−C

1.5

1.8

2

2.2

2.4

2.6

2.8

3

2
b)

LJ Xe−C

1.5

ZBL Xe−C
Total Xe−C

1
0.5
0
2.2

2.4

2.6 2.8
3
3.2
Separation (Å)

3.4

3.6

Figure 5.1: Pairwise interaction energies (blue line) for (a) helium–carbon, and (b)
xenon–carbon. At close approach the interaction is pure ZBL (orange line), while at
distances around equilibrium and greater, a Lennard-Jones expression is used (green
line). Data in panel (b) is from Chapter 4 and reploted.

Koscheev et al., 2001). Similar to the previous chapter, the ND has a truncated
octahedral form which is the stable geometry for dehydrogenated NDs (Barnard
and Zapol, 2004). The {100} faces of the ND are reconstructed in a 2 × 1 manner
to eliminate dangling bonds. The coordinates of the ND are generated using the
methodology described in Chapter 4. The key idea is to cut the ND out of an
infinite crystal using clipping planes in the h100i and h111i directions. Using
the notation of Chapter 4, the ND use here is generated with d{100} = 20 Å and
d{111} = 17 Å. Prior to implantation, the ND is equilibrated at 300 K.
All the simulations in this chapter have two steps; (i) noble gas atom (helium
or xenon) is implanted into the ND and once the system has equilibrated, (ii) the
entire cluster is heated to find the temperature at which the implanted noble gas
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atom escapes. Implantation simulations are 1 ps in length, sufficient to model
the ballistic phase of ion implantation into the ND. To generate a wide variety
of implantation conditions, the initial position and direction of the implanted
species (either helium or xenon) is systematically varied. Following Chapter 4
and previous studies (Buchan et al., 2015; Christie et al., 2015; Shiryaev et al.,
2018; Fogg et al., 2019), the initial position is taken from a 25-point solution to
the Thomson problem (Thomson, 1904) which distributes coordinates uniformly
on a sphere (see Section 1.2.5 and Figure 4.3(b)). Some implantations are performed directly towards the centre of the ND, while others are directed slightly
(up to 10 Å) away from the centre-of-mass (see Figure 4.3(a)). After the system
equilibrates, the implantation depth is computed relative to the nearest crystallographic face, {100} or {111}. For the helium implantations the mass is 4 amu,
while the xenon implantations use a mass of 133 amu, the same as in Chapter 4,
and slightly higher than the average isotopic value of 131.3 amu. Additional
xenon simulations use masses of 124 and 136 amu, corresponding to the lightest
and heaviest stable isotopes. Finally, annealing simulations extending up to 1 ns
are performed to study the thermal release process. We note that during the
annealing simulations if release has occurred, the simulation is terminated. If
thermal release does not occur, the simulation is rerun at a higher temperature.

5.2.2

Mapping to experimental temperatures

Generally speaking, the timescale of MD simulations is on the order of nanoseconds, around 13 orders of magnitude shorter than the experimental annealing
time. This enormous difference complicates comparison between simulations and
experiments, as thermally activated events will be suppressed in the simulations
due to vastly shorter time. Many different solutions to the MD timescale problem
have been proposed (Voter, 1997, 1998; Sørensen and Voter, 2000), but here we
employ a simple temperature-acceleration approach that de Tomas et al. (2017)
have used successfully on other carbon systems. The first step is to assume Ar-
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rhenius behavior and a single activation energy, which corresponds to the relation


Ea
f = A exp −
,
kB T

(5.1)

where f is the frequency of events, A is the attempt frequency, T is the temperature, kB is Boltzmann’s constant and Ea is the activation energy. The correspondence between the experimental and simulation temperature is determined
by equating the time-frequency product (i.e., fexpt × texpt = fsim × tsim ) to ensure
that for the same activation energy the same number of events occur in both
simulation and experiment. This yields the following expressions
1
tsim


exp −

and
Tsim

Ea
kB Texpt


=

1
texpt


exp −

Ea
kB Tsim

 

−1
texpt
Ea
Ea
=−
× log
−
.
kB
tsim
kB Texpt


(5.2)

(5.3)

This equation links the experimental temperature and time (Texpt and texpt ) with
those of the simulation (Tsim and tsim ) with the only parameter being the activation energy. To determine Ea , we make use of experimental data on graphitization
of NDs, where it is known that ∼1500◦ C is required to convert NDs into a carbon onion (Kuznetsov et al., 1994; Tomita et al., 2002; Kuznetsov et al., 1994;
Qiao et al., 2006; Xiao et al., 2014). To identify the correponding temperature
on the MD timescale we perform a set of 1 ns simulations at different annealing
temperatures and found that spherical graphitization of the ND occurs at around
3500 K (see Figure 5.3). Further discussion of the spherical graphitization of
pristine ND at various temperatures is provided later in this section. Using these
two temperatures and suitable times (tsim = 10−9 s and texpt = 3600 s (Kuznetsov
et al., 1994; Tomita et al., 2002; Kuznetsov et al., 1994; Qiao et al., 2006; Xiao
et al., 2014)), we obtain via Equation 5.3 a value of Ea = 9 eV. Having determined the activation energy, we can employ Equation 5.3 to map any simulation
temperature to its experimental equivalent using the relation shown in Figure 5.2.
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Figure 5.2: Calibration curve between simulation and experimental temperatures via
the Arrhenius approach. The orange dashed line indicates data for the spherical graphitization of a ND used to determine the value of Ea = 9 eV. The pink lines indicate two
examples of the mapping process as described in the text.

For example, the pink lines in the figure show that a simulation temperature of
4500 K is equivalent to an experimental temperature of ∼1730◦ C, and a simulation at 2000 K is equivalent to an experiment at ∼1000◦ C. The latter also serves
as a convenient dividing line between the P3 and HL peaks for xenon (Huss and
Lewis, 1994a,b). To provide a sense of scale, Figure 5.2 also shows calibration
curves for two other activation energies. Note that due to the logarithm term in
Equation 5.3 the value of Ea has minimal sensitivity to the choice of texpt . For
example, if texpt were 30 minutes instead of 60 minutes, the changes in equivalent
tsim would be at most ∼80 K. This point is discussed in detail in de Tomas et al.
(2017).
As described earlier, calibration of the simulation temperatures with their experimental equivalent is performed using the graphitization of NDs into carbon
onions as a reference point. Figure 5.3 illustrates cross-sectional snapshots of the
annealed ND for nine different temperatures. Panel (a) shows that at 1000 K
there is insufficient temperature to graphitize the ND on this timescale, while at
1500 and 2000 K (panels (b) and (c)) some of the bonds on the {111} face are
broken and graphitic shells form. The reason this occurs is that sp3 hybridized
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1000 K
a)

1500 K
b)

2500 K
d)

c)

3000 K

3500 K
f)

e)

4000 K
g)

2000 K

4250 K
h)

4500 K
i)

Figure 5.3: Cross-sectional snapshots (1 nm slices) of pristine ND after annealing for
1 ns at various temperatures. Panel (f) shows that at 3500 K the experimentally
observed result, namely a carbon onion, is obtained. Red, green and blue circles denote
sp, sp2 and sp3 hybridization, respectively.

atoms near the surface can easily rearrange into graphite with sp2 hybridization
(Kuznetsov et al., 1994; Wang et al., 2000; Pantea et al., 2002; Barnard et al.,
2003b). At higher annealing temperatures of 2500 and 3000 K (panels (d) and
(e)), graphitization proceeds further inwards, creating structures with a diamond
core surrounded by a graphitic shell. This core-shell structure is in good agree-
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ment with previous experimental and simulation studies (Kuznetsov et al., 1994;
Tomita et al., 2002; Los et al., 2005a; Bródka et al., 2006; Qiao et al., 2006;
Kuznetsov et al., 1994; Bródka et al., 2008; Ganesh et al., 2011). At 3500 K
(panel (f)), a pure carbon onion (or concentric fullerene) is obtained and only
a few small number of atoms (∼1%) have been lost via evaporation. At this
point we have identified the temperature at which the experimental result is reproduced on the timescale that is affordable in the simulation. At the slightly
higher temperature of 4000 K (panel (g)), around 8% of the atoms evaporate and
the carbon atom develops a hollow core. At the highest temperature of 4500 K
(panel (i)), the ND is completely destroyed and more than 29% of atoms are evaporated, creating a large, disordered fullerene. Note that throughout this chapter
we adopt the convention that experimental temperatures are given in Celsius and
simulation temperatures are in Kelvin. This helps conceptually separate the two
quantities which otherwise might be confused with one another.

5.3

Results and discussion

The results of the simulations are presented in four parts. Our first results are
qualitative, using visualization and movies of the implantation and thermalrelease processes to highlight the differences between helium and xenon. The
second part of results involves robust statistical analysis of a large number of
simulations spanning many implantation energies, implantation directions and
annealing temperatures. After that, we use the Arrhenius approach to make direct comparison between meteoritic data and the simulations. In the final section
we study the isotopic effects on the thermal release pattern of xenon.

5.3.1

Individual implantation and thermal release events

Representative examples of the implantation and thermal release processes for
helium and xenon are shown in Figure 5.4. Panels (a) and (c) show that the
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the implanting xenon simply slows down, and it is the carbon atoms which move.
Around ∼800 eV of kinetic energy is needed to implant into the central region,
similar to the value of circa 700 eV used by Koscheev et al. (2001) in their
experiments.
Once the implanted ND system has equilibrated, the entire cluster is heated
to find the temperature at which the noble gas atom escapes. Examples of this
process are shown in Figure 5.4(b) and (d). For both species, thermal release
occurs at relatively high simulation temperatures; 3000 K for helium and 3500 K
for xenon. As seen in Figure 5.3, these temperatures are sufficient to transform
portions of the ND into an onion-like structure. Due to its small size, the helium is able to escape before the ND has completely spherical graphitized. The
complexity of the process can be appreciated in Movie 5.1 which shows how the
helium travels along multiple h110i channels, and traverses a substantial fraction
of the ND before escaping. In the case of xenon, the ND is fully transformed into
a carbon onion and the release process is more difficult as the xenon must pass
through the graphitic shells. The pink trajectory in panel (d) shows that the release process involves two local minima in which the xenon moves back-and-forth
many times before escaping. An animation sequence of this process is provided
in Movie 5.2.
To determine the temperature at which helium and xenon are released we
perform 1 ns annealing simulations at many different temperatures and monitor
the distance between the noble gas species and the center of the mass of the
system. An example of our methodology is provided in Figure 5.5 which shows
this quantity (rc.m. ) for xenon as a function of time for three different annealing
temperatures, using the implanted ND in Figure 5.4(c) as the starting structure.
At 3000 K (blue line) the xenon remains the same distance from the center of
mass. This occurs because the xenon becomes trapped at the interface between
the ND core and graphitized outer layers (see Figure 5.3(e)). At 3250 K (violet
line) the xenon moves towards the surface of the ND during the first ∼170 ps of
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Figure 5.5: Distance between xenon and the center of mass of the ND as a function
of annealing time for three different annealing temperatures. The structure in Figure 5.4(c) is the starting point for all three simulations.

annealing, but afterwards it is trapped between the graphitic shells. Note that
at around 30 and 160 ps, there are two significant surges in rc.m. where the xenon
atom passes through the graphitic shells. At 3500 K (pink line), the xenon is
initially trapped between graphitic shells, but after moving between them, finally
exits through a gap in the outer shell at 432 ps, producing a sharp jump in rc.m. .

5.3.2

Statistical analysis

To collect a statistically significant data set a large number of implantation and
thermal release simulations need to be performed. The first step is to perform
simulations that implant helium and xenon into a wide variety of configurations
within the ND. For each species a total of 1875 implantations were performed; 25
different energies, each with 75 different initial conditions (i.e., directions and/or
impact parameters). A summary of the resultant implantation depth and incorporation probability is shown in Figure 5.6. Panels (a) and (b) show the
implantation depth of helium and xenon as a function of implantation energy,
where each dot indicates an implantation event whereby the noble gas species
remains with the ND. Impacts where the helium or xenon leave the ND are not
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Figure 5.6: Implantation depth of (a) 4 He and (b) 133 Xe as a function of implantation
energy. Panel (c) shows the incorporation probability of implanted helium (red) and
xenon (blue) as a function of implantation energy. The solid lines in (c) are exponential
fits to guide the eye, and have decay constants of 0.22 and 0.16 eV for helium and xenon,
respectively.

shown. The fewest dots occur for high helium implantation energies (where helium passes through the ND) and low xenon implantation energies (where xenon
is reflected). The distribution of depths differs considerably between the two
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species. For helium, the implantation depth spans the maximum possible range,
extending from the surface to the centre of the ND, and the implantation depth
is uncorrelated with energy. In contrast, low energies result in only shallow implantation of xenon, while nearly 600 eV is required to span the full range of
depths. High xenon implantation energies still produce a large number of shallow
implantation depths, which is perhaps due to the small size of the ND.
Figure 5.6(c) quantifies the incorporation probability of helium and xenon
as a function of implantation energy. The probabilities for the two species are
strikingly different, and are driven by the mass difference relative to carbon. This
data shows that low energies are optimal for helium implantation, while efficient
xenon implantation requires many hundreds of eV. Noting that helium is the most
abundant noble gas in meteoritic NDs (Huss, 2005), this data imposes constraints
on the astrophysical conditions for helium incorporation via implantation. In the
case of xenon, the simulation data confirms the experimental observations of
Koscheev et al. (2001) that circa 700 eV is a suitable energy for implanting xenon
into NDs.
The second step in performing the statistical analysis uses the coordinates
associated with each dot in Figure 5.6 as the starting structure of thousands of
thermal release simulations. As explained before, all simulations run for 1 ns,
except for when rc.m. indicates that release has occurred; in such cases the simulation is terminated. If thermal release does not occur, the simulation is rerun
at a higher temperature. Typically, the temperature increment between successive simulations is 100–250 K. The raw simulation data showing the relationship
between the release temperature of the noble gas and the implantation depth is
shown in Figure 5.7. The dots and error bars indicate the precision, meaning
that if a noble gas atom releases at a temperature T2 but not at a lower temperature T1 , then the dot denotes (T1 + T2 )/2 and the error bar indicates the
range [T1 : T2 ]. Panel (b) shows that the xenon release temperatures cluster into
two groups and correlate with the depth of the implanted atom. The average
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Figure 5.7: Thermal release data of (a) 4 He and (b) 133 Xe as a function of implantation
depth. Mean release temperatures (Tmean ) are shown by horizontal green lines and
error bars indicate the degree of uncertainty; the precise meanings are explained in the
text.

temperature for these two clusters are indicated by the green lines, with a dividing line of 2000 K used to separate the groups. Varying this number by several
hundred Kelvin makes little difference to the averages. Note that as discussed
before in Section 5.2.2, 2000 K is equivalent to an experimental temperature of
∼1000◦ C and it serves as a convenient dividing line between the P3 and HL peaks
for xenon (Huss and Lewis, 1994a,b). For helium, no clustering occurs, and the
release temperature gradually increases with implantation depth. In this case the
green line indicates the average temperature for the full data set.
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5.3.3

Comparison with experiment

Figure 5.7(a) shows that a minimum of 1300 K is required to release helium
and by 4000 K all helium is released. In contrast, the xenon data in panel (b)
spans a broader range, with a minimum release temperature of only 400 K and a
maximum of nearly 4500 K, at which point the ND is effectively destroyed (see
Figure 5.3(i)). The observation of two temperature clusters for xenon and a single
broad distribution for helium is in good qualitative agreement with the meteoritic
ND observations. To map the simulation temperatures onto their experimental
equivalents, we employ the Arrhenius approach explained before in Section 5.2.2,
using an activation energy of Ea = 9 eV. By histogram binning the simulation
data in Figure 5.7 and applying the transformation in Equation 5.3 we obtain
a data set shown as thick blue lines in Figure 5.8. On the same scale we show
experimental data for the Orgueil meteorite extracted from (Huss and Lewis,
1994a,b). The agreement is remarkable, with the simulations reproducing all of
the main meteoritic ND characteristics, including (i) the unimodal vs bimodal
character, (ii) the position of the peaks, (iii) the widths of the distributions, and
(iv) the maximum and minimum release temperatures. This is the first time that
MD simulation has predicted these important effects.
The high level of experimental detail reproduced by the simulations provides
post-hoc justification for the Arrhenius approach, confirming that the presumption of a dominant activation energy is reasonable for this class of problem. All of
the predicted temperatures are correctly positioned relative to their experimental equivalents; this includes the onset of helium and xenon release, the position
of the release peaks, and even the upper limit at ∼1800 ◦ C, which corresponds
to destruction of the ND and the release of any remaining gases. Regarding
Figure 5.8(b), it is important to note that the simulations cannot predict the
relative height of the peaks in the bimodal distribution, since this is function of
the balance between shallow and deeply implanted xenon which is not known.
Having reproduced the essential characteristics of noble gas release, we can
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Figure 5.8: Measured and simulated ND thermal release patterns for (a) 4 He and (b)
133 Xe. Experimental values (red lines) are taken from data from the Orgueil meteorite
(Huss and Lewis, 1994a,b), while the MD values (blue lines) are from this work.

address some of the most fundamental questions in the pre-solar meteoritic literature. Specifically, we can examine the atomistic origin of the Xe-P3 and Xe-HL
peaks, and understand why helium exhibits unimodal behavior. Considering first
the question of xenon, the raw simulation data in Figure 5.7(b) provides clues as
to why release occurs at two distinct temperatures. The low-temperature peak is
seen to be strongly correlated with proximity to the surface, with 4.5 Å being the
critical depth beyond which low-temperature release is impossible. In contrast,
high-temperature release is possible for all implantation depths, and even for
depths around 1 Å there are two distinct temperature-release populations. The
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origin of this behaviour is that the surface of the ND progressively graphitizes
with temperature, with the {111} face transforming prior to the {100} face (see
Figure 5.3). As a result, xenon located close to a {111} face can become trapped
by the developing graphitic layers, and once the layer has fully formed, the xenon
is too large to easily diffuse through the hexagonal graphene-like network. This
effect is quantified in Figure 5.9 which replots the xenon data in Figure 5.7(b) for
shallow depths. Panel (a) colour codes each configuration according to the closest
crystallographic face, while panel (b) shows a histogram of the thermal release
temperatures. It is apparent that the low-temperature peak contains roughly
equal contributions from xenon near the {100} and {111} faces, while the hightemperature component is dominated by xenon close to the {111} face. Placing
these observations in a meteoritic context, we can assert that Xe-HL is associated
with either deeply buried xenon or shallow burial near a {111} face, while Xe-P3
sits just a few ångströms from the surface, and has no crystallographic preference.
The other major result in Figure 5.7 is the prediction of the unimodal release distribution for helium. Inspection of animation sequences reveals that this
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Figure 5.9: (a) Classification of shallow-implantation xenon data in Figure 5.7 according to proximity to a {100} face (orange circles) or a {111} face (green circles). (b)
Histogram analysis of the data in (a).
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behavior can be linked to the nature of the helium defect within the ND. The
simulations show that helium prefers a tetrahedral interstitial (T-site) in the diamond lattice. The geometry of this defect is shown in Figure 5.10(a), with the
four orange lines between helium and carbon highlighting the tetrahedral symmetry. The intersitial helium diffuses amongst the h110i channels in the lattice,
passing through a hexagonal interstitial (H-site) transition state enroute to another T-site. This behavior means that in the low-temperature range, the helium
effectively performs a random walk around the ND. Even if the {111} face has
graphitized, which typically occurs at around 1500 K in the simulations (see Figure 5.3(b)) which is equivalent to ∼800◦ C in the experiments, the helium cannot
escape through the graphitic layer. Only once the {100} face begins to graphitize
does the helium atom escape. These observations elegantly explain why the onset
of helium release is so much higher than xenon. Additionally, the smaller size
of helium means that it is more mobile than xenon, which in turn explains why
the peak release temperature for helium is lower than that of the corresponding
xenon high-temperature peak.
The analysis of helium migration in our MD simulations is supported by
density-functional-theory (DFT) calculations of noble gas defects in bulk diamond (Goss et al., 2009) which similarly conclude that helium forms an intersti15
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substitutional site is preferred and involves an adjacent vacancy, with the xenon
placed at the midpoint (Figure 5.10(b)). Further DFT studies by Drumm et al.
(2010) show this configuration (Xes -V) is substantially more stable than an alternative Xes -3V defect involving three vacancies. Our MD approach reproduces
the same behavior as the DFT studies, including the preference for Xes -V over
Xes -3V. Returning our attention to the simulation data in Figure 5.8(b), we can
assign the low-temperature xenon release peak to an Xes -V defect near the surface. Since this defect compromises the stability of the diamond surface, the
xenon is able to escape at modest temperatures of a few hundred degrees Celsius,
while the helium in the T-site is far more stable.
The DFT study by Goss et al. (2009) also studies other noble gases and
divides them into two groups: (i) helium and neon which occupy the intersitial
T-site and diffuse via the H-site, and (ii) argon, krypton and xenon which occupy
substitional sites with vacancies. This distinction between the interstitial Tsite and the substitutional-vacancy provides a plausable explanation for the ND
meteoritic data, where helium and neon have unimodal release peaks, while argon,
krypton and xenon have bimodal distributions. To the best of our knowledge,
this connection between defect type and temperature-release behavior has not
previously been made.

5.3.4

Isotopic effects

One of the strengths of our MD approach is the simplicity of performing virtual
experiments which are challenging or even impossible in a laboratory setting.
For example, obtaining isotopically pure noble gases is an expensive proposition,
while with MD one can study isotopic effects easily by simply changing the mass
and rerunning the entire simulation set. To illustrate this capability, we repeated
the entire implantation and thermal release protocols for 124 Xe and 136 Xe, both of
which are naturally abundant. Thermal release data for these isotopes is shown
in Figure 5.11, and as seen earlier, the release profile is again bimodal. For the
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low-temperature peak, the release temperature is similar across all three isotopes,
spanning a narrow range between 950 and 980 K, but for the high-temperature
peak, there is a large isotopic effect with the simulation release temperature varying from 3180 K for 124 Xe to 3485 K for 136 Xe. Figure 5.12 plots the mean release
temperature for the high-temperature peak for all three xenon isotopes, with the
left-axis showing the simulation temperature and the right-axis the equivalent ex-
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Figure 5.11: Thermal release data of (a) 124 Xe and (b) 136 Xe as a function of implantation depth. Mean release temperatures (Tmean ) are shown by horizontal green lines
and error bars indicate the degree of uncertainty. Due to the computational cost, the
number of data points for the two isotopes is around two-thirds of that in Figure 5.7(b).

160

3600

136
133

3500

Xe

Xe

3400

1530
1500
1470

3300
124

1440

Xe

3200
1410
3100

High−temperature Peak (°C)

High−temperature Peak (K)

Chapter 5: Predicting release temperatures of noble gases ...

124 127 130 133 136
Mass (amu)
Figure 5.12: High-temperature release values for three different xenon isotopes as shown
in Figures 5.7(b) and 5.11. Left-axis indicates raw simulation data in Kelvin while the
right-axis indicates the equivalent experimental temperature in Celsius. Error bars
show the standard error of the mean (SEM). The green dashed line is a linear fit to
guide the eye.

substantial and statistically significant effect is evident. Between the lightest and
heaviest isotopes, the predicted temperature difference is over 80◦ C, sufficient to
be measurable in a well-designed experiment employing isotopically pure xenon.
The isotopic effect in Figure 5.12 can be plausibly attributed to the effect of
mass on the vibrational frequency during thermal release. An alternative explanation focusing on implantation is less attractive, since a spectrum of implantation
energies are employed and there is no obvious reason why a mass difference would
generate different types of defects. Regarding the thermal release process, Figure 5.4(d) (and Movie 5.2) shows that the

133

Xe atom escapes after an extended

period of constant “jiggling”. For about 350 ps (between t = 50 and t = 400 ps),
the xenon is trapped between two graphitic shells and can be seen to move backand-forth many times before eventually escaping. This observation helps explain
why the lighter xenon isotopes release at the lower temperatures as the smaller
mass implies a higher vibrational frequency and hence faster reaction rate.
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5.4

Conclusion

In this chapter we developed a molecular dynamics approach to address the important unresolved question of the origin of the unimodal and bimodal thermal
release patterns of noble gases from meteoritic NDs. Our technique employs a
large number (circa 104 ) of small MD simulations to calculate the thermal release
pattern of implanted noble gases in ND and provides detailed atomistic insight.
We reproduce the known experimental profiles for helium and xenon, and propose that the nature of the noble-gas defect is the origin of the unimodal and
bimodal patterns, respectively. In the case of xenon, we show that the Xe-P3
component is associated with shallow implantation on the (100) face, while the
Xe-HL component is a mixture of deeply buried defects and shallow implanation
on the (111) face.
The MD methodology is natural fit for cloud-computing facilities and can
be easily extended to other systems where noble gases are found in pre-solar
grains. In NDs, obvious directions for future work include unimodal release in
3

He,

20

Ne,

21

Ne and

22

Ne and bimodal behaviour of

38

Ar,

36

Ar,

84

Kr and

86

Kr.

As an additional investigate tool, it is also possible to exaggerate the effect of
mass, and study isotopes that do not have a laboratory equivalent (e.g.,

100

Xe).

Aside from NDs, there are several other important pre-solar materials where our
MD methodology can be applied. These include silicon carbide and graphite
(Ott, 1993, 2007, 2014; Amari et al., 1990, 1993; Davis, 2011). All three of these
pre-solar materials have high melting points and therefore are suitable for our
Arrhenius-based approach. While we are unware of any study of noble gas incorporation in these pre-solar materials, there are a number of successful atomistic
simulation studies of high-temperature effects in silicon-carbide (Fujisawa et al.,
2019), graphite and carbide-derived-carbons (de Tomas et al., 2017, 2018). These
structures provide a natural starting point for further atomistic simulations to
reveal the astrophysical secrets of noble gases in pre-solar grains.
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Chapter 6
Plastic deformation of single
crystal diamond nanopillars
The main text and most of the figures comprising this chapter have been published
in Advanced Materials, (2020) 1906458. This chapter is motivated by an experimental study of bending diamond nanopillars in an electron microscope performed
by colleagues at the University of Technology Sydney (see Section 1.1.2). Here,
molecular dynamics simulations are performed to demonstrate that nanoscale diamond nanopillars can undergo a new form of plastic deformation that depends
critically on the nanopillar dimensions and crystallographic orientation of the
diamond. The plastic deformation is potentially explained by the emergence of
an ordered allotrope of carbon that we name O8-carbon. The new phase is predicted by our atomistic simulations of the deformation dynamics, which show
how the sp3 bonds of (001)-oriented diamond restructure into O8-carbon in localized regions of deforming diamond nanopillars. Our results demonstrate novel
mechanical behaviour of diamond and provide important understanding into the
deformation dynamics of nanostructured materials.
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6.1

Introduction

Understanding mechanical deformation and failure mechanisms of carbon-based
materials is very important in technological applications. For example, onedimensional carbon nanotubes possess high stiffness and tensile strengths of
tens of gigapascals. Diamond possesses the highest known Young’s modulus
amongst bulk materials and is considered the hardest natural crystal with extreme
stiffness and chemical stability (Klein and Cardinale, 1993; Wort and Balmer,
2008). Diamond is also a frontrunner for emerging applications in nanophotonics (Aharonovich et al., 2011; Burek et al., 2016), microelectromechanical
systems (Wu et al., 2018) and radiation shielding (Gupta et al., 2004), which
require a fundamental understanding of its mechanical deformation behaviour at
the nanoscale. Previous reports suggested that improvements in nanodiamond
strength can be achieved by a controlled introduction of nanotwinning (Huang
et al., 2014; Li et al., 2016). On the other hand, localized plastic deformation can
be induced by mechanical indentation at very high temperatures (Howell et al.,
2012; Gasc et al., 2015). However, due to challenges in nanofabrication of diamond, all earlier studies were done on bulk or microstructured diamond, and our
understanding of the mechanical properties of nanoscale single crystal diamond
is poor.
Recently, elastic deformation of diamond nanopillars was investigated by insitu nanoscale indentation that demonstrated reversible elastic deformation of
diamond (Banerjee et al., 2018). As discussed earlier, our colleagues (Regan
et al., 2020) at the University of Technology Sydney used advances in diamond
nanofabrication and a contact-free electrostatic deformation technique (Martin
et al., 2015; Rajput et al., 2018) to show unprecedented plastic deformation of
diamond nanopillars. The plastic deformation occurs only in nanopillars with
diameters smaller than ∼40 nm, and is dependent on the crystallographic orientation of the diamond. Specifically, it occurs only in (001)-oriented crystals,
while (111)-oriented crystals undergo conventional elastic deformation and brit164
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tle fracture. Full details of their deformation experiment are discussed in Section 1.1.2 and full details of their fabrication methods have been provided in the
supplementary information of Regan et al. (2020). In this chapter, we perform
molecular dynamics simulations of diamond undergoing stretching and bending
deformation. Our atomistic simulations reproduce the orientation-dependence,
and reveal that the plastic deformation proceeds through the formation of a new
phase of ordered carbon, namely O8-carbon that is localized to the deformed
regions of the bent nanopillars.

6.2

Methodology

Molecular dynamics (MD) simulations are used to model the stretching and bending of the diamond nanopillars. Nanopillars are modelled for two different orientations: (001) and (111). In the experiments by our colleagues surface of the diamond nanopillars are hydrogenated (see the supplementary information of Regan
et al. (2020)). In this regards, in our simulation the (100) surface of the nanopillar
is reconstructed in a 2 × 1 manner, and therefore, no hydrogen is needed to saturate carbon dangling bonds. All MD simulations are performed using LAMMPS,
and similar to the two previous chapters, the Environment-Dependent Interaction
Potential (EDIP) is used for carbon-carbon interactions. As shown in Chapter 3,
EDIP is a highly transferable carbon potential. Energy minimization using a
conjugate gradient scheme is performed prior to all simulations.
The stretching simulations are performed for three systems: (1) a bulk diamond cell of 5832 atoms (3.2 × 3.2 × 3.2 nm), which is originally from an
initial 32 × 32 × 32 simple cubic lattice of carbon atoms, with periodic boundary conditions in all three directions; (2) a (001)-oriented nanopillar of octagonal
cross-section containing 10760 atoms of ∼3 nm in diameter (i.e., ∼9 simple cubic
lattice) and ∼7 nm long (i.e, 20 simple cubic lattice) with periodic boundary conditions along the (001) direction; and (3) a (111)-oriented nanopillar of hexagonal
cross-section containing 10080 atoms of approximately the same size (∼15 × 29
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orthorhombic unit cells) as the other nanopillar and periodic boundary conditions
along the (111) direction. Every 0.1 ps the system (coordinates and box length)
is stretched along the z axial direction at a rate of 0.001 ps−1 . Perspective views
of the three systems are illustrated in Figure 6.1. Note that the nanopillars in our
simulations contain sufficiently many unit cells that the central region is bulklike. The temperature in the systems is fixed at 300 K using the Bussi thermostat
(Bussi et al., 2007) and simulations are performed in an NVT ensemble (constant
number of particles, volume and temperature) with a timestep of 0.2 fs.
For the bending simulations, we consider the same diameter (001) and (111)oriented nanopillars as for the stretching simulations (i.e., ∼3 nm), but we elongate them to ∼30 nm in length. The (001)-oriented nanopillar contains 44245
atoms (34 simple cubic lattice in length) and the (111)-oriented nanopillar has
40320 atoms (29 orthorhombic lattice in length). Periodicity along the nanopillar
longitudinal axis is removed and instead two small regions (about 1 nm height)
a)

d)

[001]

[001]

b)

c)

[111]

e)

Figure 6.1: Perspective view of (a) bulk diamond, (b) (001)-oriented nanopillar and
(c) (111)-oriented nanopillar. (d) Octagonal cross-section of (001)-oriented nanopillar.
[001]
(e) Hexagonal cross-section
of (111)-oriented nanopillar. Red, green and blue circles
2
3
denote sp, sp and sp hybridization, respectively.
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in the bottom and top of the nanopillars are fixed.∗ The thermostat is applied
to all atoms outside those regions. In order to mimic the bending that occurs
in the experiments by Regan et al. (2020) and was previously discussed in more
details in Section 1.1.2, the upper fixed region is rotated around a h1̄00i-axis for
the (001)-oriented nanopillar and around h2̄11i-axis for the (111)-oriented at a
rate of 1.8 deg.ps−1 , while the position of the atoms which belong to the bottom
region is fixed. Note that for both cases the origin point of axis of rotation is at
(x = 0, y = 0, z = 1 nm). Same as for the stretching simulations, the simulations
are performed in an NVT ensemble with a timestep of 0.2 fs and by using the
Bussi thermostat, the temperature in the systems is fixed at 300 K.
To study the crystal structure and energy stability of a new form of carbon,
called O8-carbon, we perform density functional theory (DFT) as well as three
common empirical potentials (EDIP, AIREBO (Stuart et al., 2000) and ReaxFF
(van Duin et al., 2001)) calculations of O8 structure. The DFT calculations which
are performed by Irene Suarez-Martinez (my co-supervisor) implemented in the
Vienna ab initio simulation package (VASP) (Kresse and Hafner, 1993; Kresse
and Furthmüller, 1996). The PAW pseudopotentials (Blöchl, 1994; Kresse and
Joubert, 1999) is used to treat outermost 2s2 2p2 electrons as valence electrons of
carbon atoms. The Perdew-Burke-Ernzerh of (PBE) parameterization (Perdew
et al., 1996) within the generalized gradient approximation (GGA) is adopted
to describe the exchange and correlation interactions. The interatomic potential
calculations are performed in LAMMPS using the same approach as the EDIP
calculations.
To compute the elastic constants for O8-carbon and investigate its mechanical
stability, we follow a numerical approach by de Tomas et al. (2018). These calculations are performed using LAMMPS and the EDIP potential is used. First, we
relax the simulation box (which is containing 3200 atoms, i.e., 10 × 10 × 4 unit
cell) and coordinates of atoms to zero pressure, followed by a small deformation
∗

These regions are shown in blue in Figure 6.8 and pink in Movie 6.2 and Movie 6.3.
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(1 part in 103 ) in the three principal directions. The corresponding term of the
elastic tensor Cij is calculated as the ratio between the stress and the strain in
the corresponding direction (Odegard et al., 2002; Caruta, 2006) via the stiffness
tensor as given by
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(6.1)

where σij and εij are components of the stress and strain tensors, respectively.
To compute the elastic moduli, i.e., bulk modulus, shear modulus, Poisson’s
ratio and Young’s moduli, we use the elastic constants Cij , and by inverting
the elastic constant tensor, the elastic compliance tensor Sij is determined. The
bulk modulus (B) and the shear modulus (G) are calculated using Hill averaging
approach between the Voigt and the Reuss values (ed Levy et al., 2001a,b,c;
Caruta, 2006) as follows,
BHill =


1
BVoigt + BReuss ,
2

(6.2)

GHill =


1
GVoigt + GReuss ,
2

(6.3)

where the BVoigt and GVoigt are calculated by the following equations:
BVoigt

GVoigt


C11 + C22 + C33 + 2 C12 + C13 + C23
,
=
9



C11 + C22 + C33 + 3 C44 + C55 + C66 − C12 + C13 + C23
=
.
15

(6.4)

(6.5)

Whereas, according to Reuss formula, BReuss and GReuss in the Equations 6.2
and 6.3 are calculated using the components of the compliance tensor Sij as:
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BReuss =
GRensis =

1
,
S11 + S22 + S33 + 2 S12 + S13 + S23

15

.
4 S11 + S22 + S33 − S12 − S13 − S23 + 3 S44 + S55 + S66

(6.6)
(6.7)

Poission’ ratio ν is calculated by the elastic constants as

C11 + C22 + C33 −1

ν = 1+
.
C12 + C13 + C23


(6.8)

The Young’s modulus which is the average of Young’s moduli in each direction
is given by
Y=

Yx + Y y + Y z
,
3

(6.9)

where the Young’s moduli in each direction is calculated from the elastic compliance:
Yx =

1
,
S11

Yy =

1
,
S22

Yz =

1
.
S33

(6.10)

Finally, to test the thermal stability and study the strength of O8 phase,
we are performed our simulations in LAMMPS using the EDIP potential. For
the thermal simulations, we consider the same supercell as for computing the
elastic constants, which contains 3200 carbon atoms (10 × 10 × 4 unit cell of O8carbon), with periodic boundary conditions in all three directions. Here, after the
energy minimization process to relax the simulation cell, we anneal the structure
at a fixed temperature for 500 ps. The annealing simulations are performed in
the NVT ensemble using the Bussi thermostat to control the temperature with
a timestep of 0.1 fs. To study the strength of O8-carbon structure, we simulate
the uniaxial tensile strain along with the three principal directions. A strain rate
of 0.001 ps−1 is applied to the system every 0.1 ps. The simulations run for
400 ps in the NPT ensemble where a Nosé-Hoover thermostat is used to keep the
temperature at 300 K and the pressure at zero in other directions; so the systems
respond dynamically to the applied strain.
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6.3

Results and discussion

The results of the simulations are presented in three parts. The first part involves
the stretching of bulk diamond and two oriented nanopillars. In the second part,
the crystal structure of a new form of carbon, called O8-carbon, is shown. Also,
mechanical and elastic properties of O8-carbon are investigated. The final part
of the results shows the simulation of bending the nanopillars.

6.3.1

Stretching simulations

The stretching simulations (Figure 6.2(a), (b) and (c)) are motivated by the tensile forces that develop on the outer surface of the diamond nanopillars during
the bending experiments. For bulk diamond stretched in the (001) direction (Figure 6.2(a) and blue curve in Figure 6.2(d)), the behaviour is as expected, with
the elastic region in the stress-strain curve reproducing the experimental Young’s
modulus in the elastic region, followed by brittle fracture along the (111) planes
at a strain of ∼18%. We note that our calculations are agree well with the experiments by Yu et al. (2012), where they reported that the deformation of the bulk
diamond at room temperature is essentially brittle and mostly accommodated
by fracturing on {111} plane at uniaxial strains up to ∼15%. However, very
different behaviour occurs when a diamond nanopillar with the same crystallographic orientation is stretched in the same manner. In this case (Figure 6.2(b)
and violet curve in panel (d)) plastic deformation occurs, as seen by the terracelike steps in the stress-strain curve that appear beyond a strain of 10.5%. The
plastic deformation is associated with a phase transformation, denoted orange in
Figure 6.2(b) and discussed in more detail below.
The third stretching simulation employs a nanopillar with (111) orientation,
and in this case (Figure 6.2(c) and pink curve in panel (d)) brittle fracture occurs
along a (111) plane. Our results are in agreement with previous theoretical and
experimental results. Recently, Banerjee et al. (2018) showed experimental that
single-crystal nanoneedles had a maximum tensile strain of ∼10% in agreement
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Figure 6.2: Molecular dynamics simulations of diamond under uniaxial tensile stretching. (a) Bulk diamond, exhibiting conventional brittle fracture. (b) Nanopillar with
(001) orientation, exhibiting plastic deformation via a transformation to the new O8carbon phase (orange). (c) Nanopillar with (111) orientation, exhibiting brittle fracture.
(d) Stress-strain curves for the three cases, with the Young’s modulus of diamond shown
in green (e). (f) Two views of the new O8-carbon phase (8-atoms in an orthogonal unit
cell, indicated by black lines) with sp2 and sp3 hybridization denoted by green and blue
spheres, respectively. Snapshots in (a)–(c) are slabs of 1 nm thickness.
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with their critical strain of 13% calculation through DFT modeling.
We thus see that the simulations reproduce two key experimental observations
by Regan et al. (2020) (see Section 1.1.2). First, the simulations exhibit the same
orientation effect seen in the experiments, with plastic deformation occurring for
(001)-oriented nanopillars and brittle fracture for (111)-oriented nanopillars (see
Figure 6.3 for an image sequence showing the differing behaviour as a function of
strain). Second, the simulations exhibit the same nanoscale effect, with plastic
deformation occurring for nanopillars, but not for bulk diamond.
Interestingly, our simulation finds a previously unknown phase of carbon that
forms as a result of continuous mechanical deformation of (001)-oriented diamond
nanopillars. The phase is a 50:50 mix of sp2 (graphite-like) and sp3 (diamondlike) hybridizations, in which the sp2 -bonded atoms form an ethylene-like double
bond unit, linked together by sp3 -bonds. There are two types of σ-bond, one
between an sp2 and sp3 atom and another between two sp3 atoms. The former
is slightly shorter than the bond length in diamond, while the latter is slightly
larger. Due to π-π repulsion between ethylene units, symmetry is broken in
the (001) plane, leading to an orthorhombic unit cell with 8 atoms. The unit
cell and two different views (separated by a 45◦ rotation) of this structure are
shown in Figure 6.2(e) and (f), with the colour coding showing the hybridization
(blue = sp3 and green = sp2 ).
Further details on the crystal structure of this new form of carbon and its
mechanical and elastic properties are provided in the next section. Following
literature naming schemes for novel carbon phases, we assign the name O8-carbon
to this structure. While a number of mixed-hybridization structures have been
proposed for carbon (Hoffmann et al., 2016; Pang et al., 2016; Wu et al., 2017),
none have the same unit cell and symmetry as O8-carbon. Unlike many other
hypothetical phases of carbon (Zhang and Jiang, 2018) and discussed in more
detail in Chapter 1, the O8 phase was not found by ab initio structure searches
or chemical intuition whereby atoms are placed in a box. Instead, it appears

172

Chapter 6: Plastic deformation of single crystal diamond nanopillars

a

90
GP

a)

5
91
s=
ulu
g’s
un

45
30

(111)−oriented
Nanopillar

15
0
0

4

8
12
Strain (%)

16

20

b)

[001]

(001)-oriented Nanopillar

(001)−oriented
Nanopillar

M
od

60
Yo

Stress (GPa)

75

[110]

Strain = 0%

Strain = 10.5%

Strain = 13%

Strain = 18%

[111]

(111)-oriented Nanopillar

c)

[011]

Figure 6.3: Molecular dynamics simulations of the stretching process. (a) Stress-Strain
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spontaneously under strain. This gives O8-carbon the distinguishing feature of
being the result of an energetically plausible, continuous mechanical deformation
from a known parent structure.
The appearance of O8-carbon during the (001) stretching simulations is shown
in detail in Figure 6.4 and Movie 6.1. The sequence in Figure 6.4 shows the
gradual development of the ethylene units, forming a characteristic stretchedhexagon shape as seen in Figure 6.2(f). With increasing strain, diamond bonds
(shown in blue), progressively break in a zipper-like manner, transforming a large
region from diamond into O8-carbon. The transformation process involves a small
amount of lateral shearing, and can be clearly seen in Movie 6.1 which shows the
cross-section of the nanopillar. This lateral shearing nucleates at the edge of the
nanopillar and involves atomic displacements which can only occur in a nanoscale
context. This explains why O8-carbon appears in the nanopillar (Figure 6.2(b))
but not in the bulk diamond simulation (Figure 6.2(a)).

b)

c)

d)

g)

f)

e)

[001]

a)

[110]

h)

Figure 6.4: Close-up view showing the transformation of diamond into O8-carbon. The
sequence shows the gradual development of the ethylene units, with increasing strain in
the (001) direction. Diamond bonds (shown in blue), progressively break in a zipperlike manner, transforming a large region from diamond into O8-carbon. The thickness
of the slices and the colour codings details are the same as Figure 6.3.
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6.3.2

Crystal structure and properties of O8-carbon

In this Section, the crystal structure and some mechanical and elastic properties
of O8-carbon are presented. In addition, the energetic, mechanical and thermal
stability of O8-carbon is investigated. Figure 6.5 and Movie 6.2 show the optimized crystal structure of O8-carbon. As discussed earlier, this structure has an
orthorhombic unit cell which contains 8 carbon atoms. Using the EDIP potential,
lattice parameters of O8-carbon are a = 2.487 Å, b = 2.669 Å and c = 7.928 Å,
and cartesian coordinates and the hybridization type of each atom in the unit
cell are provided in Table 6.1.
Energetic stability
To confirm the validity of the O8-carbon structure, in addition to the EDIP
calculations, we also perform density functional theory (DFT) as well as AIREBO
and ReaxFF calculations of O8 structure. As shown in Table 6.2, the lattice
parameters of the EDIP simulations are all within 1.1% of those found from DFT

a)

b)

c)

d)

y
x
z

z
y

z
x

y

x

Figure 6.5: Schematic illustration of the unit cell structure of O8-carbon. (a) Perspective view of the orthorhombic crystalline structure (also see Movie 6.2). (b)–(d)
Views along the x-, y- and z-directions of O8-carbon. Colour codings are the same as
Figure 6.3.
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Table 6.1: Cartesian coordinates and hybridization of the unit cell of O8-carbon from
EDIP potential. Note that the lattice parameters are a = 2.487 Å, b = 2.669 Å and
c = 7.928 Å.

Atom ID

Cartesian coordinate (Å)

Hybridization

x

y

z

1

1.865

0.657

2.159

sp2

2

1.865

0.657

3.595

sp2

3

1.865

1.970

6.123

sp2

4

1.865

1.970

7.560

sp2

5

0.627

0.657

1.343

sp3

6

0.627

1.970

0.447

sp3

7

0.627

0.657

4.411

sp3

8

0.627

1.970

5.306

sp3

calculations, confirming the general correctness and stability of the structure. In
terms of density, EDIP potential predicts that O8-phase has a density of 3.08 g/cc,
compared to 3.01 g/cc with DFT calculations. We also examine the energetic
stability of O8-carbon with respect to diamond. All three potentials have almost
exactly the same energy difference relative to diamond, being 0.2 eV/atom less
stable. The DFT calculations found a similar value of 0.3 eV/atom. Given that
Table 6.2: Lattice parameter, density and energy difference (∆E) between O8-carbon
and diamond. Calculations performed using DFT and three interatomic potentials for
carbon. The O8 phase is stable in all calculations, and differences in energetics and
lattice parameters are minor.

Method

Lattice parameters (Å)

Density (g/cm3 )

∆E (eV/atom)

a

b

c

DFT

2.513

2.697

7.832

3.01

0.30

EDIP

2.487

2.669

7.928

3.08

0.19

AIREBO

2.524

2.691

7.988

3.06

0.21

ReaxFF

2.532

2.746

7.952

2.89

0.19
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DFT calculations have inherent uncertainties arising from the choice of functional
and pseudopotential, these cohesive energies are reasonable. Furthermore, recent
experiments involving laser irradiation of nanowires (Zhang et al., 2017) found
evidence for a novel carbon phase, known as T-carbon (see Figure 1.10(d)), which
is a full 1 eV/atom less stable than diamond (Sheng et al., 2011), and hence the
present calculations using EDIP are well within the realms of plausibility.
Mechanical stability
Next, we study the mechanical stability of O8-carbon by computing the elastic
constants, following a numerical approach as discussed in the Methodology. O8carbon has nine independent elastic constants Cij , which are listed in Table 6.3,
and for a mechanically stable orthorhombic structure its corresponding elastic
constants Cij should satisfy the following criteria (Wu et al., 2007):
C11 > 0,

C22 > 0,

C33 > 0

C44 > 0,

C55 > 0,

C66 > 0

(6.11)

h
i
C11 + C22 + C33 + 2 C12 + C13 + C23 > 0

(6.12)

Table 6.3: Elastic constants and elastic moduli of O8-carbon. Calculated elastic constants, bulk modulus, shear modulus, Poisson’s ratio and Young’s moduli in each direction of O8-Carbon.
Elastic constants (GPa)
C11

C22

C33

C44

C55

C66

C12

C13

C23

1052

473

1083

57

391

221

107

221

98

Elastic moduli
Bulk modulus (GPa)
354

Shear modulus (GPa) Poisson’s ratio
408

0.15

177

Young’s moduli (GPa)
Yx

Yy

Yz

991

457

1025
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C11 + C22 − 2C12 > 0

C11 + C33 − 2C13 > 0

C22 + C33 − 2C23 > 0

(6.13)

Note that all the calculated elastic constants obey all of the above-mentioned
conditions, indicating that the O8-carbon structure is mechanically stable. Table 6.3 also provides the computed bulk modulus, shear modulus, Poisson’s ratio
and Young’s moduli for O8-carbon.
Thermal stability
To check the thermal stability of O8-carbon at high temperature, we perform
MD simulations at three different annealing temperatures, 500, 750 and 1000 K.
Figure 6.6 shows the fluctuations of the potential energy as a function of simulation time at 1000 K. The structures around 1 ps and 500 ps are also given
in Figure 6.6. We found that the geometry of O8-carbon remains intact after
heating for more than 500 ps, and the potential energy remains almost invariant.

Potential Energy (eV/atom)

−7.2
−7.21
−7.22
−7.23
−7.24
−7.25
0

100

200

300

400

500

Time (ps)
Figure 6.6: Molecular dynamics simulation of thermal stability of O8-carbon. Potential
energy fluctuations as a function of the simulation time at 1000 K. Inset depicts the
snapshots of the simulated system. The thickness of the slices are 1 nm and colour
codings details are the same as Figure 6.5.
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These results suggest that O8-carbon is stable at high temperatures.
Strength of O8-carbon
To examine the strength of O8-carbon, as discussed before in Section 6.2, we calculate tensile stress-strain curves along the x-, y- and z-directions. Figure 6.7 illustrates stress-strain curves for three directions of O8-carbon. The structure can
resist considerable strain (∼0.21 in x-direction and ∼0.19 in y and z-directions) in
the linear/elastic regime indicating that O8-carbon is quite ductile. Beyond the
maximum tensile strength, the structure is fractured. Figure 6.7 also shows that
the ultimate tensile strength, which is obtained from the point of maximum stress
in the stress-strain curves, is dependent on the crystallographic orientation. The
ultimate tensile strength in the y-direction is about 50 GPa, significantly lower
than the ultimate tensile strength in the x and z-directions, of ∼120 GPa and
∼130 GPa, respectively. Another point to be considered is that we can calculate the Young’s modulus from the slope of the stress-strain curves in the elastic
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Figure 6.7: Stress-strain curve for tensile strain along the three principal axes of O8carbon. Inset shows the perspective view of the unit cell of O8-carbon (similar to
Figure 6.5(a)).
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region. Young’s moduli in x, y and z-directions are ∼910 GPa, ∼380 GPa and
∼950 GPa, which have a good correlation with the values obtained from the elastic constant tensor (see Table 6.3), with differences of about 8% for Yx and Yz ,
and ∼20% for Yy . These difference could be arising from the choice of elastic
region and calculation of the slope of the stress-strain curves.

6.3.3

Bending simulations

The second set of bending simulations assess how the stretching results translate
into a curved geometry. Using diamond nanopillars with a 3 nm diameter, the
same as the stretching simulations, nanopillars 30 nm long were bent to large angles. As discussed before in Section 6.2, all atoms are free to move, except for the
atoms at the top and bottom regions of the pillar (denoted blue in Figure 6.8).
Consistent with the stretching simulations, the (001) nanopillar develops a region of O8-carbon once the nanopillar is sufficiently bent (Figure 6.8(a)–(c) and
Movie 6.3), while the (111) nanopillar undergoes brittle fracture (Figure 6.8(d)–
(f) and Movie 6.4). Simulations of a 2 nm diameter (001) nanopillar show that the
deflection angle needed to produce the O8 phase increases with decreasing pillar
diameter. That is consistent with experiments in which the minimum diameter
was 7 nm.
Finally, it should be noted that our experimental colleagues tried very hard
to obtain transmission electron microscopy (TEM) image of the bent regions to
identify the O8 phase, but it proved to be very difficult due to the small size of
the pillars. Therefore, rigorous aberration-corrected TEM analysis will also be
needed to identify O8-carbon experimentally. From simulation point of view, it
is essential to calculate the phonon dispersion to examine the dynamical stability
of O8-carbon. In addition, to investigate the electrical properties, the electronic
band structures and the density of states should be calculated in future studies.
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Figure 6.8: Molecular dynamics simulation of bending of 3 nm diameter nanopillars.
The top row is a sequence for a (001)-oriented nanopillar while the bottom row is for
a (111)-oriented nanopillar. Snapshots are slabs with a thickness of 1 nm. Blue atoms
are constrained as described in the text. (a) and (d) Initial configuration, (b) and
(e), pillars bent to 45 degrees, (e) (001)-oriented nanopillar, showing the appearance
of O8-carbon indicated by orange atoms, and (f) (111)-oriented nanopillar, that has
undergone brittle fracture along a (111) plane.

6.4

Conclusion

In this chapter, we used molecular dynamics simulations to study the mechanical
deformation of diamond nanopillars. Following an experimental study of macroscopic plastic deformation of single-crystal diamond nanopillars by colleagues at
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the University of Technology Sydney, we provided atomistic details of the plastic,
elastic and brittle failure of diamond nanopillars. Atomistic simulations reproduced all experimental observations and indicated that the plastic deformation is
strongly dependent on the size of the nanopillar and crystallographic orientation
of the diamond. Simulations also suggested a phase transition from pure sp3 carbon to an O8-carbon phase that forms spontaneously under strain and mediates
the plastic deformation. The nanopillars used in the simulations have a finite
size (diameter), and their length is smaller than the one in the experiment, but
they contain sufficient number of unit cells so that the central region becomes
bulk-like. Accordingly, the appearance of the O8-carbon and its propagation
across the full width of the nanopillar in the stretching simulations represent the
experimental length scale. Our results highlight the need to expand the present
understanding of nanostructured materials’ mechanical properties, particularly
that of carbon-based materials. Our findings will inform the design and engineering of new devices based on nanostructured materials, with improved performance
in a range of fields such as sensing, energy generation and optomechanics.
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Chapter 7
Epitaxial formation of silicon
carbide on (100) diamond
The main text and most of the figures comprising this chapter have been published
in ACS Applied Electronic Materials 2, (2020) 2003–2009, and also have been
highlighted on the front cover of the journal (see Appendix D). This chapter is
motivated by an experimental study of heteroepitaxial growth of silicon carbide
on diamond performed by colleagues at the University of Melbourne and discussed
earlier in Section 1.1.3. Here, molecular dynamics simulations are performed to
understand the nature of the interface between diamond and silicon carbide. The
results indicate that there is an optimal bonding scheme with no dangling bonds
that could cover the entire surface area in a regular pattern with 11 × 11 diamond
to 9 × 9 silicon carbide supercell arrays. We also show that this lattice mismatch
(∼22%) requires defects in a two-dimensional plane without forming extended
defects in three-dimensions. At a fundamental level, these results redefine our
understanding of heterostructure formation with a large lattice mismatch.
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7.1

Introduction

Diamond is a wide-bandgap semiconductor with an extreme thermal conductivity
of 2400 W/m/K (Isberg et al., 2002) that is of acute interest for novel quantum
and high power electronic devices (Trew et al., 1991; Okushi, 2001; Wort and
Balmer, 2008; Willander et al., 2006). It would be highly desirable to incorporate
diamond into electronic structures such as high power silicon carbide converters
to improve device effectiveness through enhanced cooling; this is also true for
nanoscale silicon device structures that are limited by high temperature (Weitzel
et al., 1996; Meyer et al., 2003). The small lattice parameter of single crystal
diamond, however, limits the choice of materials which can form heterostructures
without significant interfacial strain relief by defects such as screw dislocations,
threading faults, and twinned growth (Bean et al., 1984; People and Bean, 1985;
Chen and Washburn, 1996; Freund and Suresh, 2004). Defects compromise the
quality of the heteroepitaxial layer by extending through the grown material
and are undesirable for high quality heterostructures as they degrade thermal
transport and layer adhesion (Goyal et al., 2010; Imura et al., 2011; Cervenka
et al., 2012). Furthermore, growth of single crystal diamond on different materials
is prohibitively difficult and typically results in polycrystalline material (Jiang
and Jia, 1995; Schreck et al., 2014; Khmelnitskiy, 2015).
Heteroepitaxy with single crystal diamond growth is difficult and subjects
the substrate material to the harsh diamond growth environment (Schreck et al.,
2001, 2014) and also typically results in polycrystallinity (Aleksov et al., 2003;
Koizumi et al., 2018; Stoner and Glass, 1992). These considerations, together
with the recent introduction of wafer-scale single crystal diamond (Yamada et al.,
2013, 2014; Schreck et al., 2014), make it highly desirable to use diamond as
the substrate upon which high-power electronic materials are then epitaxially
grown and formed. To date, only aluminium nitride (AlN) and aluminium gallium nitride (AlGaN)/gallium nitride (GaN) heterostructures have successfully
used diamond as a substrate for growth, with the diamond interface studied
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in detail (Hirama et al., 2010, 2011; Alomari et al., 2010). Unfortunately, the
mismatch-induced strain in the AlN and AlGaN/GaN structures is relieved by a
high density of defects in the AlN lattice which also created a large amount of
dangling bonds (Hirama et al., 2010). In addition, high electron mobility transistors made of AlGaN/GaN on diamond required thick buffer layers to construct
operational devices (Alomari et al., 2010; Hirama et al., 2011, 2012). There is
evidence that coherent interfaces are possible when diamond is grown onto silicon carbide (Koizumi et al., 2018), but they lie amongst typically unoriented
polycrystalline diamond with poor interface characteristics. Growth of silicon
carbide onto diamond produces similar results, although it has been shown that
a silicon buffer layer prior to silicon carbide formation can enable growth of oriented silicon carbide by chemical vapor deposition (Soulière et al., 2014). Domain
matching epitaxy is a technique used to minimize the interface mismatch in high
lattice misfit materials (Narayan and Larson, 2003), but diamond’s extremely
high lattice density prohibits such matching in most cases.
Our colleagues (Tsai et al., 2020) at the University of Melbourne demonstrate
experimentally that silicon carbide can be grown heteroepitaxially on singlecrystal diamond (see Section 1.1.3 and Figure 7.1). They produced a coherent and
seemingly strain-free interface in localized regions. This builds on a silicon surface
termination procedure developed in earlier work (Schenk et al., 2015) and may
explain the observed benefit of silicon-rich deposition prior to chemical vapor deposition growth of silicon carbide on diamond (Soulière et al., 2014). The absence
of measured strain is remarkable given the large lattice mismatch (22%) of silicon
carbide relative to diamond. Furthermore, the high degree of coherence between
the lattices suggests that additional strain relief mechanisms are present, beyond
standard domain matching epitaxy, such as that seen in titanium nitride/silicon
(Narayan and Larson, 2003; Pizzagalli et al., 2003). In this chapter, atomistic
simulations are performed to understand the nature of the interface and suggest
that the lattice mismatch is resolved through bonding reconstructions that are
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Figure 7.1: (a) Cross-sectional high-resolution TEM (5 nm scale bar) of the graphite,
silicon carbide (SiC) and diamond layers structure. (b) Magnification of the selected
area in (a) demonstrating a coherent interface between SiC and diamond. Both panels
are taken from Figure 1.22.

restricted to the interfacial layers without extending into the grown film. These
relaxed reconstructions, similar in form to those simulated at silicon and silicon
carbide interfaces (Cicero et al., 2002b; Pizzagalli et al., 2003), effectively passivate the atomic coordination structures that give rise to the dangling bonds that
are otherwise abundant in low-quality, highly mismatched interfaces.

7.2

Methodology

The molecular dynamics (MD) simulations are performed using the LAMMPS
package (Plimpton, 1995). Interactions are described using the Tersoff potential
for silicon carbide (Tersoff, 1989), which is based on earlier Tersoff potentials
for silicon (Tersoff, 1986) and carbon (Tersoff, 1988). With this potential all
interactions are captured in a single framework. The interface was rectangular
in shape, with the silicon carbide side containing 18 silicon carbide unit-cells
in the [11̄0] direction, 9 silicon carbide unit cells in the [110] direction and 9
silicon carbide unit-cells in the [001] direction. On the other side of the interface,
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the corresponding number of diamond unit cells is 22, 11 and 11, respectively.
Note that a full discussion of the determination of the number of unit cells is
provided later in Section 7.3.1. The atomistic model of the prepared silicon
carbide/diamond interface is illustrated in Figure 7.2.

a)

a)

To reproduce the experimental conditions discussed in Section 1.1.3, periodic

boundary conditions were employed in the [110] and [11̄0] directions but not in the
transverse direction (see Figure 7.2). The system dimensions are approximately
54 Å × 27 Å × 40 Å. No attempt is made to manually reconstruct the interface,
and the initial coordinates simply consisted of a cleaved silicon carbide crystal
adjacent to cleaved diamond crystal. Temperature control was achieved using
the Bussi thermostat (Bussi et al., 2007) and simulations were performed in an
NVT ensemble (constant number of particles, volume and temperature) with
a timestep of 0.2 fs. Further details about the thermostat, NVT ensemble and

[001]

periodic boundary conditions are provided in Section 1.2.1. Coordination analysis

[110]
[110]

Figure 7.2: Perspective view of the structure of the silicon carbide/diamond interface.
Black lines represent the simulation cell and periodic boundary conditions are applied
only in the [110] and [11̄0] directions. Gray and light brown spheres represent carbon
and silicon atoms, respectively.
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involved counting the number of neighbors within cutoffs of 1.85, 2.35 and 2.8 Å
for carbon–carbon, carbon–silicon and silicon–silicon distances, respectively. For
the purposes of analysis and visualization, atoms are considered to be sp2 and
sp3 hybridized if they had three and four neighbors, respectively.

7.3

Results and discussion

To understand the origin of the low-strain epitaxial growth of silicon carbide on
diamond as shown in Figure 7.1 and discussed in more details in Section 1.1.3,
MD simulations are performed to establish how strain could be resolved at the
interface without propagation of dislocations in silicon carbide. The results are
presented in three parts. Firstly, we investigated the number of the unit cells
required to minimize the lattice mismatch. Secondly, we model the interface reconstruction of the silicon carbide/diamond structure. Lastly, in order to quantify
the energetics of the reconstruction, the interfacial energy is computed.

7.3.1

Number of unit cells

The first step is the determination of the smallest commensurate matching lattice cells (Narayan and Larson, 2003), as summarized schematically in Figure 7.3.
Panel (a) shows four layers at the interface where each sphere represents a 4-atom
√
tetragonal unit cell with height a and in-plane width of a/ 2. The blue and red
shading highlights the large (22%) in-plane mismatch between 3 × 3 supercells of
silicon carbide and diamond. Note that the lattice parameters for silicon carbide
(SiC) and diamond, respectively, are aSiC = 4.360 Å (Taylor and Jones, 1960;
Järrendahl and Davis, 1998) and adiamond = 3.567 Å (Krüger, 2010). It is visually
apparent in Figure 7.3(a) that 4 unit cells of silicon carbide match reasonably
closely to 5 unit cells of diamond, and here the supercell mismatch is just 2.3%.
Aligning the two interfaces for this ratio of 4:5 unit cells results in the Moiré
pattern shown in Figure 7.3(b). From an atomic perspective, the Moiré pattern
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a)

4 SiC and 5 Diamond unit cells

[110]

4 SiC and 5 Diamond unit cells

a
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[001]

Tetragonal Unit Cells of Diamond

Tetragonal Unit Cells of SiC

a/ 2

[110]
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Figure 7.3: (a) Schematic of four interfacial layers, where each sphere represents a
tetragonal unit cell with a 4-atom basis. Shaded areas compare 3 × 3 unit supercells,
showing larges deviations between cubic polytype silicon carbide (3C-SiC) and diamond. (b) Strained 4 × 4 silicon carbide supercell overlaid on a 5 × 5 diamond supercell
resulting in a Moiré pattern.

raises a challenge as it is unclear how to reconstruct the interface without creating
dangling bonds and other high energy configurations. Studies of lattice mismatch
sometimes trivialize these interfaces with one-dimensional schematics that do not
account for the more difficult two-dimensional problem. Figure 7.4 shows that
the 4:5 combination is not the only possibility for the silicon carbide/diamond
interface, since adding an extra unit cell to both sides of the interface yields a 5:6
ratio with a slightly lower supercell mismatch of 1.8%. More interesting is a 9:11
ratio for which the mismatch falls to an astonishingly low 0.008%. The 9:11 ratio
has previously been noted when patches of coherent diamond grew on cubic poly189
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Figure 7.4: Plot of supercell mismatch percentage between various combinations of
silicon carbide and diamond unit cells. Ratios denote the number of silicon carbide and
diamond unit cells, respectively.

type silicon carbide (3C-SiC) (Koizumi et al., 2018), but no quantitative bonding
arrangement was provided. This configuration, which involves two dislocations
as indicated by the orange text in Figure 7.4, is the focus of our attention for the
remainder of this chapter.

7.3.2

Interface reconstruction

We explore possible interface reconstructions for the 9:11 ratio using the Tersoff
potential (Tersoff, 1989). This involves: (i) energy minimization to relax the
initial structure, (ii) annealing at a fixed temperature, and (iii) minimization
back to zero Kelvin. Four annealing temperatures are used (500, 1000, 1500
and 2000 K) and the annealing time is 20 ps. Note that as the goal of the
annealing is to reconstruct the interface without melting the structure, these
annealing temperatures are sufficiently high to have some atomic motion, but
not high that it melts. Figure 7.5 shows the snapshots of four annealed silicon
carbide/diamond structures. The best results are achieved at 1000 and 1500 K
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Figure 7.5: Structures of the four annealed silicon carbide/diamond interfaces. Views
looking along the [110] direction. Structures are annealed at (a) 500, (b) 1000, (c) 1500
and (d) 2000 K annealing temperatures for 20 ps. The carbon and silicon atoms are
shown as gray and light brown spheres.

(see Figure 7.5(b) and (c)), where the interface spontaneously reconstructed to
form silicon–silicon and carbon–carbon dimers in two characteristic motifs. One
motif spanned 4 silicon carbide unit cells and 5 diamond unit cells, while the other
motif spanned 5 silicon carbide unit cells and 6 diamond unit cells. Pleasingly,
both of these ratios correspond to small supercell mismatches (2.2% and 1.8%)
as seen in Figure 7.4.
We manually assemble the 4:5 motif adjacent to a 5:6 motif to create a 9:11
reconstruction. Most of the atoms have four neighbours and are sp3 bonded, with
the exception of two rows of sp-bonded atoms extending along the [11̄0] direction.
These atoms are manually converted to sp2 by displacing the atoms to form pairs.
Since a pairing arrangement requires an even number of diamond unit cells, we
duplicate the system along one axis to achieve an 18:22 ratio. For clarity, the
discussion and figures consider only a single 9:11 section.
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Diagrams of the 9:11 interface are illustrated in Figure 7.6. Panel (a) shows
that the sp2 carbons are separated by either five or six diamond unit cells in
the [110] direction and represent the termination of a dislocation, labelled in red.
Rotation of the section indicated by the dashed boxes in panel (a) shows more
repeating motifs, as seen in Figures 7.6(b) and (c). Panel (b) reveals a second
pair of dislocations associated with dimers. silicon–silicon bonds form every 4
or 5 silicon carbide unit cells at the silicon carbide interface and carbon–carbon
bonds form on either side in the diamond lattice. This combination of point
defects in the [110] and [11̄0] directions allows the additional lattice units of
diamond to terminate at the interface without creating extended defects in the
grown film. Figures 7.6(f) and (g) are the same as panels (a) and (b) but with
guidelines added to highlight how the additional diamond unit cells terminate at
the dislocation core. As a result, defects in the heterostructure are restricted to
the two-dimensional plane of the interface, as opposed to propagating through
the third-dimension of the grown film.
The dislocation highlighted in Figure 7.6(b) is magnified in panel (d), demonstrating how the core of the dislocation involves heptagonal and pentagonal rings
to accommodate the extra diamond unit cell. This creates a symmetry around
the silicon–silicon bond which is present elsewhere in the interface, as seen in
the other dislocation at the right of Figure 7.6(b). Similarly, Figure 7.6(e) expands the shaded area in panel (a) to highlight how the core of the dislocation
involves sp2 carbon atoms along the [11̄0] direction. Figure 7.7 shows full details
of bond lengths of two types of point defect, as highlighted in Figure 7.6(d) and
(e). In Figure 7.6(h), the carbon and silicon atoms at the interface are displayed
in plan-view, showing the four dislocations. The peach lines indicates the dislocations associated with the dimers, while the sp2 carbons in blue indicate the
other pair of dislocations. It is worth noting that the sp2 carbons do not affect
the bonding scheme of the remaining interface and that the dislocation core is
self-contained within its own row. We note that in our model, carbon–carbon and
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satisfy all interface atomic bonds without the need to consider non-stoichiometric
interfaces. This contrasts with the modelling done on silicon/silicon carbide in[001]

[001]

terfaces by Pizzagalli et al. (2003) where carbon-poor stoichiometries needed to
be considered.
[110]

7.3.3
c)

500 K

[110]

Interfacial energy

1000 K

d)

To quantify the energetics of the reconstruction, the total potential energy was decomposed into atomic contributions and visualised (Figure 7.8(a) and (b)) where
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interface, as expected. The potential energy gradient seen in Figure 7.8(a) and
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highest potential energy are the interfacial silicon atoms (−5.70 eV/atom) and
the π-bonded carbon atoms (−6.28 eV/atom). However, within a few atomic
layers of the interface the potential energy returns to the bulk values, indicative
of zero strain. This effect is quantified in Figure 7.8(c) which plots the layeraveraged potential energy as a function of distance from the interface. Note that
to simplify, the zero dividing line (green dashed vertical line in panel (c)) shows a
194

−5.5

a)

Potential Energy (eV/atom)
Potential Energy (eV/atom)
Potential Energy (eV/atom)
Potential Energy (eV/atom)
Potential Energy (eV/atom)

Chapter 7: Epitaxial formation of silicon carbide on (100) diamond

a)

−6
-5.69
−5.5

−6.5

−7

[001]

−6

−5.5
−6.5

b)

−7.5
-7.36
−12
−6 −7
-5.69
−5.5

[110]

−8

−6.5
−7.5
−12
−6

Potential Energy (eV/atom)
Potential Energy (eV/atom)

−5.5
−5.5
−6
−6

c)

−6.5
−6.5

−8

−4

−7.5
−7.5 −12
−8
−12
−8

4

12

8

12

z−coordinate (Å)

−6.5

−7.5
-7.36
−12
−5.5 −7

[110]

−8
Si
C

−7.5
−6
−12

−4
0
4
8
z−coordinate (Å)
Si-Si dimers

12

SiC

−8
−4
0
4
C-C dimers
z−coordinate (Å)

−6.5

−7
−7

0

8

[001]

−7

−4
0
4
z−coordinate (Å)

8

12

Interfacial
Energy

Carbon in
pentagons

−7

−4
0
4 Diamond
8
12
−4z−coordinate
0
4(Å)
8
12
−7.5
z−coordinate
(Å)
−12
−8
−4
0
4
z−coordinate (Å)

8

12

Figure 7.8: (a) and (b) silicon carbide/diamond interface with atoms coloured by their
potential energy per atom. (c) Layer-averaged potential energy as a function of distance
from the interface. Green shading indicates contributions to the interfacial energy and
the green dashed line shows the reference dividing line.

distance reference point in the z-direction (i.e., [001] direction) from the middle of
the interface. On the silicon carbide side only two layers deviate significantly from
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the bulk, showing that strain is quickly removed as distance from the interface
increases. On the diamond side the strain field penetrates slightly further, reflecting the high stiffness of diamond and non-ideal structures such as pentagonal and
heptagonal rings (Figure 7.6(d)). Adding the energy cost over the entire supercell
interface, represented by the green shading in Figure 7.8(c), yields a relatively
modest interfacial energy of 2.87 J/m2 , consistent with a low strain interface. For
comparison, the surface energy for the a sub-stoichiometric optimized silicon/silicon carbide interface was calculated to be approximately 1.55 J/m2 (Pizzagalli
et al., 2003). The slightly higher value calculated for silicon carbide/diamond is
expected, given the denser interface compared to the silicon carbide/silicon case.
The calculated surface energy of the known reconstructed bare 2 × 1 diamond
with the Tersoff potential is 6.20 J/m2 , while the corresponding value for the
silicon-rich surface of silicon carbide is 4.01 J/m2 .
We note that the 9:11 surface reconstruction is the most likely interface for the
region of high crystalline quality as it resolves the surprising coherence and strain
observed experimentally (Figure 7.1). Due to the inhomogeneity at the interface
with the fabrication procedure; however, it would be challenging for the uniform
periodic structure to form across the entire interface. This is partially accommodated by the ability of carbon to form π and σ bonds which resolves instances
of high strain but will result in extended defects in larger regions, as seen in
Figure 7.1(a). If greater control over carbon bond manufacturing at the interface
was available, not only 3C-SiC, but other materials with large lattice mismatches
could form low strain and highly coherent heterostructures with diamond.

7.4

Conclusion

In this chapter, we showed that molecular dynamics simulation can provide atomistic details of the interface of silicon carbide/diamond heterostructure. Following
on experimental studies of heteroepitaxial growth of silicon carbide on diamond
by colleagues at the University of Melbourne, we have shown theoretically that
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it is possible to form an atomically sharp and minimally strained cubic polytype
silicon carbide (3C-SiC) film on a single crystal diamond substrate in localized
regions. Simulations indicate that this is achieved with an optimal supercell ratio
of 9:11 that removes dangling bonds and requires two rows of dislocations in the
[11̄0] and [110] direction. Once these misfit dislocations are generated, supercell
matching occurs between the nine silicon carbide lattice (9 × aSiC = 39.240 Å)
and eleven diamond lattice (11 × adiamond = 39.237 Å). Atomistic simulations
also showed that this lattice mismatch that exceeds 20% can be resolved through
bonding reconstruction at the interface and requires defects in a two-dimensional
plane without forming extended defect in three-dimensional. This is further emphasized through strain calculations that demonstrate that the misfit strain is
relieved within five monolayers of the interface. Thus, the high quality interface
observed in the experiment is a likely realization of this simulation in localized
areas despite the auto-nucleation at the interface. Such a high crystalline quality
interface is expected to allow for a minimal thermal barrier junction, enabling improved device performance for high temperature electronic applications. From the
perspective of fundamental material design, the study redefines our understanding of silicon carbide and diamond possibilities and furthers our understanding
of large lattice mismatched interfaces.
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Conclusion and future work
The molecular dynamics simulation studies in this thesis sought to provide atomistic details of the not-well-understood mechanism of the incorporation and thermal release patterns of noble gases in meteorite nanodiamonds (NDs). The thesis also aimed to investigate the plastic deformation of diamond and examined
the interface of diamond-based heterojunctions. All these objectives have been
achieved, and our simulated results have reproduced all experimental observations
from our collaborators and the literature. In this final chapter, we summarize the
main conclusions of the presented studies and outline some of the potential directions that the work presented within this thesis can take.

8.1

Conclusion

Firstly, we carried out a study that compare fourteen interatomic potential for
carbon. To this end, in Chapter 2 we examined a modified widely-used Tersoff potential, and in Chapter 3 benchmarked some of the most commonly used
interatomic potentials to test their transferability and evaluate their ability to
describe disordered carbon structures. In Chapter 2, we examine the extended
cutoff Tersoff potential when the upper cutoff parameter is increased to 2.45 Å.
The results indicated that this modification led to the nucleation of diamond crys-
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talline during the annealing process of amorphous carbon. Time evolution of the
fraction of atoms in a nanocrystalline diamond environment for different densities
showed that at 2.8 and 2.9 g/cc, ND grows up to the size of the simulation cell.
However, at higher densities, i.e., 3.0, 3.1 and 3.2 g/cc, a quite small nanocrystal
is observed. Due to the significant difference between the density range at which
the diamond nucleated and the experimental diamond density of 3.52 g/cc, we
concluded that this behavior is unphysical and does not represent a new pathway
for synthesising diamond. In fact, this behaviour is artificial due to the interaction between the cutoff function and the 2nd neighbour shell as demonstrated by
radial distribution function analysis. Viewed from a broader perspective, this observation provides a cautionary tale against altering the parameters of empirical
potentials without fully considering the wider implications.
In Chapter 3, we studied fourteen well-known and commonly used interatomic
potentials for carbon (i.e., Tersoff, Extended-cutoff Tersoff, Tersoff/Nordlund,
Tersoff-S, REBO-II, REBO2-S, EDIP, LCBOP-I, ReaxFF, COMB3, AIREBO,
ABOP, Erhart/Albe and GAP) and compared their capability to model carbon
nanostructures. Since the amorphous carbon system provides a critical test of the
transferability of carbon potentials and the annealing simulations illustrate the
graphitization process, we used the liquid quenching method to produce amorphous carbon at four different densities, which were subsequently annealed at a
high temperature. Based on coordination analysis, ring statistics, radial distribution functions and diffraction intensity, we found that no two potentials give the
same result. GAP, ReaxFF and EDIP potentials presented the best transferable
capabilities. We showed that although GAP potential offers a promising way
forward as a machine learning framework, it is extremely computationally costly.
Also, for long simulation times and large systems, EDIP potential was found to
be the most reliable and computationally efficient interatomic potential. In addition, to facilitate interactive analysis of data from our findings, we developed a
web application tool at www.carbonpotentials.org.
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Using EDIP potential, we investigated ion-implantation and thermal annealing process to enhance understanding of how noble gases become incorporated
into meteorite NDs and how the noble gases are released upon thermal annealing. In Chapter 4, we introduced a model to reproduce the ion-implantation
experiments conducted at the University of Huddersfield, UK. We modeled the
implantation of xenon into NDs of different sizes (from 2 to 10 nm) and with
different implantation energies (50 eV up to 40 keV). The results were in excellent agreement with all experimental observations. For example, we found that
the implantation energy of around 6 keV destroys small-sized NDs. In addition,
these results provided strong evidence that low energy implantation of noble gases
(about 700 eV) into an ND with a diameter of ∼4 nm (this size is similar to meteoritic NDs) is a suitable mechanism for entrapment of noble gases by meteoritic
diamond grains.
In Chapter 5, we employed molecular dynamics approach to calculate the
thermal release distribution of implanted noble gases in NDs. The results reproduced the meteoritic and laboratory experimental observations. We showed that
helium the lightest noble gas, has a unimodal temperature release pattern, while
bimodal behavior was observed for xenon a much heavier noble gas. The thermal
release process is strongly sensitive to impact and annealing parameters, as well
as to crystallographic orientation and type of defect. From an astrophysical point
of view, our model provided a clear explanation of bimodal release distribution of
heavy noble gases during the pyrolysis process of the meteoritic nanodiamonds.
Also, we explained that P3 component in meteoritic literature, which is located
near the surface of ND grains, releases not only at the low-temperature but also
at the high-temperature along with HL component.
In Chapter 6, we successfully provided an atomistic observation of the mechanical deformation as well as the brittle failure of diamond nanopillars. Our simulations reproduced and explained the experimental results from our colleagues
from University of Technology Sydney, where the nanopillar had been found to
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bend in an electron microscope. We found that the plastic deformation is strongly
dependent on the nanopillar dimensions and crystallographic orientation of the
diamond. This mechanical deformation of (001)-oriented nanopillar is associated
with a formation of a new phase of carbon called O8-carbon, which is localized
to the deformed regions of the bent diamond nanopillars. Furthermore, we found
that the plastic deformation occurs only in (001)-oriented nanopillars, while in the
(111)-oriented nanopillars, conventional elastic deformation and brittle fracture
behavior is observed.
Finally, in Chapter 7, we created a model to reproduce an experiment on
epitaxial growth of silicon carbide on diamond conducted at the University of
Melbourne and provided atomistic details of the interface between the bulk diamond and silicon carbide heterojunctions. We showed that the lattice mismatch of
22% can be resolved through bonding reconstructions at the interface. We found
that forming an atomically sharp and minimally strained silicon carbide film on a
diamond substrate is achieved with an optimal supercell matching between the 9
silicon carbide unit cells and 11 diamond unit cells that removes dangling bonds
and requires two rows of point dislocations. Our findings in this chapter can
also be applied to the study of the heterostructure formation of different types of
materials with large lattice mismatch.
To summarise, in this thesis, molecular dynamics simulations were performed
to: (i) benchmark fourteen well-known and commonly used interatomic potentials
for carbon, (ii) provide atomic-level details on the mechanism of the incorporation
of noble gases in meteorite-sized NDs and thermal release mechanism, (iii) explain
the deformation of diamond nanopillars, and (iv) provide atomistic details of the
epitaxial diamond interface in semiconductor heterostructures. Overall, in this
thesis, we have shown that computational modeling is a useful tool for studying
the nature of atomic-level effects in diamond-based materials and provides insight
into experimental studies.
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8.2

Future work

Based on the results presented and methodologies developed in this thesis, several
directions can be considered for future work. One logical step would be to extend
the comparative study of interatomic potentials for carbon in Chapters 2 and 3
and benchmark the performance of other potentials. Also, researchers can modify
the functional form of potentials to improve their transferability properties. In
addition, we can extend our work by performing a comparative study of mechanical and elastic properties of different carbon-based materials such as diamond,
graphite, glassy carbon, and carbon nanotubes, and benchmarking well-known
interatomic potentials performance.
The methodologies developed in Chapters 4 and 5 can be easily extended to
other noble gases. In order to do so, we need to take Lennard-Jones parameters for noble gas interactions with carbon and bridge to the short-range ZBL
expression. These parameters are easily obtainable from previous reports of gasabsorption into carbon networks and are conceptually straightforward due to the
weak interactions between carbon and noble gas atoms. Implantation involving
other chemical species is also possible, but the interactions are less trivial due to
the formation of formal chemical bonds. Beyond NDs, the noble gas implantation
methodology can also be usefully applied to the study of ion-irradiation effects in
a wide variety of different carbon nanoforms, such as graphene, graphene bilayers,
fullerenes and nanotubes, as well as bulk materials such as glassy carbon, silicon
carbide, graphite and diamond.
As discussed in Chapter 1, from an astrophysical point of view, another hypothesis for the incorporation of noble gases into the NDs, in addition to implantation, is entrapment of noble gases by diamond grains as they grow. Although the origin of meteoritic NDs is still very much an open issue, Marks
et al. (2012) reported a novel mechanism by which, based on atomistic simulation evidence and under the right condition, carbon onion can convert to ND
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in a rapid non-equilibrium process. Figure 8.1 illustrates the cross-sectional view of their molecular
dynamics simulation of high energy carbon onion colliding with a diamond substrate, generating conical
ND, which is shown by the orange line. One potentially avenue of future research would be to extend our methodologies in Chapters 4 and 5 and
perform simulations to implant noble gases into individual onions before they get deposited onto diamond substrate. Similar to Chapter 5, we can investigate the thermal release pattern of implanted noble Figure 8.1: Cross-sectional
gases as well. Note that the above-mentioned non- view of simulation of car-

bon onion impacting onto
equilibrium mechanism can also potentially be used diamond substrate. Figure
adapted from Marks et al.
as a new source of ND thin-films, which can offer new (2012).

possibilities in advancing carbon-based technology.
Another area for future studies would be to study the mechanical, thermodynamical, optical and electronic properties of O8-carbon. Moreover, we can extend
the methodology in Chapter 6 to study the mechanical deformation of different
nanostructured materials such as silicon carbide and boron nitride. The method
developed in Chapter 7 can potentially be applied to a study of the heterostructure formation of different types of materials with large lattice mismatch, such
as silicon on silicon carbide, silicon on diamond, boron nitride on diamond and
boron nitride on silicon carbide. Similarly, we can employ this methodology to
design and study the properties of a single layer diamond called diamane, which
has a 2D form of diamond with a bilayer sp3 carbon nanostructure. As a final
point, similar to recent work done by Fujisawa et al. (2019), this methodology
can be easily modified to study the transformation mechanism of silicon carbide
into graphene upon thermal annealing.
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As discussed in Chapter 3, we have developed an online application tool which
collates all of the data from our study. In this appendix, screenshots of the Home
page, the Compare page and the Potentials page of www.carbonpotentials.org are
provided.

Figure C.1: Screenshot of the Home page of our interactive online tool for comparing
carbon interatomic potentials (www.carbonpotentials.org).
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Figure C.2: Screenshot of the Compare page. Sidebar shows the list of potentials with
data. Sections and subsections are used to organize properties and their data.

Figure C.3: Snapshot of the Potentials page, which contains essential information for
each carbon potential. Full list of potentials are provided before in Tables 1.1, 1.2 and
1.3.
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