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Abstract

This thesis describes a novel hybrid computational metloggoin which the
Molecular Dynamics and Kinetic Monte Carlo methods are comeuly com-
bined. This hybrid methodology has been developed to steyaenomena
which are unfeasible to treat with either Molecular Dynasmic Kinetic Monte
Carlo alone, due to the wide range of time scales involved lamd¢ed for highly
detailed atom dynamics. Is is shown that the hybrid metragiotan reproduce
the results of a larger (more atoms) all Molecular Dynamiosutation at a sig-
nificant reduction in computational cost (run time) - duehe teplacement of
Molecular Dynamics atoms with Kinetic Monte Carlo atoms.

The hybrid methodology has been successfully used to shedgiytnamics of
epitaxial stacking fault grain boundaries. This work idiéed that grain boundary
motion was hindered by atoms lodging in off-lattice sitasj also by overlayer
islands built up by adatom deposition. It was verified that'®ink flip” move is
a key element in the motion of grain boundaries.

Methods for enhancing the hybrid methodology were resear.chhwas shown
that by an optimal choice of damping parametewave reflections back into the
Molecular Dynamics domain could be minimised. This is expédo enable the
hybrid methodology to operate successfully with smalleriddalar Dynamics
domains, making larger and/or longer simulation runs fdasiThis research in-
cluded the derivation of the dispersion relation for thedkte case with damping
and net reflectivity formulas. These are believed to be newite

The hybrid model can be applied to a wide variety of MD and KM€&tinods.
Other MD potentials such as Embedded Atom or Modified Embeddem could
be employed. The KMC component can be developed to use a efored lattice
or an "on the fly” KMC method could be employed. Both the MD and &M



components can be extended to handle more than one speatesofParallelised
versions of the MD and KMC components could also be developed

Any situation where the problem can be decomposed intondistomains
of fine scale and coarse scale modelling respectively, isnpaily suitable for
treatment with a hybrid model of this design.
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1.1 Opening

1.1.1 Epitaxial Growth

The term epitaxy, which was coined by Royer [1], comes fromGineek roots
epi, meaning “above”, and taxis, meaning “in ordered mahnehich can be
translated as “to arrange upon”. Epitaxial growth occurenvbrystalline mate-
rial deposited on a crystalline substrate adopts the dhygtaphic structure of
the substrate. The deposition is typically by way of a fluxrafividual atoms.
Epitaxial growth may result in the deposit forming a contins film - referred
to as an epitaxial film or epitaxial layer, or distinct islar@], or a combination
[3]. Epitaxial growth can be used to produce crystalline thims of well de-
fined thickness. As an extreme example, the Atomic Layera&pitechnique can
produce compound semiconductor films a single atomic ldyek {4]. Epitaxial
growth of thin films has now become a very important elememiénfabrication
of electronic and optical devices, because modern semimboddevices are typ-
ically composed of assemblies of numerous thin layers dingiscompositions -
“heterostructures”.

1.1.2 Significance of Epitaxial Structures

Pashley [5] has given an historical review of early work oitaeqal growth. Epi-
taxial growth first became of interest to the semiconductdustry in the 1960s
when Theurer [6] demonstrated the growth of thin silicoriapal layers on a sil-
icon substrate. It was later suggested by Esaki and Tsudtgthitaxial structures
could lead to new electronic and optical phenomena. Thisden forming two
dimensional semiconductor structures - “quantum welldijolv would confine
carriers within regions in the order of their de Broglie warejth, whereupon
guantum effects were expected to become evident. Confinemenguantum
well was first observed in 1974 by Dingle [8].

One major application of semiconductor epitaxial thin filtrustures is in
optoelectronic devices including light emitting diodesldasers. These devices
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are used in fiber optical communication systems and optiatl dtorage. Im-
provements in the quality of epitaxial GaN layers enableddbvelopment of a
very bright blue GaN light emitting diode [9, 10]. The longdd InGaN blue light
laser [11] utilises multiple quantum wells. Use of blue tiglynificantly increases
the storage density of optical media. Considerable work bag gnto producing
heterostructures that can confine carriers to one dimeRrgjaantum wires, and
to zero dimensions - quantum dots, as a way to develop imgrdegices. For
example, quantum dot lasers are expected to have significargroved thresh-
old current and modulation dynamics compared to quanturhlassrs [12]. The
expectation of high carrier mobility in quantum wires susigethey may have a
role in high speed devices [13].

Epitaxial structures also play a significant role in basiersce. Epitaxy of
metal-metal systems was undertaken with the expectataimigh-quality metal-
lic thin film structures would exhibit novel magnetic pherema. This expectation
was fufilled leading to the discovery of enhanced magneiisexe [14] and giant
magnetoresistance [15]. Epitaxial structures are usesstdundamental ideas in
condensed matter physics such as the Wigner electron kfystd 7]. This lead
to the discovery of the quantum hall effect [18] and subsetiye¢he fractional
guantum hall effect [19].

1.1.3 Modelling of Epitaxial Growth

Simulations of epitaxial growth are of great scientific aadhnological interest.
They can provide us with a fuller understanding of the evoiubf the surface
morphology during the growth process. They are a cost @feeatay of determin-
ing the sensitivity of a growth process to the relevant patans. Additionally,

the effect of significant changes in key parameters on theitgrof an epitax-
ial layer, with respect to a given growth technique, can bantjtied. Similarly,

simulations allow ready testing of proposals for the imgaeontrol of a growth
process. They also enable study of growth in regimes that@reeadily reached
in experiments.
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1.1.4 Hybrid Models

Modelling of epitaxial growth poses considerable diffie@st- in particular the
long time scale involved in the process and the importanaapfuring enough
atomistic detail, as discussed in Chapter 2.

In this thesis we develop a novel hybrid methodology to &tthese prob-
lems. This methodology effectively increases the accuciinetic Monte
Carlo (KMC) methods by incorporating fine grained MoleculamBsnics (MD)
modelling in small specified regions. The KMC and MD methodsexplained
in Chapter 3. Alternatively it can be seen as increasing thetjmal size scale
of Molecular Dynamics simulations by approximating larggions by a coarse
grained computationally less demanding Kinetic Monte Cartalel, when this is
suitable.

Stacking faults occur when separate parts of a layer of attiffes in their
registration with respect to the layers below. Parts ofdayéth different stacking
are unable to mesh together, giving rise to grain boundaviesre they meet.
When stacking fault grain boundaries occur in the procesgitdaal growth,
they reduce the quality of the grown material. The hybrid elatveloped in this
thesis, is ideally suited to modelling stacking fault graoundaries, to which it is
applied in this work.

A number of other hybrid methodologies have been developéy tand ad-
dress these issues. We note that Pomeroy et al. [20] havelssba scheme for
hybrid MD KMC. However, their scheme involved consecutivplagation of MD
and KMC rather than the concurrent, spatially decomposgari#thm used here.
Several other hybrid schemes have been developed for mgdegitaxial growth
based on spatial decomposition, including an algorithnh ¢baples the contin-
uum BCF model to KMC [21, 22]. In principle, it would be possilidecombine
several such hybrid schemes with the method described here.
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1.2 Chapter Overviews

1.2.1 Chapter 2: Epitaxial Growth

As discussed in Chapter 2, a major issue in modelling epitgraavth is the wide
range of length and time scales that play a part in the phenantér modelling
all aspects of epitaxial growth, neither of the atomistidmoes, Molecular Dy-
namics or Kinetic Monte Carlo, is sufficient. MD cannot addrése long time
scales involved. KMC may not capture all the important atooanfigurational
changes. Continuum methods, such as Burton Caberera Franktbeveme
scale but ignore important atomistic details. As a resuitridymodels such as the
model described in this thesis have been developed to adilirese issues.

1.2.2 Chapter 3: Methodologies

Chapter 3 describes the modelling methodologies used in dnle. VWhe Molecu-
lar Dynamics and Kinetic Monte Carlo simulation methods aseussed. Addi-
tional theory used in applying KMC to epitaxial growth simtibns, i.e. Transi-
tion State Theory and the Nudged Elastic Band method, areeajsdained.

1.2.3 Chapter 4: Molecular Dynamics

In Chapter 4 we carry out Molecular Dynamics modelling to seffarence frame
for our hybrid model. We show that Molecular Dynamics sintiolas using the
Lennard Jones potential can model dynamic stacking faaihgsoundaries in
an epitaxial layer on a (111) surface. These simulationsot®e experimen-
tally observed features, e.g. a tendency to form triangshaped islands. The
grain boundaries continually alter their shape and pasitidhe grain boundaries
migrate over the surface following a temperature dependemom walk. Over
long time periods a small drift in grain boundary positioixserved, in addition
to the random diffusion. A pair of grain boundaries can meetannihilate each
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other - eliminating the stacking fault. The key atomic psscéor grain boundary
migration is shown to be the “kink flip” move.

1.2.4 Chapter 5: Hybrid Modelling of Grain Boundaries

Our hybrid MD KMC modelling methodology was developed anglegal to the
same problem studied with MD in Chapter 4. The hybrid methogiplwas used
to follow the propagation of a stacking fault grain boundaegween Face Cen-
tered Cubic (FCC) and Hexagonal Close Packing (HCP) islandsatirgieon a
FCC (111) surface.

This hybrid methodology combines Molecular Dynamics andefic Monte
Carlo methodologies within a single concurrent atomistiowation. Different
domains within this hybrid simulation are modelled withfelifent methodologies
(MD or KMC). And as the simulation progresses the model appieea given
domain is changed (perhaps several times) as necessangtsbe stacking fault
grain boundary is always modelled with MD, as it moves abbetdurface.

This method leads to a speed up over conventional MD, redulk@execution
time by a factor approximately equal to the relative fractaf remaining MD
atoms. We show that it is possible to reproduce grain boynaabilities from
full MD simulations with the domain decomposition methodtle absence of
KMC events - when the MD regions are sufficiently large withgtéh 300 (where
o is the length scale defined in section 3.2.6).

We have also used the method to study the effect of over lalaoms on the
mobility of the boundaries, demonstrating that boundarg&sbecome trapped by
adatom islands. These effects would have been difficult pbuca in a conven-
tional KMC simulation.

1.2.5 Chapter 6: Model Enhancement

In Chapter 6 a way to enhance the hybrid model by reducing weflections
from the MD KMC interface is investigated. The waves consida this theis
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are lattice vibrations. It is shown that the reflection cagdfit is a function of the
Langevin damping parameter It is proposed that by suitable tuning ¢fn the

region adjacent to the rigid KMC atoms, the reflections of @gaback into the
MD domain can be minimised. This is not tested but left foufatdevelopment.

1.3 Summary

This thesis describes a novel hybrid computational metloggoin which the
Molecular Dynamics and Kinetic Monte Carlo methods are comeuly com-
bined.The hybrid methodology has been developed to modalres of epitaxial
growth which are unfeasible to treat with either MoleculamBmics or Kinetic
Monte Carlo alone. The dynamics of epitaxial stacking fau#tig boundaries
have been elucidated using the hybrid methodology. Metfmdsnhancing the
hybrid model are discussed. Any situation where the prolai@mbe decomposed
into distinct domains of fine scale and coarse scale modeinpotentially suit-
able for treatment with a hybrid model of this design.
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2.1 Introduction

This chapter gives an introduction to epitaxial growth asdechnological role.
Further information on these topics can be found in [23, 24k then discuss
methods of modelling epitaxial processes and the use ofdhyiethodologies.

2.2 Epitaxial Growth

Epitaxial growth [1] refers to the growth of additional ctgine material on top
of an existing crystal substrate, where the additional madtgrows in alignment
and registration with the substrate. The growth resultsifcontrolled deposition
of adatoms (adsorbed atoms that diffuse on the suface) batsubstrate. When
the additional material forms atomic layers on the substtae result is a crystal
film coherently orientated on the crystal substrate - amagat thin film. The
growing material and the substrate may be composed of the saxfistinct ma-
terials. When the two materials are the same we have ordimgsyat growth. If
the substrate is a single crystal the epitaxial layer wilals®, otherwise a poly-
crystalline layer will form [23]. At very high deposition tes amorphous islands
may form.

2.3 Technological Importance

Epitaxial growth is the most cost effective method of pradgadigh quality crys-
tals of many technologically important semiconductor mate, e.g. Si [24],
SiGe [25], GaN [26] and GaAs [27].

The formation of epitaxial thin films is fundamental to the matacture of
many electronic and optoelectronic devices, because tiessees are constructed
from layers of different materials and different dopingessof the same material.
Light emitting diodes and semiconductor lasers are basdtamoepitaxial films
[28].
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For electronic devices Si is the typical substrate. In devabrication the
deposit materials may be elementary semiconductors, e.gr Ge [29]. More
complicated deposits using two element compounds, suclaAs (30] or CdTe
[31], may be used. Ternary compounds such a&t_,As [32] may also be
deposited.

When manufacturing transistors in semiconductor deviaesnidial stage is
the homoepitaxy of Si on Si. This is done because the epitdklayer is usually
freer of defects than the underlying Si substrate and thapl layer can be
doped independently of the substrate [24].

2.3.1 Applications of epitaxy

There are many applications of epitaxy in the manufactuseaficonductor and
thin film devices.

e Development of new wide-band gap optoelectronic devicgs,l&=Ds and
lasers based on GalnN [33].

e Fabrication of high speed high frequency communicationgcds based on
Ge,Si;_, [34] and compound semiconductor materials [35].

e The fabrication of multilayer heterojunction compositiesjuding quantum
wells and superlattices. By engineering bandgap structoese remark-
able nanoscale quantum electronic and optical devices éraezged, e.g.
guantum well lasers, high electron mobility transistorsamfum cascade
lasers and quantum hall effect devices [36, 37, 38].

e Deposition of orientated electroceramic films and multlayfor varied pur-
poses, e.g. high temperature superconductors, magnetietgdéor magne-
tooptical devices and ferroelectric films for memory apgiens [39].
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2.4 Features of Epitaxial Growth

2.4.1 Homo-and Hetero-Epitaxy

A simple definition of homoepitaxy is that it occurs when tlepdsit material and
the substrate are the same, e.g. deposition of Ge onto Ge Héteroepitaxy
is then the deposition of a material different to the sulbsira.g. deposition of
(AlGa)As onto GaAs [41]. Heteroepitaxy is the more commaduagion techno-
logically.

The difficulty of achieving heteroepitaxy between givenapand substrate
materials depends on:

¢ the difference between the crystal lattice constants ofrthterials, i.e. the
lattice mismatch [42], and

¢ the balance between the cohesive energies within each afadkerials and
the adhesion energy at the material interface [24].

The lattice mismatch in heteroepitaxy will vary dependindloe material used
in the substrate and the deposit; typically the mismatchss tharv%, as larger
mismatches can lead to textured or polycrystalline filmg.[43

2.4.2 Deposition Methods

A number of methods are available to produce epitaxial depo$ one mate-
rial upon another. The methods can be broadly classifiedemter physical or
chemical.

Physical vapour deposition (PVD) [44] methods rely on hedticed evapo-
ration or sublimation in vacuum of the material to be demaukitThe hot deposit
material then travels in a controlled fashion through theuuan to the substrate,
where epitaxial growth occurs. Evaporation depositiondnémng history and is
widely used in producing optical thin films, wide area cogsirand epitaxial thin
films. An alternative to evaporation is sputtering [45]. pugtering it is the impact
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of gaseous ions with the material to deposited, rather tleatirhg, which causes
atoms to be ejected from the source of the deposit matetathe vacuum. Sput-
tering is commonly employed when alloy films are required.

In chemical vapour deposition (CVD) [46], a volatile compdunf the ma-
terial to be deposited is allowed to decompose on the hottrsegproducing
a nonvolatile solid. This results in the epitaxial growthtloé deposit material,
while volatile by-products leave the surface. Chemical vamteposition meth-
ods are used for depositing nonmetallic hard coatingsecdhet films and high
quality epitaxial (single crystal) semiconductor films.

Some approaches employ both physical and chemical meth@fdii molec-
ular beam epitaxy (MBE) [48, 49], beams of different elemeais be directed at
the substrate so the deposit grows one atomic layer at a Eoreexample, GaAs
layers can be deposited by repeatedly applying a layer ofr@dleen a layer of
As, which then combine chemically to form GaAs. The beams beagroduced
by heating or by chemical reactions.

2.4.3 Surface analysis

The process of epitaxial growth and the development of titexagl films can be
monitored and analysed using a variety of techniques. Td¢tentques generally
utilise either diffraction or real space imagery. A comnyamsed diffraction based
technique is reflection high energy electron diffraction D) [50], while scan-
ning tunneling microscopy (STM) [51] is a widely used readiging technique.

The RHEED technique records the diffraction of high energctebns that
have been directed towards the surface at a glancing angEEERHeasurements
allow monitoring of the crystallinity of the growing film [32

In STM the tunnelling current between the atom scale tip dedsurface is
measured. By scanning the tip over the surface, informasgtaied to the charge
density at each scan point is obtained. This informationigdes near atomic res-
olution images of the detailed morphology of an epitaxiahfduring the growth
of the film [53, 54]. STM is not suitable for production line mtoring as it is too
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time consuming.

2.4.4 Epitaxial Growth Modes
There are three well known epitaxial growth modes [55]:
¢ (a) Volmer-Weber (VM) or island growth [56],
e (b) Frank-van der Merwe (FM) [57] or layer-by-layer growémd

e (c) Stranski-Krastanov (SK) [58] or layer-by-layer grovitilowed by for-
mation of islands.

These growth modes are illustrated in Figure 2.1.

AR L W W

N — R ——

Bem s BB

(a) (b) (©)

Figure 2.1: Snapshots (cross-section view) of epitaxiamyn in the three growth
modes: (a) Volmer-Weber island growth, (b) Frank-van derwédayer-by-layer
growth and (c) Stranski-Krastanov layer-by-layer growtticived by islands.
Elapsed time and surface layer coverage increase proggsdown the columns.

Which growth mode occurs depends on the wetting of the subsirathe
deposited material, and the lattice mismatch between thesiteand the substrate
[23, 59].
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When the deposit does not fully wet the substrate, VM mode rscdn the
case of full wetting and a small lattice mismatch betweerod#@mnd substrate,
FM mode is predominant. If there is full wetting but a sigrafi¢ lattice mismatch
SK mode ensues.

FM growth is favoured when the sum of the free energy of theiwacdeposit
interface and the free energy of the deposit substratdacters less than the free
energy of the vacuum substrate interface. Then wetting @fstibstrate by the
deposit is energetically favourable.

When the free energy of the vacuum substrate interface isHaaghe sum of
the other two free energies, formation of a deposit layer twe whole substrate
is disfavoured as it will increase the free energy of theesystin such cases VM
growth of isolated deposit islands on the substrate is faachu

The SK growth mode is a response to the strain caused by tleeedite in
lattice constants between the deposit and the substratallyna wetting layer
epitaxial film up to a few monolayers thick is formed. This filmstrained to
match the lattice constant of the underlying substratd thi¢ strain increasing as
the film thickens. Beyond a certain thickness the strain carelaeed by misfit
dislocations resulting in the formation of separate istaod top of the film.

The following trends in growth mode generally hold [60]:

e FM growth is exhibited at low substrate temperatures, wikh@ VM
growth at high substrate temperatures.

e The higher the rate of deposition, the more layer-like tisulteng growth
and vice versa.

e With a larger lattice mismatch the growth is more islanelik

e Denser packing of the substrate facet produces more |d&gegiowth.

2.4.5 Layer Growth

The FM growth mode can be understood in terms of the follovatamic scale
processes. Adatoms are deposited onto the substrate &rskgitross it. Adatoms
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may meet and bind with each other or they may attach to screlvaditions. In
either case, small monolayer islands are formed. Additiadatoms attach to the
edges of the island causing them to grow, until eventuallyoaastayer is formed.
This process may then be repeated on top of the newly formeublager, creat-
ing over time another monolayer. In this way an epitaxiah filim can be grown
a monolayer at a time.

At any point there may be many partly completed monolayersksid on top
of each other in a series of steps. Adatoms deposited onrttaeds between the
steps diffuse across the terraces and attach to the step. 8dweadatoms reaching
a step edge may diffuse along the step edge before beconached, or they may
diffuse away again. An adatom is more likely to be succelsifutorporated into
a step edge at kink sites, where there are more neighbouongsaand so more
bonds to hold the adatom in place. When an adatom attachesabsadtion of
a step edge, a kink site is formed on either side of the adatendge position.
Once an adatom attaches to an existing step edge kink stattdched adatom
creates a new kink site one atom spacing further along tipeestge. As a result
of the kink sites on the step edge capturing adatoms, andntieemg along the
step edge, the step edge will eventually have an adatonhattat all lattice sites
along its length. At this stage the position of the step hasaudoy one row of
atoms, enlarging the terrace by one atomic row. In this waypibsitions of the
step edges flow across the surface and the terraces everguadl to form full
monolayers. When an adatom reaches a step edge it may alscogdoywn over
the step rather than attach to it. The Schwoebel barrierifgdh energy barrier
that inhibits diffusing atoms on terraces from stepping dd lower levels. An
Schwoebel barrier can lead to a coarsening of the evolvingase morphology.
In the presence of a Schwoebel barrier, growth by step flowalsles only if the
surface has sufficient density of steps [62].
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2.5 Modelling Epitaxial Growth

A major issue in modelling epitaxial growth is the wide ramjéength and time
scales that play a part in the phenomenon. For technologiog@loses, a com-
plete epitaxial film covering a Si wafer has an area in the oodd.02m? and
the time for the growth of a monolayer can be in the ordetof 1 min [63].
To fully model the properties and morphology of such epaafims requires
taking account of the movements of adatoms on surfaces, ittteractions, and
the resulting layer formation and subsequent growth to osmopic size. There
is presently no single modelling methodology that can stely encompass the
length and size scales involved. The usual approach toimgrttlis issue is to use
a combination of different metholodgies, each of which esaepart of the time
and length scales. Information produced by the methodobpgyating at a fine
space and time scale, plus any parameters determined byekpariment, must
be passed up to the methodology operating at the next cazakee §or example,
detailed information on atom positions from a Molecular Bgmcs model would
be simplified to an occupied lattice site in a Kinetic MontelGanodel.

2.5.1 Atomistic Modelling Methodologies

Atomistic methods take explicit account of the atoms thahgose the material
being modelled. Molecular Dynamics and Kinetic Monte Carie &vo widely
used atomistic methods. These methods are discussed irdetarein Chapter 3.
In MD the vibration of the atoms, and subsequent larger atonotions oc-
curing on longer time scales, are derived from the forcaa@oin the atoms. The
forces in turn are typically derived from a potential. Pdis may be derived
empirically or from more detailed quantum mechanical daltons. In theory
MD is a very suitable method for modelling epitaxial growtth practice there are
two problems with MD that limit its usefulness. Firstly, tfteem of the potential
for a particular system is not always easy to determine. I8#gdVID requires the
use of a small time step to maintain the accuracy of a sinaatihile the force
calculation tends to scale superlinearly with the numbeitafs [64]. Thus when
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large numbers of atoms are modelled, simulation of long Soaes requires long
computer runs. Therefore in practice MD simulations aratéchto simulating
nanosecond time scales.

The KMC method forgoes the detailed atomic dynamics thasianelated by
MD, thereby avoiding the need to calculate interatomicédsrcinstead, only the
rate limiting events are included on average, based onte#erates of occur-
rence. As a consequence KMC is computationally cheapemtizrand so it can
simulate a wider range of time and space scales. The maioutfiffiwith KMC is
that the interatomic events to be modelled must typicallideetified beforehand
[65], and their rates determined and coded into the modet.ekample, when
KMC is used to simulate FM epitaxial growth, events such ag@d hopping,
adatom attachment to and detachment from step edges, andtion of dimers
and trimers would need to be included in the model with appatgrates.

2.5.2 Continuum Modelling Methodologies

The Burton Caberera Frank (BCF) [66] method models the growttpibdoaal
layers as the result of the flow of steps across the surfadioelt not explicitly
simulate the adatom motions or the atomistic detail of tep stges. Instead the
step edge is modeled as a moving boundary, and adatoms oerthees above
and below the step are represented by adatom densities.

The main assumptions made in the BCF method are: steady statiicos,
a series of equally spaced straight steps, a single atoremesy adatom diffu-
sion occurring much faster than step flow, equal probakititya step to capture
adatoms from the upper and lower terrace and low adatomtglamsterraces.

The BCF model describes the adatom density evolution by EQG), (@hich
equates the change in adatom density to the combined effactabom surface
diffusion less adatom evaporation plus adatom deposition

Op(z,1t) Pp(z,t) 1

5 = D5~ —plet) + F, (2.1)

wherez is the direction perpendicular to the stegds time, p(x,t) the adatom
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density on the terracd) the adatom surface diffusion constaibtthe probabil-

ity of adatom evaporation anfl the adatom deposition rate. Assuming that the
emission and capture of adatoms at steps is rapid, the bouodadition on the
adatom density at the stepsiig:) = po, Wherep, is the equilibrium adatom den-
sity for the given temperature T (assuming an infinite s@faicequilibrium with

its saturating vapour). The formula for the velocity of a step separating two
terraces of respective widths andws,, is derived from Eq. (2.1) giving [67]:

kW,

v = D(F7 — po)k[tanh (kzvl) + tanh (—2)], (2.2)

wherek = \/;.

Extensions of BCF have been developed that relax some of isngs®ns.
For example Ghez [68] allows for near equilibrium adatomossration at steps
and for fast step flow, while modelling of multiple species lieeen undertaken
by Mandel [69], and Caflisch et al [70] treat high depositionffam equilibrium
conditions.

The BCF method operates at a coarser level of description théG.KBCF
does not model features such as kinks in the step edge gtitermamong adatoms
and the Schwoebel barrier [61], which are important in maases.

A further development of the BCF method is Island Dynamics (T1),[72].
ID allows for growth on the terraces. ID models epitaxialvgifo resulting from
the nucleation, growth and subsequent coalescence (amosie¢ of islands. In
ID the island edges are the moving boundaries of interesé IDhequation for
adatom density change is based on Eq. (2.1), with an additierm representing
loss of adatoms due to island nucleation. ID handles mudtehideposition rates
than BCF. The level set method [73, 74], is a numerical methed irsID to track
the motion of the island edges [71]. The phase field methol] {ganother front
tracking technique that can be used for this purpose. [Riffevariants of ID are
distinguished by different formulas for the boundary caiedis and the velocity.

Other continuum methods using even coarser represergai@pitaxial growth
have been developed. These methods typically follow th&ugoea of the height

profile of the epitaxial surface through a smooth height fiamch (z, y, t) [76].



CHAPTER 2. EPITAXIAL GROWTH 19

For example, the growth of the height of a surface over time lwa modelled
using the Khardar-Parisi-Zhang (KPZ) equation [77],

% = sV?h(x,t) + %(Vh(x, )2 +n(z,t). (2.3)
The first term on the right hand side of the KPZ equation maithelsmoothing of
the shape of the surface due to the surface tensiohhis term redistributes the
irregularities of the surface without changing the avefagight. The second term
is nonlinear, and accounts for lateral growth which occloa@the local normal
to the surface. The third term on the right hand side, is uetated random noise
with mean zero, which reflects random fluctuations in the ditjom process. The
KPZ equation can be extended to model the change in heightwb alimen-
sional surfacé:(z, y, t), by separating each of the terms int@ndy terms with
distinct coefficients, and replacing by the corresponding partial derivative. This
extended KPZ equation can allow for the effects of surfadsotopy introduced
by the presences of steps, e.g. differential growth paraild perpendicular to
step edges.

In this hierarchy of methods, detailed representation fegs lprogressively
reduced in order to access larger time and size scalescitartmethods may be
well suited to a particular level of description, but no $enmnethod is capable of
fully capturing epitaxial growth.

2.6 Hybrid Methods

For modelling all aspects of epitaxial growth, neither of titomistic methods,
MD or KMC, is sufficient. MD cannot practically address theddime scales and
large numbers of atoms involved. KMC may not capture all thpartant atomic
configurational changes. Continuum methods, such as BCF, ttewéme scale
but ignore important atomistic details.

An approach to handling these issues is to combine distirthoas into a
hybrid method. An example is the atomistic-continuum mdtbbSchulze [21].
Lam and Valachos [78] employ a hybrid scheme combining aiconin model
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and Monte Carlo to study the transition from step flow to twaelsional island
nucleation. Kundin and Emmerich [79], have investigatedsidime transition with
a hybrid algorithm employing a phase field model and KMC.

In this thesis we develop a hybrid method which concurreciynbines MD
and KMC. This hybrid method retains the detail and atomisyicagnics of MD,
but has a reduced computational cost compared to MD withaheesyumber of
atoms. The cost reduction is the result of limiting the MDcoicalculation to
a subset of atoms, with KMC being applied to the balance ofatioens. The
division of atoms into MD and KMC subsets is dynamic and caange during
the course of a simulation. This method has been used to stadiing fault
grain boundaries in epitaxial layers [80].
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3.1 Introduction

This Chapter describes the modelling methodologies usddsimbrk. This thesis
presents a novel hybrid of the MD and KMC methodologies. $atmns using
the hybrid methodology will be assessed for consistencih witmparable MD
simulations. This Chapter discusses each of MD and KMC as dheapplied
individually.

3.2 Molecular Dynamics

Molecular Dynamics is a methodology for simulating the hedar of a system of
discrete particles. This behaviour emerges as a resulegfalticles interacting in
a specified manner. Consequently the nature of the interaaisumed between
the particles is a key part of the MD methodology. These adtons between the
particles determine interparticle forces. As a result esthforces the positions
and velocities of the particles are changed.

The MD simulation evolves the configuration of the systerodigh a sequence of
discrete time steps by carrying out the following compuotadi at each time step
in the simulation:

e calculate forces based on differentiating a potentialgyngmction applied
to current positions

e update positions and velocities based on current forceg @sdiscrete ap-
proximation to Newton’s equations.

3.2.1 Applications of MD

Here we provide an overview of MD, with emphasis on those @sybat are most
relevant to this work. MD simulations have been used in aeai@pplications:

¢ In materials science: crack propagation [81], crystal gho\82], bulk and
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surface diffusion [83], thermodynamic studies (deterriamaof phase dia-
grams) [84].

¢ In chemistry: molecular reconfigurations [85], catalySi§][

¢ In molecular biology: structure and behaviour of biomolesy87], cell
membrane mechanics [88], studies of DNA [89].

¢ In nanoscience: studies of nanoclusters [90], nano mectand tribology
[91], nanoscale features [92].

In this work, MD is used in simulation studies of aspects afaqal growth.
In particular, the behaviour of surface grain boundaries been studied using
MD alone and as part of a hybrid methodology.

3.2.2 MD Equations of Motion

The prototypical MD simulation involves numerically intaging Newton’s equa-
tions of motion 3.1, for the N particles which comprise thetsyn:
d’r;

mid—;:Fi(rl,...,rN) 1:1,,N (31)
In this work the N particles are (idealised) atoms, withtheir masses; their
position vectors, an#l'; the forces acting on them due to the interactions with the
other particles in the system.

Typically, a potential functiorV is specified at the start of the simulation and

the forces (at each time) are determined from the negatagigmt of the potential

(at that time):
dV(ry,...,rN)

dr;

Such potential functions are determined semi-empiricailfyrom approximate
guantum mechanical calculations. At each discrete timgeistihe simulation, the
potential energy of the system is determined by applyingptitential function to
the atoms in their current geometric configuration.

Fi<I'1,...,I‘N) = —
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A system obeying Newton’s Equation of Motion will consertgetbtal energy
E at all times i.e.%? = 0. However, the energy may well vary between potential
and kinetic forms while maintaining the fixed total. When th& no chemical
bonding between the atoms, it is sufficient to calculate titenqtial and hence the
force on an atom, from its pairwise interactions with thesotitoms, based on the
radial distance between the atoms:

N
V() =Y V().

j#i
Here the radial distance between atom i and atom jjs:= |r;;| wherer;; =
r; — r;. The aggregate force experienced by an atom (at a given isnieg¢ sum
of the forces produced by each of its pairwise interactioitls thie other atoms in
the system (at that time) and acts along the line betweenainepatoms. The
force on atom i from all the other atoms can be derived by ectipgthe positions

N
Fi _ Z —dv(rij>f‘ij

el

wherety; is the unit vector from atom i to atom j. Note that once the éawn atom
i due to atom j has been determined, the force on atom j from ate simply the
negative of this force, by Newton'’s third law.

3.2.3 Time Integration

The integration routine numerically integrates the equmstiof motion over a sim-
ulation time step, advancing the positions and velocitiethe atoms by a time
step. Note that the positions and velocities may not be atdhee time point, e.g.
the velocity may be one step behind the position. Many irtggm formulae can
derived by expanding the positions and velocities at tinvéh time stepjt, using
Taylor series

ri(t+ 6t) = 13() + vi(£)ot + %ai(t)étz +O(6t%) (3.2)
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vi(t 4 6) = vi(t) + %ai(t)ét +0(582) (3.3)

wherer; ,v; anda; are the position, velocity and acceleration respectia#lgtom
i. The acceleration is calculated from the force

ai(t) = Fl(t)/ml

Combinations of expansions such as these can then be usedit@printegration
formulae. For example, consider the Taylor series for a Wwaok time step in
position

vt — 8t) = r3() — va(£)5t + %ai(t)5t2 — 08, (3.4)

Adding Eq. (3.2) and Eg. (3.4) and rearranging gives thevatg equation for
I'i(t + 5t)
ri(t + 0t) = 2ri(t) — ri(t — 0t) + a;(¢)6t>. (3.5)

Similarly, subtracting Eqg. (3.2) and Eq. (3.4) and reariaggives

ri(t 4+ ot) — riy(t — ot
) = T+ 80—t = 3
Note that in this case;(¢) can only be computed onegt + §t) is known. These
equations, Eg. (3.5) and Eq. (3.6), define the Verlet integrdormula [64].

The advantages of the Verlet formula when compared to momgtoated
formulas such as the Gear predictor-corrector [64] areystematic drift in total
energy of the system, good stability when time step is smadugh, only one
force call per time step, and ease of implementation.

. (3.6)

3.2.4 Periodic Boundary Conditions

MD simulations are often designed to provide informatiomuwbmacroscopic
sized systems, composed of approximately? atoms. In the 1990's computers
capable ofl0° floating point operations per second (FLOPS) became alijlab
enabling the MD simulation of millions of atoms. Computer gowas continued
to grow since then. Currently the most powerful supercomputan perform 0
FLOPS and state of the art MD simulations1of? atoms are possible [93, 94].
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However very few groups have the resources to carry out sugk kimulations.

In practice, MD simulations commonly use a few thousand atoi@reating a

small subset of the macroscopic system introduces artifaifaces. In addition,
the proportion of surface atoms in such a simulation is maoher than the pro-
portion of surface atoms in the macroscopic system. Thederks can distort the
simulation, because the surface atoms may have missingspbgmihg them an

artificially large potential energy. These issues are Uguaalt with by the use
of periodic boundary conditions (PBC), which mimic the effetbeing part of

the bulk and effectively eliminate the artificially introcked surfaces, while still
limiting the length scale on which properties can be caledla PBC involves

treating the set of atoms in the simulation as being surredty multiple images
of itself. In this way any missing bonds can be replaced bydbanwith an atom

in one of the images. When calculating pairwise interactlmgtsveen atoms, the
closer of the direct position of the atom and its nearest anaggition is used.

3.2.5 Temperature Control

The MD methodology described up to this point, in which Newdgequations of
motion are integrated, is only the simplest case. In sucbscasonstant energy
ensemble is simulated. The total energy of the system rentainstant through-
out the simulation while its individual components, poiainénergy and kinetic
energy, vary. At thermal equilibrium the equipartition dihem [95] relates the
average kinetic energy to the temperatiiref the system during the simulation
via: < $mv? >= 3kgT, whereks is the Boltzmann constant.

In many situations of interest the system under study is timate thermal
contact with a much larger environment and thus the systemiperature is main-
tained at the temperature of the environment. To simulatk systems using MD
the simplest case equations of motion need to be modifiecasth temperature
of the system is controlled. Such modifications are knowrmasostats.

MD thermostats may be divided into two classes - determngstd stochas-
tic. The simplest deterministic thermostat is velocityliscp where at each time
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step the velocities of the atoms are scaled to maintain apradined kinetic en-
ergy, and hence temperature. This has the disadvantagenaiaing the natural
fluctuations of the temperature about its average value.

The Langevin thermostat [96] is in the stochastic classwiilves the addition
of both a “frictional” damping force, and random jostling thle motion of the
atoms, to the previously discussed equation of motion Eql).(3The revised
equation of motion incorporating a Langevin thermostatatomi with massm;
and position vector; is:

2

mi% =-VV(ry) — 7(3;1
There are now three forces involved. Firstly, the force fralinpairs of atoms,
secondly, a damping term proportional to the velocity of the atom, and thirdly, a
random forceR;. The random force is uncorrelated across time and acrossato
The combination of the damping term and the random term sitasiithe effect
of being in contact with a heat bath. In respect of each coatdidirection, the
fluctuation-dissipation theorem [97, 98] relates the dangpi, the random force
R; and the temperaturg by:

+ Ry (1) (3.7)

< Ri(t/), Rj (t) >= mekBT5(t/ — t)éij. (38)

This ensures that a constant chosen average temperatuegnimed due to a
balance between the heating effectofind the cooling effect of. In this work
the random fluctuations were uniformly distributed (@n,/277, /29T), where
we have usedr = 1 andkg = 1 in Eq. (3.8), as discussed in section 3.2.6. The
default value used for the damping parameter was1.0 [20].

To implement this revised equation of motion the Verletgnétion formula is
modified to include the damping and random forces.

3.2.6 The Lennard-Jones Potential

The Lennard-Jones potential [99] was developed to modétsysin which the
dominant (or only) interaction between the particles is\the der Waals force.
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This potentialV, ;(r) has two parametektsando, and depends on the interatom
radial distance as follows:

0.12 0.6

VLJ(T) :46 [— — —]

7‘12 7’6

The strength of the interaction (the depth of the potentell)is given bye,
while o gives a length scale. The largest negative value of the patédepth of
the potential well) is—¢, which is the potential’'s minimum at = 260. When
the interatom distance r is less than this value, the peategitres rise to a strong
repulsive force between particles, whereas for interatistaxces greater than
this, a weak attractive force arises.

The repulsive force at short distance, that arises from thetérm 7% mod-
els the repulsion due to overlapping full electron orbitéled the attractive force
from the second term—r%, which predominates at longer distances, models the
attractive van der Waals dispersion forces. Thus the Lehdanes potential pro-
vides a very good model for weakly bonded closed-shell etésnguch as Neon,
Argon and Krypton, when the parameters are tuned to the gdiysioperties of
these materials [100]. This potential was initially propd$or liquid Argon [101].

The Lennard-Jones potential is not sufficient for accuraterdhination of
material and thermodynamic properties when modelling cgfesil systems. In
open shell systems with strong localised and directionatibpthe weaker van der
Waals forces only play a minor role. However the generaluiest exhibited by
the Lennard-Jones potential, i.e. short range repulsimoagailibrium spacing and
longer range attraction, are common to a wide range of systdinese features
combined with the simplicity of the Lennard-Jones potdriteve resulted in its
widespread use as a general first approximation in MD. Inviloik the Lennard-
Jones potential has been adopted for these reasons.

Mixtures of Lennard-Jones materials can be treated by dsaBertholt com-
bination rules to produce suitable values@ndo. That is for two elements la-
beled bya andb, the combination rules give parameter values for the madar
as:

1
Oab = §(O-a + gb)



CHAPTER 3. MODELLING METHODOLOGIES 29

€ab — V €a€b-

As an alternative, the attractive part of the potential maydried.

In this work, dimensionless units known as Lennard-Jonésaed units have
been employed. These reduced units are constructed byiojooss a standard
unit of massg as a standard unit of length ands a standard unit of energy. All
other dimensioned quantities are then expressed in teritiesé standard units
and become dimensionless numeric values. Thus all distaareein terms o#,
all energies in terms of, temperature is in terms ef kz and time is in terms of
0(%)%. We denote this Lennard-Jones reduced time unit.b¥he parameters
in the Lennard-Jones potential both now have numeric valbich simplifies
subsequent formulae and calculations. Also, in this wdrktaims have the same
massm with reduced numeric valué. In these reduced unitss is also set to
1. The main advantage of using such dimensionless units itagan work is
that the results from a single model can be scaled to a wha$s df systems. In
a Lennard-Jones material, melting occurs at the reducepeteture triple point
T = 0.694. For example in the case of Argon= 0.0104eV [102] implies that
the unit of reduced temperature (i.&. = 1.0¢/kp) corresponds td21K, and
soT = 0.694 corresponds t®4K, the melting point of Argon [102]. In this
work reduced temperatures in the rarfige= 0.35 to 7" = 0.50 are used. These
correspond t&1% and72% of the melting temperature respectively. Comparing
to Iridium with a melting point oR719K, 7" = 0.50 corresponds t@959K. Over
these temperature ranges the simulated slab of materiaimersolid, but there is
sufficiant thermal energy for atoms to hop between adjaedtitté sites frequently
enough that a simulation run exhibiting significant graimibdary motion could
be completed in less thanhours of wall clock time.

The Lennard-Jones potential is a member of the set of paterkhown as
pair potentials. These potentials get their name from thetfat they are based
solely on interactions between pairs of particles. Thelleogironment (i.e. the
number and the configuration of neighbouring particles)as explicitly taken
into consideration.
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Another popular pair potential is the Morse potential [1034]

Vitorse(r) = D1 — exp(=B(r —19))]*.

The parameter, stands for the nearest neighbour lattice spacing, arahd 3
are additional fitting parameters. The Morse potential isgotationally more
expensive than the Lennard-Jones potential, but is molistreéor many materi-
als.

3.2.7 The Embedded Atom Method

In many situations the local environment is very importandétermining the po-
tential energy of a system of particles. For example, at faserof a crystal, the
atomic bonds may have different properties than in the bBdkir potentials do
not capture this effect. In metals, the properties of chahbbonds between pairs
of atoms can depend strongly on the local environment. Bhikie to quantum
mechanical effects that describe the influence of the elegas. To more accu-
rately model such situations, so called multibody poténtizere developed. In
such potentials the potential energy between two partisle@® longer simply a
function of the distance between them, but also a functiahefpositions of all
other particles in the vicinity, i.e. a function of the loe@advironment. In the case
of metals, the interactions of atoms can be quite accuratkedgribed using po-
tentials based on the embedded atom method (EAM) [105, 10§, The EAM
potential features a contribution by a pair potential (fvemly) term to capture the
basic repulsion and attraction of atoms, in conjunctiomwaimultibody term that
accounts for the local electronic environment of the atom.
An EAM potential for metals is typically given in the form

Veanm(i) = Z d(rij) + f(pi),

whereg is the pair potentialy; is the local electron density arfds the embedding
function. The electron densipy depends on the local environment of atgrand
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the embedding functiorf describes how the energy of an atom depends on the
local electron density. The electron density itself is tghlly calculated based on

a simple pair potential that maps distance between atoniseteadrresponding
contribution to the local electron density.

Overall multibody potentials allow a much better reprotuciof the elastic
properties of metals than pair potentials [105]. Howevasneconventional multi-
body potentials are not capable of modelling any effect idational bonding. To
address these effects, modified embedded atom potenti©d&N have been
proposed that can be parameterised, for instance forsiji@8].

3.2.8 Integration Time Step

The time stepit used in the integration routine is an important parametemin
MD simulation. A longer time step means that less compuige iis required to
simulate a given period of real time. On the other hand, snrmthe numerical
integration increase with the length of the time step. Thadated Taylor series
underlying the Verlet algorithm has a local truncation efroatom position of
orderO(4t*) at each time step. During the course of a simulation the lwoat
cation errors aggregate, resulting in a global truncatiooref orderO(5t*) over
a series of time steps [109]. This shows how these erroredserast tends to
zero, but not how well the numerical integrator tracks theexi dynamics during
a simulation. If, for a given length of time stéyp, the global truncation error
grows without bound during the course of a simulation, tiseilts of the numeri-
cal integration will diverge from the correct dynamics,.eugbounded growth in
the energy, invalidating the simulation. In order to asslee=ffect of the length
of the time step on the global truncation error, it is commeoacpce to use a
harmonic oscillator as a test case for the numerical integranethod, as dis-
cussed in [110], [111] and [112]. For the case of the Verletgrator applied to a
damped harmonic oscillator with angular frequencgnd damping parameter
Zhang and Schlick [111] show that the time step must satiefhyfallowing limit

5t§2w—’y

, (3.9)

w?
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in order to prevent unbounded growth in the global truncagoror. Thus the
time stepit is limited by the frequency of oscillation. We estimate thegiency

of oscillation for the Lennard-Jones system using the haieoscillator as a
model. In the following calculations Lennard-Jones redugeits are used. For
most simulations in this work the reduced temperaturg is 0.35, although in
some cases temperatures up.f) are used. Using the equipartition theorem with
kg = 1, the temperatur& = 0.50 corresponds to an average kinetic energy of
0.75. Consider a harmonic oscillator at its equilibrium positatithe bottom of its
potential well where its energy 0f75 is all kinetic energy. As it oscillates away
from equilibrium the kinetic energy is converted to potah&nergy, until at its
maximum displacement the kinetic energy is zero and thenpateenergy is now
0.75. In the case of the Lennard-Jones potential with enerfjyat the bottom of
the potential well, this maximum displacement correspdndspotential energy
of —0.25. The Lennard-Jones potential rises-t0.25 when atoms either move
a little closer together than the equilibrium spacingQéf or when they move
significantly further apart than the equilibrium spacinge ¥onsider the case of
closer approach, as there the force is the strongest letmlangigher frequency of
oscillation and consequently lower bound on the time stepa geparation.012

i.e. approximatel\p0% of the equilibrium spacing ofs, the potential energy is
—0.25. The effective spring constant i.e. the slope of the forteeparatiori.012

is K ; = 376.5 and the atom mass is giving a corresponding frequency of os-
cillation of w = @ = 19.4 in the case of a harmonic oscillator. Therefore
with v = 1 the upper bound ont from Eq. (3.9) is0.10. As this upper bound
has been estimated using a harmonic oscillator model ambutiiny allowance
for fluctuations in the average energy it was deemed prudesettthe time step
significantly lower than the upper bound. Consequently i Work the reduced
time step was set at = 0.01. We note that this size of time step has been shown
to be effective in other work using the Lennard-Jones p@kand Verlet integra-
tor as discussed in Heerman [113]. Also, Allen and Tilde$6)] demonstrate
that with a time step oft = 0.01 the Verlet integrator only produces small short
term fluctuations in energy, i.e. root mean square energiutitions of approxi-
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mately0.01. Furthermore, with the short term energy fluctuations wetitoolled
there will not be any long term drift in energy, because thdetentegrator is
a symplectic integrator. The advantage of a symplectignater is that it con-
serves phase volume throughout the time evolution of thiesysAs a result, the
Verlet integrator rigorously conserves a pseudo-Hamtorof the sytem. The
difference between the conserved pseudo-Hamiltonian lantrie Hamiltonian
(energy) is of the order aft?, thus avoiding long term energy drift [114].

3.2.9 Computational Cost

From the equations of motion Eqg. (3.1) it follows that in aedirforce calculation
over all pairs of atoms, the calculation cost scale®@a8?) for N atoms. There-
fore, the force calculation is the most computationallyengive part of an MD
simulation and it is very important in practice to make thagcalation as efficient
as possible. One way to reduce the computational cost ispiesx the force in
analytic form, rather than carrying out a differentiatiointioe potential at each
time step. A further very important step to reduce the cositesuse of a cut-off
distance where appropriate. Atoms which are separated by than this cut-off
distance do not have any interaction. Force calculationafig given atom are
then limited to only those atoms within the cut-off distantée given atom. Use
of a cut-off distance therefore reduces the number of foetegalculations per
time step. Employing a cut-off distance is only suitable wttee potential rapidly
reduces to a negligible size within a short distance fromtama Otherwise the
forces on a given atom due to atoms beyond the cut-off distamay be signifi-
cant, in which case disregarding such forces could invidittee simulation. The
Lennard-Jones potential used in this work is short rangddara cut-off distance
of the order of2.50 is commonly employed [64]. In this work the cut-off was set
t0 3.00.

When a cut-off is used the force calculation at each time siepdch atom
i involves checking the distance between atoand every other atom and then
carrying out a force calculation if the distance is withie ttut-off. Since only a
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few atoms are within the cut-off distance of a given atom, tobthese checks do
not contribute to the force on the given atom. Therefore tmeputational cost of
the force calculation can be further reduced by avoidingehenneeded checks.
This can be achieved by maintaining, for each atom, a neighlisi of the other
atoms it interacts with, and limiting the force calculasdo the lists. These lists
need to be updated at intervals to take into account any meneohneighbouring
atoms into or out of the cut-off distance. This use of neightigts was suggested
by Verlet [115]. Through limiting the atom pair distanceaahtions and force
calculations to each of th& atoms and their respective neighbour lists the calcu-
lation cost scales a3(/N). The MD simulation code used in this work employs
such neighbour lists for computational efficiency.

3.2.10 Visualisation

It is very useful to be able to visually inspect the changeatomic configura-
tions that occur during a simulation run. This visual infation facilitates the
discovery of interesting or novel atomic rearrangementscam help gain an un-
derstanding of how observed rearrangements arise.

To accomplish this visualisation the coordinates of all db@ms in the sim-
ulation are written to a file at regular intervals during a @liaion run. These
coordinate files are then read by a visualisation prograrm asagopenmol [116]
which can display each atom as a sphere centered on its natedi The con-
figuration of visualised atoms can be translated, rotatedestarged within the
visualisation program as desired to aid inspection. lmigigl atoms in the config-
uration can be color coded based on factors such as the naihbearest neigh-
bour atoms. These visualised atom configurations can bel se/émage files.
The atom configuration figures in this thesis were producedjukis method.
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3.2.11 Combining Methodologies

A key element in this work is the implemention of a hybrid nagthlogy which
dynamically combines both Molecular Dynamics and Kinetiarite Carlo within
a single simulation. The details of this hybrid method areeced in Chapter 5
Hybrid MD KMC Model. This section discusses how differentthmologies
may be combined.

When two methods are being employed in concert, the most lusgfuoach
is to apply the separate methods in spatially separate demathin the simu-
lation. Where domains hosting different methods meet, ggarents must be
made to combine the two simulation methods. A common appprisato estab-
lish a 'handshaking region’ between each pair of differesthdins. A transition
is made between the simulation methods across each hamughegion. Such
a transition is most readily achieved when the two methadslgre very similar
in nature, for example between two Molecular Dynamics mashwith different
potential functions.

Buehler [117, 118] employed handshaking regions to tramsibetween the
ReaxFF force field and the Tersoff potential to implement Maltadigm Molec-
ular Dynamics simulations of crack propagation in SilicoAcross the hand-
shaking region the force and energy contribution from the fsvmulations were
weighted, giving rise to a smooth transition between Reaxkd-Tersoff. The
weights were set by linear interpolaton.

The hybrid method in this work makes use of two very differergthodol-
gies. Molecular Dynamics uses an interatomic potentiattion to determine
forces and velocities, while Kinetic Monte Carlo employs8iéion rates to move
atoms between lattice sites. As a consequence it is notbfeasi readily im-
plement a transition between the methods across a handghagion. In this
work the two methods are combined as follows. Molecular Dyica domains
treat adjacent Kinetic Monte Carlo domains as if they wereddolar Dynamics
domains composed of stationary (frozen) atoms. Kinetic tdd@arlo domains
interact with adjacent Molecular Dynamics domains by trgathe Molecular
Dynamics atoms as if they were located on Kinetic Monte Catlticke sites. This
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approach has been effective in combining these two dissinatilation method-
ologies, and it allows for switching the methodology apghlie a given domain
during a simulation run as needed.

3.3 Transition State Theory (TST)

Transition state theory is a method for calculating the oditeccurrence of rare
events.

In many systems of interest, the system spends a large ptn¢ ¢ine resid-
ing in one of a number of local potential energy minima, witfrequent shifts
between these minima, e.g. an adatom diffusing across aceur€alculating the
rates of such shifts is of considerable importance, andslian State Theory is
one method of doing so.

Transition State Theory was originally developed by Eyrih#9], [120] to
more accurately describe chemical reactions. In this theturing a chemical
reaction the initial reactants which are in a stable statk loiv potential energy
interact to form an activated complex (a transition staidijis activated complex
has high potential energy and is unstable. The activateglexmapidly decays to
the stabler (lower potential energy) products (and pogsibine reactants). The
theory was extended to solids by Wert and Zener [121] andy¥irte[122].

Again, as with other subjects in this work, only the main aspand features
of Transition State Theory (TST) relevant to this work wi# kliscussed here.
An extensive review of transition state theory is to be founfl 23], and TST is
described in more detail in [124],[125], and [126].

3.3.1 TST Assumptions

The basic assumptions of TST are:

I) there exists a (hyper)surface in the phase space whiathedivthe space into
a reactant region and a product region (this dividing serfamntains the transition
state);
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ii) trajectories that pass through this dividing surfacdha direction of the
products which originated at reactants, will not re-crbgsdurface in the opposite
direction (the no-recrossing assumption);

iii) the reactants and the transition state are equililoratea canonical (fixed-
temperature) ensemble; and

iv) the reaction is electronically adiabatic (i.e. accaglio the Born-Oppenheimer
approximation the electronic state does not change dunmgransition).

Eyring demonstrated that when these assumptions holdathé'r, for the
transition from reactants to products. = M,, is given by

_ kgT Z,
T h Z,
whereZ, andZ, are the canonical partition functions of the transitiontestand of
the initial state (reactants) respectively, and h is Planadnstant.
Using the canonical expression for the Helmholtz free gnérg- —kgTn 7,
the rate can be written in Arrhenius law form

r

. kT F(Mq) — F(M,,)
) kT
Now the Helmholtz free energy can be written/as= U — T'S. The internal
energyU of a crystal lattice consists of a static parand a vibrational par/,;,,
and the entropy is vibrational entropy;,. The rate of a process can therefore be
expressed as:

r

exp(— ). (3.10)

AE
—kgT

[y =17, exp( ) (3.11)

kgT
where I') ) = L2 exp(

h

A[]m'b ASvib
- + ).
kT kg
The static energy differenc& E' can represent a diffusion or desorption energy
barrier. The prefactadr?, is usually interpreted as an attempt-to-escape frequency
from the reactant configuration.
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3.3.2 Harmonic TST

In the practical application of Eq. (3.10) to surface diitus one usually con-
siders the surface as a heat bath of harmonic oscillatorsi/Atthe system is
described byV normal modes with angular frequencies. At the saddle point
M,, however, the mode corresponding to traversing the reactordinate which
connects the saddle point with the reactants and produstamamnaginary fre-
guency and has to be excluded. ThusAtthere areN — 1 normal modes with
frequenciesy?. In the classical limitkz7T > hw,, the analytical expressions
for U, andS,;, can be simplified. As a result the attempt frequehigycan be
expressed by the frequency-product formula developed bgyérd [122]:

N .

1—\0 _ i Hn:l wn
rp T N—-1 gq°
2m Hn:l wn

In practice, in most of the works that deal with the theosdtmomputation
of process rates, the prefactors are chosen as site-indiepeconstants. This
choice is adopted in part because it is computationally esipe to evaluate the
attempt frequencies from first principles, but also becahserelevant phonon
modes are not expected to vary much from site to site, whde#ponential term
exp(—,i—’;) can easily vary by several orders of magnitude. Moreovesn el
the attempt frequencies were known accurately, the unogrtia the calculated
energy barrier of approximatehz0.1 would result in an exponentially large un
certaintyexp(%) in the jump (transition) rate. Therefore, for qualitativeak
ysis it is usually only necessary to obtain an order of magigtestimate fofr°.
This can be obtained by using the Debye temperaiyseof the substrate mate-
rial asI™ ~ kpOp/h, or by using Vvedensky’s harmonic approximation [127]:
I'* ~ 2kgT/h. The attempt frequencies are more often equated to the raxim
phonon frequency, whose typical values in the physicalesgstof interest are

approximatelyl0'3sec!.
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3.4 The Nudged Elastic Band method

3.4.1 Finding the Minimum Energy Path

In the previous section we discussed the relationship et diffusion energy
barrier AE and the rate of transition between reactant and produasstathis
energyA F is the minimum energy required for a transition to occur. dlzclate
AF itis necessary to know the potential energy at the tramsgtate and at the
minima. Transition states occur at saddle points betweelothier energy states
occupied by the reactants and products.

In this section we consider the problem of finding the MinimEnergy Path
(MEP), connecting a pair of local potential energy minima aisaddle point be-
tween them. The maximum potential energy along the MEP ipahential energy
at the saddle point (transition state). Therefore, knog#edf the MEP enables
calculation of the diffusion energy barriéc£. The MEP gives the the reaction
path followed by the system in its transition. Also, a reactcoordinate can be
defined as the distance along the MEP.

The Nudged Elastic Band method (NEB) developed by Hanarssbn and
co-workers [128, 129, 130] is an efficient method for findihg MEP. The NEB
method belongs to the class of chain-of-states methods ichwehchain of im-
ages (or replicas) of tha/N-dimensional system is generated between the end
point configurations. All the intermediate images are o#éd simultaneously
in a concerted way, in order to move the path they form towdrdSMEP, while
the end points remain fixed. Typically the initial images laated along the line
joining the initial and final points. The optimisation is dad out by simultaneous
annealing of all the images. This relaxes each image towsdbenergy config-
uration. After the optimisation the images lie near the MH#e distribution of
the images, which gives a discrete representation of the pan be controlled
and can be set to be higher (images closer together) in tlidespdint region as
compared with the end regions.

The NEB is an improvement of the Elastic Band method, in whiehitnages
are connected with springs of zero natural length, so theefacting on imagé
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is:
F;=-VER;) + F;
whereR,; is a3 N-dimensional coordinate, arif is the spring force:
F{ = kip1(Rip: — Ri) — ki(Ri — Ri—1.)

Two problems that can arise from this approach are known@®séc cutting”
and “sliding down”. The problem of “corner cutting” resuftem the component
of the spring force which is perpendicular to the path, amdiseto pull images
off the MEP. The problem of “sliding down” results from thensponent of the
true force—VE(R;) in the direction of the path. The cure for these undesired
effects proposed by Hanneénkson et al. is to include only the perpendicular
component of the true force VE(R;) L, and the parallel component of the
spring forceF? ||. The total force acting on images thus reduced to:

F; = -VE(R;) L +F} || (3.12)

where
—~VE(R;) L=VER;) -7 — VE(Ry) (3.13)
F{ ||= [Fis1|Riz: — Ri| — k| Ry — Ri_1|] - 7 (3.14)

with 7; being the tangent to the path at poldt These force projections, referred
to as “nudging”, decouple the action of the true force on ththgrom that of
the spring force. The force in Eq. (3.13) pulls the elastindbanto the MEP,
while the force in Eq. (3.14) controls the distribution oethmages along the
MEP. The spring force does not interfere with the convergari¢he elastic band
to the MEP. The strength of the spring forces can be variecelgral orders of
magnitude without affecting the equilibrium position oéthand.

3.4.2 Enhancements

3.4.2.1 Tangent Estimate

When the energy of the system changes rapidly along the paitithd restoring
force on the images perpendicular to the path is weak, as e€dhebcase when
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covalent bonds are broken and formed, kinks can form on tstielband.

If we compute the local tangent of the path as

2 Ripn — Rig
' R; — Ri1

then the perpendicular component of the true force Eqg. J3a&Bng on the two
images that are adjacent to the imagell be affected by the presence of the kink.
As the minimisation algorithm is applied, the wrong movetw#he two adjacent
images will cause the kink to continue oscillating back amrhf, preventing the
band from converging to the MEP.

The tangent to the path at the image then chosen according to the prescrip-
tion [131]

A

P (Rit1 — Ri1)
‘ (Ri — Ri-1)

if Ei—i—l > F; > Ei—l

which makes the tangent point from imag& the adjacent image that has the
higher energy. The tangent is then normalized. This chaiseares that the high-
est energy image between those adjacent to a kink is notedf@tits motion by
the presence of the kink. The choice for the local tangenetddiermined by the
higher energy neighbouring image is motivated by the faat the MEP can be
found by following the force lines down the potential fronetsaddle point, but
never up from a minimum.

3.4.2.2 Climbing Image

When the elastic band converges to the MEP, typically nonbefrhages lands
at the saddle point, and the saddle point energy needs tdibetsd by interpo-
lation. “Climbing image” [132] is a slight modification to tidEB algorithm that
makes one of the images climb up along the elastic band anegrigorously
on the highest saddle point. After a few NEB iterations, thagei,,., with the
highest energy is identified. The force acting on this imageat given by Eq.
3.12, but rather by

F

lmax

= —VE(Ri,..) — 2VERi,..) = ~VERi,...) - 2VER;,...) - 7.
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This is the true force due to the potential with the compoaéarig the elastic band
inverted. The spring force does not act on the maximum erniergge. Therefore,
the spacing of the images will be different on each side ottimebing image. As
it moves up to the saddle point, images on one side will getpressed, and on
the other side spread out.

3.4.2.3 Variable Spring Constants

Since the saddle point is the most relevant point along thé& M#Hs important
to get a good estimate of the tangent to the path near theespdutit, especially
when climbing the image. This can be accomplished by usiranger spring
constants near the saddle point. As we have already exgdldime choice of the
spring constant does not affect the saddle point positis one is free to choose
their values in different ways. The choice suggested inJi8® choose spring
constants that depend linearly on the energy of the imageaiticular one has
to set a range for spring constant variabibty = k,ax — kmin, then the spring
acting between two adjacent images is

Emax - Ei

ki = kmax — 0k(——————
(Emax - Eref

) if By > FErer.

HereE; is the higher energy of the two images connected by sprihg, ., is the
higher energy value along the barid; is a reference value that can be set at the
highest energy between the two endpoints of the MEP [132]. ®ypsingF; to

be the higher energy of the two images connected by the sghagwo images
adjacent to the climbing image will tend to be almost symioally arranged
around the saddle point.
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3.5 Simulation Time Scale

The physical phenomena that determine the surface evolditiong crystal growth
take place with mesoscopic or macroscopic length scalespweer time scales of
seconds or even minutes. However the physics and chentistirgovern the be-
havior of an atom on a surface operate on the length scaleeafttemical bond,
i.e. 1071Y meters, and with time scales of atomic vibrations, i.e. agipnately
107! seconds. Atomistic simulations of crystal growth therefogquire bridg-
ing the gap between a microscopic and a mesoscopic or magiosescription.
Large time scales are involved because thermally activased events predom-
inate. The time period between two diffusion processes, adgtom hops, de-
pends on the temperature and crystal surface facet. Thésgeriod can extend
to nanoseconds. This rare events problem precludes thd as#irect Molecular
Dynamics approach.

3.5.1 Accelerated Molecular Dynamics

When the dynamics of a system are determined by rare eveatsystem spends a
large part of the time residing in one of a number of local ptiét energy minima,
with infrequent transitions between these minima. For sydtems, Voter has
developed three accelerated Molecular Dynamics methasldeénd the time scale
that can be simulated. These methods are designed to iactieadikelihood
of the rare events occurring. Therefore more rare events#adtively longer
simulation times, occur in a given amount of computer timbewcompared to
standard Molecular Dynamics.

The first method is called Hyperdynamics [133]. In Hyperdwies, the po-
tential energy surface of the system is modified by adding sonon-negative
bias potential. A constant temperature Molecular Dynarntagctory is then
propagated on this modifed potential energy surface. Thiaderequires that
the system obeys TST. Also the bias potential must be zedbtaealividing sur-
faces, and the system must still obey TST for dynamics on tidifred surface. A
trajectory on such a modified surface, while relatively megless on the atomic
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vibrational time scale, evolves correctly from state tdestd an accelerated pace.
The evolution is correct in the sense that the probabilitglagerving any partic-
ular sequence of states is the same for a simulation on théietbdotential as
for the original potential. In Hyperdynamics, the time agls@at each step equals
the regular Molecular Dynamics time step multiplied by astamtaneous boost
factor, the inverse Boltzmann factor for the bias potentiahat point. A major
difficulty with this method is the construction of a suitaltlias potential for a
given system.

The second of Voter's methods is Parallel Replica Dynami@&!].1 This
method is the simplest and most accurate of the three aatateMolecular Dy-
namics techniques, with the only assumption being thatfcéguent events obey-
ing first order kinetics (exponential decay). That is, foy dime greater than
decorrelation time,,., after entering a state, the probability distribution fuowct
for the time of the next escape is given by

p(t) = keap(—kt),

wherek is the rate constant for escape. Starting with an N atom syst@ basin
around a local potential energy minima, the entire systemephcated on each of
M available processors. After a short dephasing stagg.fse > 7cor), during
which momenta are periodically randomized to eliminateralations between
replicas, each processor carries out an independent cohestaperature Molecu-
lar Dynamics trajectory for the entire N atom system, thyd@ing phase space
within the particular basin M times faster than a singlegtc&ry would. When-
ever a transition out of the basin is detected on any proces@rocessors are
alerted to stop. The simulation clock is advanced by the ractated trajectory
time summed over all replicas, i.e. the total time spent@xpy phase space
within the basin until an escape pathway is found.

This method also correctly accounts for correlated dynaheents, i.e. there
is no requirement that the system obeys TST. This is accsheddi by allowing
the trajectory that made the transition to continue on iteessor for a further
amount of time Q7 > 7.,,.-), during which recrossings or follow on events may
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occur. The simulation clock is then advancedy, the final state is replicated
on all processors, and the whole process is restarted. Varalbprocedure then
gives exact state to state dynamical evolution becausesttape times obey the
correct probability distribution; nothing about the prdaee corrupts the relative
probabilities of the possible escape paths, and the cteteldynamical events
are properly accounted for. A key requirement for this mdtisan effective
transition detection scheme.

The efficiency of the method is limited by both the dephasitage, which
does not advance the system clock, and the correlated deget, €luring which
only one processor accumulates time.

The third method is Temperature Accelerated Dynamics (THNBp]. The
idea of this method is to speed up the transitions by incngatsie temperature,
while filtering out the transitions that should not have aoed at the original tem-
perature. The TAD method is more approximate than the pusviwo methods
in that it relies on the harmonic TST approximation. The TABthod often gives
substantially more boost than Hyperdynamics or Paralleliedynamics. The
trajectory in TAD is allowed to wander on its own to find eackagse path, so
that no prior information is required about the nature ofrémction mechanisms.
In each basin, the system is evolved at a high temperdiyge (while the tem-
perature of interest is some lower temperatiitg). Whenever a transition out
of the basin is detected, the saddle point for the transidound, e.g. using the
Nudged Elastic Band method. The trajectory is then reflecéett mto the basin
and continued. This procedure generates a list of escaps pat attempted es-
cape times for the high temperature system. Assuming thathidkls and that
the system is ergodic, the probability distribution for tinst escape time for each
mechanism is an exponential. Because harmonic TST givesriieius depen-
dence of the rate on temperature, depending on the saddieewergy barrier,
the escape time observedZ,, can be extrapolated to obtain a corresponding
escape time af},,, that is drawn correctly from the exponential distributidn a
Tow- The event with the shortest time at low temperature is thmeecbtransition
for escape from this basin. For a chosen level of confideratetlie shortest time
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has been found, a stop time is determined. Once this stofdireached, the sys-
tem clock is advanced by the shortest tim&jgt,, the corresponding transition is
accepted, and the TAD procedure is started again in the nsiv.ba

3.5.2 Autonomous Basin Climbing Method

This method for speeding up molecular dynamics was devdlbp&ushima, Yip
and others [136]. This is a potential energy surface samptiethod developed
to simulate slow dynamical processes without explicitlijoiwing all the atomic
rearrangements all the time. The method requires the inpahanteratomic
interaction potential for the constituent particles in #ystem, and retains full
information on the particles along the trajectory of the glmng. The system is
evolved by a series of elementary steps of alternating atativ and relaxation
in the space of its potential energy, which allows the sydterlimb out of any
potential well. On the potential energy surface where thezgenany local minima
and saddle points, having the ability to climb out of any ptitd well means that
one can then sample the topography of the potential enerfgcsuby generating
an explicit transition state pathway trajectory. The sysé¥olution, on an energy
scale, is therefore described by this trajectory.

A series of the two elementary steps of activation and rélaxanove the
system up a particular potential well. Firstly3&” dimensional Gaussian penalty
function (V is the number of atoms in the system) is added to an initialggne
minimised configuration. This has the effect that upon thHfiong relaxation
step (minimisation of the combined energy of the penalty #redoriginal po-
tential energy), the system is pushed away from the injtialergy-minimised
configuration into a higher energy state. With sufficientrgpepenalties accu-
mulated after a series of such steps, the system will croesargy saddle point
during a relaxation step and enter into an adjacent potemgéith Starting at the
bottom of this well the activation-relaxation series iseafed until the system is
able to escape from the second well. Since the energy pdnaltyions imposed
in the previous activation steps are not removed during thieeesampling, the
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system is always discouraged from returning to any preWouisited potential
minima.

In this method one is not sampling a fixed potential energyasar rather
the potential energy surface evolves along with the saggluth that the system
is always encouraged to sample new regions of the potemtéabg surface. In
contrast to saddle point sampling techniques such as therh&Bod, this method
does not require prior knowledge of the final state. This rsiqaarly useful for
systems where the structure is too complex to generate suopat. This method
has be applied to study activated kinetics of solid-staferdeations under stress
[137].

3.6 Kinetic Monte Carlo

3.6.1 Uses and Features of the KMC Methodology

Surface evolution during crystal growth is dominated b mrents such as adatom
diffusion. During the long time period between rare adataffusion events, the
adatom undergoes a large number of vibrations around ig foimima in the po-
tential energy surface. These vibrations are irrelevarhfthe point of view of
surface evolution. The surface only alters when atoms aioatamove from one
site to another. Hence there is no need for a detailed déseripf the adatom
motion during the time the adatom resides in a local minimum.

This opens the way for approaches such as Kinetic Monte CHE38)][[139],
[140]. Bridging of time scales can thus be realised, by usirgescopic param-
eters estimated using NEB as input data for KMC simulations.

The activation energy, for each identified process can be calculated by the
NEB method, as previously discussed. These calculatedygharriersF, are
input parameters for KMC simulations, where at each steptecpkar process is
randomly selected with a probability proportional to theqess rate. The process
rate is defined according to transition state theory:
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r=r, exp(—kia ). (3.15)

3.6.2 Basic ldea of KMC

The standard Monte Carlo (MC) technique [140], is a methodofog calculat-
ing chosen averages in a given equilibrium thermodynamsemble. States in
the configuration space are generated and used for the atabecubf the quanti-
ties of interest. These states, although generated seégjlyerdo not necessar-
ily correspond to the dynamics of the system. Some 30 yearsvlmte Carlo
simulations started to be applied to the study of kineticcpsses [141], [142].
The aim of KMC simulations is to reproduce nonequilibriummdgnics. In KMC
the selected configurations correspond to the real confignsathe system goes
through during its evolution.

MC techniques can be viewed as methods for solving the masjgation
describing the evolution of the system from a given configoneC":

dP(C,1)

5 =2 W= )P+ W(C =P,

C C

whereP(C, t) is the distribution of configurations at time t, aid(C — C") is a
matrix of transition probabilities connecting two statéke transition probability
in standard MC simulations does not need to have any rekdtipro the dynamics
of the system. At each MC step a trial configuration is gemekatvhich is then
either accepted or rejected. A sequence of configuratiamssfa Markov chain,
which is used for calculating the desired quantities. Thedden of detailed
balance

W(C — C)P(C,t) =W(C — C)P(C',1),

which ensures that the ratio of the “forward” and the “backdVgrobabilities is
equal to the ratio of the “forward” and the "backward” traisi probabilities, is
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a sufficient condition for the convergence of the Markov nhd@etailed balance
holds at steady states and both MC and KMC satisfy detailkzthbe.

In KMC, configuration changes correspond to real events istihehastic sys-
tem. Each of the events can happen with a probability peraifrtime (process
rate), given by Eq. (3.15). The total raiefor the system to change from con-
figurationC' to some other configuration is given by the sum of the ratekeof\t
processes that are possible at configuration

j
wherel'; is the rate for process

3.6.3 KMC Scheme for Crystal Growth

When KMC is used to simulate crystal growth, a discrete gepmistusually
employed. Atoms can only occupy positions on a discreteéttvhich has the
geometry of the crystal. This choice is justified if the miteretains its basic
crystalline structure during epitaxial growth. In suchesw/e are only interested
in the motion of the atoms forming the crystal, and the groprtbceeds by the
addition of atoms at unoccupied adsorption positions. $&itte case for example
in Molecular Beam Epitaxial growth, where the surface isalygbombarded by
atoms.

In KMC, atoms can move from one lattice site to another (diffasor appear
on or disappear from the surface (adsorption and desojptpuiscrete jumps.
The motion of individual atoms takes place instantaneoasly the motions are
independent and Markovian i.e. ho memory of previous pmsitBy only con-
sidering the jumps, information about atom dynamics betwbese rare events
(jumps) is eliminated. That is, the atom vibrations and tsoaiated time scales
are not explicitly modelled. This information is, howeviken into account in
the attempt frequendys,.



CHAPTER 3. MODELLING METHODOLOGIES 50

3.6.4 KMC Algorithm

The basic KMC algorithm was formulated by Bortz et al. [138] .this work we
follow the version developed by Schulze [21, 22]. A simplesa#gtion of the
KMC algorithm is:

1. Determine all processes j that possibly could take plalsased on the
current configuration of the system.

2. Calculate the total rat& = > I';, where the sum runs over the possible
processes identified at step 1. Deposition can be one of finesesses.

3. Choose two random numbers p- in the range (0,1].

4. Find the integer numbéifor which

-1 l
er < le < ZF]
j=1 Jj=1

5. Carry out process e.g. move an atom.

6. Update the simulation timee= ¢ + At with At = —In(ps)/R.

7. Go back to step 1.

Two important features are the following: firstly, the algfom for process
selection (step 4), ensures that the selected process sercliandomly with a
probability given by the ratid’; /R of its rate and the total rate for the current
configuration of the system. Secondly, in KMC simulatiodiglaysical processes
are separated so that at any point in time only one event fakes, and sets of
events are generated by Poisson processes. This conditikesrthe KMC time
a physical quantity [143].

The time interval/\t between two successive events is a random variable with
the distributionP(At) = Re~#!f, and average value ef At >= 1/R. Note
that the total rateg? depends on the system configuration Step 6 in the algo-
rithm states that the system remains in configurafioior a time interval that is
proportional to the inverse of the total rafeof configurationC'. Thus the larger
the total rate for a given process to occur, the shorter the sipent by the system
in that configuration. The total rate also depends on the system temperature.
It increases exponentially with the temperature, so thats defined in step 6
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becomes very small at high temperatures. This reflects ttétfat the events are
activated more frequently at higher temperatures. Sinmgldélhe system evolution
at high temperatures requires a larger number of KMC stegsralate a given

amount of time.

3.6.5 Events and Energy Barriers

A very important aspect of the KMC algorithm used here is thisquires a pre-
determined list of events and their corresponding energydra in order to im-
plement the algorithm. It can be very difficult to determitiglze relevant events
for some situations, particularly if concerted multipl®rmat rearrangements are
involved. Omission of significant events can distort thaultssof KMC simula-
tions, as discussed by Voter [65]. Once the list of eventdkas determined, the
relevant energy barriers can be computed using the Nudgedi&EBand method
from section 3.4.

In this work, KMC is applied to adatoms diffusing on a (1119da A com-
monly applied approach for determining events and the spaeding energy bar-
riers in such a situation is by way of “bond counting” [140}. this approach the
events are distinguished by the difference between the auofbn-plane nearest
neighbours of the lattice site an atom is moving from and efdite it is moving
to. The energy barrier is composed of an energy term for datesbadatom plus
the energy for the net number of bonds that are broken (ond penin-plane
nearest neighbour) as a result of moving from one site toghbeuring site.

For the Lennard-Jones potential used in this work, the gneguired for an
isolated adatom sited in a three-fold hollow site on a (1atgf, to hop to a near-
est neighbour three-fold hollow site, was determined usirigNudged Elastic
Band method. Each three-fold hollow site on the (111) facsttheee adjacent
three-fold hollow sites at a distance% x 25, and six nearest neighbour three-
fold hollow sites abs o separation. When a three-fold hollow site is occupied by
an adatom, none of its three adjacent sites can also be ectwjthout causing
extremely strong repulsive forces between the occupyiad¢oaas, i.e. an adatom
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“collision”. The direct path for an adatom between nearesgimbour sites in-
volves climbing over a surface atom. The NEB calculatiormasthat the MEP
between nearest neighbour sites is an indirect “dogledi,pabving around the
intervening surface atom and passing through a adjacesg-flotd hollow site, as
shown in Figure 3.1.

Figure 3.1: On this three layer (111) facet the bottom A lagtms are blue,
second B layer atoms are green and top C layer atoms are gb&ltwb white
circles indicate a pair of nearest neighbour three-foldomokites (directly above
A layer blue atoms). The white arrows show the “dogleg” mimimenergy path
for an adatom hopping between these two nearest neighlieansa an adjacent
three-fold hollow site (directly above a B layer green atom)

Figure 3.2 below shows the energy along the minimum energly foa an
adatom hopping to a nearest neighbour three-fold hollogv $itis composed of
two short hops, the first to the adjacent site and second frenadjacent site to
the destination. In Figure 3.2 the dots indicate the pasitiof the NEB images.
The smooth curve fitted through the images shows the MEP. iiéxgg along the
MEP is measured relative to the energy of the initial sie, the first image at
the origin of the graph. The third image at distaficg2s along the MEP is the
climbing image. It has climbed to the peak of the MEP betwkeratljacent three-
fold hollow sites, giving &.31¢ energy barrier for the first hop. The second peak
in the MEP is for the second hop and it has the same energyebairherefore
the KMC energy barrier for a nearest neighbour hop is takdretd.31¢. Note
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that an adatom can make the short hop to an adjacent thkdéddbw just as
easily, provided no adatom “collision” would ensue. In Cleapt we discuss
how making a short hop changes an adatom’s stacking, i.eel@gonship to the
underlying layers of atoms. Changes in atomic stacking ameingortant in this
work, consequently short hops are explicitly modelled mKMC used here.

This 0.31¢ energy barrier and the energy per bondlef(the depth of the
Lennard-Jones potential well) are used with “bond couritiogdetermine the
energy barriers for other events.
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Figure 3.2: Energy along the “dogleg” minimum energy pathadatom nearest
neighbour hop on (111) surface.

3.7 Summary

The Molecular Dynamics methodology was discussed firstr& Isea wide range
of applications of MD. The dynamics of atoms in an MD simwatfollow from
(in the simplest case) Newton’s equation of motion. The &gnaf motion is
numerically integrated to derive the positions and veiesibf the atoms at each
time step in the simulation. Suitable boundary conditiorsraquired when bulk
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material is modelled. When the temperature of the simulasida be controlled,
the equation of motion and the integration process need todukfied. The force
between pairs of atoms is derived from a potential energgtion. In this work

the Lennard-Jones potential is used. This is a simple patemidely used as a
general first approximation in MD.

The other simulation methodology used here is Kinetic M@uaeo. Prior to
discussing KMC we covered Transition State Theory and thagdd Elastic Band
method. Transition State Theory is a method for calculatwegate of occurrence
of rare events. Harmonic Transition State Theory relategdke of transition to
the energy barrier separating distinct atomic configunatiorhe Nudged Elastic
Band method is used to determine these energy barriers. Tdrgyebarriers
are key parameters in determining the rates for atomicargements and hence
atomic configuration changes in KMC simulations. The KMC imoeiblogy and
algorithm were discussed, as applied to the modelling aftahygrowth.
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4.1 Molecular Dynamics Modelling

In this chapter we discuss our application of the Moleculgin&nics method-
ology to simulate the behaviour of stacking fault grain kaanes in an epitax-
ial layer. This is being done to establish a benchmark fortaid MD KMC
methodology. The hybrid methodology which is discussedhapter 5, was struc-
tured to be consistent with the MD simulations in this chapt®r the MD sim-
ulations discussed here, a configuration of atoms contisticking fault grain
boundaries was constructed. The movements of and chantiesagrain bound-
aries were then simulated using Molecular Dynamics. Manyktions were
carried out and inferences were drawn from the aggregdiststs of the results
of these simulations.

We discuss the changes in the shape of such grain boundattenae. The
migration of positions of the grain boundaries with time makysed. The results
of the simulations are compared with relevant experimentak, and the key
atomic mechanisms for these changes are determined.

4.2 Atomic Layer Stacking on the (111) Facet

The Face Centered Cubic (FCC) crystal structure is composed uifie lattice
with one atom at each vertex of the cube and one atom in theeceh¢ach face
of the cube. The lattice spacing is given by the edge lengthetube, and the
distance between nearest neighbour atoms is half the lefgtie face diagonal
of the cube. A (111) facet is formed when a block of atoms InREB€E structure
is cleaved along a pair of adjacent face diagonals, e.g. tmba of edge length
a, the cleavage plane through the three poia8,0), (0¢,0) and (0,0;). We now
discuss some of the features of the (111) facet, as suchsféaren the atomic
surface used in these simulations.

The (111) facet displays a triangular lattice of hollow sjteach of which
has six surrounding hollow sites. Any atoms of the same tyg@osited on a
(111) facet are most strongly bound in these hollow sited,vainen this occurs
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epitaxial atomic layers start to form. The threefold natofr¢éhe lattice provides
three distinct sets of hollow sites for atoms to attach toshamvn in Figure 4.1.
These three sets are labelled A-sites, B-sites and C-sitgsatasely.

For a (111) facet to grow epitaxially while retaining its FQ@cking, adjacent
atomic layers must follow the stacking pattern ABC. That isyeel of atoms all in
A-sites is followed by the next layer of atoms all in B-siteisgdan the subsequent
layer all atoms are in C-sites. This stacking pattern is riggkfor all following
atomic layers.

Alternatively, after a layer of A-sites has been followedalayer of B-sites
the third layer may be comprised of atoms on A-sites agatherahan atoms on
C-sites. This change in stacking pattern from ABC to ABA is ldtag fault
[144, 145] and gives rise to hexagonal close packing (HCRkstg. Figure 4.1
shows a side view of these different stacking patterns. Aview is shown in
Figure 4.2.

SR C Sitas & % N % %R S Avsites
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Figure 4.1: Side view of three atomic layers showing thedltifferent stacking
sites. Three layers in the ABC (from bottom layer to top laysacking pattern
(left half of image) give FCC stacking. When the stacking patis ABA, HCP
stacking results (right half of image). There is a stackiagjtfgrain boundary in
the center of the top layer where the two different stackingst.
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Figure 4.2: Top view of the three atomic layers in Figure 4 e left side of the
image with gold atoms in the top layer, form the FCC stackirggare. On the
right side is the HCP stacking region with atoms coloured lotuihe top layer.
The two different stacking regions are unable to merge,imgaa stacking fault
grain boundary (vertical gap in top layer in center of imalgejween them. On
the left side of the image the bottom A layer atoms in bluepsdd layer atoms
in green and top C layer atoms in gold can be all be glimpsedth®might side
the top layer blue atoms are located in A sites, placing theettly above the
bottom layer A sites. The C sites are not occupied and so tlie Wwhckground
shows through.

Stacking patterns such as ABB are not stable. The interlggeiisg between
the atoms in the two adjacent B-site layers is too small, eimdustrong repulsion
between the atoms in these two layers, thereby derangingphaxial layers.
Hence we need only consider FCC and HCP stacking patterns.

Layers of atoms which only cover part of a (111) facet are kmaw islands.
Islands in the different stackings FCC and HCP may form indéeetly on dif-
ferent parts of a (111) facet. When islands with differentlstag grow (due to
deposition or movement of adatoms) and meet each otheratieaynable to im-
mediately coalesce into a single larger island if they afiecsently large, because
their constituent atoms reside on different sets of sitesstakking fault grain
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boundary is where two such islands with different stackimget each other. Fig-
ure 4.2 gives an example of a stacking fault grain boundary.

The step edges of islands on a (111) facet are of two typedepgssand B-
steps. In an A-step the step edge atoms meet above gaps beheedoms in the
layer below. The edge atoms in B-steps meet on top of atomilayler below.
In Figure 4.3 we show examples of hexagonal FCC and HCP staciangds
and their corresponding A-steps and B-steps. These A-stepB-ateps alternate
around these islands. The atoms in FCC and HCP islands sit fenediif sets of
sites, so the pattern of A-steps and B-steps is reversed éetthese FCC and
HCP islands.

When an FCC and an HCP island meet along A-step edges, thisrejdakit
grain boundary is called an A-gap. Similarly when alterrstideking islands meet
along B-step edges, the stacking fault grain boundary isdalB-gap. Because
of the reversal in the pattern of A-steps and B-steps betwe&&hdnd HCP stack-
ing islands, an A-step on one island cannot meet with a B-stegnoalternate
stacking island, preventing coalescence of the islands.

Note that a triangular shaped island will be composed oteiitl A-steps or
all B-steps. But even in these cases, because of the reveisathton of such
triangular islands on alternate stacking, they are limitetbrming A-gaps or B-
gaps when they meet. Figure 4.4 shows stacking fault graindaries exhibiting
A-gaps and B-gaps.
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Figure 4.3: This figure shows two hexagonal mono-layer ddaom a (111) facet.
The atoms are coloured gold in the FCC stacking island and iblilee HCP
stacking case. The alternating A-steps and B-steps at tles@dghese respective
islands are identified. In an A-step the step edge atoms rhegeaaps between
the atoms in the layer below. The edge atoms in B-steps meeipaof atoms in
the layer below.



CHAPTER 4. MOLECULAR DYNAMICS MODELLING 61

® ® ®
s HCPsStacking., =
® = [

&

L2 A‘Gapi

" = . *
* JFCC Stackipg™®

Figure 4.4: This image shows a close up view of stacking fguain boundaries
between FCC and HCP stacking regions. On the left is a B-gap éntiaer B-
steps meet) and on the right is an A-gap (where two A-stepg)mAtsms in a
B-gap can move out of their edge into the hollow site in frorthaim. In this case
they change to the alternate stacking. Atoms in A-gaps aad heehead and do
not have room to move in this way.
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4.3 Stacking Fault Grain Boundaries

This section describes the stacking fault grain boundaimaslated in this thesis.

4.3.1 Slab of Atoms

In these simulations, mono-layer FCC and HCP stacking islavete created
on (111) faceted slabs of Lennard-Jones atoms. These s&bslB columns of
atoms across their width dbo. They have six layers of atoms in a depthbet
Slabs of different lengths were used in different casesthritminimum length
was81lc, encompassing 144 rows of atoms. An example slab is showigurd-
4.5.

4.3.2 FCC and HCP site energies

The difference in potential energy between adatoms locatéeCC and HCP sites
was determined in the following way. Two slabs were consédiavithout any
stacking fault grain boundaries. In one slab the top layetams formed a single
FCC stacking layer. The second slab had the top layer of atotEP stacking.
These slabs were relaxed using MD. The MD simulations ranop00¢ (where

t is the Lennard-Jones reduced time step), with a set temperat7 = 0.0. A
Langevin thermostat with = 1.0 was used to control the temperature. For each
slab the temperature initially increased to approximately)6 as the atoms re-
laxed and then rapidly declined @a0. The potential energy declined and rapidly
converged for each slab. For the slab with FCC stacking thenpiat energy per
atom converged te-7.0032¢. In the case of the HCP stacked slab the potential
energy per atom converged t67.0078¢. This difference in potential energy be-
tween the two slabs is attributable to the different staglohthe atoms in the
top layers. The HCP stacking slab has deeper potential wellsdatoms which
implies that adatoms on HCP sites are in more stable configosathan adatoms
on FCC sites. The deeper potential wells in HCP stacking isatéd to the fact
that HCP threefold hollow sites have a second neighbour abautly below. We
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conclude that for the atomic slab geometry used in this wbl®RP stacking is
favoured over FCC stacking, as HCP has the lower potentiagjgner

4.3.3 Initial Configuration

The initial configuration of a slab of atoms comprises a palif©P/FCC stacking
fault grain boundaries positioned at approximately 25% ab% of the length
slab. These grain boundaries lie straight across the witdtheoslab as seen in
Figure 4.6. They are composed of alternating A-gaps and B;gsgzh of which
Is only one atom spacing in extent.

This configuration provides a central island in either FCC @Pstacking,
impinging on a pair of alternate stacking islands at eitimet ef the slab. These
apparently separate end islands are in fact in contact with ether by way of
the periodic boundary conditions applied along the lendtih® slab. Hence, for
consistency, islands at both ends of the slab must have the s&cking, requir-
ing the placement of a pair of grain boundaries on the slalbioéie boundary
conditions also apply across the width of the slab to maintia¢ atoms in this
slab geometry.

The atoms are colour coded to identify which stacking, FCOdizor HCP
(Blue), applies to each part of the slab. This colour codingbés changes in
the location and extent of the stacking islands to be follbwisually during a
simulation.

A slab with an FCC stacking island in its center and HCP islamdgsoends
Is shown in its initial configuration in Figure 4.5. Both topdaside views are
shown.

4.4 Grain Boundary Shape

The changes in the shape of grain boundaries during the atimilare discussed
in this section. Once the simulation begins, visual indgpechows that the shape
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Figure 4.5: Top view and side view of a slab of atoms with ar@fmCC stacking
island.
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Figure 4.6: The center of this image shows a grain boundaitg initial configu-
ration, straight across the width of the slab.



CHAPTER 4. MOLECULAR DYNAMICS MODELLING 65

of grain boundaries becomes more complicated, changingtie initial straight
line to mixtures of more extensive A-gaps and B-gaps, as dstraird in Fig-
ures 4.7 and 4.8. As the simulation progresses these mixtorginually change
as atoms shift back and forth across the grain boundary eetee different
stacking islands. In Figure 4.7 and Figure 4.8 we see sommara of the dif-
ferent shapes the grain boundaries may take at differeestim

Figure 4.7: This grain boundary is composed mainly of B-gapgre atoms on
the different stacking islands are offset with respect toheather giving them
room to move and the opportunity to cross the grain boundary.
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Figure 4.8: In this chevron shaped grain boundary, the aiontise upper arm
are mostly in an A-gap configuration “head to head” and so aeble to move.
However the atoms in the lower arm are in a B-gap arrangemeichvatiows
them to readily move.

Due to the periodic boundary conditions and the narrow wadtine slab, the
curvature of the grain boundaries is limited. During thedations the extent
or spread of grain boundaries along the length of the slabre@srded. This
spread of a grain boundary is referred to as the width of taadroundary in this
work. The width was determined from the number of rows of &@iong the
length of the slab that contained some atoms in FCC sites and spHCP sites.
The initial straight line configurations change to mixtuoé#\-gaps and B-gaps,
making the grain boundaries more convoluted and incredlsaigwidth. The mix
of A-gaps and B-gaps, and hence the width of the grain boueslararies during
a simulation. From MD simulations the average width of amtaundary was
found to be2.8¢, with a maximum width of7.30. This average is taken ovés
grain boundaries from simulations of duratiori 0000t each. The maximum is
the greatest width measured in theimulations. The changes in width of a grain
boundary during a simulation is shown in Figure 4.9.
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Figure 4.9: The changing width of a single grain boundaryrégpbed over the
10000 time steps of a simulation. Width values at evédyt are shown. The width
generally remains within the ran@e3s to 3.4, with occasional fluctuations to
larger or smaller values. There is no obvious trend in widihrdy the simulation.

The orientation of the A-gaps and B-gaps in the grain boueddallows the
“natural directions” on the 111 facet, as indicated on trergboundary in Fig-
ure 4.10.
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Figure 4.10: The black lines indicate the natural horiziema diagonal directions
on the (111) facet, due to the triangular shape of the lattice

The existence of these directions is conducive to the faamatf triangular
shaped stacking fault islands with opposite orientatien$-CC and HCP stack-
ing. Instances of such islands are shown for Iridium islam@an Iridium (111)
surface in the image from Busse et al. [146] in Figure 4.11.
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Figure 4.11: Image (used with permission) from Busse et @6]1showing tri-
angular stacking fault islands of Iridium on Iridium. The iwghtriangle gives the
orientation of HCP stacking islands. Two HCP islands are datied by translu-
cent white lines. Islands with the opposite orientationiarECC stacking. The
white scale bar at the bottem left is #0@®ng.

In some instances a grain boundary can attain a zigzag coatfig as shown
in Figure 4.12.

Figure 4.12: This grain boundary has evolved into the zigzagormation. The
atoms along both sides of the diagonals and the horizonthéafigzag meet their
counterparts in the other stacking island in A-gap confitjoma. These atoms are
so closely packed that they are unable to change their locdiguration (without
climbing out of the surface epitaxial layer). Only the atomshe apexes of the
zigzag, which are in B-gap configurations, have sufficientraéo readily move.
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This is an attempt at the formation of a pair of impingingngalar stacking
faultislands. Such zigzags have a large proportion of Asgapich are comprised
of closely packed atoms which do not have space to cross ovee tother stack-
ing island. Consequently once formed, a grain boundary masairein such a
configuration for some time.

A grain boundary tends to approximate the initial shape wtsanidth is very
narrow, while the zigzag shape as in Figure 4.12, typicaltyuos when the width
is long. Most of the time the grain boundary is of medium wjcte shown in
Figure 4.9, and then its shape is usually composed of a mixgdips and B-gaps,
as seen in Figures 4.8 and 4.10 for example.

The change in grain boundary shape can be a relatively rapickps. The
zigzag configuration in Figure 4.12 was formed withiit of the start of the sim-
ulation.

Over a longer time scale the average positions of the graimdaries move
along the slab.

4.5 Atomic Details of Grain Boundary Motion

The observed grain boundary motion is the aggregate restifecatoms on ei-
ther side of the grain boundary repeatedly crossing the deyn(enlarging one
stacking fault island at the expense of the other) thusiafiehe configuration
and position of the grain boundary over time.

In the “kink flip” move an atom crosses a B-gap in the grain ba@umpdrom
one stacking island to another and adheres to a kink siteeadfacent island,
thereby moving the kink site along the grain boundary by domaBy continuing
this process in a “zipper like” fashion a whole row of atomarfes from one type
of stacking to the other and the position of the grain boundamoved by one
row. Figure 4.13 demonstrates this process.
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Figure 4.13: The top image shows the red atom about to makinla flip” move
across the B-gap and join the HCP stacking island. The bottageénshows the
red atom after completing the “kink flip” move. The kink sitasimoved along
the B-gap.

When a section of a B-gap in a grain boundary does not have kieg, st
is necessary for them to be created before a sequence of flgitknoves can
occur. In these cases kink sites are most easily produced a&rhatom at a corner
site crosses the grain boundary. One or more positive (ad)vkénks are formed
on the island the atom has just moved to, while a negativeafidy\kink remains
on the island the atom has moved from. In Figure 4.14 we se¢oam making
such a “corner crossing” move and producing kink sites. Egul5 shows a
pink coloured atom subsequently making a “kink flip” moveoinhe of the newly
created kink sites and thus shifting part of the B-gap on tfieside of the FCC
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island. The next figure, Figure 4.16 demonstrates an atieert&ink flip” move
by the grey coloured atom, into the other newly created kitgk $his moves part
of the A-gap on the right of the FCC island.

In the case of a grain boundary being in the zigzag configanatie islands
are separated exclusively by a pair of A-gaps. Figure 4.bvwslthis situation.
After the corner atom has made a “corner cross” move, a shga@Bfcomposed
of two kink sites) is produced as shown in Figure 4.17 (bojtoitoms can then
cross this short B-gap by moving into the kink sites, as see¢hdrtop image in
Figure 4.18. Once that configuration has been reached, fljrikmoves can then
occur, which will result in moving part of the B-gap (sited dretleft of) or A-
gap (sited on the right of) the FCC island. Such moves are showigure 4.18
(bottom) and Figure 4.19 (bottom) respectively.

The relative frequency of atomic moves which alter the locabf the grain
boundaries can be assessed from the energy barriers thabenasercome for
these moves to take place. The following energy barrierthiese atomic moves
were determined using the NEB method (described in chapteifBese NEB
calculations used a slab of atoisatomic rows wide28 atomic rows high and
6 atomic layers deep. A chevron shaped grain boundary wasefibanross the
center of the top layer of the slab, separating FCC and HCPistafands. For
some cases, one arm of the grain boundary was formed by a Brgapea other
by an A-gap. In other cases both arms of the grain boundarg feemed by A-
gaps. Atoms within a distance &f of the moving atom were free to move while
those further away were fixed. Using MD the initial and finahfigurations were
relaxed by slow cooling. Then a chain of seven intermediatéigurations was
interpolated between the initial and final configurationise Thain of images was
then relaxed with elastic band forces applied to deterrmieentinimum energy
path between the initial and final configurations. The maxmualue of the en-
ergy along the minimum energy path less the energy of thialicibnfiguration is
the energy barrier for the configurational change or atonggan
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Table 4.1: Energy Barriers

Atomic move Figure Energy barrier
FCC to HCP
“kink flip” B-gap 4.13 0.71
“corner cross” A-gap B-gap 4.14 0.72
“kink flip” A B corner 4.15 0.72
“‘corner cross” A-gap A-gap  4.17 0.41
“kink flip” A A corner 4.18 0.71
HCP to FCC
“kink flip” B-gap 0.74
“kink flip” A B corner 0.74
“kink flip” A A corner 0.77

The energy barriers in Table 4.1 are all of the or@&be, except for the “cor-
ner cross” at an intersection of A-gaps. This lower energyidrareflects that
fact that the moving atom leaves a site with only two, rathantthree, in-plane
nearest neighbours.

Based on these energy barriers and the geometric constratratoms in A-
gaps have limited motion, the “kink flip” across a B-gap appdarbe the key
atomic process for grain boundary migration for the slabngetoy and tempera-
ture range studied in this work.

Given its lower energy barrier, the “corner cross” at anrsgetion of A-gaps
occurs more frequently than the “kink flip”. Once such a moes bccurred,
the changed atomic geometry allows “kink flip” moves to occux series of
“kink flip” moves which are (in aggregate) in the same dir@cttan move a grain
boundary by one atomic row, in which case the average obd@mwergy barrier
per move for the displacement of a grain boundary by an atoavic(due to a
sequence of atomic moves) will be approximatel§0e.

The energy barriers for the “kink flip” moves from HCP stackiodrCC stack-
ing are a little higher than for the “kink flips” from FCC to HCPhi§ will give



CHAPTER 4. MOLECULAR DYNAMICS MODELLING 74

a slight preference to HCP stacking over FCC stacking duriegctiurse of a
simulation.

Note that in respect of the migration of stacking fault gtasundaries in Irid-
ium, it has been argued by Busse [146] that “kink flip” movestheekey pro-
cesses.

. B .

HCP Stackiig
w® E

-

’ ,
AN o W o W)W
a £ " = =

" ®

® *
SECC Stacking
- L]

- A

Figure 4.14: The top image shows the atom at the apex of the B@E@di
(coloured red) about to “corner cross” and join the HCP stagksland. In the
bottom image the red coloured atom has just completed a éca@noss” move.
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Figure 4.15: In the top image the red coloured atom has athth the HCP
stacking island creating kink sites on the HCP island. Théoboimage shows
the pink coloured atom after it has just completed a “kinK'fifppve into one of
the kink sites.
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Figure 4.16: In the top image the red atom has attached to@edtacking island,
creating kink sites on the HCP island. The bottom image shbegttey coloured
atom after it has just completed a “kink flip” move, and atettiliself to the HCP
island. Repeated “kink flip” moves will relocate the A-gap bmeatomic row.
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Figure 4.17: This pair of images shows a triangular FCC istaedting an HCP
island producing a pair of intersecting A-gaps. The top iensigows the red atom
about to “corner cross” from the FCC island to the HCP islancke Blwer figure
shows the short B-gap formed after the red atom has attachibd tdCP island.



CHAPTER 4. MOLECULAR DYNAMICS MODELLING 78

¥ HCP Stdckipg *

E Gap »
& 7 " . ® ‘A;Gap
L] L L

A Gap .
. 4 FEC Stdtking *

‘BGaby
L IR ’AiGap.

®
® - ®

A Gap oW
, FCC Stdcking

Figure 4.18: In this figure the top image shows a short B-gapdakrafter the red,
grey and pink coloured atoms have moved from the FCC islandaodme part
of the HCP island. In the lower image a gold coloured atom hagenaa“kink

flip” move across the B-gap at the apex of the FCC island and teshed itself

to the HCP island.
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Figure 4.19: The top image in this figure also shows a shortBfganed after the
red, grey and pink coloured atoms have moved from the FCCdslad become
part of the HCP island. In the lower image a gold coloured atarthe right hand
side of the FCC island has made a “kink flip” move across the Bagdpe apex
of the FCC island and joined the HCP island.



CHAPTER 4. MOLECULAR DYNAMICS MODELLING 80

4.6 Grain Boundary Migration

4.6.1 Changes in Grain Boundary Position

At each time step the position of a grain boundary was detexdhas the average
position of the rows of atoms along the length of the slab¢batained a mixture
of atoms in FCC sites and HCP sites. During a simulation run ¢iséipns of the
grain boundaries along the length of the slab vary. Atomssimack and forth,
attaching to and detaching from the two different stackslgrids. A series of
“kink flip” moves can “zipper” along a grain boundary and mawmey one atomic
row. A sequence of such one row moves in the same directidrenliirge one
island at the expense of the other and reposition the graindary sited between
them.

Figure 4.20 demonstrates such a migration of grain bounglasitions over
time. In each simulation run a distinct random seed is usqardgide unique
random velocities to all the atoms, consistent with the ehdemperature for the
simulation. In this way each simulation run provides a didtinstance of grain
boundary behaviour. It was found that the detailed motiothefgrain bound-
ary positions can differ significantly between separateufation runs at the same
temperature, from the extensive motion as shown in FigLz@ ¢ very limited
motion, and in some cases meeting and annihilating each dtleeto the peri-
odic boundary conditions. The migrations are composed bge of stability or
steady progression, interspersed with occasional ragdrsions.
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Figure 4.20: This graph is a time trace of the migration ot#@grain boundaries
over the surface of the slab during a simulation. The slabaatkd along the y-
axis of the graph, with the lower grain boundary (GB1) inigigdositioned at 25%
of the length of the slab and the upper grain boundary (GB#gllyi positioned
at 75%. There is considerable rapid short range motion wimakes the graph
appear as a broad band approximatetythick. Over a longer time period the
grain boundaries can migrate across a substantial propastithe surface of the
slab. Because periodic boundary conditions are applieth goaundaries reaching
the end of the slab are able to “wrap around”. Here the grapBRBi has been
unwrapped and extended beyond the end of the slab (hencedhéve range for
o).

4.6.2 Random Walk

For simulations at temperatufié = 0.35, it was found that the grain boundary
migration could be quantified in terms of the mean squardatispent (MSD) of
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the grain boundary position
(Ax(At)?) = {(2(t + At) — 2(t))?)

in a time intervalAt. The MSD curves differ significantly between individual
grain boundaries. However when the MSD curves of 30 ind&idwain bound-
aries were averaged, a clear linear trend emerged, as séeguire 4.21. The
diffusion coefficientD for two dimensional motion is related to the mean square

displacement by
(Az(At)?)
pD=—""""717
VAN
The linear trend (constant slope) in the averaged MSD cumdieates that grain
boundary migration is a diffusive process with = 0.016. That is, the grain
boundaries appear to be performing a simple random walktbeesurface of the

slab.
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Figure 4.21: The average grain boundary mean square dispéatt(Ax(At)?))
versusAt from MD simulations. This linear trend implies that the gréaound-
aries are are essentially following a diffusive random walk

4.6.3 Temperature Dependence

The rate of grain boundary migration is found to be tempeeatiependent. Fig-
ure 4.22 shows grain boundary MSDs averaged over a numbebdafiMulations,
at a range of temperatur&s: 0.35,0.40,0.45 and0.50. In each of these cases,
(Ax(At)?) shows a distinct linear trend witht¢. Higher temperatures produce
a more rapidly diffusing grain boundary, because energydryarfor atoms shift-
ing to another site are more likely to be surmounted at hi¢ggmperatures. The
respective diffusion coefficients are given in Table 4.2.
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Figure 4.22: This shows the average grain boundary meanesgisplacement
(Ax(At)?)) versusAt for various temperatures from MD simulations. The lin-
ear relationship indicates that the motion is diffusive.e iffusion coefficient
(which is proportional to the slope of graph) increases hi simulation tem-
perature.

Table 4.2: Diffusion coefficient as a function of Temperatur
T D
0.35 0.016
0.40 0.022
0.45 0.037
0.50 0.046
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4.6.4 Grain Boundary Collision

The pair of grain boundaries on the slab are initially sejgardby 50% of the
length of the slab. Over time they may move closer together @sult of grain
boundary migration. In the case where both grain boundadligie, the stacking
fault defect between the pair of islands is eliminated aedithole surface of the
slab then comprises a single stacking layer. Finindependent MD cases of
duration10000t at temperaturd” = 0.35, the grain boundaries collided and the
stacking fault was eliminated it8 cases. The elapsed time until collision varied
widely, from 2100¢ to 9500¢. When stacking faults had been eliminated in this
way, there were no instances in any of the simulations oftsp@ous reformation
of stacking fault grain boundaries from a single stackirand.

4.6.5 Drift

The positions of grain boundaries on the slab may exhibiteseystematic drift,
as suggested by the motion of grain boundary two in Figuré,4rRaddition to
random diffusion along the length of the slab. A cause of girdih may be the
slight preference for HCP stacking islands over FCC stacldlagds, (subsection
4.3.2). The slab in these simulations has a central FCC islatfdHCP islands
at either end, and so growth of the islands at the ends of #ieislfavoured at
the expense of the central island. This stacking preferenicelependent of the
distance between the grain boundaries.

We now show that when drift is present, the MSD will displayngononlin-
earity. In the case of drift as a simple linear function ofdintetb be the drift
coefficient andAz,.,(At) the displacement for a purely diffusive random walk
(one without any drift). Then the displacement of the grabmrdary position
with drift Az,(At) at time separatiorht can be expressed as:

Azg(At) = Azpy(AL) + DAL

thus
Az (A1) = Ay, (A1) + 202, (AL)DAL + > At
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and since
(Az,p(AL)) =0

we have
(Azq(At)?) = (Azp(AL)?) + (PAL) .

Therefore when there is linear drift as well as random diffasthe MSD wiill
show some parabolic curvature upwards.

In Figure 4.23 we see a comparisorfat 0.35 between the average MSD of
all grain boundaries from a set of simulations and the a\eek§Ds for the lower
and the upper grain boundaries on each slab separately.véheega MSD for all
grain boundaries is seen to be well approximated by a dviéusindom walk with
slope0.066. Also we note that at large time separations the MSDs of tipeup
and lower grain boundaries diverge from the MSD for all ca3&®se deviations
suggest some drift in grain boundary positions at large saparations. However
we must keep in mind that the aggregate MSD is formed as thegeef the
MSDs for the upper and lower grain boundaries, and so mubtli@een them.

We can assess the size of the drift coefficients for the uppei@ver grain
boundaries by fitting quadratic polynomials to their MSDsbbth cases the drift
coefficients were found to be very small. For grain boundarg im Figure 4.23
the polynomial had a linear term (slope) coefficiendd@f72 and a coefficient of
—6.1x10~¢ for the quadratic term. This negative sign for the quadiifficient
i.e. b%, is inconsistent with the linear drift model. The polynohfiato grain
boundary two had a linear coefficient @068 and a coefficient 0f.4x10~7 for
the quadratic term, giving = 0.001. These fitted polynomials hat¢ = 0.99,
indicating thato9% of the variance in the MSDs is explained by the fitted poly-
nomials. The result for grain boundary two is consistenhwitsmall linear drift
component in the random walk.

The time traces of the average positions of the two grain daues shown
in Figure 4.24 suggest a slight drift of the grain boundat@sard each other
over long time periods. As mentioned earlier, this drift idoloe due to the slight
preference for HCP stacking islands over FCC stacking islands
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Figure 4.23: In this figure the average grain boundary meaarsgdisplacement
(Ax(At)?) versusAt is shown for three cases. The cases are: all grain boundaries
(black) in aggregate, the lower grain boundaries (GB1) ordg)and the upper
grain boundaries (GB2) only (blue). These results are fronMIBsimulations

at temperaturd” = 0.35 in which the grain boundaries did not merge during the
10, 000t duration of the simulations. A linear fit, plotted in greeastbeen made

to the all grain boundaries data. The slope of this lineaf fiG6 is proportional

to the diffusion coefficient of the grain boundaries at teimperature.
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Figure 4.24: This figure shows time traces of the averagdiposiof GB1 (red)

and GB2 (blue). At each time step, the average positions ¢feaGB1 and GB2

are determined by averaging the positions of the respegtaie boundaries from
the 18 cases in Figure 4.23. Note that in these cases, thelgrandaries did not
collide during the simulations. The average position of GBdves no significant
change. GB2 trends downwards over time.

4.7 Occurrence of Atomic Rearrangements

We have undertaken extensive MD simulations of grain boynategration over

a range of temperatures, allowing us to identify the ratéilmm step in boundary
diffusion. For each of the temperaturés= 0.30 to 7" = 0.45, in steps 010.05,

the average mean squared displacement of grain boundaigymuds determined
based ore4 to 28 grain boundaries at each temperature. At each temperature a
regression line was fitted to the mean squared displacemagpih g
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When the grain boundary diffusion follows a thermally adih Arrhenius
process we have

AE
D = Ae *8T.
This can be rearranged (&g = 1 in reduced units) to

InD=InA—- AEl.
T
Thus in such cases there is a linear relation ship betwwePrand inverse temper-
ature, with the negative of the slope giving the activatinargy.

Figure 4.25 shows an Arrhenius plot, ile.D vs1/T, of the grain boundary
diffusion coefficientD = (Axz(At)?) /4At, which demonstrates a linear rela-
tionship. The slope of the line gives an energy barrie\af = 0.70¢, which
presumably corresponds to that of the rate limiting stepraangboundary diffu-
sion.

As expected, this is very close to the NEB calculated enegagyidy for the
“kink flip” move in section 4.5, supporting the hypothesisatithe “kink flip”
move is the key mechanism for grain boundary migration olerrange of pa-
rameters studied. That is, for constant temperature sistvith temperatures in
the rangel’ = 0.30,...0.45, without deposition of adatoms and without signifi-
cant multiple-atom concerted moves.
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Figure 4.25: The dependence of the log of the grain bounddfystbn coeffi-
cient, D, on temperature, calculated using MD. The slope of the piesgan
energy barrieNE = 0.70e. As expected this is very close to the barrier for the
“kink flip” move (shown in the inset) calculated using the NE&thod, which
limits the diffusion of the boundaries.
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4.8 Summary

In this chapter we have used MD simulations with the Lennlandes potential to
model dynamic stacking fault grain boundaries in an epétidaiyer on a (111) sur-
face. These simulations reproduce experimentally obddeatures where stack-
ing fault grain boundaries are composed of a mix of A-gaps Bighps. The
grain boundaries continually alter their shape and pasitidhe grain boundaries
migrate over the surface following a temperature dependartom walk. Over
long time periods a slight drift in grain boundary positisrobserved, in addition
to the random diffusion. A pair of grain boundaries can meetannihilate each
other, eliminating the stacking fault. The key atomic pséor grain boundary
migration is shown to be the “kink flip” move, as proposed by & 46].
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5.1 Hybrid Methodology

A hybrid MD KMC modelling methodology has been developedealdvith the
long time scales involved in modelling epitaxial growth, ilwhmaintaining the
fidelity provided by MD in key domains. In this work the hybnethodology
has been applied to follow the propagation of a stackingt fgrdin boundary
between FCC and HCP islands nucleating on a FCC (111) surface.

This hybrid methodology combines Molecular Dynamics andeiic Monte
Carlo methodologies within a single concurrent atomistiowation. Different
domains within this hybrid simulation are modelled withfeifent methodologies
(MD or KMC) and as the simulation progresses the methodolgplied to a
given domain is changed (perhaps several times) as negessé#nat the stacking
fault grain boundary is always modelled with MD, as it movbeuat the surface.

A great advantage of this hybrid methodology is that whenmaned to an
equivalent full MD simulation, the computer time for the higbsimulation is re-
duced in proportion téjvvl, whereM is the number of atoms in MD domains and
N is the total atoms. The reduction in computational cost efitybrid methodol-
ogy comes largely from avoiding the computation of forcesveen pairs of KMC
atoms. If the system is described by a short-range potemitiab cut-off, then the
MD force calculation employing Verlet lists (Chapter 3) wdbalrdinarily scale as
O(N), whereN is the total number of atoms. In this case, a domain decomposi
tion with distinct KMC domains that are significantly largban the force cut-off
will maximise the number of pairs of KMC atoms that can be iglin the force
calculation.

5.2 Features of the Hybrid Method

5.2.1 Methodology Domains

In this work our goal is to follow the propagation of grain Inolaries between
FCC and HCP islands nucleating on an FCC (111) surface.
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The KMC methodology is only able to simulate a set of precheteed events,
whereas MD simulates all changes resulting from the fore¢szden the atoms.
Therefore our hybrid approach applies MD to those domaitis the most com-
plexity, i.e. in proximity to the grain boundaries. The reniag atoms are con-
tained in KMC domains. The system is adaptively partitiosedhat the grain
boundaries are always contained in MD domains. This splinethodologies
into distinct domains reduces the computational cost coetpt applying MD
to all the domains. The MD domains contain the grain boureda® that accuracy
is retained where it is important to do so.

5.2.2 Domain Interface

However, there are several artefacts that may potentiaibe at the interface
between the MD and KMC domains. The first involves the reftectf waves
from the rigid atoms in the KMC lattice. This problem alscsas in hybrid MD-
continuum methods, and several techniques have now bepaoga® to deal with
this issue.

To and Li [147] have developed an approach called the Pérfetatched
Layer (PML). The PML is sited between regions modelled wiitidct method-
ologies, where it damps out spurious reflections of wavethdrPML, a damping
term proportional to velocity is applied to atom motion. bid#ion, the spacing
between the atoms is adjusted, thereby changing the stiffofethe system. E and
Huang [148] approach the problem of minimising the reflecid waves from
an atomistic-continuum interface by effectively applyedditional forces at the
interface. Cai et al. [149] develop time dependent boundangitions in order
to reduce the reflections of elastic waves.

We note that the rigidity of the KMC domain will also bias tHéeetive hop-
ping rates of MD atoms near the interface. As the primaryailgéinterest in this
study is the migration of grain boundaries, we have deal thiese artefacts by i)
applying a Langevin thermostat [96] to the atoms in the MD dommto damp the
reflection of waves (in view of the use of such damping in theL”¢heme) and
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to keep the MD atoms in thermal equilibrium, and ii) incregsihe widths of the
MD domains until we observed the convergence of the graimtary diffusion
coefficient.

5.3 Initial Configuration

5.3.1 Arrangement of Atoms

We have simulated the behaviour of a stacking fault graimndauy in the top
atomic layer of a (111)-terminated FCC slab of atoms. As dised in Chapter 4,
parts of the top atomic layer are in HCP stacking, producingeksng fault grain
boundary where they meet the FCC stacking atoms in the top [alze stacking
fault grain boundary is initialised as a missing row of atoamesoss the narrow
direction (width) of the slab. The details of the slab of ascame given in Chapter
4.

5.3.2 Domain Geometry

The initial configuration of a slab with an FCC stacking islandts centre and
HCP islands on its ends is shown in Figure 5.1 (Top). A closefupne of the
grain boundaries on this slab, in its initial configuratimshown in Figure 5.1
(Bottom).
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Figure 5.1: (Top) View from above looking down on the init@nfiguration of
grain boundaries on a slab. The blue and gold atoms in the Mbadts are on
HCP and FCC sites respectively, while the grey and red KMC a@m@$ocated
on HCP and FCC sites respectively. The grain boundaries ligeifMD domains
at the juncture of the blue and gold MD atoms. (Bottom) Close fup grain
boundary in its initial configuration. Because the blue anltil §d¢D atoms are
on different sites, their respective islands cannot iotdlat the grain boundary.
The atomic scale “gap” at the grain boundary is sufficientlitasmaatoms to move
back and forth at random across the grain boundary from @uokisyg island to
the other. Over time this atomic motion changes the shapeeafain boundary
and also alters its location along the slab, as one islareldypws at the expense
of the other.

The slab is of the same design as the slab used in the MD sionsgain
Chapter 4. The pair of grain boundaries are contained in agpMD domains,
with KMC domains encompassing the rest of the atoms in th®e 8lacause of the
periodic boundary conditions, the domains at either ent@ttab are effectively
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one. When the configuration of the slab is written out, the atare colour coded
to identify the MD and KMC domains on the slab. This colouriogdalso shows
which stacking, FCC or HCP, applies to a particular domain. |ET&bl gives

the correspondence between domains, stacking and col®bescolour coding
enables the location and extent of the domains and stacienggis to be followed
visually during a simulation.

Table 5.1:Atom Colour Code

Domain Stacking Colour
KMC HCP Grey
KMC FCC Red

MD HCP Blue
MD FCC Gold

Initially there are four domains, two MD domains (contagpiheir respective
grain boundaries) and two longer KMC domains. One KMC donmiretween
the two MD domains and the other “split” around the ends ofdlad. As the
simulation progresses, migration of the grain boundadestds each other may
result in the (temporary or permanent) coalescence of toeM® domains into
one, eliminating the central KMC domain as well, as occumneitie MD simula-
tions.

The domains are rectangular in shape covering the width epthaf the slab.
The interface between adjacent MD and KMC domains is a fldaserparallel
to the narrow end of the slab, covering the width and deptihefsiab. At this
interface, the MD atoms “feel” a wall of immobile KMC atoms.

The MD domains are each of lengthwith the KMC domains making up the
remaining length of the slab.
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5.3.3 MD Domain Length

The length of the MD domainl,, is a key element in the hybrid methodology
developed here. The MD domain needs to be of sufficient letingtihthe dynam-
ics of the grain boundary contained within it is unaffectgdlie presence of the
blocks of immobile atoms comprising the adjacent KMC dorsaiAt the same
time the number of MD atoms, and herigeshould be kept small to minimise the
computational cost of the hybrid model, which is dominatgdh® computational
cost of MD. Figure 5.2 shows the results of several simutatiasing the domain
decomposition algorithm without KMC events. Atoms in the KNMomains re-
main fixed on the lattice unless the grain boundary migrateshich case the
adaptive domain decomposition converts these domains talbtbains to keep
the MD domain centred on the grain boundary.

Using this approach we have examined the dependence oflgramdary mi-
gration on the length of the MD partition. In Figure 5.3, we plot the mean square
displacement in a time interval versus this time intervaldo/ariety of MD do-
main lengths, including a full MD simulation without parihing. Once again
the linear growth with time indicating a diffusive randomliweas seen. Note the
convergence of Az(At)?) to that of the full MD result as the length of the MD
domains increases with good agreement when 30c.

The default length. of an MD domain is thus set to [3®0. As a simulation
progresses, a grain boundary can become more convolutetlendp a greater
length of the slab, i.e. the width of the grain boundary mayngas discussed in
Chapter 4. A sufficiently wide grain boundary may spread, irgggan increase
in the size of the MD domain. The algorithm used will incretisesize of the MD
domain where necessary during the course of the simula®discussed further
in section 5.4.3. The configuration of a grain boundary cactdlate considerably
during a simulation. Thus the length of its encompassing Mihain can also
vary, subject to the minimum length 8fo.
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Figure 5.2: Evolution of the grain boundary position (beihg average position
of the boundary across the width of the slab) during typicaugations using
the MD method, the hybrid method with = 50 and the hybrid method with
L = 300. The mobility of the boundary in the = 50 MD domain is clearly
suppressed.
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Figure 5.3: The mean square displacemght:(At)?) versusAt for the MD
simulation and for the hybrid method for various MD domairesi. The slight
sublinearity observed in the MD simulation graph is just ttwémited statistics
- as the results of more runs are included in the average #phdrecomes linear
for longer durations.
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5.3.4 KMC Lattice

Because of the existence of both FCC and HCP sites on the (1¥arswf the
slab, the usual triangular lattice is not sufficient for tHd® lattice in this simula-
tion. The grain boundaries separate islands of atoms on RESfBdm islands on
HCP sites, so the KMC lattice must be constructed to allow B@R and HCP
sites to be identified. A “refined lattice” with a finer triarigtion mesh than the
(111) nearest neighbour triangulation was used. The KM@atoccupy posi-
tions on this refined triangular lattice given by= n,a + nyb + n.v/2c, where

la] = |b| = |c| and thea andb axis lie in the (111) plane, the plane of the slab.
They cross at a sixty degree angle and d¢heis is normal to the surface of the
slab. In this coordinate system an atom at positiam a close-packed facet will
have three nearest neighbours at either- a + b,r +a — 2b,r —a — b} or
{r+2a—b,r—2a—b,r—a+2b}, as shown in Figure 5.4. Note that the nearest
siteswill be unoccupied in a closest packed plane, but in the @oira simulation
any of the sites in the lattice could become occupied at savire.pThe nearest
neighbour distance for an FCC crystal in this coordinateesyss+/3al.

KMC atoms can only move to or be deposited on sites which aceaur
pied, have unoccupied neighbouring sites andsapgportedby a triad of nearest
neighbor atoms in the layer below. Movements of KMC atom$&iédlane are re-
stricted to a subset of the six neighbouring lattice sfiesa,r+b,r+ (a — b)},
to prevent atoms being sited within the nearest neighbatanice of each other.
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Figure 5.4: The in the (111) plane refined lattice vectorsalaare shown with
respect to the site of the central atom. The six in plane seaesghbour atoms
are labelled with their relative positions in terms of a and b

5.4 Hybrid Algorithm - Domain Adaptivity

5.4.1 Algorithm
The Algorithm for the hybrid Methodology is composed of tbhédwing steps.

e Initialisation
e Initial Domain Identification
e Dynamic Steps: repeat the following steps for the duratidh@simulation

— KMC Step

— MD Step

— Domain Identification
— Data Collection

The initialisation step reads in the coordinates of the atonthe slab in its initial
configuration. Atoms are then given velocities consisteith whe temperature
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set for the simulation. In the domain identification step shab is divided up
into MD and KMC domains. The MD domains are set so that theyasorthe
grain boundaries. Grain boundaries are recognised whenhabatoms across the
width of the slab contain a mix of FCC sited and HCP sited atorhg. dynamic
phase now follows, where for the duration of the simulatioere is a sequence
of a KMC step applied to the KMC domains, followed by an MD stdpach
KMC step carries out a KMC event on a KMC domain and increasesinount
of time simulated. The subsequent MD step performs an MD Isition for a
period equal to the time increase from the previous KMC st&pthe start of
the MD step, any atoms that were in a KMC domain in the previtaration but
are now encompassed in an MD domain are assigned velootresstent with
the temperature, i.e. their kinetic energies are deteminiren the temperature
of the simulation using the equipartition theorem. Beforengmnto the next
KMC step the division of the slab into MD and KMC domains is cked and
adjusted if necessary. When a grain boundary changes itssésitealong the slab
or its average position, the encompassing MD domain may teelegve its size or
location adjusted and the adjacent KMC domains are alsatadjtaccordingly.
Periodically, data on grain boundary positions and the at@onfiguration of the
slab are written to files.

5.4.2 Initialisation

In the initialisation stage of a simulation, a status ligisslifying each atom as
mobile or fixed is constructed. This list is subsequentlydusedetermine which
simulation methodology will apply to a given atom at a pauttae time in the sim-
ulation. Those atoms classified as mobile are subject to thenMthodology,
while those classified as fixed are treated by KMC. At first adldtoms are clas-
sified as being mobile. A list of the Langevin damping paranet(see Chapter
3) to be applied to each atom is also constructed. The stdndare isy = 1.0 in
these simulations. All atoms in the initial configuratior g@iven random initial
velocities such that their initial kinetic energies copesd to the kinetic tem-
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perature chosen for the simulation. The standard temperfduthe simulations
is a reduced temperature @f = 0.35. The average velocity is then subtracted
(component-wise) from each atom’s velocity, to remove amgdr momentum of
the slab as a whole. This ensures that velocity is measuréetioenter of mass
frame and the thermostat maintains the temperature setededr simulation a
different random seed is used to generate the initial viedscithus making each
simulation a distinct realisation of the evolution of thaigrboundaries.

5.4.3 Initial Domain Identification

For the purposes of determining the location of the MD and Kdtitthains, the
length of the slab is divided into bins, each covering théwidith and depth of
the slab but of length0o. These bins are effectively a series of stripes traversing
the slab along its length. Each atom in the slab is then alaciato the bin that
encompasses it. For each bin the siting (FCC or HCP) of its tpgr latoms is
calculated, based on the lattice site of each atom (see@see.4). Only those
bins with a mixture of HCP and FCC sited atoms contain a graimtary. The
bins that contain a grain boundary, plus the adjacent binithereside (buffer
bins), together comprise an MD domain. Initially a grain bdary is fully en-
compassed by a single bin. In between updates of the locatidrextent of the
MD domain, the buffer bins of dynamic atoms on either sidesjgi® some space
for the grain boundary to migrate or to take up a more conedlghape, without
being impeded by fixed KMC atoms. The atoms in the remaining bave their
status set to fixed and comprise the KMC domains. The atonfeibdttom layer
of the slab remain static throughout the simulation.

5.4.4 Dynamic Steps

Once initialisation is complete and the location and exténhe initial MD and
KMC domains have been determined, a series of dynamic ssepariied out.
Each dynamic step comprises a KMC step followed by an MD steghe same
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duration of simulation time. These steps update the atonfigromation of the
slab. Before the next dynamic step, the MD and KMC domainseniewed and
adjusted if there has been any significant change in theidwcat extent of the
grain boundaries.

5.4.4.1 KMC Step

For atoms in the KMC domains the energy barriers to hop to ghf@iuring site
are determined from the number of nearest neighbours, esssisd in Chapter
3. The KMC routine attempts to choose a KMC atom from one ofKIMC
domains to hop from its current lattice site to an empty asljgsite. The fixed
atoms which are all in KMC domains are located exactly oickatites. However,
the dynamic atoms in the MD domains are not in general exactljttice sites,
as they continually vibrate about their equilibrium pasis (the lattice sites).
Consequently, for KMC atoms at the interface between a KMCalorand an
MD domain, both the number of their nearest neighbours aachttmber and
location of adjacent vacant sites is uncertain. To resdh issue, the KMC
routine notionally allocates each MD atom to its nearesamatattice site, which
in most instances is where it would reside if it had been siteal as a KMC atom
from the start.

A table of nearest neighbours and adjacent vacant sitesbdr €MC atom is
then built. This gives the list of possible hops for the cati@omic configuration.
One hop is picked at random (but in proportion to the hop raféke currently
possible hops) from this list. The chosen atom is then mowéid hew location.

This hop advances the simulation time by an increntgrji38], which de-
pends on the hopping rate for the chosen hop. If the hop has arlergy barrier
(i.e. the chosen atom has few neighbours) compared to thgyeagailable (
kgT), then such a hop would be expected to occur frequently acwarac a short
time, with a much longer time expected when the energy bragriarger. For ex-
ample, with an attempt frequency t#'3, temperature of.35 and energy barrier
of 0.3 the expected time for a hop is on the ordet@f!3, while for a larger energy
barrier of3.3 the expected time is on the orderidf-7. Thus the time increment
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t, is essentially this expected occurrence time. The rate KIi& hop depends
on the location of neighbouring MD (as notionally allocatedattice sites) and
KMC atoms. The more neighbours, the more difficult it is foratom to hop
away from its current site and the lower its hop rate. If theaate in timef,, is
less thanl¢, the KMC step is repeated (as often as necessary) until tnegate
time advancé _ ¢, exceeddt. This ensures a minimum time period affor the
subsequent MD step to cover. Setting this minimum time aveltbrt MD steps
as these would not produce any significant change in atomiftgeoations while
adding to the computational cost.

5.4.4.2 MD Step

Now there is a period of MD simulation in the same way as in Gérappt Any
atoms that are new to an MD domain because of resizing of timauhs since the
last MD step are assigned velocities consistent with theilsiion temperature.
To ensure that the MD and KMC domains interact with conterapeous versions
of each other, the evolution of the MD and KMC domains is syoolsed as
much as possible. Thus the MD step, in which the positionsvafatities of all
the dynamic MD atoms are updated (stepped forward in timearbyD time
stepdt = 0.01, is run% times to move forward the MD domains by the same
amount of simulation time as the KMC domains.

5.4.4.3 Inter-Domain Transfers

As a result of the hop(s) during the KMC step, an atom that wasd{MC domain
may now be located in a MD domain. In that case its status isgdthto a mobile
MD atom and it is given a random velocity consistent with theperaturd’ as
in the initialisation stage. Also, as a result of (subseudD steps, an MD atom
may diffuse into a KMC domain; its status is then immediatdignged to a fixed
KMC atom and it is placed on the nearest vacant lattice site.
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5.4.4.4 Domain Location Update

At the end of each dynamic step the atoms are repatrtitiortedkiMC and MD
categories, using the same methodology employed in thalidicomposition.
The time interval between these updates to the domain totstis usually of
the order ofl¢ or 1006t. From the square root of the slope of the MSD graph
for full MD simulation (Figure 5.3), we can estimate the tgii displacement
of a grain boundary a8.260 per 1t. In the repartitioning, those atoms with
coordinate (long axis of the slab) withiho of the corresponding position of a
grain boundary become MD atoms while the rest are classifi&dC atoms. In
this way the MD domains remain centred around the grain bauesleven as the
grain boundaries change their shape and migrate over tfecewof the slab.

5.4.45 Data Collection

During each simulation, information on the positions of ¢fnain boundaries are
recorded for each integer value ©of The positions of the grain boundaries were
tracked using the same binning approach employed in igemgifthe MD do-
mains encompassing the grain boundaries, but using muchifing of length
1.70. This data was subsequently used to provide time tracesahtfration of
grain boundaries along the surface of the slab, and to ecabtalations of the
grain boundary diffusion coefficients to be made. Snapsbbtke full atomic
configurations were recorded approximately every 400

5.4.5 Total Simulation Run-Time

The required simulated time is a parameter fed into the madedmmencement
of a simulation run. Typically, simulations were run untietsimulation timet
reached 10,000, i.e. 1 million MD steps of duratidreach. Runs of this length
allow for the possibility of grain boundaries diffusing nag the length of the
slab, meeting and then coalescing.
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5.5 Off-Lattice Events

Any events that are off-lattice (with respect to the lattised here) will not be
captured by KMC. However, the simulations have shown (setoges.7.1) that
atoms on off-lattice sites are important in grain boundaming. The use of MD
is thus clearly necessary to observe effects such as thash thdve not already
been built into the KMC, and this is a key strength of this hgmmethodology.

5.6 Effect of Proximity to a KMC Domain

The atoms in the KMC domain sit rigidly on lattice sites whiiehe MD domain

atoms vibrate about their equilibrium positions. Theseildgium positions are

the analogues of the KMC lattice sites. As can be seen in figib,ean extension
of the KMC lattice into the MD domain would closely match ie¢t sites with

equilibrium positions in most cases.
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Figure 5.5: Image of a grain boundary in an MD domain whichthassformed
into the zigzag conformation. The edges of the adjoining Kd@hains are visi-
ble on the left and right sides of the image. The equilibriussifpons of the MD
atoms are closely aligned to a continuation of KMC latticessi

MD atoms further than the force cut-off distance from the Keli@nain only
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experience direct forces from other similarly mobile MD rat There is the
possibility of indirect interactions between MD and KMC @u® further than the
cut-off distance apart, due to reflections of elastic wavésigid KMC atoms.
In contrast, MD atoms within the force cut-off of the KMC doimalirectly ex-
perience forces from the rigid KMC atoms. This alters theation compared
to the rest of the MD atoms. This can be seen from the energietafdepths
of potential wells) that MD atoms in different locations exignce. The energy
barriers for key atomic motions (hops between equilibriusifpons) when the
MD atoms were in close proximity to the KMC domain were cadtet using
the NEB method. Figure 5.6 shows the results of these caionta These cal-
culations were carried out using an MD domain of lengtlr, with the grain
boundary established at a number of different distances fhe KMC domain in
each case. When atoms in the grain boundary are within appateiy50 of the
KMC domain, the energy barriers for “corner crossing” anthkkflip” hops are
affected. The “kink flip” hop energy barrier increases, makikink flip” hops
less frequent. Conversely, the “corner crossing” hops agatsl more frequent.
Overall the net effect is a small reduction in grain boundaghility when they
are close to KMC domains.

This effect of the proximity of rigid KMC atoms on the motioh D atoms
also indicates a minimum size for L, the length of the MD damadkigure 5.7
shows the change in “kink flip” and “corner crossing” energyrkers for various
values of L. These show larger changes than in Figure 5.@usedMD atoms are
now in close proximity to two KMC domains. The distance of M@ras in the
grain boundary from a wall of KMC atoms needs to be more thammagmately
80 to avoid any effects. Hence on these grounds L should be sttlléa

These effects of the proximity of KMC domains (and their wailf rigid KMC
atoms) on MD atom energy barriers, and hence motion, ard anhlocalised to
a range of approximateBo. Consequently they are not sufficient to fully explain
the reduction in grain boundary mobility observed when tHe dbmain length
L is less than som80o. A further small part in the explanation may be some
reduction in MD atom vibration rates due to the proximity d/iIK domains. A
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greater part of the explanation, however, is thought to leetdelastic interactions
between MD atoms and the walls of rigid KMC atoms. Any elasifwves propa-
gating in the MD domain that meet the KMC walls will be complgtreflected,
without diminution, back into the MD domain. In contrastcewaves would con-
tinue to propagate much further, and likely be attenuated,simulation that was
fully comprised of MD atoms. We think that such nonphysiaflected waves
may interfere with the propagation of the grain boundarigse reflected waves
may interact with the normal modes and thereby alter thenpitdrequency as
determined by the Vineyard formula in Chapter 3. Alteringaktempt frequency
changes the hop rates of the events that move the grain boesddhis could
be tested by adding wave attenuation regions between thend BX®IC domains
and measuring the effect of their presence on grain bounpiapyagation. In
Chapter 6 we discuss ways of reducing such reflections to rsaithis artefact
and potentially enable a smaller MD domain length L to be usetthe hybrid
model.

5.7 Grain Boundaries and Adatoms

To demonstrate the full hybrid scheme we have investigdte@ffect of adatoms
on grain boundary mobility. It is important that the rates dgents in the KMC
model are consistent with corresponding processes in thelbfain. To ensure
this we simulated adatom diffusion in a purely MD system atgeratures up to
0.2¢/kp. The resulting diffusion coefficient showed the usual Anios depen-
dence on temperature with an energy barrier of @.28his compares well with
the barrier height estimated using the NEB method of 6.3d addition, we were
able to compute the prefactor for the KMC rate using the MDusattions which
has a value of 0.38mo?/¢)'/2. As the main role of KMC is to model adatom
diffusion, rates for other processes were computed usisgptiefactor, and the
energy barrier calculated using the NEB method combineld avibvond counting
scheme.
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Figure 5.6: This figure shows how the energy barriers for #iakflip” and

“corner crossing” hops are effected by proximity to the KM@mhin and its rigid
atoms. Once the grain boundary is more than approximéateffiyom the KMC
domain there is essentially no effect on these energy bgurrie
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Figure 5.7: The energy barriers for the “kink flip” and “corre@ossing” hops in

this figure were carried out using grain boundarys cent#iged in MD domains

of various lengths L, from3c to 300. In each case the “kink flip” and “corner
crossing” energy barriers were determined using the NEBhatkt The grain

boundary needs to be more than approximagelyaway from any KMC domain

to avoid artefacts.



CHAPTER 5. HYBRID MD KMC MODEL 113

5.7.1 Pinning by Adatoms

Using the set-up discussed above we simulated boundary memteusing the
synchronised hybrid method for a variety of adatom covesalyethese cases the
adatoms were initially randomly distributed over the todace of the slab. They
may diffuse across the boundaries between MD and KMC domainghich
case they are treated in the same way as inter-domain transfbese simula-
tions used a reduced temperaturdof 0.35 and a Langevin damping parameter
~v = 1. They were run forl0, 000 reduced time units. Figure 5.10 compares the
displacement in time of a boundary at 2.5% adatom coveratieaboundary at
30% adatom coverage. Clearly, at 30 % coverage the grain boyteécomes
pinned for long periods of time by adatoms or adatom islaadsindicated by
the steps in the 30% trace. At intermediate levels of coveragermittent pin-
ning of grain boundaries can be observed. In Figure 5.8 the trace shows
temporary pinning of a grain boundary at 10% adatom covetagénteraction
with an adatom island. This pinning effect is also summadriseFigure 5.11,
which shows/Az(At)?) vs At for a variety of adatom coverages. Also shown in
the inset is one of the principal pinning mechanisms ideatjfvhere a kink site
has become decorated by a diatomic island. Note that thengiratom is in an
off-lattice position, sitting in a fourfold hollow abovedhA-gap. This effect has
recently been observed experimentally in homoepitaxiavgn on Ir (111) [146].
Other possible mechanisms for pinning include: a line ot@ua decorating an
A-gap away from a kink site, adatoms inserting into the s@ddbe intersection
of an A-gap and a B-gap, and an adatom inserting into the tagy lafyatoms ei-
ther in a B-gap portion of a grain boundary or in a vacancy sasecto the grain
boundary. Highly convoluted grain boundaries may offer ensites for adatom
insertion and subsequent boundary motion pinning.

5.7.2 Trapping by Adislands

Trapping or constraints on grain boundary motion are alss@a by larger adis-
lands (aggregations of adatoms). The presence of suclaadssinakes it difficult
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for grain boundaries to propagate past them. Consequenty whch an adis-
land forms (which can only happen at higher coverage levglsin boundary
motion can be constrained to continually “bounce off” théskohd as shown in
Figure 5.8. Similarly a pair of adislands can constrain angbaundary to oscil-
late between them. In order for a grain boundary to propagasé an adisland,
the atomic stacking in all the surface layer atoms directpdath the adisland
must be changed to the alternate stacking, but the presétioe adisland atoms
above hinders this change. The larger the adisland, the diffieult it is for a
grain boundary to propagate past the adisland. It wouldappat it is only when
the part of the grain boundary that meets the edge of theaadisiappens to have
the appropriate local configuration, e.g. a kink site in tregrgboundary meeting
the adisland edge, that the boundary can propagate undadisiand. The adis-
lands themselves do not necessarily change their stackittgeaesult of a grain
boundary passing under them.

5.8 Effect of Varying Langevin Parameter~y

The parametet acts as a drag force opposing the velocity of the MD atoms in a
simulation. The temperature is maintained by random vildkicks” which, on
average, offset the damping dueto

To investigate the effect of in the hybrid model, sets of hybrid MD KMC
runs were carried out with = 2 and~y = 4 respectively. In figure 5.12 we
show the mean squared displacement of the grain boundaitopofor these
runs, compared to the equivalent results for the standaekca

As v is increased there is a distinct reduction in the mean sdudisplace-
ment. That is, by damping the motion of the individual atothe,mobility of the
grain boundary is also reduced.

To gain further insight into how the variation inaltered the mobility of the
grain boundary, the effect of varyingon the diffusion of an adatom was studied.
For these simulations an adatom was placed on top of a srablmsth periodic
boundary conditions applied in both in-plane directiongic8 there were rela-
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Figure 5.8: Time trace of two grain boundaries in a singleusation with 10%
adatom coverage. Over the time period 8000-9000 the dovehmation of the
upper grain boundary (GB2) was constrained (as indicatechéylattening of
the bottom of the time trace), due to interaction with an ewhatsland that had
nucleated between the two grain boundaries. The motion of &&lconstrained
throughout the simulation. The slab used here was of letgjih.
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Figure 5.9: This image corresponds to time 840the time trace in Figure 5.8
where the grain boundaries are in close proximity. GB1 is enl¢ft and GB2

is on the right. The adisland that has nucleated on top of @€ Btacking is-

land is preventing GB2 from propagating any further to the(gdwn the slab in

Figure 5.8).

tively few atoms in this full MD simulation, it was feasible tarry out a single
run for a relatively long time300, 000¢, in order to produce sufficient data for
statistics. Runs were carried out with a range of values & figure 5.13 we see
the mean squared displacement of the adatom at differefihe same trend of
decreasing mobility with increasingis evident here. The reduction in slope of
the mean squared displacement lines, and hence the diffi§iom they = 1 to
~ = 2 cases is approximately three times larger than the reduftbon they = 2
toy = 3, andy = 3to~ = 4 cases. This appears to be distorted somewhat by the
upward curve in the = 1 case at large time separation. Making an allowance for
this, the reduction in slope from = 1 to v = 2 is still approximately twice the
reduction of these other two cases.

When the effect ofy is only indirect, i.e. v is applied to the atoms in the
slab but not the adatom, the pattern of decreasing diffysivith increasingy is
no longer found. In Figure 5.14, it is shown that in this cdse mean squared
displacement and hence diffusivity are approximately graesfor all values of;,
without any clear trend agvaries. This result makes it seem unlikely that changes
in ~ affect grain boundary mobility through an indirect meclsami Consequently
the effect of variations iy on the grain boundary mobility is expected to be due
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Figure 5.10: Time series showing the movement of grain batied at different

adatom coverages (30, 2.5 and 0 % respectively). At 30% agedhe boundaries
are generally pinned by adatoms and adatom islands, althmagon can occur

when the boundaries pass under islands (two such eventotae oy arrows).

At 2.5 % the pinning is not observed although mobility is inmpd when the

boundaries encounter adatoms.
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Figure 5.11: The mean square displacemext(At)?) of the boundary versus
At for a range of adatom coverages from 0% to 60%. The inset stt@umnain

mechanisms for pinning of the boundaries: a kink site ddedrly an adatom in
an off-lattice position.
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to the direct action ofy on those atoms that comprise either side of the grain
boundary at any given time.
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Figure 5.12: In the MD cases and the base MD KMC case, the hamgaram-
eter is at it standard valug = 1. From this plot it is clearly seen that the mean
squared displacement of grain boundary position reducésedsangevin damp-
ing parametery increases. In the = 4 case, the downward curve of the graph
at longer time separations is attributed to the smaller asipe at these longer
time separations. The sample size was smaller because sidhr time series

in this case.
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Figure 5.13: This plot shows the mean squared displaceroeatdingle adatom

diffusing over a (111) surface. The slope of these lines ¢edwand hence the
adatom’s diffusivity declines as the Langevin parametarcreases. In this work

the standard value for this parametetyis- 1. In these adatom diffusion simula-
tions~ has been applied to all mobile atoms, including the difigsidatom.
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Figure 5.14: The mean squared displacement for a singlemdgitffusing over a
(111) surface. However in this case, unlike Figure 5:1Bas NOT been applied
to the diffusing adatom. Hence whenonly indirectly influences the adatom,
there is no longer any consistent effect on the adatom’asivfity.

5.9 Benefits of the Hybrid Scheme

5.9.1 Computational Cost Reduction

The following table compares the run times for full MD and thdrid scheme
in different sized (total atom number) simulations. Case 8sus slab of atoms
more than twice the size of that used in Case A. In all cases)sato the bottom
layer of the slab are kept fixed to ensure that the slab reitasiskape. Hence even
in the full MD cases these fixed atoms are not MD atoms (theyatrexplicitly
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included in the force calculation). All cases ran for a siatetl time of100¢.
The run time is in seconds. In the hybrid scheme, the MD atonhg exist in
domains around the grain boundaries, so the number of MDsatlm@s not scale
with the size of the simulation. However, in the hybrid scleewhen a grain
boundary changes length or curvature, the size of the MD doerecompassing
it is adjusted accordingly, altering the numbers of MD and &lsitoms. In this
table the average number of MD atoms and KMC atoms during eetis shown.

Table 5.2: Run time comparison.
Model Case Totalatoms MD atoms KMC/Fixed atoms Run time (s)

Hybrid A 5182 3235 1947 2620
MD A 5182 4318 864 3356
Hybrid B 12350 3245 9105 5808

MD B 12350 10298 2052 16599

Case A: The reduction in MD atoms in the hybrid run relativeh® full MD run
is (4318 - 3235)/4318 = 0.251 i.e. 25.1%. The run time redunctelative to MD
is (3356 - 2620)/3356 = 0.215 i.e. 22%. So here a 25.1% remtustithe number
of MD atoms gives a 22% reduction in run time, relative to thie¥D case.

Case B: The reduction in MD atoms in the hybrid run relative ®ftkil MD
runis (10298 - 3245)/10298 = 0.684 i.e. 68.5%. The run tindeicgon relative to
MD is (16599 - 5808)/16599 = 0.65 i.e. 65%. Thus in Case B a 68dxdaction
in the number of MD atoms produces a 65% reduction in run timith respect
to the full MD case.

Overall the decrease in run time equates to the proporeaeaiuction in MD
atoms. This result is consistent with the fact that in MD dations the force
calculation consumes almost all the run time. Consequéviyyun time scales
with the number of MD atoms as Verlet lists are used, whileKMC algorithm
used in the hybrid scheme, the run time is essentially inaet of the number
of atoms and constitutes a negligible part of the computatioe.



CHAPTER 5. HYBRID MD KMC MODEL 123

5.9.2 Active Simulation in KMC Domains

There is as already discussed a saving in run time, sinceapjthoximately 32%
of the MD atoms of a full MD run in the runs used to collect théadeollected in
this Chapter, the hybrid runs took approximately 1/3 of theetof corresponding
full MD runs.

Also, it can clearly be seen that the grain boundaries, amgeh¢heir en-
compassing MD atoms, are moving beyond the range of théialiMD domain
(length300). This illustrates the adaptive nature of the hybrid scheme

A most significant feature of the hybrid method is demonettan the trace
shown at 30% adatom coverage. In this case the grain boumsiamgned by a
structure that has nucleated and gromithin the KMC domain before the arrival
of the grain boundary. This makes it clear that the KMC domaire not merely
passive “walls of atoms” acting only as mechanical bouredafior the active MD
domains. In fact the KMC domains are actively simulatingwitointeractions and
the MD domains and KMC domains evolve in conjunction, indegely but con-
sistently. In terms of atomic dynamics the KMC domains actaarse grained”
versions of the MD domains.

5.10 Summary

In this Chapter we have demonstrated the application of aytack hybrid method,
coupling MD and KMC in a domain decomposition, to the inhomrogjties that
develop in epitaxial growth. This method leads to a speedvgp conventional
MD, reducing the execution time by a factor approximatelyaddo the relative
fraction of remaining MD atoms. We have shown that it is palssio reproduce
grain boundary mobilities from full MD simulations with tltemain decomposi-
tion method in the absence of KMC events, when the MD domamsuficiently
large (lengttB80c). A lower bound on the MD domain length needed to reproduce
grain boundary mobilities is approximatelgo. This accommodates the average
grain boundary spread/length and maintains sufficienadcs from the edges of
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KMC domains. An MD domain length of less thabo may be effective if propa-
gation of elastic waves within the MD domain can be reducdts Would further
reduce the computational cost of the hybrid method comptarddll MD for a
given simulation. The diffusion of the grain boundarieshiswn to reduce as the
Langevin damping parameteris increased. We have also used the method to
study the effect of over-layer adatoms on the mobility of boendaries, demon-
strating that boundaries can become trapped by adatondsslanhese effects
would have been difficult to capture in a conventional KMC @iation.
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6.1 Introduction

The hybrid MD KMC methodology developed in this thesis emgplthe two dis-
tinct simulation methodologies, Molecular Dynamics andéfic Monte Carlo.

These two methodologies are applied in separate regiomealab of atoms
used in a simulation. The atoms in an MD region vibrate aboeit equilibrium
positions and may move to a nearby position. Atoms in a KMGoregre fixed
to lattice sites and are only moved one at a time, whenever & keivent occurs
and the configuration of KMC atoms is changed. MD regions aktCkegions
are positioned alternately along the long axis of the slab.

MD atoms near an interface between adjacent MD and KMC regtannot
impart any of their motion to the rigid KMC atoms. Therefoneyavaves or
patterns of vibrations in the MD region cannot propagatéhmralong the axis
of the slab, but are reflected back into the MD region. Thisiisantrast to the
case of using MD exclusively, when such waves would progagking the slab.
Such reflections of waves from an MD KMC interface are artsfat the hybrid
methodology.

These artefacts alter the dynamics of the grain boundatieswompared to
a full MD simulation. It is expected that reduction of thesave reflections will
enable the hybrid model to operate successfully with smadllB domains, so
further reducing the computational cost of the hybrid model

In this chapter we investigate the application of a fricibdamping force,
of the same form as the Langevin parameteto the reduction of the amplitude
of reflected waves. This force is applied in a limited dampiegjon next to the
interface between MD and KMC regions. A simple 1-D model igad@ped to
estimate the effect of such a damping region within the iyt KMC model.

6.2 Wave Reflections

We analyse the theory of wave reflections from a boundarygubkiesimple model
of a 1-D linear chain of atoms. Atoms are equally spaced atbedl-D linear
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chain. All the atoms have the same mass. The atoms have nheargsbour
interactions via linear spring forces. |Initially all theoats are at rest in their
equilibrium positions. A wave propagating along the chdiatoms is registered
as the displacement of the atoms from these equilibriuntipasi A boundary to
wave propagation occurs when there is a change in the mass atdms or in the
strength of the spring force or at the termination of the kh&Ve introduce the
following notation:

For the 1-D chain:

U, is the displacement (from equilibrium position) of pamici.

K is the spring constant (assuming a harmonic potential).

m is the particle mass.

a is the equilibrium spacing between patrticles.

For a wave propagating along the 1-D chain:

A is the wave amplitude, is time, k is angular wavenumber

andw is angular frequency.

6.3 Equation of Motion and Dispersion Relation
The force on particle n due to the ‘spring’ to its left is
KU, - KU,.
Similarly the force on particle n due to the ‘spring’ to itght is
KUy — KU,.

This gives the following equation of transverse or longitadlmotion for particle
n (usingma=F),
mU, = K(Up_1 — 2U, 4+ Upy1). (6.1)

Assume that a sinusoidal wave (travelling to the right) isolutson to the
equation of motion, i.e.U, = Ae'“*=%)  The elements in Eq. (6.1) can be
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expressed in terms éf, as follows:U,, = —w?U,, , U, = e, andU, ., =
e~kayJ.. Substituting these into Eq. (6.1) and rearranging we oltta following

w= 2\/%\ sin(%)]. (6.2)

We take the positive root as is a nonnegative quantity. The formula fof is
thus:
9 K
we = QE(l — cos(ka)). (6.3)

Equation (6.2) is the dispersion relation for the discref2 dhain, which ex-
presses the frequency as a Function of the wave numbkrand the material
propertiesK andm. Note that the dispersion relation can be rearranged to ex-
pressk as a Funtion of.

For a fixed value ofi, the dispersion relation only depends on the ra\xﬁé.

The graph otv is shown in Figure 6.1. The graph farrises to a maximum of
2\/% at ka = w. This maximum frequency is a feature of waves on a discrete
chain of this nature.

Note that the range dfa is limited to —7 < ka < . A wave number of®
means the wave length equals twice the interatom spacing. Waves with wave
length shorter thaBa cannot be distinguished on the discrete chain. The motion
of atoms on the chain for a wave length less thaims indistinguishable from the
motion due to some other wave length longer tRan This is incorporated in
the dispersion relation whereby (due to the symmetrsm(f’;—“) about?) a wave
number greater thah gives the same frequenayas some wave number smaller
thanZ.

6.4 Reflection of Waves

If a propagating wave encounters a region with differentemak properties, i.e.
a change ik, m or a, then some portion of the wave will be reflected from the
interface between the different regions.
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Figure 6.1: The dispersion relation for the discrete 1-Drthia this figure\/g =
\/g — 1

6.4.1 Reflection CoefficieniR,

When a wave is reflected from an interface, the ratio of the @ngd of the re-
flected wave to that of the incident wave defines the reflectmificient..
Consider a 1-D discrete chain that exhibits a change in partiass at. = 0.
Particles to the left of zero have massand those at zero and rightwards have
massM. The equations of motion are then:
forn < —1

mU, = K(Un—1 — 2U, + Up41),
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while forn =0
MUy = K(U_y — 2Uy + Uy).

An incident wave with unit amplitude travels from the leftttze right. At
n = 0 part of the incident wave is reflected back to the left and pamntinues to
travel on to the right.

Forn < —1 the displacement is a superposition of the incident andateftie
waves, whereR, is the amplitude of the reflected wave. We define two regions
along the 1-D chain. Regioh is to the left of zero (i.ex < 0) and regionR
encompasses zero and rightwards (.ex 0).

The displacement in regioh is given by the following equation

Un _ ei(wt—kLan) + Rcei(wt—&-kLan)'

Note that the equation for the reflected (leftward travgliwave differs from the
equation of the incident (rightward travelling) wave by tfenge of the sign of
the wave numbefk;, in regionZ, and by multiplication by the reflection coefficient
R..

At n = 0 the displacement due to the superposition of the incidedtran
flected waves must equal the displacement due to the traegnaive:

Un _ ei(wt—k,;an) + Rcei(wt—i-kLzzn) — Tcei(wt—kRan)

UO — 6zwt + Rcezwt — Tcezwt

hencel + R, = T.,.
Forn > 0 the transmitted wave moves to the right:

Un — Tcei(wt—kRan)'

A smooth transmission of waves across the interface regjthed the slope of
the displacement of the superposition of wavesifot 0 is equal to the slope of
the displacement for the transmitted wave fior> 0 atn = 0. The respective
slopes (derivatives with respect to distance n) are:

du,

r |L — _k,Laei(wt—kLan) + kLaRcei(wt-i-k:Lan)
n
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and
dU,,

dn r
Equating these at = 0 gives:

— _kRaTcei(wtfkRan) )

—krae™ + kraR.e™t = —kpaT.e™".

Canceling the: ande™! terms and using the fact that- R, = T,, this equation
then becomes
—k; + kLR, = —kR(l + Rc)

Note that we are equating a wave with frequeadipr n < 0 with a wave trans-
mitted pastn = 0 that also has frequency. We assume that the interatomic
spacinga is the same for all values aof.

Solving for R, now gives the following equation for the reflection coeffidie
in terms of the wave numbers in the two regiohsg in region L andky in region

R):
kp—kg

kr +kp

From this equation it follows that when there is no differehetween region
L and regionR, i.e. K andm are the same in both regions, their respective wave
numbersk; andkr will be the same. The reflection coefficieRt will then be
zero, and the transmission coeffici@ntwill be equal tol in this instance. As the
difference between the regions gets larger, so does thereliife between their
respective wave numbers and consequelitly (the magnitude of the reflection
coefficient) increases, giving rise to larger amplitudeec#d waves from the
interface. When the magnitude bf exceeds that of;,, R. becomes negative, in-
dicating a180° phase shift (inversion) of the reflected wave relative tdrls@ent

C

wave.

6.5 Dispersion Relation with Damping

Adding a constant frictional damping coefficieptto each atom in the discrete
1-D chain gives the following equation of motion:
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mU, = K(Up_y — 2U, + Upy1) — YUn.

Where the effect on atom, from the damping applied to atoms— 1 andn + 1,
feeds through in their altered displacements (compardaetondamped case).
Again, for the same assumed sinusoidal wave solution, we haaddition
thatU, = iwU,. Thus, following the derivation above gives the dispersaation
for this case of constant damping:
K ., ka v

o _ B o RQ Y
w —4mb1n ( 5 )—i—zwm, (6.4)

iw &/ (—iw )2 + 165 sin?(42)
W = .
2

(6.5)

We assume a complex wave numlider= k,. — ik;,, because the real and
imaginary parts of such a wave number play distinct rolese Hal partk,. be-
comes the wave vector for the damped wave. The imaginarykpamives rise
to exponential damping of wave amplitude with distancehwli@mping multiple
e kiman,

Usingk = k,. — ik;,,, we solve forw as follows:

K kre - kzm
w2 =4— Shﬂ(M
m 2

) +iw

K
= —(2 — 2cos(kyea — tkima)) + iw
m

A
m
J
m

This can be split into its Real part

K
w? = QE(l — cosh(k;na) cos(ke.a)) (6.6)
and Imaginary part
K . : Y
0= —QE(smh(kJima) sin(kyea)) + W (6.7)

Solving forcosh(k;,a) gives:

cosh(k;na) =C+D
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where
—2 cos(kyea)

- 4Km(1 — cos?(kyea))

and

2
D=,/C*+1 ! .
\/ L 2Km(1 — cos?(kyea))

Note that ask’, m and(1 — cos?*(k,.a)) are non-negative, all the terms inside
the square root are also non-negative. Therefore D is relgpasitive.

C D

cosh(k, a)

cosh (kl_ma)

Figure 6.2: The red curve issh(k;,a). It is formed by summation of the other
two curves.
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C is negative overall fok,.a from 0 to 7, becauseos(k,.a) is nonnegative
over that range. So over this rang&h(k;,a) = —|C| + D is less than D. For
k..a > %, C has positive sign and sosh(k;,,a) is the sum of both terms.

Figure 6.2 shows this construction afsh(k;,a) (red curve) from its two
terms, whenk, m, a, and~ are alll. In this casecosh(k;,,a) is fairly flat for k,.a
less than approximatedy after whichcosh(k;,,a) rises steeply. Whetosh (k;,a) ~
1 thenk;,,a ~ 0 and there is very little damping (see section 6.5.2).

The rapid increase itwsh(k;,,a) ask,.a tends towards is due to thgm
elements in both C and D.

The imaginary part of the wave vectby,,, has the same shapea@sh(k;,,a),
but with a reduced magnitude and a minimum value of zero (When= 0).

In Figure 6.3 the effect of varying on cosh(k;,a) and hencé;,, is shown.
From the equation afosh(k;,,a), it can be seen that this curve depends on the ratio
I}—;. This ratio is a dimensionless quantity, which is referreés$ the damping
number in this thesis. Two different setsafK” andm, with the same damping
number, have identicabsh(%;,,a) curves.

As v becomes very large (relative 6 andm), the graph of the First term in
cosh(k;na) tends to a vertical line through..a = 7. This results in the graph of
cosh(k;ma) tending to infinity as:,.a approacheg, as displayed in Figure 6.3.

This equation forosh(k;,,a) effectively expresses,,, in terms ofk,.. There-
fore w can now be evaluated in terms/af by substituting forcosh(k;,,a) in the
Real part formula Eq. (6.6), repeated here:

K
w? = 2—(1 — cosh(kina) cos(k,.a)).
m

This is the same form as fay? in the undamped case Eqg. (6.3), with the
additional cosh(k;,a) factor multiplying thecos(k,.a) term. When~ is zero,
cosh(k;ma) = 1 andk;,, = 0, so that the usual dispersion relation for the 1-D
discrete chain Eq. (6.2), is recovered.

By definition cosh(k;,,a) is greater than or equal tg for all values ofk;,,,a.

As k,.a increases frond to Z, thecos(k,.a) term declines from to 0. Therefore

2
for0 < k,.a < %, the damped? is less than or equal to the undamped case, with
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—vy=1 Y=35 y=10 ——vy=100

cosh (kl,ma) 3

Figure 6.3:cosh(k;,,a) for a range ofy values.

equality atk,.a = 5. Overthe rangg < k,.a < 7 thecos(k,.a) termis negative,
finally reaching—1. Hence over this range cosh(k;,a) cos(k..a) > 0, and so
the damped,? exceeds the undamped case.

Whenk,.a =~ 7, thencos(k,.a) ~ —1, so that the damped is:

K
w m( + cosh(kina))

Figure 6.4 shows the damped 1-D dispersion relationuiersusk,.a curves,
for a range ofy values. These curves follow from the correspondiagh(k;,,a)
curves discussed previously. For a fixedthe damped dispersion relation only
depends oq/% and the damping number. The undamped case (red curve), where

~v = 0, rises to reach its maximum valag/g whenk,.a = m, as seen previously
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in Figure 6.1. Note that in contrast to the undamped caseisisc previously,
there is no maximum value af in the damped case. Asincreases (relative to
K andm), damped falls further below the undamped case whigm < 7. All
the graphs intersect whén.a = 7. Conversely fork,.a > 7 the damped curve
progressively exceeds the undamped case with increasing

—v=0 vy=0.5 y=1—""y=5

6_

0.5 1.0 1.5 2.0 2.5 3.0
k a

re

Figure 6.4: The damped 1-D dispersion relation. This fighmsw as a function

of k,.a, for a range ofy values. Here\/% = \/g =1.
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6.5.1 £ as a Function ofw

The dispersion relation derived previously enables datetion ofw for givenk.
The reflection coefficienk. depends on the values kbfin the respective regions.
Therefore we rearrange the dispersion relation to exgressa function ofu.

First we effectively solve fok,. by developing a formula focos(k,.a). A
simple rearrangement of the Real part formula Eq. (6.6) gives

cosh(kina) cos(kyea) =1 — leQ.
2 K

Substitute forosh(k;,,a) to obtain an equation itos(k,.a)

—2 cos(kyea)?

AKm(1 — cos(ky.a)?)

v4 cos(krea)? + cos(kyea)? + 2 cos(kyea)?
4K2m?2(1 — cos(kea)?)? 2Km(1 — cos(kyea)?)
1 ,m
—1- -2
2Y K

Solving forcos(k,.a) gives the following four solutions

cos(ky.a) = igv P+.Q.

P=w'm?+ (7* — 4Km)w* + 8K*

Where

and

Q = w®m* + (2m?*y? — 8mM3K)w® + (4Km — 7*)%w* + 16 K?w?2.

V2
:iEVP+¢6

are rejected as they giyeos(k,.a)| > 1.

The first two solutions,
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We now show that both of the remaining solutions

s;% P /0
and /3
2

S,:—E P—\/é

need to be used, to obtain the correct formuladet k,.a) (and hencek,.) in
terms ofw and the other parameters.

Figure 6.5 shows the values bf.a as a function ofv, given by each of S
(red curve) and S(green curve) in the simple case of no damping.

arccos(S ;) arccos(S.)

(0]
LS
m

Figure 6.5: This figure shows,..a as a function ofv from S, and from S.. In

this figure\/g =1.



CHAPTER 6. ENHANCEMENT 139

The correct relationship betweén.a andw, under the conditions in Figure
6.5, is the undamped dispersion relation plotted in Figule & omparison of
these two figures shows that in order to obtain the correatiogiship, both so-
lutions are required. Smust be used for small values ©fup until the point at
which the two solutions meet. This point is found to\l;/é’g. For larger values of
w, S_ is to be used. This dependence on the two solutions can bessqat more
concisely by the formula:

| cos(kyea)| = V2 P—+/Q (6.8)
4K
—vy=0 v=0.5 y=1—"—vy=5
3
2_
krea

14
O ! ! ! ! ! !

0 1 2 3 4 5 6

®

ﬁ

LS
m

Figure 6.6: This figure showss..a as a function ofv for a range of values of,
where\/g =1.

The functional relationship of,.a uponw using both S and S, i.e. Eq.
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(6.8), is shown in Figure 6.6. This Figure displays the saetationship as in
Figure 6.1, but now witlv as the independent variable.

The second step is to obtain the functional dependenég,@fonw. This is
easily achieved usingsh(k;,,a), which is a function of:os(k,.a), and therefore
a function ofw.

In Figure 6.7 we show the dependenceknfa on w for a larger range ofy
values. Figure 6.8 shows the comparable graphs;for.

—vy=1 Y=35 y=10 ——y=100
3
2_
krea |
I—F,
0 T T T T T T
0 1 2 3 4 5 6
w

LS
m

ﬁ

Figure 6.7: This figure shows..a as a function ofv for a broad range of values
of ~. In this figure\/g =1.
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Figure 6.8: This figure plots;,,a as a function ofv for a broad range of values
of . \/Z =1.

m

6.5.2 Damping Effect

With complex wave numbe¥ = k,. — ik;,,, the displacement for a particle on the
1-D chain becomes:

U — Aei(wtf(krefikim)an) _ efkimanAei(wtfkrean)
n .

As noted earlierk,. is the wave vector for the damped wave ang gives
the damping multiple —*m", The size ofk;,,a determines the magnitude of the
damping in wave amplitude over the distancéone interparticle spacing). As
kina increases, the damping multiple decreases exponentaltya given wave
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amplitude is extinguished over a shorter distance.

The dependence @f,,a onw, for a broad range of damping parameteyss
shown in Figure 6.8.

The following features are of note. Whenis very close to zerok;,,a is
effectively zero and thus there is no damping of very low tiexacy waves. For
such small values a#, k,. is also very small; see Figure 6.7. Therefore these low
frequencies correspond to wave lengths that are extreroaty With respect to
the interatom spacing. Asw increases for a given value of the value ofk;,,a
initially rises rapidly, before reducing to a slower grow#te. For an increased
this rapid rise occurs at a smaller value.ofNot shown in Figure 6.8 is the case
of v = 0, wherek;,,a is zero and there is no damping. For a given value,of
k.na increases as increases. Thus, high frequency waves have their amps$itude
heavily damped and only propagate short distances befong lextinguished.
For example, whens = 1 andw = 6, thenk;,,a ~ 3.5. The corresponding
damping multiple over the distance of a single interatompace (Wwhem = 1) is
e~35 =~ 0.03. Therefore in the case of= 1, a wave withv ~ 6 has its amplitude
damped down tex 3% of its previous value, over a distance of one interatomic
space.

6.5.3 Damped Reflection Coefficient

Here we consider reflections from the interface between wgions, both of
which (in the most general case) have damping forces. Asqusly, the region
to the left of the interface is labellefl, and the region to the right is labellg¢l
The previous derivation of the reflection coefficient stdlds, but in this case the
wave numbers in the damped regions are now complex numipetise tase of the
reflected wave, the sign of the real part of the complex wawelar is inverted to
give a wave travelling to the left. If both regions are damykd formula for the
reflection coefficienf?,. becomes

(kLre - ZkLzm) - (ere - ZkRzm)

R. = ; . :
(kLre + ZkLim) + (ere - ZkRim)
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Thus, in the case of damping in both regions (or only one régithe reflection
coefficentk,. becomes a complex number.

Clearly when there is no damping in either region (zero imagicomponents
of the wave numbers) this formula reduces to the previoudgomped) formula
and R, is purely real.

The complex reflection coefficierit. can be expressed in polar form:

R.= |Rc‘eiArg(Rc)_

When a wave is reflected its wave form is multiplied By. Therefore the am-
plitude of the wave is multiplied byR.| and the phase of the wave is changed by
Arg(R.). In the previous undamped case, only amplitude variatiang com-
plete inversion) could occur.

This reflection coefficient and the corresponding transionissoefficient pro-
vide the amplitude (and phase change) of the reflected andntitted waves,
respectively, at the interface. As these waves travelr taplitudes are reduced
with distance travelled, due to the corresponding dampiobjiphe e —*iman

Consider a wave of a given frequengytravelling in regionZ towards region
R. In the general case at the interface between regiand regionR, part of the
wave is reflected back into regidnhand part is transmitted into regid®. In the
particular case of the two regions having exactly the santenagaproperties (i.e.
sameK andm) and same damping forces (if any), the wave is fully transdit
without any reflection, givingR.| = 0. A more general statement can also be
made. The dispersion relation in a region, and hence theesaltk,. andk;,,,
only depends on the ratig and the damping numbg@fim in the region. Con-
sequently, when each of the pair of regions has the same%a&od the same
damping number, there will be no reflections from the intezfaetween them.

In order to determine the reflection coefficigit for a wave of a given fre-
quencyw using the formula presented above, the complex wave nunipeaad
kr in the two regions are required. These are determined usenfptmulas pre-
viously derived, and the relevant material values and dagyparameter values in
the respective regions.
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Figure 6.9: This figure shows.| as a function ofv for v = 1 in region L, and a
range ofy values in regionR. \/g =1.

In Figure 6.9 there are two obvious trends. Firstly, for agty the reflectivity
|R.| decreases as increases. The decrease ity| is steeper for low values af
and flattens out as gets larger. Secondly, for a given frequencthe reflectivity
|R.| increases as increases. Increasingin region R makes a greater difference
between the regions, when= 1 is fixed in regionL.
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Figure 6.10: This figure show,| as a function ofv for v = 1 in region L and

a range of small values afin regionR. \/g =1.

The case of reflections whenin region R becomes less than in region
L, is shown in Figure 6.10. As the value ofin region R reduces toward the
value ofy in region L i.e. 1, the value of|R.| decreases throughout the range
of w. However once the value of in region R goes belowl, the value of|R,|
increases, particularly at smaller values.ofThis again exhibits the fact that the
greater the difference imbetween the regions, the gredt&|, assuming all other
parameters remain unchanged.

When~ in region R becomes very small, e.g.= 0.1 (blue curve), the graph
of | R.| begins to exhibit a hollow followed by a hump. This ariseschese for very
small values ofy the dispersion relation is very close to the undamped dssper



CHAPTER 6. ENHANCEMENT 146

relation. In such casés;,. follows the undampeé curve until its value is close
to 7, whereuporky,. very rapidly increases. This sudden increasgqn gives
rise to the hump. As in region R declines further, the hump i®.| concentrates
into a cusp and its location moves towartas-= 2\/% the maximum value ob
in the undamped case.

6.6 Reflection with a Damping Region

Here we investigate the use of a damping region, in which veanplitude is re-
duced, resulting in dimished reflections back into the rexhai of the MD region.

A damping region is formed in an MD region adjacent to the MD & Mter-
face. The damping region crosses the full width of the slatl,extends for a few
rows of atoms along the axis of the slab away from the KMC negidhe MD
atoms in the damping region are subject to a damping forckeo$ame form as,
but different magnitude to, the Langevin damping parametesed for tempera-
ture control.

Because of the rigidity of the KMC atoms, any waves reachiegi KMC
interface cannot be transmitted and must be fully reflecdsb as the transmitted
wave amplitude is zero, the net amplitude of the incidentrefldcted wave at the
interface must also be zero. Therefore the reflected wavé beusut of phase
with the incident wave, and henée = —1 at the MD KMC interface.

To model a damping region between an MD region and a KMC redluan
case discussed in the previous section of damping in botanggwithy = 1 in
regionL, is taken a step further. The additonal step is the introdocif a totally
reflecting barrier located inside regidh This barrier is sited a distance D to the
right of the interface, between regidrand regionk. Region. models the normal
MD region, while the part of region R to the left of the barrerresponds to the
damping region. The barrier itself represents the MD KM@iface. When there
is no difference in material properties and damping pararsdietween regioh
and regionk, there is no reflection from the interface between them. Alsere
Is no additional damping in regioR. Increasing the damping in regid will
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create reflections from the interface between redi@nd regionR, so waves will
only be partly transmitted into regiak and then exposed to damping.

Minimising reflections of waves back into the MD region ragsia large value
of the damping parameter. However a large damping paraméteesult in large
reflections from the interface between regioand regionk, reducing the portion
of the wave amplitude subject to damping. A balance needs sirbick between
these two effects.

A further feature of regio (the damping region), when damping is in effect,
Is partial internal reflection of waves inside regiéh The portion of a wave
that enters regiok and is then reflected (and fully inverted) by the barrier then
undergoes a partial reflection at the interface betweeromefiand regionL.
The wave may traverse regidn several times (being damped on each traverse),
transmitting a portion back into regidneach time it reaches the interface between
region R and regionl, until the remnant of the wave inside regiéhhas been
extinguished.

The resulting Net Reflectivity/{ R) back into the MD region of a wave that
travels into the damping region and then undergoes a segwépartial internal
reflections (within the damping region) is now derived.

We introduce the following notation:

R, r is the reflection coefficient for reflection from the inteddmetween the
MD region and the damping region, of a wave travelling (frafi to right) into
the damping region. The formula fd?..r is the same as the formula fat,
derived previously.

T..r = 1+ R.pr is the transmission coefficient for transmission through th
interface between the MD region and the damping region, oteewiravelling
(from left to right) into the damping region.

R.p = —1isthe reflection coefficient for reflection from the inteddzetween
the damping region and the KMC region i.e. reflection fromttitally reflecting
barrier.

R.ry i1s the reflection coefficient for reflection from the inteddoetween the
damping region and the MD region of a wave travelling (froghtito left) out
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of the damping region. WheR_.z;, # 0, partial internal reflection (within the
damping region) occurs.

T.rr = 1+ R.gy is the transmission coefficient for transmission through th
interface between the damping region and the MD region of eeviavelling
(from right to left) out of the damping region.

di.p Is the damping multiple of wave amplitude for a traverse efdiamping
region. The damping multiple depends on the value of the inaayg part of the
wave number in the damping region, and on the number of rovesamhs in the
damping region.
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MD KMC
region region

Figure 6.11: This diagram shows a wave (large arrow at topegfrem) travelling
from the left out of the MD region into and through the MD dangpiregion
(shaded grey) and then reflecting off the interface (thickica line) between
the MD damping region and KMC region. The wave is damped ¢agid by
the reduction in the size of the arrow) on each passage thringgMD damping
region. At the inteface (thin vertical line) between the MBnping region and
the MD region there is both transmission (leftward out irite MD region) and
reflection (rightward back into the MD damping region) of thave. The part of
the wave that is internally reflected within the MD dampingioa is eventually
totally damped out.

For a wave of unit amplitude entering the damping region nittereflectivity
back into the MD region is composed of a number of components:

R..r Reflection from the MD damping region interface

Terr(depRepdrp)T.rr, Transmission back into the MD region after a single dampiyig.c
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TcLR(deRchkD)RcRL(deRchkD)TcRL Transmission after two damplng CyleS

TCLR (dk:D RCB de ) RCRL (de RCB de ) RCRL (de RcB de)TcRL

Transmission after three damping cyles

TCLR(deRchkD)mRZ;%‘LchRL Transmission after m damping cyles

Thus the net reflectivity back into the MD region is given by fiellowing
summation

Rerr + Terr(dipRepdip)TerL Z (dgpRepdipRerr)™.

m=0

With damping in effect in the damping regio?.z.| < 1 and|dxp| < 1, SO
the summation is a convergent geometric series. The nettreiti is therefore

T..rdipRepTerr
1 —d?,RepRerL

From the definitions of ., z, R.p andT,;, this simply rearranges to

NR = R.rp +

1+ R,
NR = Rern — (1 + Ropp)d2p ———tehL 6.9)

"1+ & pRerr’

Note that if the damping effect is set to zero thép = 1 and this formula

reduces to
Rir— (14 Rr) = —1.

Clearly when there is no damping effect in the damping regadinvaves enter
the region, are reflected and inverted by reflection from thz KMC interface.
They are then fully transmitted back into the MD region, un@ad but inverted.
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The formula forR.r., the reflection coefficient for a wave travelling (right to
left) from the damping region back into the MD region, is gled in the same way
as the formula for the reflection coefficieRt derived previously, wherg&.. is for
waves travelling (left to right) from regioh into regionR.

In the case ofR.r, the incident wave and the portion of it that is transmitted
travel from right to left, while the portion of the wave thatreflected travels to
the right. To obtain leftward travelling incident and tremtéed waves, the sign
of the real part of the complex wave number for these two wa/ewerted. The
resulting formula is

(ere + ZkRzm) - (kLre + ZkLzm)
(ere - ZkRzm) + (kLre + ZkLzm) ‘

RcRL -

Note that now the subscrigt (left region) refers to the MD region and the
subscriptR (right region) refers to the damping region.
The formula ford,p is

de = G_kRimD/a.

The net reflectivity formula Eq. (6.9) results in a complexnier. The mod-
ulus of this number gives the total amplitude of all the réddoccomponents of
the incident wave after damping. The argument of this cormplenber gives the
aggregate phase change.

In Figure 6.12 we show the modulus of the net reflectiyityz|, for a range
of ~ values in the damping region.
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Figure 6.12: This figure shows the net reflectiVity ?| from the damping region
as a function ofv for v = 1 in the MD region (region.) and a range of values
of v in the damping region (regioR). The corresponding reflectivity from the
interface between the MD region and the damping regitnz| is also shown. In

this figure\/g =1, D = 2, anda = 1 in both regions.

Figure 6.12 shows that for small valueswothe net reflectivity back into the
MD region is quite high. For all the values used in this FiguréN R| trends
down to a minimum value ofR..r| (the reflectivity from the interface of the
MD region and the damping region) asncreases. This downward trend can be
attributed to the fact that as increases, the imaginary part of the wave number
krim, and hence the damping, increases.

For each value ofy in Figure 6.12, for a sufficiently large value of |NR|
reduces to the level dfR..z|. Thus from that value of onwards, the portion
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of the wave that is transmitted into the damping region in@pelamped below
0.01. The only reflection remaining is from the interface betw#enMD region

and the damping region. In these circumstances, wave tiefisdrom the rigid

interface between the damping region and the KMC region béfeetively been
replaced by reflections from the MD damping region interface

Note that without a damping effect in the damping region, wail have
INR| = 1 for all w.

The level ofy considered here, on the order Ifis sufficient to extinguish
waves whemv > 1.5, using a modest damping region of two rows of atoms=
2). In this situatiory = 2 corresponds to a damping numberof

Given the effective damping at this level pfthe strategy to mimimse reflec-
tions back into the MD region is to utilise the smallest effex~, thus exposing
the largest portion of incident waves to damping (by maxing$ransmission into
the damping region). This is seen in Figure 6.12, where tke o&y = 1.5 gives
the lowest value ofN R| throughout the range of.

The next case to consider is when the damping number in the édiom is
significantly smaller thar.
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Figure 6.13: This figure shows the net reflectivity ?| from the damping region
as a function ofv, for v = 0.1 in the MD region (region.) and a range of values
of v in the damping region (regioR). The corresponding reflectivity from the
interface between the MD region and the damping regitinz| is also shown. In

this figure\/g =1, D = 2, anda = 1 in both regions.

Figure 6.13 shows the net reflectivityy R| when~ = 0.1 in the MD region.
In this case the damping number in the MD regiof.isl.

In Figure 6.13 smally values 0f0.2 and0.5 are used in the damping region,
to get significant transmission into the damping region. E\mv, these small
values ofy result in weak damping when is less than abol. In this case the
smallesty value of0.2 is not the best choice, unlike the situation in Figure 6.12.
Settingy = 0.5 (green curve) in the damping region gives significantly $enal
net reflectivity forw < 2 than+ = 0.2 (red curve). Fow > 2 the choice of
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~v = 0.2 (red curve) gives slightly less net reflectivity than= 0.5 (green curve).
The use of the largey = 0.5 reduces the transmission into the damping region
but this is compensated by greater damping and redu¢éd.

Of course the net reflectivity could be reduced in all caselebgthening the
damping region, i.e. increasing.

6.7 Hybrid Model with a Damping Region

In this section we apply the previously developed dampimggoreformula using
the parameter values of the hybrid MD KMC model.

For the Lennard-Jones potential used in the hybrid mode¢tisean effective
spring constant o, ; = 57.15, at an interatom distance o (in reduced units).
The Langevin damping parameteis set tol in the MD region. The atom mass
is 1.

Note that with these values= 1 corresponds to a very small damping number
of 0.017. Also, the maxmiunw value for an undamped caselis11.



CHAPTER 6. ENHANCEMENT 156

—y=2 Y=35 vy=10
— R pl V=2 —— R gl V=5 IR gl Y=10
1.0
0.8
0.6
INR|
0.4
0.2
0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18
()}

Figure 6.14: This figure shows the net reflectiVity ?| from the damping region
as a function ofv using Lennard-Jones parameter values= 1.0 in the MD
region (regionl) and there are a range of values~pin the damping region
(region R). The corresponding reflectivity from the interface betwéee MD
region and the damping regidR..z| is also shown. In this figur&, = 57.15,
Kp=5715,m; =1,mp =1, D =2 x 25, anda = 25 in both regions.

In Figure 6.14 we see the net reflectivity when Lennard-Jpaeameter val-
ues are used. The choice of a small valueg ef 2.0 in the damping region results
in a relatively large value ofN R|. When largery values i.e.5 and10 are used
there is a significant reduction iV R| for values ofw up to aboutl5. These
larger~ values only allow a smaller portion of each wave into the dagpegion
but then damp this portion relatively heavily.

Overall,y = 5.0 appears the best choice of thevalues considered here, as it
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produces a relatively low value ¢V R| over a wide range ab.

However, even with this best choice the overall levgl'dfz| of approximately
0.30 could still be considered high. We show the effect of douptime length of
the damping region in Figure 6.15.
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Figure 6.15: This figure shows the net reflectiity ?| from the damping region
as a function otfv using Lennard-Jones parameter valuges= 1.0 in the MD
region (regionl) and there are a range of values~pin the damping region
(region R). The corresponding reflectivity from the interface betwéee MD
region and the damping regioR.. | is also shown. In this figur&, = 57.15,
Kp=>5715,m; =1,mp =1, D = 4 x 25, anda = 25 in both regions.

The broad pattern of net reflectivity in Figure 6.14 is repdah Figure 6.15,
but the magnitude dfV R| has been reduced as a result of extending the damping
region. In this case also, the choicef= 5.0 appears the best of those shown
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giving a relatively low value of N R| over a wide range ab. The broad level of
|N R| is now approximately.20.

6.7.1 Selection ofy in the Damping Region

The value ofy in the damping region is chosen to minimise the summed net
reflectivity | N R|, over the range of frequencies that are expected to giveaise
wave reflections.

Waves with wavelength less thafc may be reflected within an MD domain,
as the minimum MD domain length &)o. The corresponding wave number is
g—g = 0.209, and therefore from Eq. (6.2) we determine the minimum fesaqy

of interest as, i, = 24/ 2% sin(O'QO%XQ%) = 1.77, using the equilibrium spacing
Lennard-Jones effective spring constans®fl5, and mass of.

A maximum frequency can be determined by considering theimmax fre-
quency for a harmonic oscillator, as previously discusse@hapter 3. For a
harmonic oscillator at the usual simulation temperaturé ef 0.35, the kinetic
energy is zero and the potential energy has risefi f2yx 0.35 = 0.525 at the
maximum displacement from the equilibrium position. Thenhard-Jones po-
tential energy rises te-1 + 0.525 = —0.475 when the interatom distance has
reduced from the equilibrium spacingzé‘ to 1.025. At this interatom spacing of
1.025, the Lennard-Jones effective spring constasbis 74, and the correspond-
ing maximum frequency is,,,., = /2%™ = 17.43 for the harmonic oscillator.
This value otv,,,, is based on the average kinetic energy at temperdtue).35.
However, because the kinetic energy fluctuates above thageealue, a larger
value ofw,,., is used in this work. We note from Figure 6.14 and Figure 6.15
that asw increases beyonﬁ.O\/g = 2.0\/@ = 15.12 the reflectivity de-
clines rapidly, as the higher frequencies are heavily dainggnsequently, we
setwmar = 4.0\/Ei15 = 30.24, as cutting off higher frequencies is not expected
to cause any significant error.

Comparisons of the summed R| over the frequency range77 to 30.24 for
a range ofy values in the damping region is shown in Figure 6.16.



CHAPTER 6. ENHANCEMENT 159

|—D=2a D =4a
10
8 -
6 —
Total |NR|
4 4
2
0 I I I I 1
0 2 4 6 8 10
Y

Figure 6.16: This figure shows the net reflectivity R|, numerically integrated
over the frequency range77 to 30.24 for values ofy in the damping region
(region R) from 1 to 10, and two values of). In the MD region (regionl),

~v =1, and in both region§/§ =,/ =7.56 anda = 2.

When the damping region extends for a distadedrom the wall of fixed
KMC atoms (red curve in Figure 6.16) the greateast dampircgrscory =~ 6.
For the larger damping region with extett the greatest damping is found when
~v =~ 4. Doubling the extent of the damping region provides dislyngreater
damping fory near4. As v increases the two curves in Figure 6.16 converge,
because waves are increasingly being reflected from thefante between the
MD region and the damping region, rather than entering timepalag region and
being attenuated.

On this measure of summed net reflectivity, the use of thesfadgmping
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region with~ = 4 provides a significant level of damping from a damping region
that is modest compared to the size of the MD domain.

6.8 Summary

The dispersion relation for a discrete 1-D chain of atomshim presence of a
frictional damping force was derived. This disperion nelatis shown in Figure
6.4. To the best of our knowlege this is a new result.

The reflection coefficient formula for wave reflections fromiaterface be-
tween discrete 1-D chains with different material paramset@d frictional damp-
ing forces was developed. This reflection coefficient fomrdgpends on the dis-
persion relations in the media on either side of the intexfdherefore the reflec-
tion coefficient can be determined for a wave of any frequenaycident on the
interface.

The formula for the net reflectivity, Eqg. (6.9), from a dangpnegion separat-
ing an MD region and a KMC region was developed. This is aldieved to be a
new result.

The effect of the damping region on the magnitude of reflegtades was
explored in a number of scenarios. It was shown that for Lesdanes parameter
values a modest sized damping region can significantly eethe amplitude of
waves reflected back into the MD region by using a dampingrpetar ofy =
4.0. The effectiveness of this damping has not been tested uiaiion.
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7.1 Discussion

The key result of the research described in this thesis iglédvelopment and
implementation of a hybrid atomistic methodology which dgmcally combines
both Molecular Dynamics (MD) and Kinetic Monte Carlo (KMC) rhetlologies
within a single simulation. The hybrid method switches tineusation methodol-
ogy applied to different regions as the simulation progeesso that MD is only
applied to regions where fully detailed atomic trajecteaee required while KMC
is applied to the other regions. By dynamically partitionthg simulation in this
way, the hybrid method provides the same level of detailsdlte as a corre-
sponding total MD simulation, but at less computationatcdhe computational
cost saving arises because the more expensive MD is onlyeddpl regions of
complex atomic interactions, while less complex regiores atequately treated
by much faster KMC. As a result of the reduced computationat ttee hybrid
method enables simulations with more atoms or for longeiogerof simulated
time or some combination of both, compared to the MD method.

The detailed feature of this work is the simulation studieaspects of epi-
taxial growth. In particular, the behaviour of surface graoundaries has been
studied by separately using MD alone and the hybrid methdds provided a
test of the consistency of the hybrid method with comparahil simulations.
It has been demonstrated that when each MD domain in thechytwdel is of
length 300 (or more), the dynamics of the grain boundary containediwithe
MD domain is unaffected by the presence of the adjacent blatkmmobile
KMC domain atoms. That is, sufficiently large dynamicallgltecated MD do-
mains within the hybrid method reproduce the results ofvedent full MD sim-
ulations. The hybrid method also applies a Langevin thetatds the atoms in
each MD domain, to maintain the MD atoms in thermal equilibrj and to damp
the reflection of waves (lattice vibrations) from the intedé between each MD
domain and adjacent KMC domains. An advantage of the hybdthad is that
the MD domains enable observation of effects such as pirofiggain boundaries
by atoms in off-lattice sites, which will not be captured hg tattice based KMC.
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7.1.1 Chapter Summaries

Chapter 1 introduces epitaxial growth and the importancepiéeial structures
within semiconductor devices, including light emittingpdes and lasers. The
investigation of epitaxial growth by simulation is a costeefive way to deter-
mine the sensitivity of the growth process to the relevarupeters, and to study
growth regimes that are not readily reached by experimevizdelling of epi-
taxial growth has a number of difficulties especially thegdime scale involved,
and a number of hybrid methods have been developed to try @adadth these
difficulties.

In Chapter 2 we discuss details of epitaxial growth includapglications,
homo-and hetero-epitaxy, deposition methods, growth madd modelling method-
ologies. A major issue in modelling epitaxial growth is thielevrrange of length
and time scales that play a part in the phenomena. For mogelll aspects of
epitaxial growth, neither of the atomistic methods, Molacuynamics or Ki-
netic Monte Carlo, is sufficient. MD cannot address the lomgetscales involved.
KMC may not capture all the important atomic configuratioolaanges. Con-
tinuum methods, such as Burton Caberera Frank cover the tiahe lsat ignore
important atomistic details. As a result hybrid models sasthe model described
in this thesis have been developed to address these issues.

Chapter 3 describes the modelling methodologies used in tirk. wThe
Molecular Dynamics and Kinetic Monte Carlo simulation methare discussed.
Additional theory used in applying KMC to epitaxial growthmsilations, i.e.
Transition State Theory and the Nudged Elastic Band methedlso explained.

In Chapter 4 we carry out Molecular Dynamics modelling to se¢farence
frame for our hybrid model. We show that Molecular Dynamiosigations using
the Lennard Jones potential can model dynamic stackingdeaih boundaries in
an epitaxial layer on a (111) surface. These simulationsotkjte experimen-
tally observed features, e.g. a tendency to form triangshaped islands. The
grain boundaries continually alter their shape and pasitithe grain boundaries
migrate over the surface following a temperature dependartom walk. Over
long time periods a small drift in grain boundary positiomiserved, in addition
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to the random diffusion. A pair of grain boundaries can maeetannihilate each
other - eliminating the stacking fault. The key atomic psx#éor grain boundary
migration is shown to be the “kink flip” move.

Chapter 5 develops and applies the hybrid MD KMC modellinghméblogy
to the same problem studied with MD in Chapter 4. The hybricho@éblogy was
used to follow the propagation of a stacking fault grain kany between Face
Centered Cubic (FCC) and Hexagonal Close Packing (HCP) islandsating
on a FCC (111) surface. This hybrid methodology combines dMdé Dynam-
ics and Kinetic Monte Carlo methodologies within a single@omnent atomistic
simulation. Different domains within this hybrid simulati are modelled with
different methodologies (MD or KMC). And as the simulatiorogresses the
model applied to a given domain is changed (perhaps severes)} as neces-
sary, so that the stacking fault grain boundary is alwaysetied with MD, as it
moves about the surface. This hybrid method leads to a speesar conven-
tional MD, reducing the execution time by a factor approxishaequal to the
relative fraction of remaining MD atoms. We show that it ispible to reproduce
grain boundary mobilities from full MD simulations with tltemain decomposi-
tion method in the absence of KMC events - when the MD regioasatficiently
large with length30cs. We have also used the method to study the effect of over
layer adatoms on the mobility of the boundaries, demonsgrahat boundaries
can become trapped by adatom islands. These effects worddoean difficult to
capture in a conventional KMC simulation.

In Chapter 6 a way to enhance the hybrid model by reducing watcé
vibration) reflections from the MD KMC interface is invesigd. It is shown that
the reflection coefficient is a function of the Langevin damgpparametey. It is
proposed that by suitable tuning ¢fin the damping region adjacent to the rigid
KMC atoms, the reflections of waves back into the MD domaintmaminimised.
Such a reduction in wave reflections implies that a smaller didhain will be
sufficient, thus further speeding up the hybrid model. Thisat investigated in
detail but left for future development.
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7.2 Conclusion

This thesis has developed a hybrid atomistic simulatiorhogktvhich dynami-
cally combines the Molecular Dynamics and Kinetic Monte Gankthodologies.
With suitably selected MD domains this hybrid method canadpce the results
of a larger (more atoms) all MD simulation at a significantuetbn in compu-
tational cost (run time). This reduction is related to thegartion of all MD
simulation atoms which have been replaced by KMC atoms imyteid model.

This hybrid method offers another approach to computer Isitian of phe-
nomena such as epitaxial growth, which are difficult to tlestause of the wide
range of length and time scales involved.

The hybrid method was successfully used to study the dyrgdaifistacking
fault grain boundaries in epitaxial surface layers. Thelérmng of grain boundary
motion due to pinning by deposited adatoms and also by thmedton of over-
layer islands was identified using the hybrid model. Theselte could not be
captured by KMC alone as pinning adatoms were located in falattite sites.
While MD alone could not have simulated the nucleation anavrof overlayer
islands within a feasible runtime.

In the process of developing the hybrid model we have verthatithe ‘kink
flip” move is a key element in the motion of grain boundaries.

In the final part of this thesis we have investigated an aggtréafurther speed
up the hybrid model. We have developed a mathematical métet @ffect of the
damping parameteron the reflection of lattice vibration waves from the integfa
between MD domains and KMC domains.

This mathematical modelling included the derivation of thepersion rela-
tion for the discrete case with damping and net reflectivityrfulas. These are
believed to be new results.

It was shown that by an optimal choicepivave reflections can be minimised.
Reduced wave reflections back into the MD domain imply that allemMD
domain would suffice in the hybrid model. A smaller MD domaiakes larger
and/or longer hybrid model simulation runs feasible. Thigpiovement to the
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hybrid model has not been implemented, but left for futuneettgoment.

Another possible future development of this approach toplaghwave re-
flections is to use either a stepped series of damping regioagyradient in the
damping parameter. Such an arrangement may increase the amount of damping
that can be obtained.

The hybrid model has been developed and tested on a long\nslab geom-
etry. The next logical future extension is to extend the td/brodel to a full two
dimensional surface. In principal the hybrid model couldfilmher extended to
a three dimensional volume. Each such extension would bgnéisant research
project in its own right. A key aspect for any such furtheremsdion is expected
to the development of methods to efficiently identify changegrain boundary
shape and to track changes grain boundary position, in tadraee dimensions.

This hybrid model is another tool in the collection of mutde methods. It
has been viewed as a method to speed up MD but it can also belemtsas a
method to enable KMC to handle more complexity.

The hybrid model can also be applied to a wide variety of MD &MIC
methods. For example other MD potentials such as Embeddad At Modified
Embedded Atom could be employed. It may be feasible to iraratp Ab-initio
MD methods. The KMC component can be developed to use a mimeddat-
tice enabling more complicated configuration changes irkii€ domain. An
"on the fly” KMC method could be employed, where hop rates fanfiguration
changes are developed as the run proceeds. This elimihateséd for a prede-
termined table of hop rates but increases the computatoostlof KMC. Both
the MD and KMC components can be extended to handle more thasecies
of atom. A further enhancement is to develop parallelisedigas of the MD and
KMC components, so that computer clusters or multicore agsrp can be used
to speed up the run time or enable larger simulations.
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