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Interest in atomic scale computational simulations of multiphase systems has 

grown substantially in recent years as our ability to simulate multi-million atom systems 

has become commonplace. The main limitation is now the lack of a theoretical 

framework that can smoothly model atoms in dissimilar bonding conditions such as 

across a metal-metal oxide interface.  Recently developed charge optimized many body 

potential (COMB) have addressed several of the technical challenges to atomistic 

simulations of systems composed of multiple phase and multiple materials interacting 

together.   

The COMB formalism merges variable charge electrostatic interactions with a 

bond order potential that has the capacity to adaptively model metallic, covalent and 

ionic bonding in the same simulation cell.  Presented here is the development of an 

inter-atomic COMB potential energy function from its basis in quantum mechanics up 

through its adaptation and parameterization for two challenging simulation problems:  

the oxidation and oxide island formation on copper surfaces and the aluminum-

aluminum oxide interface.  In theory, COMB is an analytical extension of tight binding 

theory to a fully classical determination of inter-atomic interactions. In practice, it is 
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found that several empirically derived functions are also necessary to adapt the 

potential to systems of interest. In this work, these additional functions are chosen to 

replicate interactions that are lost in the approximations made in the derivation of the 

COMB potential. The resulting COMB formalism accurately reproduces key observables 

in both materials such as mechanical properties, phase order, formation enthalpies, 

surface energies, and defect formation enthalpies.  The performance of the potentials 

indicates that the COMB potential holds significant promise in extending our abilities to 

simulate multiphase systems. 

Molecular dynamics simulations of the oxidation of the Cu (100) surface using the 

COMB potential reveal a fairly low occurrence of reactions.  Single point calculations of 

O2 on this surface predict that molecular dissociation only occurs when both O atoms 

are close to adjacent four fold hollow sites.  The molecule dissociates to form a c(2x2) 

surface at low temperature and low oxygen coverage.  At room temperature and with 

higher coverage, the surface reconstructs to a missing row 45)222( R×  

configuration.  These findings are consistent with experimental observations. 

Similarly COMB based molecular dynamics simulations of variations of crystalline 

Al(111)|Al2O3(0001) interfaces predict atomically sharp interfaces that are stable 

through the melting of the Al metal.  The potential does not clearly distinguish 

differences in interfacial adhesion with different orientations of the metal to the oxide.  

This is inconsistent with first principles calculations and warrants further investigation. 

 One consideration with advances in computational power and improved 

algorithms is first principles based methods may be adequate to model multiphase 

systems.  This possibility is explored through a multilevel study of fluorocarbon 
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deposition on diamond using both classical molecular dynamics (MD) using the reactive 

empirical bond order potential (REBO) and density functional theory based MD (DFT-

MD). The comparison highlights that classical methods are still several orders of 

magnitude more efficient than current DFT methods, thus yielding better statistics, but 

DFT models are more reliable in their predictions.  In this study, it is found that CF3 and 

CF3
+ react differently when deposited with energy of 50 eV.  It is also found that CF3 can 

add directly to the hydrogen terminated diamond surface when coupled with the 

simultaneous evolution of HF. The single step addition reaction is only predicted with 

DFT due to short interaction distances in REBO.  The results strongly suggest an 

improved REBO potential that includes charge optimized electrostatic interactions and 

better represents the long interaction distances in key transition states would greatly 

benefit our understanding of this commercially relevant process.  
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CHAPTER 1 
ANALTYICAL POTENTIALS IN COMPUTATIONAL MATERIAL SCIENCE 

1.1 The Promise of Multiphase Atomistic Simulations 

As engineering progresses at the nanometer length scale, computational 

simulations are finding an increasingly significant role in the design and optimization of 

new electronic and mechanical devices.  This is due in part to the confluence of two 

favorable trends.  First, as the size of devices decreases, the total number of atoms in 

the structure is reduced. In a nano-scale device, the total number of atoms is on the 

order of tens of millions to billions. At the same time, with the relentlessly consistent 

year over year increase in computer performance, it now fairly routine to conduct 

entirely atomistic simulations on systems composed of tens on millions of atoms.  

Multibillion atom simulations are possible on the current generation of the most powerful 

supercomputers.  If we hold to our current course of progress, in a relatively short time 

life-size simulations of entire nano-devices will become routine rather than leading 

edge. 

While increases in computer power expands the accessible length scale across all 

levels of theory, the bulk of computational work for life-size systems defaults to 

empirical atomistic methods in which interactions between all atoms in the systems are 

explicitly described with classical Newtonian mechanics. Such methods are highly 

efficient yet provide atomic scale detail regarding the structure and energies of critical 

features, such as interfaces, and the atomic scale processes that affect material 

performance throughout the device. In reality, inter-atomic interactions are best 

described with quantum mechanics based methods that consider all electrons in the 

systems.  Quantum-based methods are generally regarded to be more accurate with a 
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higher degree of reliability in their predictions than atomistic potential. However, 

electronic structure calculations are limited by their computational demand to systems of 

just a few thousand atoms.  At the other end of the length scale in materials simulations 

are meso-scale methods which look at materials properties at the micro-scale.  Such 

methods lack the atomic scale detail that is highly valuable to materials selection and 

optimization at the nano-scale.  

To illustrate this point, Figure 1-1 shows an image from an atomistic simulation of 

a silicon nano-cluster embedded in an amorphous silica matrix.  The colors correspond 

to the coordination of the individual atoms.  Normally coordinated atoms in the silica 

matrix are not visible for clarity. It has been discovered recently that systems with nano-

clusters such as this exhibit several intriguing optical properties including the ability to 

emit light1-3.  While the commercial significance of a source of solid state lighting made 

from some of the cheapest and must abundant materials on earth is easily appreciated, 

the technological barriers to developing a commercially viable device are huge and 

quite daunting.  As it is currently, there is no clear agreement on how emission occurs in 

the material.  One school of thought proposes quantum confinement effects within the 

cluster or at the surface give rise to emission4-6, while others attribute it to under-

coordinated defects at the interface and within the amorphous matrix7-9. It is nearly 

impossible to answer the question solely through experimentation.  There is currently no 

reliable experimental technique that can resolve phenomena at buried interfaces at the 

atomic scale in situ.  Unfortunately, the system is quite challenging for theoretical 

methods as well. The nano-cluster in Figure 1-1 is 4 nm in diameter which is a realistic 

size for the material. The simulation cell contains ~60,000 atoms between the cluster 
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and the matrix.  The system size is minimal for a cluster of that size, yet the system is 

nearly 6 times larger then what can be studied through quantum based methods.  

Continuum based models lack the atomic scale detail necessary to answer the critical 

questions such as what is the structure and coordination at the interface.  The ideal 

method to study this system is an atomistic analytical potential designed to model both 

phases simultaneously. 

Naturally, life-size atomistic simulations of any device most likely involve multiple 

interfaces.  In most cases, such simulations include a surface, which is at least an 

interface between a solid and a vacuum. More realistically, devices are multifunctional 

and involve the integration of several materials that contribute different functionality to 

the overall operation.  Therein lays the crux with the present state-of-the-art of atomistic 

simulations.  Currently, what is lacking is a theoretical methodology that can 

simultaneously model multiple phases and all types of chemical bonding: ionic, 

covalent, metallic and van der Waals interactions.   

1.2 Analytical Potentials for Multi-Material and Multi-phase Simulations 

In this dissertation, the classical methodology that describes inter-atomic 

interactions is called a potential as is the convention of materials scientists and solid 

state physicists; in molecular systems, the methodology is conventionally referred to as 

a force field. While describing molecular interactions is a goal of this work, the majority 

of the systems we seek to model are in the solid state and so I will stick with the 

conventions of the solid-state community.    

Typically a potential is designed and parameterized to describe one type of 

chemical bonding. Over time, this has lead to several categorizations of potentials 

based on the type of material for which they are applicable:  Buckingham for ionic 
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materials,10 Tersoff potentials for covalent bonding11, 12 or the Embedded Atom Method 

(EAM) for metallic systems13 are well documented examples. The obvious limitation with 

this scheme of development is that none of these methods can seamlessly model 

several bonding environments, such as what occurs in a heterogeneous interface 

between dissimilar materials.  

Recently, this limitation has been breached by several advances in potential 

development. While the goal of a universal method applicable to all bond types has not 

yet been realized, significant progress has been made based on two key developments. 

The first is a rather new class of models called variable charge potentials in which the 

partial charges of individual atoms are not fixed but instead are determined in a self-

consistent manner based on the principle of electronegativity equilibration (Qeq).14 

Essentially, variable charge potentials describe the electrostatic interactions between 

atoms as a balance between the Coulombic interaction between charge and the cost to 

from a charge on an atom. This allows for the simultaneous handling of an atom in 

various oxidation states within the same classical simulation.  

Examples in the literature can be found that apply Qeq type electrostatic schemes 

to all bond types depending on the type of short range potential with which the scheme 

is coupled.15-20  The Qeq methods describe only the electrostatic portion of the total 

energy in a system and must be added to a non-electrostatic potential to describe short 

range contributions to the total energy.  For example, Streitz and Mintmire coupled a 

Qeq scheme to a Finnis-Sinclair21 potential for metals to model aluminum/alumina 

interfaces.22 Recently, bond order type potentials23 and especially reactive bond order 

potentials16, 24, 25 that describe bond breaking and new bond formation in covalent 
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materials, have been shown to have the flexibility to model several bond types from 

metallic to purely covalent with varying degrees of covalency in between.  This is 

demonstrated by the work of Iwaski15 and later Yu et al.18 who applied a Tersoff type 

bond order potential to various transition metals.  Coupling of a Qeq electrostatic 

scheme with a bond order potential provides a means to extend the method to ionic 

type bonding.  Such an approach was developed by Yasukawa17 who paired Qeq with a 

Tersoff potential.  More recently Yu et al. developed their charge optimized many body 

(COMB) formalism based on the work of Yasukawa.18 The initial version of COMB fixed 

a few instabilities in the Yasukawa’s potential.  More recently, Shan et al. corrected a 

few of the instabilities in the original COMB formalism.26  In particular, they 

parameterized a version of the potential for hafnium and the various phases of hafnium 

oxide, which, due to their complex crystallography, are difficult materials to simulate.26 

 Recently an article by Phillpot and Sinnott discussed the promise of variable 

charge bond order potentials for multiphase simulations.26 The capabilities that this 

approach offers materials modelers is illustrated in Figure 1-2, which is published in that 

article.  The figure presents the three main bonding types to which most current 

potentials are limited: metallic, ionic and covalent, and the technological problems we 

can address with a multiphase atomistic potential. 

1.3 Variable Charge Reactive Potentials 

In addition to the extensibility to new materials systems, variable charge potentials 

offer several advantages over traditional atomistic potentials in cases where bonds are 

broken and formed. Currently the main application of reactive potential is for 

hydrocarbon system where the reactive empirical bond order potential (REBO) has 

been used extensively.24, 25  REBO is an extension of the Tersoff potential11, 12 designed 
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to model bond breaking in hydrocarbon systems.  The main limitation of REBO is its 

lack of a description for electrostatic interactions which restricts its use to charge neutral 

covalently bound systems.  The ReaxFF force field is another reactive potential based 

on an extended Tersoff formalism that was originally designed for hydrocarbon 

systems.16 ReaxFF includes variable charge electrostatics and has been extended to 

both metallic and ionic systems.19  The main limitation with ReaxFF is its scalability, 

which limits its practical application to systems with just a few thousand atoms.  

However, the success of ReaxFF in modeling mixed bond states further supports the 

concept of combing variable charge electrostatics with a bond order potential to develop 

a multiphase potential. 

Reactive potentials are often noted for their efficiency which is often the first 

consideration in choosing an atomistic level of theory.  Variable charge techniques add 

several key characteristics to extend the applicability of reactive potentials, the first and 

foremost of which is the ability to model various oxidation states.  Take, for example, an 

ionic system described with a fixed charge model.  In such a scheme, each atom has a 

set charge regardless of the local environment in which it exists.  The charge is the 

same whether an atom is bound in the solid, at the surface or liberated to infinite 

distance.  In a fixed charged ionic model, the energy to completely atomize the system 

is actually the ionization energy defined as the energy required for break the material 

into infinitely separated ions.  The more chemically meaningful measure is the enthalpy 

of formation, which is the energy difference between the final material and its 

constitutive elements in their standard reference states. The enthalpy of formation is 

unobtainable from a fixed charge potential since the standard reference states for 
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elements are charge neutral. A variable charge potential is the only atomistic method 

capable of calculating formation enthalpies relative to the standard reference state in 

ionic materials. 

The other main application for empirical methods is in cases where higher fidelity 

methods are not applicable.  In computational materials science, the most frequently 

applied quantum mechanics based methodology is Kohn-Sham density functional 

theory (DFT),27, 28 which is especially well suited for metals and heavier atoms in the 

solid state.  In several instances, we seek to look at a problem for which DFT is prone to 

error.  Bond dissociation is a typical example where static correlation effects, which DFT 

misses 29, contribute significantly to the total energy at extended bond lengths.  An 

empirical potential can be parameterized to a much higher level of theory that captures 

such effects and efficiently model larger systems that are not tractable by any other 

means.   

1.4 An Overview of the Dissertation 

The most reliable analytical potentials are derived from the quantum physics that 

govern chemical bonding.  This is the case for most of the generally used potentials for 

materials simulations such as EAM and Tersoff’s bond order. While it is possible to 

produce a potential based on empirical observations, chance are good that it will have 

limited applicability beyond what it was parameterized for. The second chapter reviews 

the quantum physics that describe chemical bonding as it pertains to potential 

development. A COMB potential formalism is derived through classical approximations 

to the quantum physics based interatomic interactions. The intent to illustrate the 

connectivity between the derived classical potential energy function and DFT.  
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Chapter 3 of this work compares the application of a reactive empirical potential 

and DFT to the simulation of the deposition reactions on diamond.  This is an area of 

study where atomistic simulations have provided significant insight into the reactions the 

govern deposition products.  The work highlights the strengths and limitations of the 

various methods and supports the further development of COMB type potentials.   

The Chapters 4 and 5 cover the development and application of COMB potentials 

for two relevant materials problems. Chapter 4 presents a potential designed to model 

the oxidation of copper and the formation and growth of copper oxide islands on the 

metallic surface.  Metal oxidation is a commercially and technologically significant 

process for which copper has been a model system.30-34  More recently, it has been 

found that the size and shape of nanometer sized oxide islands grown on the copper 

surface can be influenced by the conditions under which they form.35-37  The overall goal 

is that with a bit more insight into the mechanism and physics that govern island 

formation we can find a means to dictate the size in and shape of these nano-scaled 

structures.  To date, the limitation for simulations of these systems has been the lack of 

an atomistic method to apply to the problem. 

Chapter 5 presents a potential for the simulation of aluminum/alumina interfaces.  

Due to its technological significance, this material system has been the subject of 

several development efforts.36, 38, 39  Many potentials fail to predict the correct ground 

state crystal structure of α-alumina, which limits their reliability in predicting interfacial 

structures.  There are currently two potentials that predict the corundum structure as the 

ground state.  The ReaxFF formalism has been adapted to the aluminum and alumina.40  

The scalability limitations of ReaxFF limit its use to small interfacial systems. The other 
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model is the compressible ion model (CIM)41, which includes the polarization effects that 

are believed to stabilize the corundum structure.39 However, the model does not include 

variable charges, which precludes its use from interfacial simulations.  

The Chapter 6 summarizes the current state of the art COMB potentials and the 

areas for future development. This is an ongoing and active are research with several 

projects seeking to extend the parameterization to more complicated system, such as 

hydrocarbons and rare earth oxides. The intent is to close with a summary of finding 

and a review of the tools that have been developed to assist in these efforts. 
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Figure 1-1. Si nano-cluster in amorphous SiO2.  This snapshot from an atomistic 
simulation shows the interface Si nano-cluster embedded in amorphous SiO2.  
Atoms are colored based on coordination number (CN).  Normally 
coordinated atoms are not visible. 

CN=2 
CN=3 

CN=1 
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Figure 1-2. “The Modeler’s Toolbox” as describe by Sinnott and Phillpot in a recently 
published article discussing simulations of multiple material systems. The 
image illustrates the technical problems that can be addressed with a 
potential, such as COMB, that has the capability of modeling more than one 
bond type. Reprinted with permission from S. R. Phillpot and S. B. Sinnott, 
Science 325, 1634 (2009). 
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CHAPTER 2 
THE THEORETICAL FOUNDATION OF CHARGE OPTIMIZED MANY–BODY 

POTENTIALS 

2.1 The Quantum Mechanics of Inter-Atomic Interactions 

A main goal of the work with COMB is to develop a potential formalism with the 

flexibility to model dissimilar materials and with the transferability to describe the varying 

bonding environments simultaneously.  The most promising approach to accomplish 

that objective is to begin with a potential that is derived by making classical 

approximations to the quantum physics involved in inter-atomic interactions.  This is 

essentially how Abell and Pettifor derived their respective analytical bond order 

potentials from tight binding density functional theory (TB-DFT).23, 42 This style of 

potential is perhaps the most flexible formalism in common use today and has been 

adapted with slight modification to covalently bound semiconductors,11, 36 

hydrocarbons,16, 24, 25, 43 ionic material19, 44 and metals.15, 18 Tersoff’s version of the Abell 

formalism is one of the most reliable potentials for Si and other semiconductors.11, 12 

Brenner built upon the Abell-Tersoff formalism to develop the Reactive Bond Order 

Potential (REBO)24 and its second generation25 for hydrocarbon systems.  The reactive 

term in the name indicates that this potential has the flexibility to model bond breaking in 

carbon systems.  Similarly, the ReaxFF force field, which too is based on Tersoff’s 

model, has been extended to a wide range of materials spanning nearly all regions of 

the periodic table.16 Pettifor’s analytical bond order formalism was originally developed 

to distinguish single double and triple bonds as well as radicals in carbon materials42 but 

has since been adapted to more complex covalently bound systems such as GaAs and 

SiC and metals.35, 36, 45-48 Brenner has shown how the embedded atom methods (EAM) 

originally designed for metallic systems are algebraically equivalent to Abell’s model.13   
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Recent versions of EAM extend this formalism further to covalent systems such as Si 

and C.49, 50 All together, the analytical bond order formalism and its derivatives have 

been adapted to the most comprehensive list of materials of any current potential 

formalism.   

While the analytical bond order formalism has demonstrated the flexibility to model 

many systems, historically it has lacked the transferability to simultaneously model 

several phases. Variable charge schemes address this limitation. The flexibility of the 

bond order formalism is attributable to its theoretical origins in DFT.21, 51 Adding 

additional electrostatic interactions poses the risk that the additional interactions may 

compromise the flexibility of the formalism.  However, as with the bond order formalism, 

variable charge schemes are shown here to have a theoretical basis in DFT as well.  

The coupling of the two methods can be viewed as incorporating a few of the 

contributions to the bond energy that are disregarded in bond order formalism. In a 

review of the development of the REBO potential, Brenner proposes that transferability 

and flexibility are best achieved when a potential replicates the essential quantum 

physics of chemical bonding.52  Finnis emphasizes this point in a similar review of 

Pettifor’s bond order formalism and in his book where he derives many of the most 

effective interatomic potentials from TB-DFT.21 The coupling of a variable charge 

electrostatic potential with a bond order potential follows this same approach. 

When developing a potential, it is always tempting to add additional functions in an 

ad hoc manner to correct aberrant predictions or improve the behavior of the potential.  

While corrections are in most cases unavoidable, they often have unintended 

consequences and must be chosen with care. In his review, Brenner suggests four 
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characteristics of effective potentials that must be balanced while developing the 

functional form of the potential:   

Flexibility: The potential should be able to reproduce a wide range of materials 

properties such as cohesive energies, surface energies, defect formation energies, etc. 

Accuracy: The potential should reproduce the properties in the fitting database within 

the designed tolerance.   

Transferability:  The parameter set should be applicable to a wide range of bonding 

environments and other phases of the material.   

Computational Efficiency:  The appeal of empirical potentials over more transferable 

first principles methods is the speed of the calculations and scalability to larger systems.  

There is a lower bound on the efficiency of an empirical potential where, if it is nearly as 

costly as first principles calculation, there is little reason to spend the effort fitting and 

developing it. 

When we add functions to improve performance of the potential for one phase we 

naturally risk compromising the transferability to other phases. This especially pertinent 

when designing potentials for interfaces where the parameters must be transferable to 

several phases in a broad range of coordination environments. Take for example, a 

graded interface between an oxide and a close-packed metal.  In the interface region, 

coordination ranges from 12 nearest neighbors in the pure metal to substantially less in 

the stoichiometric oxide.  Between these boundaries, in the interface region, there is no 

constraint on stoichiometry.  Furthermore, variable charge electrostatics also lifts any 

constraint on charge neutrality at the interface; the system as a whole can be 

constrained to be charge neutral, but in the interface region, non-neutrally charged local 
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phases may develop. Achieving transferability to all these unusual and unexpected 

possible phases is a delicate task that requires well chosen functional forms. Success is 

most likely when the additional functions are chosen to replicate the interactions as 

described by the underlying quantum physics. 

Transferability of a potential also depends on the fitting process.  A tempting 

assumption is that transferability can be achieved solely by fitting to a comprehensive 

database.  While fitting is a critical part of the potential development process, where 

accuracy and the flexibility to describe a wide range of phases are necessary for reliable 

results, it is often quite possible to achieve an accurate fit to properties that should be 

indistinguishable by the potential.  A typical example is the ability of an EAM potential to 

stabilize a face centered cubic (FCC) crystal structure relative to a hexagonal close 

packed (HCP) arrangement. The physics that an EAM potential describes cannot 

distinguish between these phases.   However, with careful fitting of the cutoff distance, 

the FCC structure can be stabilized relative to HCP.  In such a case, transferability is 

achieved by fitting a convenient cutoff that selects the interactions that give a decent 

result rather than accurately describing the energy per interaction.  It is doubtful that 

such a potential will be transferable to the unusual bonding situations that arise at 

surfaces and interfaces or to the metal-metal interactions in an oxide. The point here is 

that while fitting is a critical phase of the development, it is possible to fit the correct 

behavior for the wrong reasons. Transferability is best achieved by beginning with a well 

designed functional form that replicates the underlying physics and fitting that potential 

to a well chosen data set. 
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2.2 Wavefunction Theory (WFT) 

2.2.1 The time independent Schrödinger equation 

The simplest description of a material at the quantum level is as a system of non-

relativistic electrons acting in response to an external potential Vext comprised of the 

positively charged nuclei.  One way to describe the physics of the electrons is through 

wave mechanics, where properties of the chemical system are described by a 

wavefunction.53 Observable properties of the system, such as energy, are found when 

an appropriately chosen operator acts upon the wavefunction.  In the case of non-

relativistic electrons, the energy of the system is given by the equation: 

ψψ EH =ˆ   . (2-1) 

This is the time independent Schrödinger equation in its most basic form.  Here E is the 

total energy of the system and the wavefunction, ψ(ri,si) is an eigenfunction of position 

and spin for each electron in the system.  Equation 2-1 is an eigenvalue equation where 

an operator, Ĥ in this case, acts on the wavefunction to yield a scalar eigenvalue, E.  

The Hamiltonian operator in Equation 2-1, Ĥ, is the operator that gives the total energy 

for the system.  When written out explicitly the Hamiltonian is: 
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  (2-2) 

where, i and j sum over electrons located at position ri≡(xi,yi,zi), I and J sum over nuclei 

at positions RI, me is the mass of an electron, mI is the mass of the nuclei, Z is the 

atomic number, e is the charge of one electron, ε0 is the vacuum permittivity.  The term 
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ħ is Planck’s constant divided by 2π and the term 2∇  is the Laplacian operator defined 

in Cartesian coordinates as: 
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i zyx ∂

∂
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∂
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∂
∂

=∇  . (2-3) 

The energy operator contains components for both the kinetic and potential energy 

of the electron and nuclei.  The last three terms in Equation 2-2 describe the potential 

energy and are essentially the same as the classical electrostatic interactions.  The 

factor of ½ in the last two terms accounts for double counting since the summations run 

over each interaction twice.  At the quantum level, the kinetic energy is not equivalent to 

its classical analog, but, instead is determined as the eigenvalue of the kinetic energy 

operator54: 

2
2

2
∇−=

m
T  . (2-4) 

The wave function, ψ, is an obtuse concept.  Essentially, it is a mathematical 

function whose arguments are the positions and spins (r,s ) of the electrons.  The spin, 

si, introduces two components for the description of each electron, conventionally 

referred to as α(si) and β(si) or rather the “spin up” and “spin down” component for each 

electron.  The main effect from spin is that the wavefunction is anti-symmetric, meaning 

the wavefunction changes sign when the positions of two electrons are exchanged.55, 56  

The product of the wavefunction with its complex conjugate, (ψ*ψ) represents a 

probability density.  As an eigenfunction, ψ could be multiplied by any scalar quantity 

and still return a true solution, thus, giving an infinite number of solutions to Equation 2-

1. In practice, the wavefunction is crafted to be orthonormal, meaning the components 
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are orthogonal to one another and the wavefunction is multiplied by a unique 

normalization constant that satisfies the condition: 

∫ = ijji dr δψψ  (2-5) 

where, δij is the Kronecker delta function, which is equal to one when i=j and zero 

otherwise.  Equation 2-5 uses shorthand notation where dr indicates integration over all 

spatial components and summation of the spin components, s.  The normalization of the 

wavefunction leads to a representation of the electron density at any position, ri, as: 

drNri

2
)( ∫= ψρ  . (2-6) 

N in Equation 2-6 is the number of electrons.  

2.2.2 The Born-Oppenheimer approximation 

The complexity Equation 2-2 can be reduced with a few key approximations.  First, 

since in most circumstances the mass of the nuclei are significantly larger than the 

mass of an electron and the electrons move at a significantly higher velocity than the 

nuclei, the motion of the nuclei may be neglected when determining the energy of the 

electrons. This approximation, which is referred to as the Born-Oppenheimer 

approximation, drops the second and fifth terms from Equation 2-2. With this 

approximation, the equation yields a total electronic energy, Eel, for the system rather 

than the actual total energy for the system.57   

A fundamental hypothesis of quantum mechanics is that there has to exist a lowest 

energy state for the system called the ground state, Eo, which is described with  the 

corresponding ground state wavefunction, ψo.
58

  If this were not true then an infinitely low 

energy could be achieved by simply packing the electrons in closer to the nuclei while 

maintaining the kinetic energy at a constant value.  A related approximation, the 
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adiabatic approximation, assumes that under normal conditions, on the time scale of 

nuclear motion, electrons relax to the ground state instantaneously.59  Under the 

adiabatic approximation, the energy of any arrangement of nuclei can be determined 

with the ground state configuration of electrons.   

The two approximations introduce inconsequential error in most circumstances, yet 

have several significant ramifications in regards to empirical potentials. Together the 

two approximations allows us to clearly separate electronic and nuclear motions, which, 

in turn, allows us to derive an empirical potential for inter-atomic forces based upon the 

ground state configuration of the electronic structure for any arrangement of nuclei. For 

any given set of nuclear positions, there is one unique ground state electronic 

configuration.  Consequently a finite difference in energy can be determined for various 

stresses and perturbations on the system. Without the approximations, any derived 

potential would be based on a one or several most probable configurations rather than 

the unique ground state. 

The appropriateness of approximation is contingent of course on the definition of 

normal conditions.  In most applications we are concerned with low energy processes 

around standard conditions. The Born-Oppenheimer approximation sets an upper 

bound in energies below which it is valid.  Processes that involve high nuclear velocities 

or sufficiently high energies to allow excited electronic states to participate are 

somewhat spurious.  This limitation carries through to any empirical potential derived 

from the ground state configuration. For most applications involving static calculations 

or low energy dynamics around standard temperature, the approximation is very 

reasonable.  In computational materials we can run into difficulties when we look at very 
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high energy processes such as high energy depositions or radiation bombardment in 

which case results may be unreliable. 

The separation of nuclear and electronic motions allows us to simply the 

expression of the Hamiltonian in Equation 2-2.  First we can drop all nuclear-nuclear 

interactions from the calculation.  Secondly, we can define the potential generated by 

the field of the positively charged nuclei and all other potentials that are not dependent 

upon the electrons as an external potential, Vext: 

∑ −
−

=
I I

I
ext Rr

Z
rV )(  . (2-7) 

The external potential and any other potential acting on the electrons can be defined as 

an operator that gives the expectation value of the electron-nuclear energy contribution 

to the total electronic energy of the system. The expectation value for the electron-

nuclear Coulombic attraction is determined by operating extV̂ on the wavefunction, pre-

multiplying by the complex conjugate of the wavefunction and integrating over all 

special components: 

drVE exteZ ψψ∫= ˆ*  . (2-8) 

The interaction can also be described as the interaction between the Vext(r) and electron 

density as defined in Equation 2-6 which will be used later: 

drrVrE exteZ ∫= )()(ρ  . (2-9) 

2.2.3 The variational principle  

If the correct wavefunction is known, then any observable value of the system can 

be determined by operating on the wavefunction with the appropriate operator.  The 

trick is finding the appropriate wavefunction for the system.  To so do, we can exploit 
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the idea that there exists a lowest energy ground state, which sets a lower bound on 

any trial solutions.  The best solution, therefore, corresponds to the lowest energy, 

which set up a constrained minimization problem to determine the ground state 

configuration.  This concept, called the variational principle,60 is an essential concept in 

most quantum mechanical calculations and is well described in the standard text books.  

I will use the proof by Cramer to illustrate.58 

 A normalized trial wavefunction, Φ, can be expressed as a sum of basis functions 

multiplied by an expansion coefficient, Ci.  As an example, a trial wavefunction can be 

constructed as a linear combination of orthonormal single particle wavefunctions, ΨI: 

∑=Φ
i

iiC ψ . (2-10) 

Since Φ is normalized, the basis functions and coefficients are constrained to satisfy the 

orthonormal condition meaning 
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To find the energy of any particular state, both sides of Equation 2-2 can be multiplied 

with a trial wavefunction and integrated over all spatial components: 

∫∫ ΦΦ=ΦΦ drEdrH i
ˆ  . (2-12) 

Since E is a scalar, it can be moved out of the integral.  Using the orthonormal 

condition, Equation 2-12 can be recast in terms of the coefficients, Ci.  
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The results of Equations 2-11 and 2-13 can be used to construct an expression for the 

energy of any state relative to the ground state as: 

∑∫∫ −=Φ−ΦΦ
ij

ii EEcdrEdrH )(ˆ
0

22
0 . (2-14) 

The left hand side of Equation 2-14 is always greater than or equal to zero since c2 ≥ 0 

for all real values of c, and (Ei – E0) ≥ 0 by the definition of E0. This sets up the following 

inequality: 

0ˆ 2
0 ≥Φ−ΦΦ ∫∫ drEdrH . (2-15) 

With rearrangement, Equation 2-15 becomes: 

02

ˆ
E

dr
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Φ

ΦΦ

∫
∫ . (2-16) 

In the example above, the wavefunction describes a single particle, but this is not a 

limitation of the method.  The variational principle applies to single particle wave 

functions as well as many electron wavefunctions describing many atom systems.  Also, 

in this example, the trial wavefunction was composed of a linear combination of 

orthonormal wavefunctions. This too is not a constraint of the principle but rather a 

convenient condition chosen for illustrative purposes.  

2.2.4 Antisymmetry and determinant wavefunctions 

In the example provided in Section 2.2.3, the trial wavefunction is composed of a 

linear combination of basis functions that approximates the actual wave function. A 
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similar approach can be used to construct a many electron wavefunction. The choice of 

a trial wavefunction must consider that each electron has both spatial and spin 

components. A trial a wavefunction,Ψ(x1,…xn), that captures both components can be 

constructed as linear combination of single particle wavefunctions ψa(x1) composed as a 

product of spatial and spin components: 

)()()( iiaia srx αφψ = . (2-17) 

In Equation 2-17, the arguments xi refer to spin-orbitals that include both spatial, φa(r) 

and spin components, α(s).The spin component arises as a consequence of Dirac’s 

relativistic quantum mechanics61 and result in the wavefunction being antisymmetric, 

meaning the wavefunction changes sign with the interchange of any electron pair: 

),,(),,( jkikji xxxxxx Ψ−=Ψ . (2-18) 

The antisymmetric nature of the wavefunction also leads to Pauli’s exclusion principle, 

which states, in basic terms, that no two electrons can be described with the same 

identical quantum numbers.62 A first choice to consider for a trial wavefunction would be 

product of spin and spatial components.  To preserve orthonormality in Ψ(x), the spin 

components must also satisfy the conditions: 
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Normalization must also consider integrating over all spin orbital states: 

∫ =Ψ 11
2

ndxdx  . (2-20) 

The electron density when determined according to Equation 2-20 must also include the 

spin components such that the density at position r1 is:  
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∫ =Ψ= 1)( 21
2

1 ndxdxdsNr ρ  . (2-21) 

An effective means of maintaining antisymmetry in the wavefunction was 

developed by Slater who represented the many electron wavefunction as determinant.63  

This approach exploits the property of determinants that the sign of the determinant 

changes when two rows or two columns are exchanged.  For example the wavefunction 

for a system composed of two electrons with the same spin in different single particle 

states can be represented as: 

)()()]()()()([
2
1

)()()()(
)()()()(

2
1),(

212121

2222

1111
21

ssrrrr

srsr
srsr

xx

abba

ba

ba

ααφφφφ

αφαφ
αφαφ

−=

=Ψ
 (2-22) 

The electron density for the system can be constructed using Equation 2-21 with 

integration over both spatial and spin components: 
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Equation 2-23 shows the prefactor of 2-1/2 is normalization constant. In a similar manner, 

the wavefunction for a system of two electrons with opposite spins occupying the same 

orbital is given as: 
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For more than two electrons, the determinant is expanded with an additional column for 

each new single particle wavefunction and an additional row for each new electron: 



 

 
38 

)()()()()()()()(

)()()()()()()()(

!
1

),(

12/12/00

1112/1112/110110

1

NnNNnNNNNN

NN

n

srsrsrsr

srsrsrsr

N

xx

βφαφαφαφ

βφαφβφαφ

−−

−−

=

Ψ









 (2-25) 

The notation gets a bit cumbersome at this point. The nomenclature and short 

hand used by Finnis helps matters.21 One convenient condition for illustrative purposes 

is to only consider closed shell system where each orbital is doubly occupied.  The 

Energy for the system is given as: 
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The prefactor of 2 is the occupancy. Similarly, the electron density for the many electron 

wavefunction is given by: 
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The Slater determinant introduces an electron correlation energy called exchange 

correlation, where the Coulomb interaction between electrons with parallel spins is 

reduced compared to the repulsion between electrons with opposite spins.64  This can 

be illustrated by solving the Coulomb integral between two electrons described by the 

wavefunction in Equations 2-22 and 2-24.  In the case where electrons have the same 

spins, the repulsion between them is: 
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Jab represents the Coulomb integral between single particle states and, Kab the 

exchange integral between states. The same calculation for two electrons with opposite 

spins occupying the same spatial state: 
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Comparing the two results shows how the Coulombic interaction between electrons is 

reduced when spins are parallel.  The exchange correlation only affects the interaction 

between electrons with the same spin.  

2.2.5 The Hartree-Fock (HF) method 

The first useful method for approximating the solution to the many electron 

Schrödinger equation based on the variational principle was developed by Hartree.65 
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The Hartree method does not solve the true Schrödinger equation but instead solves 

the equation for non-interacting electrons. In the Hartree approximation, the electron-

electron interaction is approximated with an external potential that represent the mean 

field of the electron density of the system.  The external potential augments the 

electron-nuclear potential to give an effective potential, Veff, acting on the electrons.  

This mean field approximation simplifies the many body calculation in two ways.  First 

the many body Hamiltonian can be treated as a sum of single particle Hamiltonians, Hi: 

ψψ EH
N

i
i =






∑
=1

ˆ .  (2-30) 

Secondly, the single particle Hamiltonian is reduced to a potential and kinetic energy 

term: 

)(ˆˆ
ieffii rVTH += . (2-31) 

Veff contains both the external potential from the nuclear point charges and the potential 

due to the mean field of the other electrons: 

∫ −
+= '
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)'()()( dr

rr
rrVrV exteff

ρ   (2-32) 

where, ρ(r’) is the electron density due to all other electrons.  The second integral on the 

right of Equation 2-32 is defined as the Hartree potential VH(r). Since VH(r) depends on 

the existing electron density; the Hartree Hamiltonian must operate on a wave function 

upon which it depends.  This means that the problem must be worked iteratively, with 

successive iterations giving improved wavefunctions, which in turn, can be used in the 

next iteration.  If all goes well, both the wavefunction and the energy converge to 

invariant points where the difference in energy between iterations is suitably small that 

the solution can be considered converged.   
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The Hartree method is outdated but introduces a few significant innovations that 

are still indicative of quantum calculations. The method introduces an iterative solution 

based on the variational principle.  This same technique remains in use for all methods 

that are solved variationally, which constitutes the vast majority of first principles 

calculations.  The iterative nature of the calculations is also the root of the heavy 

computational expense of first principles methods. The Hartree method also makes use 

of the mean field approximation which has also carried on in various forms in today’s 

methods.  The main criticism of the method is the Hartree energy does not include the 

effects of electron correlation.  We can at least address exchange correlation by using 

Slater determinant wavefunctions. This model is called the Hartree-Fock (HF)66 method 

for which the Hamiltonian, F, is modified to include the exchange interactions: 

GVTF ext
ˆˆˆ ++=



.  (2-33) 

The operator Ĝ contains all the electron-electron interactions and is defined as: 

KJG ˆˆ2ˆ −= . (2-34) 

J


and K̂ are the Coulomb and exchange operators. The final Hartree-Fock energy, EHF 

is found by operating F


on a Slater determinant wavefunction: 

xHeff

N

n
HF EdrrVrdrrVrnnE +−+∇−= ∫∫∑

−

=

)()(
2
1)()(

2
12 2

12/

0

ρρ . (2-35) 

The second term on the right of Equation 2-35 is the energy of interaction between each 

electron and the effective core potential defined in Equation 2-32.  The third term 

corrects for the double counting of the interaction between each electron with the 

Hartree potential that is included in Equation 2-32. The first term in Equation 2-35 is the 

kinetic energy of each single particle state written in Dirac notation.   
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The Dirac style of notation simplifies the expression of many electron integrals.53 

The style is also called “bracket” notation where the “ket”, n , represent the single 

particle state φn. The scalar product of n  with the “bra” , n , results in the complex 

conjugate of the single particle state. One other useful scalar product is between n  

and a vector in real space r : 

)(rnr nθ= .   (2-36) 

The last term in Equation 2-35 is the exchange energy defined as: 
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The integration in Equation 2-37 runs over four indices, which means the method scales 

as N4 for N basis functions.  This limiting factor restricts the method to small systems.  

Still, EHF captures the essential qualities of chemical bonding. The main deficiency is 

that only exchange correlation is explicitly included in the result.  However, post HF 

methods can correct for other correlation effects with chemical accuracy in small 

systems.  

2.2.6 Key aspects of chemical bonding in molecular orbital theory 

Wave function theory (WFT) gives the energy of a system of electrons based on 

molecular wavefunctions, also called molecular orbitals, which, in turn, are formed from 

a linear combination of local single particle orbitals. This molecular orbital based view is 

referred to as molecular orbital theory. Many of the properties we associate with 

chemical bonding: orbital hybridization, bond orders, partial charges and polarization to 

name a few, can be explained from the perspective of WFT in the context of molecular 
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orbital theory.  A few of these key aspects of chemical bonding have to be refined a bit 

further to substantiate the approximations made in the empirical COMB formalism.  

Since this work deals mainly with the development of variable charge potentials, 

the first useful concept to explore is the idea of partial atomic charge.  WFT provides a 

means of determining the partial charge of each atom based on the degree to which the 

local atomic basis functions contribute to the molecular wavefunction.  In Dirac notation, 

a single particle orbital can be described as µI  where the index I refers to the atom 

and µ refers to a single particle orbital on that atom.  As shown previously, a single 

particle state can be expanded as a linear combination of basis functions, in which 

case, expansion coefficients follow the same indexing: 
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I ICn . (2-38) 

The total number of electrons in the system can be summed up in terms of the 

expansion coefficients as: 
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In Equation 2-29, fn is the number of electrons in each orbital ranging for zero to two. S 

is the overlap integral between basis functions:  

νµνµ JIS JI = .  (2-40) 

The notation in equations such as Equation 2-29 can get complicated.  One useful 

concept is the density matrix30 whose elements are defined as: 
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Using the density matrices, Equation 2-39 can be rewritten as: 
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The charge of each atom depends arbitrarily on how the contributions of the second 

summation in Equation 2-42 are divided between atoms.  The simplest approach was 

proposed by Mulliken, who divided the second term evenly between all of the atoms 

upon which the basis functions resides.67-70 The Mulliken charge at each site is then: 
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The methods runs into problems when the orbitals not orthonormal.  Often the basis 

functions on individual atoms are constrained to be orthonormal. However, enforcing the 

same constraint on the set of molecular orbitals for the system is not mathematically 

convenient and often not beneficial.  In such a case, the summations in Equation 2-43 

do not equal N.  Several schemes to address this concern have been proposed, all of 

which transform the orbitals into an orthonormal basis set.  How this transformation is 

performed differentiates methods such as the Löwdin population analysis71 and the 

natural population analysis (NPA).72 While these methods maintain charge 

conservation, the various processes of rendering an orthonormal basis set alters the 

absolute value of charge.  Consequently, results of various methods are not comparable 

to one another.  

The Mulliken population analysis and its modifications have several other critical 

deficiencies, which restricts their overall general utility.  First, as is apparent in Equation 

2-43, the charges depend upon the basis functions so that charges calculated with 

different basis sets are not comparable to on another. Consequently, the analysis does 

not provide an absolute value for charge, but instead yields a relative charge subject to 
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the conditions of the calculation.  Secondly, splitting contributions evenly between 

atoms is a rather crude approximation. One could imagine in a real system, with 

differences in electronegativity between atoms, that the distribution is more complex.  

For these reasons, partial charges are not useful by themselves as quantitative charge 

values within a material. Their best use is to compare changes in the relative partial 

charges in response to some change in the system. Occasionally, a variable charge 

potential will be touted for reproducing the partial charge generated by a Mulliken or 

similar population analysis.  Such claims are somewhat specious, since the actual value 

of the charge can vary with the basis set used, and ,while, relative trends in the 

population of orthogonalized, single particle basis functions may provide qualitative 

insight, there is no way to ensure relative values quantitatively represent change in the 

actual charge distribution in real systems. 

 Another concept that is useful for this work and can be derived from the density 

matrix is the bond order (BO), which is a measure of the number of chemical bond that 

exists between a pair of atoms.73  The range of values begins at zero when no bond 

exists, and increases by one for each additional bond formed between atoms.  Bond 

strength generally increases with bond order.  For example the carbon-carbon triple 

bond has a bond enthalpy of 8.51eV and a bond order of three versus 3.69 eV for the 

C-C single bond with a bond order of one.  Hence, it is a critical concept to model when 

crafting a reactive analytical potential, especially for hydrocarbons where materials 

properties and chemistry are greatly influenced by the bond order.  From WFT, the bond 

order is simply a sum of the off diagonal matrix elements of the density matrix:  
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An example used by Finnis to illustrate this concept is the bonding between diatomic 

hydrogen.21  Each H atom contains one electron in one s-orbital, φA and φB, which 

combine to form a bonding molecular orbital, ψa and an antibonding orbital, ψb: 
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 (2-45) 

In the ground state, ψa is occupied with 2 electrons, so f0=2 and ψb is vacant, f1=0.  The 

coefficients for the bonding state, 0
AC  and 0

BC  are equal to 2-1/2.  For the antibonding 

state, the coefficients are 2/11 2−=AC and 2/11 2−−=BC . Putting these values into Equation 

2-44 gives a BO=1 for the ground state meaning a single bond exits between atoms in 

the ground state.  When one electron is promoted into ψb so that f0=1 and f1=1, then 

BO=0 and no bond exists. 

 This example also illustrates the essence of chemical bonding, where as atoms 

interact, the basis functions on each atom combine to form molecular orbitals. The 

molecular orbitals are both higher and lower in energy than the atomic states. The 

orbitals are populated from lowest energy states first.  If more electrons are found in 

states lower in energy than the atomic states, then it is energetically favorable to form a 

bond.   

The splitting of states continues as more atoms interact until, in condensed matter, 

the states broaden into bands.74  Within a crystal, if we consider the exclusion principle, 

each band constitutes a single particle spin.  The bands represent the distribution of 

energy states within the solid phase which can be described using the density of states 
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(DOS). If the single particle states, n  and energies, εn, are known, the global DOS for 

the system, D(ε) is defined as:  

∑ −=
n

nD )()( εεδε  (2-46) 

where, δ is the delta function. The function D(ε) represents the number of states with 

energies in the range of ε+dε.  The band energy, EBand, is the sum of the energies of the 

states given by the integral: 
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At zero temperature, the upper limit of the integral is the Fermi energy, EF.  The factor of 

two accounts for a closed shell system with each state being doubly occupied electron 

of opposite spin. 

 A local DOS for each orbital on any atom can be defined as a function that 

measures the relative contribution of each state of energy, ε, to the total DOS of the 

orbital.  This is achieved by first defining the relative weight of each of molecular orbital: 
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The global DOS is then the sum if: 
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The local DOS for orbital Iµ can be pulled from Equation 2-49 as: 
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With an orthogonal basis, DIµ(ε) is simply DIµIµ(ε), the sum of which over µ gives the 

DI(ε) for each atom. The local DOS provides a route to approximating bond energies in 

condensed matter, which will be used to derive the short range contributions in COMB. 

2.3 Density Functional Theory (DFT) of Inter-Atomic Interactions 

The main limitation with the single particle HF methods is the error in the 

correlation energy.  This error can be corrected with any of several post HF methods.  

The post HF corrections are naturally expensive and scale rather poorly with the 

number of electrons, N4 for the minimally useful methods.58 Unfortunately, the accuracy 

of the methods only improves in direct proportion with the expense to the point where 

the most trusted post HF methods, coupled-cluster theory, scales as N8 where N is the 

number of basis functions.  The poor scalability restricts the calculations for fairly small 

systems containing at the most a few dozen atoms.  Typical calculations are performed 

on systems on the order of one to ten atoms. 

One solution to the many-body correlation problem was advanced by Thomas and 

Fermi who found that for a system containing N electrons, there exist a unique 

functional of the electron density , E[ρ(r)], which , when minimized with respect ρ(r) 

gives the true ground state energy of the system.75, 76  A functional is a function that 

takes a function as its arguments. In this theory, the energy functional takes the electron 

density as its argument hence the name density functional theory.  The appeal of this 

theory is the many body correlation effects are inherently included in the electron 

density.  The resulting ground state energy is the exact ground state energy that can be 

solved as long as the appropriate functional is known.  Unfortunately, the exact 

functional is not known and the theory in its current state relies on empirically derived 
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approximate functionals, thus yielding an approximate solution to the exact ground state 

energy.  Still DFT includes correlation effects in a comparatively efficient manner, so 

can be applied to larger systems with reasonable cost. Systems of several hundred 

atoms are tractable on current computer systems.  This has lead to the acceptance DFT 

as the predominant first principles method in computational materials science, 

especially when electron rich atoms such as metals are involved in the calculation.   

2.3.1 The Kohn-Sham Functional 

Modern empirical potentials for materials stem primarily from DFT and follow an 

evolutionary development along the lines of tight binding theory (TB-DFT). Tight binding 

theory is semi-empirical density functional theory, where approximations are made to 

the total energy functional to increase the efficiency of the calculation. The theory 

encompasses of a wide range successively sever approximations, which result in 

correspondingly faster calculations, but at the cost of progressively limited 

transferability.  Extrapolating this trend to its limit leads to fully classical empirical 

potentials.   

The most useful tight binding energy functionals for deriving empirical potentials 

are themselves based on the Kohn-Sham functional which can be broken down into its 

component energy functionals as:27, 28 

[ ] [ ] [ ] [ ] [ ] ZZeZxcHs
KS EEEETE ++++= ρρρρρ  (2-51) 

The main challenge with energy functionals preceding the Kohn-Sham approach was in 

dealing with the functional derivative of the kinetic energy. Previous methods 

approximated the kinetic energy, which proved to be a significant source of error. The 

Kohn-Sham approach works around the approximations to the kinetic by introducing a 
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reference system of non-interacting electrons with a density of ρ. The kinetic energy for 

this reference system is given by the functional, Ts[ρ], which is the first term in Equation 

2-51. Ts[ρ] does not yield the true kinetic energy, but rather the kinetic energy of a 

reference system.  The actual kinetic energy functional requires a correction term, 

T[ρ]=Ts[ρ]+∆T[ρ], which is assumed to be included in the Exc[ρ]. The other functionals 

give, from left to right, the Hartree energy, the exchange and correlation energy, the 

electron-nuclear interaction and the nuclear-nuclear interaction.  The annotation is 

modified for simplicity where ρ(r) is abbreviated as just ρ, which will be used when 

appropriate from here on.   

The ground state for any energy functional is determined by finding the minimum in 

the energy functional with respect to electron density.  In a manner similar to functions, 

the critical points for a functional correspond to point where the functional derivative is 

equal to zero.  The ground state density is, therefore that which corresponds to the point 

where the functional derivative of EKS with respect to density is zero with the constraint 

that total charge in the system is conserved: 
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=+++=
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extxcH
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KS

. (2-52) 

µ is the Lagrange multiplier used to enforce the constraint of charge conservation 

meaning the following condition is satisfied: 

 Ndrr =∫ )(ρ . (2-53) 

µ is an important concept that essentially represents the change in energy with electron 

density or in terms of charge, the change in energy as an electron is added or removed 
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from the system.  The other potentials in Equation 2-52: VH(r), Vxc(r) and Vext(r), are the 

functional derivates of the corresponding energy functionals. 

 Solving the Kohn-Sham equation requires a bit of clever manipulation.  The 

solution requires defining a reference system of non interacting electrons as: 

µ
δρ
δ

=+ )(rVT
eff

s  , (2-54) 

When Veff, the effective potential acting on the electrons is defined as: 

)()()()( rVrVrVrV extxcHeff ++=  . (2-55) 

Equations 2-52 and 2-54 are equivalent and are solved with the same ground state 

density and kinetic energy.  However, by choosing a system of non-interacting electrons 

as the reference system the, exchange and correlation contributions can be dropped 

and Veff becomes essentially an external potential, Vext.  This sets up an eigenvalue 

problem which can be solved variationally: 

)()()(
2
1 2 rrrV KSnKSeff ψεψ =






 +∇−  , (2-56) 

Eigenvalue equations in this context are referred to as the Kohn-Sham equations. The 

wavefunctions, ψks are the single particle Kohn-Sham orbitals that correspond to the 

ground state solution of the Kohn –Sham equations.  The electron density is given by: 

2)()( ∑=
n

nn rfr ψρ  (2-57) 

The summation runs over all electrons.  The term fn is an integer that represent the 

orbital population ranging from zero to two. The main advantages of this solution are 

that the ground state density and kinetic energy are determined via a self-consistent 

solution to a single particle eigenvalue problem. The problem a sequence of iteration 
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since Veff is dependent on ρ.  Most other approximations are gathered together in the 

Exc.  The method does not side step the challenges with the exchange and correlation 

functional but rather lumps all approximations together into one empirically 

parameterized functional.  

 Finnis reworked EKS into a form that is useful for deriving empirical potentials.21 

First, the potentials such as Veff can be interpreted as operators effV̂ giving the following 

expressions:  

∑=
n

ns nTnfT ˆ  , (2-58) 

∑∫ =
n

effneff nVnfdrrVr ˆ)()(ρ . (2-59) 

Combining the two expression gives: 

∫∑ −+= drrVrnVTnfT eff
n

effns )()(ˆˆ ρ . (2-60) 

Replacing Veff with its components gives Finnis’s form of the functional: 

ZZXCXCH
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2
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The second term in the equation corrects for double counting of the Hartree energy 

since it is counted twice in the Hamiltonian. The third term subtracts any exchange and 

correlation contributions from the Hamiltonian and includes them in Exc.  

2.3.2 The Hellman-Feynman theorem and inter-atomic forces 

 If we intend to use the potential for dynamic simulations or optimizations then we 

have to deal with forces acting on the atoms, which in quantum mechanics, are found 

through the Hellmann-Feynman theorem.77 The principle of the theorem states that 
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change in the energy due to change in some factor that alters the external potential is 

given by: 

00 ψψ
R

V
R
E ext

∂
∂

=
∂
∂ .  (2-62) 

The change in energy is not dependent upon the change in electron density at all; only 

the change in the external potential.  As an example, provided by Finnis,21 consider a 

system in the ground state where the energy is given by some functional, E[ρ].  If the 

external potential is altered with some small perturbation, such as a small change in 

interatomic displacements, the resulting change in energy to first order is: 

)()()()()()]([)]([ rdEdrrdVrdrrVrddrd
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ρ  . (2-63) 

For clarity, F[ρ] represents all other components of the functional derivative.  With the 

adiabatic approximation, the electron density is minimized to the ground state for each 

small perturbation in the Vext.  Since ρ(r) is minimized, all terms that depend on dρ(r) 

add up to zero leaving: 

)()()()]([ rdEdrrdVrrdE ZZext += ∫ ρρ . (2-64) 

Equation 2-64 restates the Hellmann-Feynman theorem, where the change in energy is 

not dependent upon change in the electron density. 
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This theorem greatly simplifies the task of calculating inter-atomic forces.  Once the 

ground state density is known, the forces acting on the nuclei in response to the ground 

state charge distribution can be solved through classical electrostatics. The self 
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consistent quantum calculation is only necessary to find the ground state electron 

density distribution.  

2.3.3 The second order Kohn Sham functional 

 The Hellmann-Feynman theorem can also be turned around to derive functionals 

that yield the change in energy and electron density in response to a change in Vext by 

introducing a scalar parameter, λ, that determines the external potential over the range 

of the change between Vext1 and Vext2. 21, 78 λ ranges from zero to one.  The potential in 

terms of λ is: 

)( 12 estestestest VVVV −+= λ . (2-66) 

The Hellmann-Feynman equation that corresponds to this condition is:  

( ) ZZextext dEdrdrVrVrrdE +−= ∫ λλρρ )()(),()]([ 12 . (2-67) 

Integration with respect to λ gives the energy functional.  However, solving the integral 

requires an approximation for the dependence of ρ(r) on λ.  The first order 

approximation is to disregard any dependence ρ(r) on λ,78 which yields the following first 

order functional:  

( ) 121211
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2
)1( )()()(]),([]),([ ZZZZextextextext EEdrrVrVrVrEVrE −+−+= ∫ ρρρ . (2-68) 

The error in the approximation varies linearly with δVext and so is only reliable for small 

variations in Vext. However, the functional does not depend on a change in electron 

density, and, so, can be solved efficiently in situations where it is applicable.  

 An approximation to second order can be made by assuming the dependence of 

ρ(r) on λ is linear.21, 78  The resulting functional is essentially obtained by replacing ρ1(r) 

in the first order functional with the mean density ½[ρ1(r)+ρ2(r)]:  
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The Kohn-Sham analog to the second order functional is given as: 
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The superscript “in” indicates a reference input density, ρin.   Functions and functionals 

that are dependent upon ρin are also tagged with the “in” superscript.  The first term on 

the right of Equation 2-70 is the sum of the single particle Kohn-Sham eigenvalues. The 

premise of the second order functional is that the energy is determined as function of 

ρ(r), where ρ(r) is ρin(r) plus a small, continuous change in ρ(r), ρ(r)=ρin(r)+δρ(r). 

Likewise, the single particle states are assumed to change smoothly with small changes 

in ρ(r).  The first term is a sum of the eigenvalues found by operating the following 

Hamiltonian on the single particles states, n : 
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Harris analyzed Equation 2-70 further focusing on the last term, which is comprised of 

the second order terms resulting from the expansion of the EH[ρ(r)]  and Exc[ρ(r)] .79 
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Solving the second order functional requires solving a Kohn-Sham equation of the form  

nnVT neff ε=+ )ˆˆ( )2(  . (2-73) 

The effective potential in this case is: 
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Equation 2-74 indicates that the quantity defined in Equation 2-72 represents the 

change in the Hartree and exchange and correlation potentials due to change in the 

electron density. 

Equation 2-70 is a convenient functional from which to begin the derivation of a 

classical potential that gives the energy as a function of change in the nuclear positions. 

The functional requires a self consistent step to arrive at the ground state density. 

However, the error in the energy is shown to be third order, so small variations around 

the true variational solution are tolerable.   

2.3.4 The first order Kohn-Sham functional 

Harris, Foulkes and Haydock found a first order approximation of the second order 

Kohn-Sham functional can be made by basically dropping the second derivative term 

from Equation 2-70:78, 79 
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The appeal of this functional is that it is not variational.  The eigenvalues are determined 

once based on the input density and so determining the energy only requires one step 

to solve the Kohn-Sham equation. Furthermore, the error in energy is second order in 

terms of the difference between the input and exact charge densities. With a careful 

choice of ρin and Vxc, the functional can actually be more accurate than the full self-

consistent solution.  The second order error is satisfactory for many applications 

considering the efficiency gained by avoiding a self consistent iterative procedure.  The 

consequence of not being variational is the calculated energy may be higher or lower 
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than the actual ground state energy.  There is no lower bound. Hence the results are 

only as reliable their validation allows. 

2.4 A Self-Consistent Classical Electrostatic Potential 

The purpose of an analytical potential is to determine the energy and forces acting 

on the nuclei as a function of the position of the nuclei.  The first and second order 

functionals can serve as a starting point to derive an empirical potential with a 

foundation in density functional theory. The first order Harris-Foulkes functional provides 

a theoretical basis for several fixed charge, many-body potentials.  Brenner has shown 

how the Abel-Tersoff and REBO potentials have their theoretical origins in this 

functional.52 Likewise, Finnis has derived Pettifor’s analytical bond order potential,21, 42 

the Finnis-Sinclair potential21 and a basic ionic potential starting with the Harris-Foulkes 

functional.21   

The second order functional provides a basis for a self-consistent tight binding 

model, in which several electrostatic analytical potentials have their theoretical basis. In 

particular, models that include change in the electrostatic interactions in response to the 

local environment, such as a polarizable core shell models,80 can be derived from the 

second order functional. The dynamic charge potential central to this work also has its 

origins in the second order functional as well. 

If the input charge density in second order Kohn Sham functional is equal to the 

exact Kohn Sham ground state charge density, the functional may be re-written as: 
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The first order portion of the functional is equivalent to EHF, the first order Harris-Foulkes 

functional.  Equation 2-76 breaks the task of calculating the energy into two parts. The 
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Harris-Foulkes functional gives a non-self consistent solution to the energy that is only 

dependent upon the input charge density. The last term on the right of Equation 2-30 

gives the change in the Hartree and exchange and correlation energies to second order.  

Together both terms provide a basis for a reactive analytical potential.  Equation 2-76 

also allows the derivation to be separated into self consistent and non-self consistent 

components of the potential.  

2.4.1 Self consistent electrostatic energy contributions 

Ideally, a density function that can capture the change in energy with respect to 

electron density with one atom specific variable would solve the problem in as efficient a 

manner as possible.  The partial charge on each atom can represent the change in 

density as long as the density distribution is rigid, meaning its volume and shape are 

fixed.  Such a function is provide by Streitz and Mintmire in their electrostatic plus model 

(ES+):22 

)()()();( iiiiiiii rrfqrrqr −Ζ−+−Ζ= δρ . (2-77) 

Ζ is an effective core charge ranging between 0 and the total number of valence 

electrons in the atom. f(r) is a function that describes the radial charge distribution.  

If we also neglect the change in Exc and any covalent effects, then the change in 

energy as a function of charge is a sum of the change in energy in each atom.  With this 

rigid ion approximation, the change in energy becomes the sum of the Coulombic 

interactions between charge densities. 
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With rigid charge density distributions, Equation 2-78 can be thought of as the classical 

electrostatic interaction between charge densities the sum of which gives the total 

electrostatic energy, Ees, of the system.   

Solving the Coulombic integral with the charge density function of Equation 2-78 yields 

several electrostatic potentials.  The columbic interaction between charge densities, Eqq 

is given as the integral over charge density distribution functions, f(r): 

∫∫

∑∑

−−
=

=

ji
ji

jjiiqq
ij

i j
j

qq
iji

qq

drdr
rrr

rfrf
J

qJqE

)()(ˆ

ˆ
8

1

0πε
 (2-79) 

ε0 is the vacuum permittivity. The energy contribution due to the electron-nuclear 

interactions, EΖq, is determined as the Coulombic attraction integrals between the 

valence charge and the effective core charge: 
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The energy due to nuclear-nuclear interactions is given by: 
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When the core charge is approximated as a point charge and the densities are rigid, EZZ 

is a constant with respect to charge.  Therefore, we can assume EZZ is included in the 

core-core interaction of the Harris-Foulkes energy. 
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Lastly, since the summations run over all atoms, there are intra-atomic Coulombic 

interactions between the valence and the core on the same atom, q
iiJ Ζ and the electron-

electron interaction on the same atom, qq
iiJ .  These one-centered integrals comprise the 

electrostatic self energy. With the rigid atom approximation, the self energy becomes a 

sum of atomic self energies, Vself: 
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Incorporating Equations 2-80 to 2-82 in Equation 2-76 gives a second order functional 

as: 

qZqqselfinHFin EEErEQrE +++= )]([]),([)2( ρρ  . (2-84) 

The choice of charge distribution function is somewhat arbitrary.  Ideally, the 

function should be computationally efficient yet reliably reproduce properties of the 

material.  The simplest approximation would be to use a point charge for the density 

distribution, which is common in potentials for ionic materials when efficiency is 

paramount. However, the point charge approximation has significant error when atoms 

are separated by close distances and goes to infinite values as atoms approach too 

closely together. This Coulomb catastrophe is avoided with spherical charge densities, 

which, instead, go to finite values as densities overlap. The effect of using spherical 

density functions as opposed to point charges is illustrated in Figure 2-1 which plots the 

interaction between two charged atoms versus separation distance.  In Figure 2-1, 

dashed lines represent a point charge model and solid lines represent Coulomb 

integrals over spherical charge distributions.  The charge on each atom is fixed at ±1 

with like charges giving positive values and opposite charges giving negative values.  
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The functions are nearly equivalent at long separation distances, but deviate near the 

typical range for bond lengths in solids.  The point charge model goes to infinity at close 

separation which leads to a catastrophic failure of the model.  

Spherical distribution functions have been shown to be effective in tight binding 

models and are the mathematically convenient.52 A rigid spherical charge density 

simplifies the electrostatic portion of the Equation 2-76.  Spherical densities also simplify 

evaluation of the Harris-Foulkes energy, which will be addressed in the next section. 

Considering these advantages, spherical densities strike the best balance between 

efficiency, reliability and performance. Streitz and Mintmire’s spherical density function 

is mathematically convenient and has been shown to perform well in analytical 

potentials.22, 40 The function has one atom specific variable, ξ, which controls the radial 

rate of decay of the charge density: 

)2exp()( 13
iiii rrrrf −−=− − ζπξ . (2-84) 

Incorporating Streitz and Mintmire’s density distribution function into the interaction 

integrals yields the following exponentially decaying functions.  When ζi=ζj: 
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and, when ζi≠ζj, 
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The charge-nuclear interaction integral yields: 
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The charge-charge interaction, Jqq has an r-1 term. Summations over r-1 functions are 

conditionally convergent, which leads to problems in calculating the total energy. A few 

techniques have been developed to deal with such summations.  For this work, the sum 

is solved via a direct Wolf summation over charge neutral spheres.81 The direct Wolf 

summation is computationally efficient and is easily incorporated into parallel codes.  

The technique adds an additional q2 dependent self energy term. This additional atomic 

self energy is assumed to be included in the self Coulomb interaction, qq
ijJ ; otherwise, 

the self energy is unnecessarily dependent upon parameterization of the long range 

summation.  

The self energy terms in the rigid atom model comprise the energy to form a 

charge on each atom, which as shown by Rappe and Goddard,14 may be approximated 

through a Taylor series expansion of the energy as a function of charge:  
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Truncating at second order and solving at neutral charge as well as q=1 and q=-1 gives 

the following relationships: 
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VSelf(1) is defined as the first ionization potential (IP) and VSelf(-1) is the negative of the 

electron affinity (EA).  From the above equation we can get: 

i
i

EAIP
q
E χ=+=

∂
∂ )(

2
1  (2-92) 

qq
ii

i

JEAIP
q
E

=−=
∂
∂ )(2

2

, (2-93) 

The first derivative of energy with respect to charge is the equivalent to the Mulliken 

electronegativity, χ.  With the rigid atom approximation, χ is equivalent to one centered 

electron-nuclear interaction, JqZ. The second derivative of energy with respect to charge 

is Jii, the Coulombic interaction between valence electrons in the same atom.  Equations 

2-92 and 2-93 establish a way of determining Vself directly from calculated or 

experimentally measured ionization potentials and electron affinities.  When the 

expansion is truncated at second order, the resulting function is quadratic and exactly 

represents the first ionization potential and electron affinity.  For many elements, the 

higher ionization potentials vary significantly from the quadratic solution.  Additional 

higher order terms may be added to the function to fit higher oxidation states. In 

Equation 2-82, where Vself is defined as the one centered integrals, the value is divided 

the vacuum permittivity (4πε0)-1. When the coefficients are derived from empirical 

values, such as with Equations 2-92 and 2-93, the permittivity is assumed to be 

included in the measured value and is not included explicitly in the equation. 

Equation 2-88 provides a classical approximation to the change in energy with 

respect to the partial charge on each atom.  The self consistent problem is reduced to 

determining the partial charge on each atom that corresponds to the ground state 

electron density configuration.  
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2.4.2 Dynamic charge equilibration 

As defined previously, the electronegativity is the partial derivative of energy with 

respect to charge (∂E/∂qi)qj. In Equation 2-52, the partial derivative of energy with 

respect to electron density is set equal to µ, the Lagrangian multiplier that enforces the 

constraint of charge conservation.  With the rigid atom approximation, where variation in 

electron density is only a function of charge, the derivative with respect to electron 

density can be truncated to the derivative with respect to partial charge. Likewise, it has 

been shown by Parr, that the electronegativity is also equivalent ∂E/∂ρ(r) when the ρ(r) 

is the self consistent Kohn-Sham density.30 By Equation 2-52, the ground state 

corresponds to the condition where the electronegativities are equal to µ at all sites, 

provided that the total charge in the system is conserved. Likewise, the distribution of 

partial charges that corresponds to the ground state electron density distribution 

satisfies the condition that electronegativity is equal at all sites.  The partial charges are 

selected as those that satisfy this unique electronegativity equilibration condition (EE) 

with the constraint that total charge is conserved.  

The most computationally effective means of enforcing the constraint is though an 

extended Lagrangian method similar to that of Rick et al.,82 where the constraint of 

charge conservation is enforced with an undetermined multiplier.  The Lagrangian for 

the system is: 
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Here, Mq is a fictitious mass of each charge, m is the mass of each atom, Λ is the 

undetermined multiplier. 
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From the Lagrangian, we can derive equations of motion for both the real space 

coordinates and the dynamic charges as: 
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Since the total charge is conserved and therefore a constant motion, it follows that: 

∑ =
i

iQ 0 . (2-97) 

Solving the above two equations shows Λ to be the negative mean electronegativity for 

the system: 

∑−
=Λ

i
iN

χ1 . (2-98) 

This leads to an equation of motion in charge space as: 

iiQQM χχ −= .  (2-99) 

Equation 2-99 sets up a scheme to determine the partial charge on each atom 

concurrently with the spatial coordinates during the course of a dynamic simulation.  

The charge equations of motion and be solved following each real space projection of 

the atomic positions using standard numerical integration algorithms.  For this work, a 

velocity Verlet algorithm83 is used to integrated both the real and charge space 

equations of motion.  

In this scheme, the total energy of system is not conserved. The total force on 

each atom can be determined as the negative total derivative of the potential at each 

site. As an example, the component of force in the x direction acting one any atom is 

given by: 
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When electronegativity equilibration condition is exactly satisfied so that ∂E/∂qi=µ at all 

sites and the total charge on the system is equal to zero, the first term on the right of 

Equation 2-100 is equal to zero since: 
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Therefore, if the electronegativity and charge conservation conditions are rigidly 

satisfied, we do not have to determine derivatives of charge with respect to position. In 

the scheme presented here, the EE condition is never exactly satisfied. The exact 

solution requires, first, a linear derivative of the energy with respect to charge and, 

secondly, solving N linear equations for the charge on each atom. The formalism 

presented here does not have a linear first derivative. With dynamic charges, fluctuation 

about the time average leads to a non-conserved condition at each time step. Although 

absolute energy conservation is not achievable with such a scheme, conservation within 

reasonable limits is possible by iteratively projecting the charges with damped velocities 

at each time step until the electronegativity at each site is nearly equal within a 

determined tolerance: 

iiiQ qQM 

 υχχ +−= . (2-102)  

υ is an empirically optimized damping factor. The solution in Equation 2-101 only 

applies to charge neutral systems.  It’s a convenient to maintain the constraint of charge 

neutrality for that reason and also because it avoids discontinuities in the energy when 

determined over periodic cells. 
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2.4.3 Analytical bond order potentials for multiphase simulations 

Remaining part of the basic potential formalism requires an analytical 

approximation for the Harris-Foulkes energy. As noted earlier, the analytical bond order 

potential formalism has been shown to adeptly apply to many different bonding 

environments. The transferability of that potential comes in part from it origins in the 

Harris-Foulkes functional as shown by Brenner.52  A review of Brenner’s derivation 

highlights the approximations taken to achieve a purely analytical potential that 

emulates the underlying quantum physic of chemical bonding. 

Abell derived a general form of an empirical potential to describe the attractive 

electronic energy contribution to inter-atomic interactions as a sum of bond energies:23 
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el
i rVbE )( . (2-103) 

The function describes short range bond interactions and so is summed over nearest 

neighbors. The term bij is an empirical correction term that modifies the bond energy 

based on bond order. Abell was able to show that the bond order is most dependent 

upon the local coordination number of the atoms, Z and to first approximation b∝Z-1/2.  

Higher local coordination yields a lower bond order and hence a weaker bond.   

 To be useful the attractive bond order potential must be combined with a short 

range repulsion term which approximates the short range repulsion between 

neighboring electron densities as atoms begin to overlap.  The choice of functions for 

short range repulsions is somewhat arbitrary.  Historically, functional forms are selected 

based on their accuracy in reproducing the empirical bond data and mathematical 

efficiency.  Abell employed exponential functions for both the short range attraction and 

repulsive contribution to give an inter-atomic potential: 



 

 
68 

∑=
i

icoh EE , 

[ ]∑
≠

−−−=
ij

ijijijijijijiji rbBrAE )exp()exp( βα . (2-104) 

A, α, B, and β are fitted parameters.  Ecoh is the cohesive energy defined as the energy 

gained per atom when separate charge neutral atoms are bound into a cohesive solid 

state: 
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To derive energy per atom as given in Equation 2-105, the Harris-Foulkes functional 

(Equation 2-76) can be simplified by again using rigid, charge neutral, spherically 

symmetric charge densities centered on each atom as an approximation to the input 

density.  In this case, as shown by Foulkes and Haydock,78 the nuclear-nuclear and 

Hartree energies can be reduced to the sum of the Hartree energies of separate atomic 

densities, which is a constant, CH, and the a sum of pairwise screening potentials 

between each atom: 

∑ ∑∑
≠

+
i ij

ijijH rVC )(2
1 . (2-106) 

Equation 2-107 should be corrected for non pair-additive contributions due to the 

exchange and correlation functional, Vnp.  However, Foulkes and Haydock78 

demonstrate that in regions of minimal overlap between multiple atoms, a pairwise 

correction term is suitable, in which case Vnp can be added to Vij in Equation 2-107.  

 Foulkes and Haydock also show that with spherical charge densities, VXC can be 

approximated with the expression:78 
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V(r) is an additive atomic potential and U(r) is a non-additive term that corrects for non-

linearity in the exchange and correlation functional.  U(r) is a small contribution to the 

total energy and may be neglected.  If U(r) is neglected, the energy for the system given 

by the Harris-Foulkes functional can be approximated as a sum of pairwise interactions 

plus the sum of single particle eigenvalues based on the input charge density: 
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As pointed out in Equation 2-47 in section 2.2.6, the sum of the energies of the 

single particle states, εn, is the band energy, Eband, which is related to the global DOS, 

D(ε), by Equation 2-47.  With the 1st order functional, the band energy can also be 

defined in terms of Hin as: 
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The bond energy, Ebond, can be defined in a similar way as the inter-atomic contribution 

to the band energy: 
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A comparison of Equation 2-110 to the definition of bond order given in Equation 2-44 

reveals importance of bond order in determining the bond energies. As with the Eband, 

the bond energies may also be defined as a function of the local DOS for each single 

particle state:  
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Since the objective is an approximation of the energy per bond and knowing that 

the global DOS can be recovered as a sum of the local densities of state, the 
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appropriate approach is to approximate the local DOS for each eigenstate.  DJν(ε) is a 

distribution function, the shape of which can be characterized by it’s moments,84 defined 

for the pth moment as:  
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=

F dDJ
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Comparing equations 2-112 with 2-47 shows the moments related directly to the 

Hamiltonian through 
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The moments are a measure of the shape of the DOS.84 The first moment is the center 

of gravity of the distribution given as:  
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With orthogonal orbitals and neglecting charge transfers, the choice of centering the 

distribution around the energy of the individual atomic orbital, εatomic, sets the first 

moment to zero.  The second moment gives the width of the DOS84 defined as:  
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The third moment characterizes the degree of skewness in the distribution and the 

fourth moment relates to the tendency to form a gap in the DOS.  The cohesive energy 

of the solid relative to the free atoms is mainly related to the spread of the orbital 

energies, which is represented by the second moment. In fact, it can be shown that with 

approximations, the orbital energies on each atom are proportional to the square root 
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of I
2µ .

84
 This relationship means the orbital energies can be found without having to 

determine the higher moments and without having to solve any Schrodinger equations.  

All that is needed is I
2µ and the equation of the line that relates ( ) 21

2
Iµ to the orbital 

energies. 

The advantage of this method is the moments can be determined without explicitly 

knowing the DOS through the moments theorem,84 which states that the pth of the local 

DOS on each atom, DI(ε), is determined by the sum of all paths between p neighboring 

atoms that start and end on I.  For the second moment, the path is just two hops: one to 

and one back from each neighbor. In other words, the second moment can be 

determined as the number of nearest neighbors, Z, and the orbital energies are 

proportional to the square root of Z. This approximation is referred to as the second 

moment approximation and forms a basis for several coordination dependent potential 

energy functions.   

With perfect crystalline systems, the coordination on each site is clearly defined. 

The calculation of Z in disordered systems or when defects or interfaces are present 

gets more ambiguous as clear demarcations between neighbor shells disappear.  A 

flexible definition of what is considered a neighboring atom is required in such 

circumstances. Finnis and Sinclair found one solution by replacing the sum over 

neighbors with the sum of function that decays exponentially with distance between 

atoms.21 

2
1








−∝ ∑
≠

−

IJ

r
I eE β  (2-117) 



 

 
72 

β is an empirical parameter.  Multiplying Equation 2-117 by an empirical proportionality 

constant, B, yields a potential energy function for the bond energy per atom.  A short 

range pairwise repulsive term is needed to balance the bond energy which, when 

combined with the bond energy gives the Finnis-Sinclair potential energy function:  
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A, B, α and β are empirical parameters. As shown by Brenner, with a little manipulation, 

Equation 2-118 can be recast in a form similar to the Abell bond order potential energy 

function.85 
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In this form, the bond order, bIJ is: 
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 A significant improvement to the Abell bond order potential was made by Tersoff 

by including the effects of bond angles and symmetry in the bond order expression.11 
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β and η are empirical parameters.  g(θ) is a function that depends on the bond angle. 
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ζ is a function that penalizes differences in bond lengths rij and rik. 
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c, d, h, α and m are empirical parameters.  The Tersoff formalism is one of the most 

effective models for modeling covalently bound systems.  In COMB, the Tersoff 

formalism is used as the short range potential energy function. When atoms have zero 

charge, the bond energy is equivalent to the Tersoff bond energy.  Additional 

modifications are included in COMB for charged states, which will be discussed in the 

next section.   

2.4.4 Beyond the rigid atom approximation  

The model presented to this point is basically self consistent variable charge 

electrostatic potential coupled to charge independent short range potential energy 

function.  This approach is equivalent to models such as Streitz and Mintmire’s ES+ 

which exhibit deficiencies that hinder their wide spread application.  The SM potential, 

for example, can not model covalent systems and does not predict the ground state 

energy for alumina, the material it was originally designed to model.86 The limitation of 

models of this type is due to the rigid ion approximation, which divides the potential 

energy function into separate electrostatic and bond energy contributions. The bond 

energy contribution is independent of charge and so is not altered with change in 

charge.  Consequently, the bond energy does not change dramatically enough to clearly 

distinguish ionic, metallic and covalent bonding. At best the bond energy is fit as a 

compromise between two bonding environments.  Such is the case with the SM 

potential, which is fit to balance metallic and ionic bonding for aluminum.  In the COMB 

formalism, where the goal is to simulate multiphase interfaces, the rigid ion 

approximation is too severe. The performance of the potential is greatly improved by 
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incorporating a few additional changes in the potential energy due to change in the 

electron density distribution.  

 2.4.4.1 Charge dependent short range energy contributions   

A change in the partial charge on an atom indicates a change in the population of 

the frontier orbitals.  This directly affects the bond order, which is a reflection of the 

relative population of the frontier bonding and anti-bonding states. The change in 

charge also changes the effective ionic radii, which influence both short range repulsion 

and the bond energy. A recent potential by Yasukawa addresses theses changes in 

bond energy with charge.17 The Yasukawa formalism is equivalent to Tersoff’s potential 

at neutral charge, where, the short range energy is composed of a repulsive pair 

interaction, VR, an attractive pair interaction, VA, and dispersion interactions, Vvdw:  The 

potential deviates from a pure Tersoff potential in that the magnitude and radial decay of 

the pair interactions vary with charge. Charge dependent correction functions, Di(qi), are 

added to the exponential decay coefficient of the short range repulsive energy to reflect 

the change in atomic radius with charge. A similar correction is added to the short range 

attraction, to reflect the change in overlap with charge:  
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In Equations 2-124 and 2-125, Aij, Bij, αij and λij are Tersoff parameters that are 

determined for each bond type. The change in short range contributions, Di(qi), is 

specific to each element type according to: 
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DU and DL are parameters that reflect the change in atomic radius with charge. 

Likewise, QU and QL are the atomic charges that correspond to the limits of the valence 

shell. 

The short range attraction contribution is further modified with the function Bij
*(qi,qj) 

that decreases the bond order with increasing charge: 
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The bond order term, bij is equivalent to Tersoff. Also, as in Tersoff, the short range 

pairwise interactions are terminated by multiplying with a cutoff function, Fc(r): 
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In Equation 2-135, the interactions are terminated smoothly between two cutoffs, Rs and 

Ss.  

With these modifications, the bond energy goes to zero when the charge on each atom 

corresponds to a filled valence shell.  In such cases the attraction between atoms is 

described entirely by the electrostatic functions, reflecting a purely ionic state. With 

charges between the valence shell limits, bij contributes a varying degree of covalency 

to the bond energy, with a maximum contribution at zero charge. 

2.4.4.2 Polarizability and the point dipole model 

Electronic polarization is a distortion in the electron density in response to an 

external electric field. The inclusion of explicit polarization has proven to be useful in 

classical simulations where they have been shown, for example, to stabilize the 

complex crystal structures of some oxides such as α-alumina.   It is suspected that in α-

alumina, the induced dipole and quadruple moments of the anion stabilize corundum 

lattice.41  Induced dipoles influence the interactions with small polarizable molecules 

such as water and O2. Consequently, many current solvent models include explicit 

polarization effects. The inclusion of explicit electronic polarization is especially 

pertinent to this work, since two main interests are the study of oxidation and aluminum 

oxides.  

The polarization response can be decomposed into several modes. In the classical 

response, the electron density is distorted from the equilibrium distribution in response 
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to additional potential generated by an external field. This response is generally long 

ranged and can be approximated with decent fidelity as a sum of atomic polarizations. 

At short bond distances, two additional modes of polarization comprise a significant 

portion of the total induced moment.  At short separation distances, where the repulsion 

between electron densities of neighboring atoms is strong, the electron density 

distribution can be asymmetrically distorted way from the nuclei. This is what Dick and 

Overhauser labeled the short range interaction mode in their theory of dielectrics.80 The 

effect increases inversely with separation distance.  The second short range mode, 

what Dick and Overhauser referred to as exchange charge polarization, arises due 

charge transfer between atoms in response to change in the overlap integrals between 

neighboring atoms.  This exchange charge mode is explicitly modeled in COMB via the 

charge transfer scheme.  No other modes are explicitly included since the COMB model 

relies on spherically symmetric atom centered density distributions.  

As an example, the calculated polarizability tensor for molecular oxygen is 

anisotropic. Polarization parallel to the bond of the molecule is comprised of both short 

and long range contributions which in COMB are modeled with a redistribution of 

charge. Polarization perpendicular to the bond is only comprised of long range modes. 

These modes are not modeled in COMB which gives a polarizability of zero in all 

directions running perpendicular to the bond. Calculated values for the polarizability 

tensor determined via coupled cluster theory (CCSD(t))87, 88 have a polarizability of 

σzz=2.0Å3 along the bong and σxx= σyy =0.7Å3 perpendicular to the bond for the 

molecule. The COMB model misses both the perpendicular response and quite possibly 
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the mitigating effects of the short range modes on the parallel response although the 

latter effects may be included indirectly in the dynamic charges equilibration. 

One solution to capture the other polarization modes is to place a point dipole on 

each atom, similar to the fluctuation charge-fluctuating point dipole model by Sterne et 

al.89  With this model, the dipole moment, µ, is calculated directly from the electrostatic 

field generate by the atomic charges, q
iE


, the neighboring induced dipoles and any 

external field, extE


.   
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Pi is the polarizability tensor and Tij is the dipole-dipole interaction tensor. For atoms, the 

polarizability tensor is isotropic and reduces to a scalar value. Induced dipoles 

calculated in this manner suffer the same instability at close approach as the variable 

charges.90 Consequently, Tij is employed as a damped function that diminishes as 

atoms overlap. For consistency, the same damping that is used with the Coulombic 

interactions is applied here: 
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The additional energy contributions are the dipole self energy, the dipole-charge 

interaction and the dipole-dipole interactions: 
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Since the induced dipoles contribute to the effective field, the point dipole model also 

requires that induced dipoles are solved self consistently. This leads to an additional 

iteration process during the charge equilibration that can be handled in two ways: either 

the dipoles are equilibrated self consistently during each charge timestep or the 

Lagrangian for the system is expanded to include dynamic point dipoles. 9192 The latter 

approach ensures the time average of the point dipoles, and therefore the Hamiltonian, 

is conserved, in which case the Lagrangian for the system becomes: 
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Mµ is a fictitious mass on the dipoles. The dipole equations of motion can be determined 

and integrated using the velocity Verlet algorithm as is used throughout this work. In 

practice, the dipoles converge more rapidly than the charges. A tight convergence 

tolerance is achieved with one or two iterations of the dipole loop so either method 

achieves similar efficiencies. In either case, the point dipoles add computational cost 

and so are only solved for atoms where they contribute a significant portion to the 

interaction energy, i.e. the interaction between the surface and molecular oxygen.   

2.4.4.3 Atom in molecule corrections to the atomic self energies 

The EE principle has a well-defined basis in conceptual DFT,93 a body of work that 

seeks to explain chemical principles that govern reactivity in terms of DFT. While 

pursuing fundamental definitions for such concepts as electronegativity and chemical 
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hardness, that body of work suggests several improvements to consider in EE based 

potentials. One concept is the variation of atomic hardness when an atom is bound 

within a molecule or embedded in an ionic lattice.93 In practice, EE methods are 

parameterized by either fitting the self energy coefficients to atomic gas phase 

ionization potentials and electron affinities or by fitting to bulk properties. In the former 

case, the difference between bulk and atomic properties is compensated by other terms 

within the potential. Here, the potential is fit to atomic values since the interest is in the 

interactions between atoms and small molecules with surfaces. To capture the change 

in atomic hardness as an atom is embedded in the bulk oxide, the hardness coefficient 

is augmented with a correction function that captures the change with its environment: 

( ) 4320 ,)0()( iiiii

N

ij
jij

Field
ijiiiii

Self
i qLqKqqrFJqEqV ++








+++= ∑

≠

χ   (2-140) 

Following the procedure outlined by Troufar et al.,94 the environmental effect on 

the atomic hardness is determined by calculating the atomic self energy at the 

CCSD(t)/aug-cc-PVTZ95 level in a symmetric field of point charges. The calculation is 

performed in a field of eight point charges arranged symmetrically around the atom at 

varying distance. The idea is to determine the effect of a confining potential on the 

atomic self energy function; the effect is converged with eight point charges. The sum of 

the point charges compensates the charge on the central atom so that the net charge of 

the system remains neutral, thus approximating charge being transferred from the 

central atom to its neighbors. The Coulombic interaction between the point charges and 

the central atom as well as between one another is subtracted from the total energy. 

Thus any change in the atomic self energy function is due solely to the field effect of the 

point charges on the atomic self energy. Figure 2-2 illustrates the calculated field effect 
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of the lattice on the atomic self energy of oxygen and copper. The effect is found to 

decay with radial distance as function of r-5.  A penalty function that captures the change 

in self energy due to the field strength is fit to the results of the calculation:  
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P1
J and P2

J are adjustable parameters. 

2.4.5 Barrier functions 

The last type of function included in the basic COMB model is barrier functions that 

restrict the model to regions that are well described by the potential. Functions of this 

type are not directly related to the chemical bonding but instead limit the potential to 

conditions where chemical bonding is appropriately described.  Ideally, theses functions 

should not interfere with the calculation but occasionally that is unavoidable.    

The EE based dynamic charge scheme relies on a continuous self energy function.  

Such a function can be fit through all charge states until the valence shell limits.  For 

atoms, once the valence shell maximum or minimum is reached the energy as functions 

of charge has a sharp discontinuity between valence shells. Therefore, the dynamic 

charge method is only appropriate when charges are limited to the valence shell.  In this 

work, charges are constrained to valence shell with fourth order barrier functions of the 

form for qi> U
iQ : 

4)()( i
U
i

Qu
ii

Barrier
i qQPqV −= .  (2-142) 

Qu is the charge corresponding to an empty valence shell.  PQ is a fitted parameter. An 

identical function is used to penalize partial charges below L
iQ . Charge barriers of this 

type have also been shown to improve the stability of variable charge potentials.36  
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The second type of barrier function limits the allowed maximum coordination of the 

atoms.  Variable charge schemes tend to favor dense oxide phases with high 

coordination.  An additional barrier function on coordination is needed to de-stabilize the 

dense phases such as CuO in the NaCl crystal structure. The coordination correction 

used in the ReaxFF force field is applied here.16 
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iii CNCNN −=∆ , (2-144) 
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CN* is the coordination number of the element in the ideal structure, and ECoord and 

γCoord are fitted parameters. Fc is the same as Equation 2-135. The correction is only 

applied for metal-oxygen interactions so CNi is the number of M-O bonds formed around 

atom i. 
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Figure 2-1. The interaction energy between two charged atoms is plotted vs. bond 
length. The interaction between like charges gives positive energies; opposite 
charges give negative energies.  Solid lines are generated using spherical 
charge densities with ξ=2.0.  Dashed lines correspond to point charges.  At 
long separations, the functions are equivalent but begin to deviate near the 
range of typical bond lengths in solids. 
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Figure 2-2. Self energy functions for O and Cu calculated in a field of eight point 

charges arranged symmetrically around each atom. Plots correspond to the 
radial distance (Å) between the point charges and the nuclear center.  
Calculations are performed at the CCSD(t)/cc-pVTZ level of theory. 
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CHAPTER 3 
A MULTILEVEL COMPUTATIONAL ANALYSIS OF FLUOROCARBON POLYATOMIC 

DEPOSITION ON DIAMOND* 

3.1 The Computational Study of Polyatomic Deposition Reactions  

The strengths and weaknesses of several computational tools based on various 

levels of theory are discussed in some detail in the introductory chapter.  Such 

comparisons are best illustrated with a comparative case study that explores the 

applicability of several levels of theory to a problem of interest.  The study presented 

here compares findings from classical molecular dynamics simulations and density 

functional theory based simulations of fluorocarbon deposition on diamond.  The 

energies are compared to higher quality multi-level post Hartree-Fock methods which 

have been shown to yield accurate values for energy in the system of interest.  While 

the study suggests some interesting mechanistic phenomena about the deposition 

reaction, perhaps more importantly, it reveals the computational advantages of a 

classical approach and the consequence of approximations and the choices we make 

while developing classical potentials. 

Fluorocarbon (FC) plasmas are widely used to chemically modify surfaces in 

industrial applications. For example, they are used to etch silicon wafers1-3 and alter the 

properties of polymeric surfaces in order to increase their chemical inertness and 

resistance to oxidation.4-6 The fluorination process alters the surface free energy and 

adhesive properties,7-9 increases the hydrophobicity of the surface,10 results in reduced 

coefficients of friction,10 and produces higher dielectric constants in electronic devices.11 

Similarly, fluorinated diamond-like carbon (DLC) films may be synthesized from these 

                                            
* Reprinted with permission from Devine, I. Jang, T. Kemper, et al., J. Phys. Chem. C 

114, 12535 (2010). 
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plasmas. The resultant DLC films are formed at reduced temperatures compared to 

those formed from purely hydrocarbon precursors,6 which enables their formation on 

temperature sensitive substrates. Thus, the properties of fluorinated surfaces and 

carbon films can be used for a wide range of applications and, consequently, have 

garnered significant attention over the past several decades. 

From an experimental perspective, techniques such as solid-state NMR and x-ray 

photoelectron spectroscopy have established a direct, correlated relationship between 

products formed during deposition and the final properties of the surface.12-14 

Furthermore, the products formed on the surface are strongly influenced by the 

deposition conditions, including pressure, plasma and target temperature, deposition 

energy, and plasma composition.10,15-17 Experimental capabilities have been further 

enhanced through mass selective ion beam techniques that add a level of direct control 

over the depositing species. With mass selective deposition, the incident particles are 

separated and accelerated based on the charge-to-mass ratio such that the surface 

products can be reasonably correlated against the mass and energies of the incident 

ions.2,3,18   

What is missing from the above experimental repertoire is a means to explore the 

dynamic processes and surface chemical reactions that lead to product formation, areas 

where computational techniques provide increasingly significant insight. Often 

computational studies of surface reactions are constrained to single point calculations 

within a cluster model. This has been especially true with carbon surfaces, where 

charge transfer reactions require multi-reference methods with sophisticated treatments 

for electron correlation, such as complete active space, multi-configuration, self-
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consistent field theory (CASSCF).19 The higher quality results for geometries and 

relative energies that are achievable with a cluster model have been successfully used 

to explore property relationships, such as the relative stability of different structure 

reconstructions and relative adsorption energy versus surface terminations.20,21 For 

example, ab initio methods applied to a cluster model have been used to map out the 

mechanisms responsible for chemical vapor deposition (CVD) film growth,22,23 

highlighting the critical role of the adsorption processes and hydrogen abstraction from 

hydrogenated surfaces.24,25 The cluster model has also been used to identify the 

mechanisms of chemisorption and film growth with radicals on the diamond surface, 

which often prove intractable by other more efficient methods.26-29 Chemically accurate 

calculations of bond enthalpies are limited to small cluster sizes, which leads to some 

deviation from the periodic solid due to a confinement of lattice strain through a smaller 

volume.29  

  Findings from mass selected experiments can be readily compared to the results 

of atomic-scale dynamic simulations. As a result of developments in efficient theoretical 

models, such as linear-scaling density functional theory (LS-DFT)30 and reactive 

empirical potentials,31,32 coupled with dramatic increases in computational power, it is 

now possible to carry out atomistic simulations of deposition across a range of 

theoretical rigor. Reactive empirical potentials can efficiently model reactions in systems 

containing a large numbers of atoms and dynamically simulate a statistically relevant 

number of deposition trajectories. However, since they are fit to properties of a training 

set, assumptions are necessarily made when extrapolating to systems beyond this data 

set. For example, the widely used reactive empirical bond order (REBO)31 potential 
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does not include long-range Coulombic interactions and, so, is only able to model 

neutral molecules and radicals. It is fairly well established that during polyatomic ion 

deposition, and especially during accelerated deposition processes, both cationic and 

neutral radical species are present and participate in the reactions. Simulations of these 

processes using the second-generation version of the REBO potential31 must assume 

that there is no difference in reactivity between cationic and radical states of the same 

molecule. This assumption may be reasonable at high deposition energies, where 

reactions predominantly involve fragmentation.16 At lower deposition energies this 

assumption needs to be rigorously verified and its limits quantified. 

The middle ground between predictive ab initio methods on small clusters and 

empirical simulations of large periodic systems is increasingly being filled with DFT, and 

especially DFT-based molecular dynamics (DFT-MD). In particular, linear-scaling DFT 

methods may be applied to systems containing several hundred, or even thousand, 

atoms using modern multi-core processors. The SIESTA method and code is a DFT 

code with linear scaling capabilities, where gains in efficiency are, in part, due to the 

reduced basis sets.96, 97 This approach may lead to inaccuracies especially when 

simulating the interaction between a small polyatomic ion and a periodic solid system 

where basis set superposition error (BSSE) is likely.  The numerical basis sets 

employed in the SIESTA method mitigates BSSE to some extent since the density of 

the neutral species is well described.  Furthermore, the scalability of the SIESTA 

method requires a basis set that is truncated in spatial extent, which may lead to 

inaccuracies in the description of surface reactions at extended bond distances. 
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This work explores the surface reactions that occur during polyatomic FC ion 

deposition on hydrogen-terminated diamond surfaces using several different 

computational methods. In particular, classical MD simulations with the second-

generation REBO potential and DFT-MD simulations are used to explore differences in 

reactivity between cations and free radicals in the ion beam. The results are compared 

to higher level quantum chemical calculations performed on small clusters with the 

intent of verifying the predictions of the MD simulations. The details of the simulations 

and each level of calculation used here are described in Section 3.2. The results for 

each level of theory are presented in Section 3.3, followed by a discussion in Section 

3.4 that compares trends observed across all levels of theory. The conclusions of this 

work are given in Section 3.5.  

The simulations in this work were actually performed over several years by a 

number of coauthors.  As a good example of the computational cost of first principles 

simulations, the DFT-D simulations were initially started by Inkook Jang in 2005.  At the 

time, a single simulation of one deposition event required nearly six months of 

processing time to complete using half of the most powerful machines available to us at 

the time.  After several years, Inkook managed to finish the 10 runs in an initial test set.  

Since that time, Donghwa Lee ran the remaining DFT-MD simulations presented in the 

text. Since the initial work machines are much more powerful and the DFT-MD 

algorithms have been substantially optimized so now one trajectory requires only a 

month on one multi-core computer. Inkook also began the classical MD simulations but 

left the research group before their completion.  Travis Kemper, finished that simulation 

work.  All data analysis and the first principles calculations are the work of this author.   
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3.2 Computational Details 

3.2.1 Classical molecular dynamics 

A sampling of the reaction space is conducted using classical MD utilizing the 

second generation REBO98 potential for carbon-based systems that has been extended 

to include fluorine.98 Three hundred MD simulations are performed as single, isolated 

trajectories targeted over a small active region in the center of a larger periodic slab 

representing the diamond (111) surface. An 11,520 atom supercell is used to model the 

hydrogen terminated diamond (111) surface. Periodic boundary conditions (PBCs) are 

applied in two dimensions within the plane of the surface. The active region contains 

128 carbon atoms within an area of 10 Å2 on the diamond surface. A small active region 

is used to better enable comparisons to the more computationally intensive DFT-MD 

approach discussed in Section 2.2. The deposition energy in the classical MD 

simulations is 50 eV, which is in a hyperthermal range where smooth FC film growth is 

observed experimentally4 but where effects due to the excited state potential energy 

surface are minimized.99 The trajectory is normal to the surface with random variation 

across the active region. The depositing radicals are also randomly rotated relative to 

the surface. However, the radicals have little initial internal kinetic energy.  

The classical simulations are performed at constant volume and temperature 

(NVT). The system temperature is maintained at 300 K via a Langevin thermostat.100 No 

frictional force corrections are applied in the active region so that the thermostat does 

not interfere with the dynamics of the reactions. A Verlet algorithm is used to integrate 

the equations of motion with a time step of 0.1 fs. Finally, the simulations are carried out 

for 10 ps, which is sufficiently long for stable products to form.  
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3.2.2 Density functional theory- molecular dynamics 

Deposition simulations are repeated using DFT-MD, which allows us to examine 

the deposition of both cations and radicals, albeit with a significant increase in 

computational expense. Specifically, the DFT implementation within the SIESTA97 

methodology and program is used. This approach improves the efficiency of traditional 

DFT-MD simulations for large periodic systems.101 The SIESTA method is still subject to 

same the errors associated with DFT in general, including the approximations present in 

the exchange and correlation functional, basis set incompleteness and BSSE, over-

stabilization of partial charges, and static correlation errors, to name a few.29 

Consequently, an additional objective of this work is to verify the applicability of SIESTA 

DFT-MD for the simulation of FC deposition on diamond. 

While the SIESTA method has improved efficiency compared to plane-wave based 

DFT implementations, it is still computationally expensive. Consequently, only 20 DFT-

MD trajectories are considered using a supercell composed of the 10x10x13 Å active 

region used in the classical MD simulations. The supercell contains 128 carbon atoms 

with hydrogen terminated dangling bonds on the surface (see Figure 1a). In this case, 

the PBCs are applied in three dimensions, with 15 Å of vacuum added in the [111] 

direction. Two sets of 10 DFT-MD simulations are carried out; once set under neutral 

conditions, which corresponds to the deposition of CF3 radicals, and one set with a 

positive charge applied to the system (that is compensated for using a uniform 

neutralizing background charge), which corresponds to the deposition of CF3
+. In each 

case the incident particles are deposited under the same conditions as during the 

classical REBO MD simulations (i.e. incident kinetic energies of 50 eV on a trajectory 
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normal to the surface). The simulations are again carried out within the NVT ensemble. 

However, in this case the temperature is maintained at 300K using a Nosé-Hoover 

thermostat applied to all the atoms.102-104 Again, a Verlet algorithm is used to integrate 

the equations of motion with a time step of 0.1 fs. Simulations are performed for a total 

of 2 ps, at which point stable products have formed.   

The nucleus and core electrons of each atom are represented with a Troullier and 

Martins105 type norm-conserving pseudopotential. The valence electron Kohn-Sham 

states are expanded in a linear combination of atomic orbital type basis sets.96 The 

basis set parameters for C and F are optimized to the relative energies of CF3 and CF2 

radicals and their cations when compared to unrestricted coupled cluster calculations, 

uCCSD(t)/cc-pVTZ.88, 95, 106A double-zeta polarized basis (DZ2P) is employed where the 

polarization functions are explicitly included and determined according to soft 

confinement parameters. The optimized basis set is polarized with a d orbital on C and 

F. The soft confinement potential is set to 100 Ry (1360 eV) with an inner radius of 0.95 

times the outer hard cut-off. A split norm fraction of 0.25 is used in the double-zeta 

construction for C and F, while the larger value of 0.5 is employed for H due to its 

greater variation in effective radius as a function of environment. A mesh cutoff of 250 

Ry (3400 eV) is used to determine the fineness of the auxiliary grid basis for the 

expansion of the density. 

The above basis set is a compromise between accuracy and efficiency, where a 

rather small basis set is necessary for computational efficiency in the periodic solid. This 

leads to a lower quality description of single molecules and, potentially, a significant 

BSSE when simulating surface reactions. However, because the basis functions are 
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generated from the numerical solutions of the atomic problem, the intrinsic BSSE is 

generally found to be smaller than for Gaussian basis sets, provided the radial 

confinement is not too great. The PBE functional is used to determine both the 

exchange and correlation contributions to the total energy in all the SIESTA DFT 

simulations and spin polarization is used.107 The geometric parameters for CF3, CF3
+, 

CF2 and CF2
+ are presented in Table 1. It can be seen from the table that the DFT 

method with this basis set overestimates bond lengths by about 2.7% for both CF3 and 

CF2 cations and radicals, while it underestimates bond angles and improper torsions by 

0.7%. The bond lengths and angles are marginally worse for CF2 and CF2
+, with the 

largest deviations from reference calculations occurring for the CF2 radical.   

3.2.3 Enthalpy calculations based on a cluster model 

The heat of reaction at 0K (∆H0K) is calculated for smaller clusters as a benchmark 

with which to compare all the methods considered here, and to add some insight into 

the trends predicted in the classical and DFT-MD simulations. Standard references for 

the H0K are calculated using the multilevel method G3MP2B3.108 The computational 

cost of this method limits the total system size that can be examined to CF3 interacting 

with a ten carbon atom cluster (adamantane) that is illustrated in Figure 1b. These 

calculations are performed using the GAUSSIAN03 (G03) software package.109 

In order to compare these calculations to the findings of the REBO-MD and DFT-

MD simulations, a series of representative reactions are extracted from analysis of the 

reactions observed in the simulations. The ∆H0K for each of these representative 

reactions is then determined using both the G3MP2B3 within G03 and the DFT 

approach. The DFT calculations performed on the clusters use the same basis set and 
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functional combination as during the DFT-MD simulations for both the geometry 

optimization and energy calculations. The REBO potential is parameterized without 

corrections for zero point vibrational energy (ZPE). Therefore, to compare results 

between methods no corrections for ZPE are made in this calculation. The G3MP2B3 

method uses frequencies determined via B3LYP/6-31G(d) and scaled by a factor of 

0.986 to calculate the zero point vibrational corrections.60, 110 This contribution is, 

therefore, subtracted from the G3MP2B3 enthalpies to provide a direct comparison to 

REBO and DFT results.  

Calculations performed with an adamantane substrate do not capture all the 

energy contributions to the reactions with periodic solids. Ideally, the cluster should be 

large enough to encompass the entire bonding region and maintain sp3 hybridization 

with carbon-carbon bonds around the bonding carbon atoms. The ideal cluster size to 

represent the diamond (111) surface was determined previously by Brown et al.58 In that 

work, geometries were nearly fully converged within a 22-carbon atom cluster (C22), 

which is illustrated in Figure 1c. This cluster geometry maintains the diamond structure 

around the central carbon atom without freezing the terminal hydrogen atoms, which, 

consequently, minimizes contributions due to lattice strain to the total enthalpy 

calculation. This provides a more direct comparison between the various methods since 

the long-range forces vary between DFT and REBO. 

The multilevel G3MP2B3 method is computationally too expensive to run 

efficiently with the C22 cluster. Density functional methods, however, are tractable with a 

decent basis set. Consequently, several hybrid functionals that have shown promise in 

calculating heats of reactions involving radicals111 are evaluated against the G3MP2B3 
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results for adamantane. In each case, the B3LYP/6-31G(d) geometries are used. The 

reaction enthalpies are then calculated using the larger 6-311G(2d,p)112 basis set. The 

specific functionals that are tested along with B3LYP include the BMK113 functional, 

which has been found to yield promising results with free radical reactions,111, 114 and 

the B98115 functional, which has been found to produce reasonable bond dissociation 

energies for a large series of reactions and several molecular properties.114, 116 In all the 

hybrid energy calculations using DFT with a Gaussian type basis sets, the integration 

grid is set to ultra fine (99,590 pts.) and Gaussian specified “tight” convergence limits 

are used in both the self-consistent field (SCF) iteration for energies (10-6 Hartree) and 

geometry optimizations. 

3.3 Simulation Results 

3.3.1 Classical MD simulations 

To sample the reaction space during radical deposition, 300 independent classical 

MD trajectories are performed. The simulations reveal that reactions during deposition 

are influenced by both the orientation of the deposited radical and the impact site on the 

diamond surface.  Since the CF3 radical has a pyramidal geometry, it reacts differently 

depending on whether the C atom or F atoms contact the surface initially. Reactions 

that involve the breaking of a C-F bond are only predicted when the F atoms of the FC 

are oriented towards the surface so that they make initial contact with a terminating H 

atom. The number of C-F bonds broken during initial impact depends on the number F 

atoms that make contact with H during the initial impact. When the radical approaches 

the surface with F atoms pointing towards the surface, fragmentation is likely to occur. 

Likewise, when the radical is oriented with the C atom pointing toward the surface, 

fragmentation reactions are predicted to occur less frequently. Most impacts that 
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produce reactions involve only one F atom contacting the surface and so lead to 

reactions involving the breaking on one C-F bond.  

The location of the impact site on the surface also influences the reactions that 

occur. These impact sites can be categorized as an atop site, which is labeled A in 

Figure 3-2 and corresponds to a direct impact on a surface C atom or its terminal H 

atom, a subsurface site that corresponds to the recessed surface carbon atom, labeled 

S in Figure 3-2, and a hollow site, labeled H in Figure 3-2. 

Each site has equal probability on the surface and, since the trajectories are 

randomly distributed across the surface, trajectories are equally distributed among all 

three sites. However, because the depositing FC is larger than the reaction sites, a 

majority of trajectories (60%) involve impact at the A site since it is the most prominent 

site on the surface. Likewise, the S site is more accessible than the H site, which results 

in the second highest incidence of impacts occurring at the S site (28%). Impacts that 

predominantly involve the H site are restricted to fairly specific orientations of the 

depositing molecule which are predicted to occur only 12% of the time. The impacts on 

the A sites are reactive and yield new products 80% of the time. In particular, of the A 

site reactions, 49% abstract a H atom from the surface and 45% result in CF3 being 

bound to the surface with freely dissociated H. The impacts at the S site produce new 

products 32% of the time, with CF2 and HF being the likely to occur. The CF2 molecule 

is bound to the surface in about 50% of the reactions in which it is produced. These 

results are summarized in Table 3-2. 

The dominant trend revealed by REBO-MD simulations is that the A site is 

significantly more reactive than the other surface sites. Secondly, all the products 
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formed from FC impact on this site involve the removal of H. This is consistent with the 

accepted mechanisms for growth of diamond films in which radical addition 

preferentially occurs at the A site following abstraction of atomic H from the surface.13, 

117, 118  

3.3.2 DFT-MD simulations 

Ten trajectories are simulated with the DFT-MD approach at both neutral charge 

and with a positive (+1) charge applied to the system for a total of 20 DFT-MD 

simulations. The results for each charge state are given in Table 3. The orientation 

dependence that is observed during REBO-MD simulations hold true in the DFT-MD 

simulations as well. In particular, reactions that involve the breaking of a C-F bond are 

more likely to occur when the F atom of the deposition species is oriented towards the 

surface. However, in the DFT-MD simulations the FCs appear to be significantly more 

reactive than in the REBO-MD simulations, with reactions occurring during every 

deposition.   

In comparing the DFT-MD results for the two charge states considered, we find 

qualitative similarities and differences in the reactivity of the cations and radicals despite 

the statistically low number of trajectories. For example, they clearly indicate that the 

CF3
+ cation is able to oxidize the diamond surface. The charge is applied to the system 

as a whole. As the cation approaches the surface, a Mulliken analysis indicates 

depletion of electron density from the surface carbon atoms and a neutral charge on the 

incident FC. The geometry of the FC cation also changes to the pyramidal configuration 

of the radical species indicating it has been reduced. This suggests that both FC 

species initially interact with the surface as radicals, which leads to several similarities in 

the observed reactions. For example, both species tend to form CF2 as a product with 
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similar probabilities (40% for the radical and 30% for the cation). They also both readily 

form HF when an F atom of the FC directly impacts a surface H atom. When significant 

fragmentation occurs, both species are able to add to the surface as CFx, where x≤1.  

When the cation oxidizes the diamond slab the surface appears to be less reactive 

than the neutral surface. This is illustrated by the observation that in 20% of the cation-

deposition trajectories the only reaction observed is charge transfer to the cation without 

any bond breaking, whereas, in the radical deposition simulations, bonds are broken 

during every trajectory.  Additionally, 30% of the cation-deposition trajectories result in H 

being dislodged from the surface without any occurrence of new bond formation; the 

pure dissociation of atomic H is observed in only 10% of the radical simulations. In 20 % 

of the cation-deposition simulations, two H atoms are liberated and combine to form H2. 

The cations also tend to fragment more extensively producing free atomic F and H 

species and unbound FCs.  In two cationic simulations (20%), atomic F is predicted to 

migrate to the site of an under-coordinated C atom on the diamond surface and form a 

terminating C-F bond. The same reaction is seen just 1% of the time in REBO 

simulations and is not observed during DFT-MD simulations of radicals. Instead the 

radicals show a stronger propensity to form bonds with the C atom of the CF3 resulting 

in either new compounds, such as HCF2, or surface bound FCs. In particular, such 

reactions are predicted in 50% of the radical-deposition simulations versus 20% of the 

cation-deposition simulations.  

The statistics of the DFT-MD simulations are limited due the small number of 

trajectories explored and the large number of different reactions predicted. This is a 

necessary limitation of the method due to its computational cost. However, the results 
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do qualitatively indicate differences between species that can be further explored with 

calculations using methods of higher fidelity, as was done here.  

3.3.3 Determination of ∆H0K for reactions on adamantane (C10) 

The calculations are initially performed on the adamantane cluster illustrated in 

Figure 1b. Since the reactions of interest involve the A carbon site, calculations are 

performed on the flat surface of the cluster, as oriented in the figure. The products of 

radical deposition are illustrated in reactions 1-6 in Table 4, while the cation-deposition 

products are summarized in reactions 7-14 within the same table. Additionally, reactions 

7 and 8 compare different charge transfers that involve the formation of CF2, and 

reactions 11-13 explore different charge transfers involved in H dissociation from the 

diamond surface. 

The most energetically favorable radical reaction at the G3MP2B3 level is the 

attachment of CF2 to the surface with the liberation of HF. The formation of HCF3 is less 

favorable by 0.34 eV, but is still exothermic. Attachment of CF3 to the surface is 

exothermic as well, but with an enthalpy that is 0.53 eV higher than the attachment of 

CF2. The reaction enthalpy for the formation of unbound CF2, reaction 5, is surprisingly 

high at 2.31 eV considering the prevalence of CF2 in the DFT-MD simulations. The 6.12 

eV difference in energy between reactions 4 and 5 is the formation energy of HF. 

However, these are distinct reactions that are both observed in the DFT-MD 

simulations. In the case of reaction 5, HF is formed during the initial impact. In reaction 

4, H and F are dissociated separately by the initial impact. Clearly, the hyperthermal 

deposition energy is driving these unfavorable reactions in the simulations. Similarly, the 

dislocation of H from the adamantane molecule (Reaction 6) requires 4.64 eV 
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suggesting that this reaction is also driven by the initial kinetic energy of the depositing 

species. 

Reactions 7-14 reveal the most energetically favorable cation reaction to be the 

formation of the unbound CF2 diradical with a reaction enthalpy of -0.19 eV. The 

liberation of H from the surface is less favorable by 1.98 eV but also reasonable 

considering the incident kinetic energy of 50 eV. The large positive enthalpies for 

reactions 12 and 13 indicate that H departs the surface as atomic H and leaves a cation 

site on the surface of the diamond cluster. Similarly, the large enthalpy for reaction 7, 

the formation of CF2
+, shows the formation of the diradical with a cation site in the 

diamond cluster is more favorable by 5.15 eV. The large positive enthalpies for the 

bound products in reactions 9 and 10 suggest a decreased probability for these 

reactions.  

For comparison, the calculation of reaction enthalpies is performed with several 

functionals, as well as with the SIESTA method, and the findings are given in Table 4. 

The results of calculations using SIESTA with the same functional and basis set as was 

used in the DFT-MD simulations agree with the results of calculations performed at the 

G3MP2B3 level with a mean absolute error of 0.36 eV for both radical and cation 

reactions. The most significant deviations occur for the attachment of the CF3 radical to 

the surface (reaction 2), where the SIESTA enthalpies are positive and 0.38 eV higher 

than the G3MP2B3 results, and for the oxidation of the diamond cluster (reaction 14), 

where the SIESTA DFT enthalpies are negative while all other methods give positive 

values. The B3LYP and B98 results are slightly more accurate with nearly identical 
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absolute errors of 0.23 and 0.22 eV, respectively. The BMK functional has the lowest 

absolute error with 0.10 eV and so is used exclusively in subsequent calculations. 

3.3.4 Determination of ∆H0K for reactions on C22 

Due to the small size of the adamantane cluster, the results are not directly 

comparable to those for the periodic diamond slab. This is because of the contribution 

to the reaction enthalpy due to lattice strain. In addition, the terminal H atoms on the 

neighboring A sites in the periodic slab are sufficiently close to form hydrogen bonds 

with a bound FC, such as in reaction 2. These secondary interactions are missing in 

calculations performed on an adamantane cluster. 

For better comparison to the periodic slab, reaction enthalpies for the same 

reactions are calculated with the C22 cluster illustrated in Figure 1c. In this case, the 

energies are determined using the BMK functional for exchange and correlation 

contributions. We find that a large, polarized basis set is necessary to describe the 

bonding between the CF3 radical and the diamond cluster and to minimize the BSSE. 

Unfortunately, the cluster size demands that a mixed basis set must be used in the 

bonding region; the reacting species, surface H atom atoms and the internal C atoms 

are described with the 6-311G (2d,p) basis, while the external C atoms and terminal H 

atoms are described with the 6-31G(d) basis. The cluster naturally has a small non-zero 

dipole moment oriented into the surface along the surface normal, which the mixed 

basis set slightly enhances. The effects of the surface dipole are minimized in the 

enthalpy calculations since it is present in both the reactants and products, but we 

should expect some distortion of the results, especially when the products involve a 

charged species on the diamond cluster surface. 
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The calculated ∆H0K values for reactions on the C22 cluster are reported in Table 5. 

For the radical reactions, once again the formation of HCF3 is favorable. Surprisingly, 

the binding of the CF3 radical to the surface is exothermic by 0.92 eV with the BMK 

functional, which is larger by 0.95 eV than the results on adamantane. Reaction 

enthalpies for fragmentation into CF2 on the C22 cluster differ from the results from the 

adamantane calculations by only 0.02 eV, indicating that lattice strain due to the 

formation of a radical site in the cluster is nearly relaxed within the adamantane 

molecule. This finding agrees with earlier studies of radical formation on the diamond 

(111) surface, which found that the strain effect of radical formation is localized.119 

Similarly, trends in the cationic reactions match those of previous calculations; the 

formation of the CF2 diradical is still exothermic and the binding of the cation to the 

surface is highly endothermic. A significant deviation occurs for reactions that result in 

the formation of a cation site in the diamond lattice. The enthalpy for reaction 7 drops by 

0.46 eV and for reaction 11 by 0.41 eV due to a more relaxed lattice strain in the larger 

cluster, and stabilization of the surface charge by the surface dipole moment. Reaction 

14, which considers charge transfer from the diamond cluster to the FC, is more 

favorable as well, apparently due to the increased stability of the positively charged 

diamond cluster. 

Calculations are also performed on the C22 cluster using the SIESTA DFT 

approach and with the REBO potential, the results of which are also reported in Table 5. 

These results concur with those of the BMK calculations with a mean absolute deviation 

of 0.05 eV for REBO and 0.47 eV for SIESTA. Simulations using REBO suggest that the 

addition of CF3 to the surface is the predominant addition reaction. However, enthalpy 
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calculations predict that the addition of CF2 is energetically more favorable. The most 

significant deviation in the SIESTA based calculations is found for reaction 14 in which 

the oxidation of the diamond cluster by CF3
+ occurs. The SIESTA DFT calculations 

consistently predict lower reaction enthalpies when a positively charged diamond cluster 

is formed, which explains the significant decrease in enthalpy for reactions where this 

occurs. 

3.4 Discussion of Results 

The DFT-MD simulations and the enthalpy calculations on both clusters indicate a 

difference in the reactivity of cations vs. radicals; cations more efficiently remove H from 

the surface and radicals more readily form compounds. Calculations where the diamond 

surface is modeled with an adamantane cluster show that formation of a C-C bond 

between the depositing molecule and the diamond surface is more favorable with the 

CF3 radical and is energetically unlikely by 4.5 eV with the CF3
+ cation. The only 

energetically favorable reaction, in terms of enthalpy change, that is predicted by 

simulations of cation deposition is where the positively charged FC oxidizes the 

diamond target to form the CF2 diradical and a cationic site in the carbon cluster 

(reaction 6 vs. reaction 7). The reaction appears to be driven by the reduction of the 

energetic CF3
+ cation. The formation of a CF2

+ cation as a result of the collision requires 

5.18 eV more energy than the formation of the CF2 diradical. The ionization potential of 

the diamond slab, which is 5.58 eV for the C22 cluster, is offset by the large favorable 

reduction potential of the CF2 radical.  

The difference in reactivity between charge states is attributable to the cation 

oxidizing the diamond surface. A consistent trend through all levels of theory applied 

here is that the formation of molecular products during the initial impact, whether they 
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are surface-bound or free, is enhanced with the formation of HF on the surface. With the 

CF3 radical, HF and CF2 are readily formed whenever an F atom directly impacts an H 

atom. The oxidized surface inhibits the formation of HF and instead favors the 

dissociation of unbound H from the surface. HF does form during cation deposition, but 

more frequently it forms as a secondary product rather than during the initial impact. 

Similarly, H2 is predicted to be a common secondary product following the 

recombination of two free H atoms. This overall difference in reactivity, which is initially 

somewhat surprising given the high impact energy considered, is explained if cations 

and radicals follow different reaction pathways. 

The difference in the reactivity between the two charge states has some 

interesting implications. Firstly, a beam that contains both charge states at impact will 

have competing reactions that could alter the composition and structure of the products 

that form. Secondly, the findings from mass-selected deposition experiments may not 

directly apply to more typical production techniques with lower concentrations of 

cations. Thirdly, classical potentials that do not include charge do not fully capture the 

chemical complexity of these deposition processes.  

The actual effect of cations on film growth is not easily resolved. 60% of the cation 

trajectories result in the dissociation of atomic H from the diamond surface to produce 

free gaseous H atoms. The conventionally accepted mechanisms for growth on 

diamond films from radical precursors, under low energy conditions, propose a process 

in which atomic H is abstracted from the surface, leaving behind a radical site.118 

Radical precursors may then add directly to the surface at the residual radical sites. The 

suspected rate-limiting step in that proposed mechanism is the abstraction of H, at 
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which cationic precursors are predicted to be more effective. Furthermore, the presence 

of the resulting free atomic H may further enhance subsequent film formation since film 

growth rates from radical precursors have been shown to vary directly with the gas 

phase concentration H.120 The distinction from radical based film growth, however, is 

that the cationic precursors oxidize the surface leaving behind a cationic site. The role 

of these cationic sites in subsequent film growth will have to be investigated further to 

understand their role during growth. 

The DFT-MD and REBO-MD simulations support a similar two-step mechanism for 

film growth with CF3 as a radical precursor, where, the most energetically favorable 

initial reaction is the abstraction of H by the CF3 radical. However, the simulations also 

suggest an alternate mechanism where the FC radical adds directly to the surface. This 

one-step addition is predicted with almost equal probability to H abstraction in the 

REBO simulations. The reaction enthalpies for the single-step addition (reaction 3) 

show the reaction to be favorable when coupled to the formation of HF. However in 

REBO the formation of HF occurs less frequently. To further explore this mechanism 

and the discrepancy among the methods, the transition state for the single step addition 

of CF2 to adamantane from a CF3 radial precursor is found using the synchronous 

transit quasi Newton-Raphson algorithm within the G03 suite (QST2).109 The search 

and optimization are performed using B3LYP//6-31G(d), as was the case in previous 

optimizations.  The starting point positions of the reactants are varied to replicate 

several trajectories that produce the products in the MD simulations. A diagram of the 

optimized transition state is presented in Figure 3. Reactants arrive at the same saddle 

point regardless of whether the CF3 radical is oriented with its C atom up or down 
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relative to the cluster. The activation enthalpy, determined as the difference in energy 

between the saddle point geometry and the separate reactants, is found to be 7.2 eV. 

The activation enthalpy is smaller than the 50 eV deposition energy by a substantial 

amount, so the reaction is able to proceed. 

The present multilevel analysis provides an opportunity to compare and contrast 

the computational methods considered, especially in a case such as this where different 

approximations are made within each method. The first question, when comparing 

cluster models to periodic systems, is how large must the system be to minimize the 

effects of lattice strain? In the case of radicals, the radical defect in the diamond 

structure is contained by its nearest neighbors with little change in enthalpy between the 

10 and 22 carbon-atom clusters. In contrast, the bound products and the cationic 

defects require larger surfaces for a realistic description. To further test the size effect, 

single point calculations are performed using the periodic supercell from the MD 

simulations, the results of which are presented in Table 6. The calculations show 

comparable values to those on the C22 cluster, which indicates that the strains due to 

both a cationic defect in the diamond surface and the addition of CF3 to the surface are 

contained within the C22 cluster. 

The predictions from the REBO-MD simulations and DFT-MD simulations exhibit a 

few critical differences. Firstly, the classical REBO simulations predict a higher 

prevalence of non-reactive trajectories; only 58% of the total REBO trajectories result in 

reactions compared to a 100% reaction probability in the DFT-MD radical simulations. 

Secondly, the products formed most often during the REBO simulations involved CF3, 

whereas in DFT-MD the depositing CF3 radical or cation is never intact at the end of any 
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trajectory. Finally, the formation of HF is predicted to occur much less frequently in the 

REBO simulations than in the DFT-MD simulations.  

The lack of HF formation in the REBO simulations is initially surprising given that 

the enthalpy calculations with the same potential favor the formation of HF and CF2. 

This discrepancy arises due to the short cutoff distance for covalent H-F interactions 

within the REBO potential. In particular, the H-F interactions are cut off smoothly 

between 1.4 and 1.8 Å. This consequently limits the formation of HF during the course 

of a dynamical simulation. This is illustrated in the transition state shown in Fig 3. The 

H-F bond length in this structure is 1.73 Å, which is near the end of the cutoff region of 

1.8 Å; in this region the H-F interactions are severely damped and when just a 4% strain 

is placed on the bond, the interactions are terminated completely. In contrast, the C-F 

bond length of 1.78 Å is just outside the cutoff region for that interaction, which begins 

at 1.8 Å and terminates at 2.2 Å. Consequently, with REBO, the formation of a CF bond 

to form CF3 is more likely from the transition state presented in Figure3. This explains 

the greater occurrence of CF3 remaining intact and the reduced prevalence of HF in the 

REBO simulations. The short-range cutoffs in the REBO formalism are necessary to 

spatially restrict the bond order contributions. This leads to an improved description of 

ground state properties, but the detrimental effect of these cutoffs in describing 

transition states here are apparent.  

The enthalpy calculations presented here do not include corrections for ZPE as a 

convenient means to make comparisons between methods. This correction is one of 

several necessary corrections to first principles calculations needed to compare 

calculated enthalpies to experimental values. As a qualitative check, ZPE corrections 
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are calculated for the reactions in Table 5. The last column in Table 5 lists values for 

H0K determined with the BMK functional and corrected for ZPE. The enthalpy 

contributions due to ZPE are calculated based on B3LYP//6-31G(d) frequencies scaled 

with the G3MP2B3 scaling factor (0.986). The results indicate that the ZPE corrections 

do not affect the qualitative trends of the calculated enthalpies, but do contribute, on the 

order of 0.25 eV, to the total enthalpy for the reactions.   

An important consideration regarding the use of ab initio computational methods 

based on a LCAO basis sets is BSSE, which arises when reactions involve a small 

molecule bound to a larger cluster. Out of necessity, DFT-MD with the SIESTA method 

requires a modest basis set for efficiency; the resulting incompleteness of the basis set 

gives rise to a likely BSSE. To illustrate this, a counterpoise calculation121 is performed 

for reaction 3 on the C22 cluster using SIESTA DFT with the same basis set as in the 

previous enthalpy calculations. The ∆H 0K for this reaction is underestimated by 0.18 eV 

or 17.5% due to BSSE by this method, which is on the order of the reaction enthalpy for 

the addition of CF2 to the surface. Since the error applies mainly to the reactions that 

produce a bound product, it is significant and may alter the statistical findings of an MD 

simulation. In the cluster calculations an attempt is made to minimize this effect by using 

a larger basis set for all interacting atoms, which is more difficult to do in MD 

simulations. In practice, the BSSE may lead to an over-stabilization of bound products 

through the course of DFT-MD simulations, which must be taken into account when 

assessing these predictions. Nevertheless, the qualitative trends in the method are 

correct. 
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It should be noted that the REBO results are not subject to a BSSE error and may 

be more reliable where applicable. The enthalpy calculations with REBO clearly indicate 

that the potential accurately captures the relative energies of reactant and products 

involved in the radical reactions.  

3.5 Concluding Remarks 

The results indicate that the classical REBO potential and the DFT method within 

the SIESTA program are comparable in accuracy to DFT methods using commonly 

used functionals such as B3LYP when they are applicable. Besides the gain in 

efficiency, classical methods, such as the REBO potential, are not subject to BSSE and 

other sources of error specific to quantum-mechanical based theories. Unfortunately, 

the REBO potential is currently limited to charge neutral systems, which, as indicated 

here, pose a serious limitation to accurately describing experimental cationic deposition.  

The study also shows that the applicability of REBO is limited since it does not 

accurately reproduce some of the critical transition states involved in the reactions. The 

current REBO formalism requires a cutoff between the first and second nearest 

neighbors to reproduce properties of the equilibrium ground state. This leads to 

inaccuracies when describing long range interactions such as bond breaking122 or 

unusual bonding environments such as amorphous systems.123   

The DFT–MD method within the SIESTA approach is reasonably efficient for a first 

principles electronic structure method. The absolute errors in reaction enthalpies are on 

the order of 0.5 eV, based on the present basis set and functional, which limit its 

applicability to qualitative analysis under high-energy conditions. The main advantage of 

DFT-MD over classical MD is its transferability, especially to various charge states. 

Undoubtedly, as improved functionals and wavefunction based-theories are 
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incorporated, and as gains in computational capacity allows for use of larger basis sets, 

the quantitative accuracy will improve. 

The multilevel computational approach considered here suggests that the 

mechanism for the addition of FC radicals to the H-terminated diamond (111) surface 

does not necessarily depend upon H abstraction. We predict that cationic precursors 

are less likely to add to the surface unless significant fragmentation occurs. Instead, 

cationic fluorocarbons preferentially oxidize the diamond surface leaving behind cationic 

sites, which is likely to significantly influence subsequent film growth. 
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Figure 3-1. Target systems are used for calculation of reaction enthalpies. A) The 
periodic slab composed of a 160 atom supercell project in two directions is 
used for both classical and DFT MD simulations. B) The 10 carbon 
adamantane molecule allows for calculations up to the G3MP2B3 level on a 
sp3 hybridized carbon system. C) A 22 carbon atom cluster provides the 
proper orientation of the surface hydrogen atoms and sp3 hybridization 
around the bonding site.  
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Figure 3-2. Impact sites on the diamond(111) surface. The atop site (A) corresponds to 

the top surface C atom; the subsurface site (S) is the recessed surface C 
atom.  The hollow site (H) overlays the void in the surface plane. 

 

 
Figure 3-3. The geometry of the transition state when a CF3 radical reacts with 

adamantane to produce a CF2 fragment bound to the cluster surface and free 
HF.  Black spheres are C, dark grey is F and light grey is H.  Labels 
correspond to bond lengths in Å.   
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Table 3-1. Geometric parameters for CF2-3 radicals and cations.   
 Bond Length (Å) Bond Angle (Deg.) Improper. Torsion (Deg.) 
 aSIESTA bCCSD(T) SIESTA CCSD(T) SIESTA CCSD(T) 
CF2 1.344 1.297 103.3 104.9 -- -- 
CF2

+ 1.249 1.215 123.4 124. 9 -- -- 
CF3 1.345 1.314 111.0 111.3 124.0 124.9 
CF3

+ 1.259 1.230 120.0 120.0 180.0 180.0 
aComputed at the spin-polarized PBE/DZP (SIESTA) and  
bCCSD(T)/cc-pVTZ levels of theory. 
 
 
Table 3-2. Classical MD predicted reactions between CF3 and diamond (111) 
Reaction Probability (%) Reaction Site 
 no reaction 42.0 A,H,S 

DiaDia CHCFCCF +→+⋅ 33  13.7 A 

HCCFCCF DiaDia +→+⋅ 33  21.7 A 

DiaDia CHCFCCF ++→+ 33  10.0 A 

FHCCFCCF DiaDia ++→+⋅ 23   5.0 A,S 

HFCCFCCF DiaDia +++→+⋅ 23   4.0 A,S 

FCCFCCF DiaDia ++→+⋅ 23   2.0 S 

HCFFCCCF DiaDia ++→+⋅ 23   1.7 S 
The Dia subscript indicates the periodic hydrogen terminated diamond target.   

 
Table 3-3. DFT-MD predicted reactions between CF3 and the diamond (111) surface. 
CF3 Radical Reactions Prob.(%) CF3

+ Reactions Prob.(%) 

no reaction 0.0 DiaDia CCFCCF +→++
33  20 

DiaDia CHCFCCF ++⋅→+⋅ 33  10 DiaDia CHCFCCF ++→++
33  10 

DiaDia CFCFHFCCF ++→+⋅ 3  30 DiaDia CHCFCCF ++→++ 233  10 

DiaDia CHFHCFCCF ++→+⋅ 23  10 DiaDia CFHCFCCF +++→++ 223  10 

DiaDia CHFCFCCF ++→+⋅ 23  20 DiaDia CFHCFCCF +++→++
23  10 

DiaDia CFHCFCCF +++→+⋅ 23  20 DiaDia CHFCFCCF ++→++
23  10 

DiaDia CFHFCCCF +++→+⋅ 223  10 DiaDia CFCHHFCCF ++→++ 23  10 

  DiaDia CCFHFCCF ++→++ 23  10 

  DiaDia CCHFHFCCF +++→++ 23  10 
The Dia subscript indicates the periodic hydrogen terminated diamond target.   
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Table 3-4. Reaction enthalpies (in eV) between CF3 and adamantane (C10) 
Reaction SIESTA *B3LYP *B98 *BMK G3MP2B3 

1.  103103 CHCFCCF ⋅+→+⋅    -0.29   -0.25  -0.27  -0.26  -0.22 

2.  HCCFCCF +→+⋅ 103103    0.35   0.29   0.17  -0.03  -0.03 

3.  HFCCFCCF +→+⋅ 102103   -0.17  -0.12  -0.16  -0.24  -0.56 

4.  102103 : CHFCFCCF ⋅+++→+⋅    8.82   8.35   8.36   8.41   8.43 

5.  102103 : CHFCFCCF ⋅++→+⋅    2.54   2.51   2.52   2.58   2.31 

6.  103103 CHCFCCF ⋅++⋅→+⋅    4.45   4.51   4.50   4.60   4.64 

7.   
++ ++→+ 102103 CHFCFCCF   -0.56  -0.38  -0.31  -0.29  -0.19 

8.  102103 CHFCFCCF ⋅++→+ ++

   5.14   4.73   4.82   4.96   4.96 

9.  
++ +→+ HCCFCCF 103103    4.24   4.94   4.98   4.58   4.52 

10.  FHCCFCCF ++→+ ++
102103  10.1 10.4 10.5 10.2 10.1 

11.  
++ ++→+ 103103 CHCFCCF    1.36   1.62   1.66   1.72   1.79 

12.  103103 CHCFCCF ⋅++→+ ++

   8.34   9.16   9.30   9.21   9.19 

13.  103103 CHCFCCF ⋅+⋅+→+ ++

   4.45   4.51   4.50   4.60   4.64 

14.  
++ +⋅→+ 103103 CCFCCF   -0.45   0.05   0.15   0.28   0.63 

Mean Absolute Error (eV)   0.36   0.23   0.22   0.10   -- 
*Energies are calculated with the 6-311G(2d,p) basis set. Geometries are optimized 
with B3LYP/6-31G(d). 
T=0K 
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Table 3-5. Reaction enthalpies (in eV) between CF3 and C22 
Reaction REBO SIESTA 1BMK 2BMK+ZPE 

1.  223223 CHCFCCF ⋅+→+⋅  -0.28  -0.57  -0.26  -0.20 

2.  HCCFCCF +→+⋅ 223223   0.97    1.03   0.92   0.69 

3.  HFCCFCCF +→+⋅ 222223   0.11   0.05   0.28   0.11 

4.  222223 CHFCFCCF ⋅+++⋅→+⋅   8.41   8.54   8.43   7.98 

5.  222223 : CHFCFCCF ⋅++→+⋅   2.58   2.26   2.60   2.41 

6.  223223 CHCFCCF ⋅++⋅→+⋅   4.58   4.17   4.61   4.38 

7.  
++ ++→+ 222223 : CHFCFCCF  --  -1.44  -0.77  -1.05 

8.  222223 CHFCFCCF ⋅++⋅→+ ++

 --   4.86   4.97   4.83 

9.  
++ +→+ HCCFCCF 223223  --   4.92   5.54   5.31 

10.  FHCCFCCF ++→+ ++
222223  -- 10.3 10.7 10.3 

11.  
++ +⋅+→+ 223223 CHCFCCF  --   0.57   1.25   0.92 

14.  
++ +⋅→+ 223223 CCFCCF  --  -1.53   0.03  -0.30 

Mean Absolute Error (eV)   0.05   0.47 -- -- 
1BMK/6-311G(2d,p) energies with B3LYP/6-31G(d) geometries 
2Values are corrected for contributions due to ZPE determined via G3B3MP2 
T=0K 

 

Table 3-6. Reaction enthalpies (in eV) between CF3 and a periodic diamond slab. 
Reaction REBO SIESTA 

2.  HCCFCCF ⋅+→+⋅ 223223  0.97 1.03 

2. HCCFCCF DiamondDiamond ⋅+→+⋅ 33  0.96 1.03 

5.  222223 : CHFCFCCF ⋅++→+⋅  2.58 2.26 

5. DiamondDiamond CHFCFCCF ⋅++→+⋅ 23 :  2.54 2.28 
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CHAPTER 4 
METHODOLOGY FOR ATOMISTIC SIMULATIONS OF COPPER OXIDATION USING 

A CHARGE OPTIMIZED MANY-BODY (COMB) POTENTIAL 

4.1 Current Theoretical Models of Copper Oxidation    

Historically, copper has been used as a model system for the fundamental study of 

early stage oxidation and oxide film growth on transition metal surfaces.30, 31, 33, 34, 124-126 

Notable studies of copper oxidation have been published over the past six decades 

since copper was included in the original work of Cabrera and Mott.127 Over that time, 

as the resolution of experimental capabilities has progressed, findings suggest an 

intriguingly complex oxidation mechanism that is not yet fully understood.  Early studies 

based on macro-scale techniques suggest that oxidation proceeds via the formation of a 

uniform passivating film as illustrated by the Cabrera-Mott model.34, 124 Subsequent 

electron microscopy experiments indicate a more complicated mechanism that 

proceeds through island formation, coalescence, and eventually film formation.32, 125, 128 

Current in situ electron microscopy experiments, which allow for the direct observation 

of initial oxidation in controlled atmospheres and are resolved at the atomic scale, have 

further refined our understanding of the oxidation mechanism. General findings that are 

consistent throughout a range of studies indicate that oxidation proceeds from 

chemisorption of atomic oxygen to the formation of an oxygen deficient induction layer 

that facilitates the growth of  three dimensional Cu2O islands.30, 126, 129 The current view 

is that island growth and coalescence is limited by the surface and interfacial diffusion of 

oxygen,30 which is in contrast to the passive film models of oxidation such as Cabrera 

and Mott, where cation diffusion is rate limiting.127  

While the current body of experimental work strongly supports a heteroepitaxial 

growth model limited by oxygen surface diffusion,30, 126, 130 the details of the mechanism, 
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especially during the early stages, are not yet clear and are somewhat contradictory in 

the literature. For instance, in situ transmission electron microscopy (TEM) experiments 

indicated a relationship between island nucleation and step edges.128, 131 However, a 

more recent study conducted at higher resolution found no significant dependence of 

nucleation and growth rates on surface defects and step edges, but did find a significant 

increase in growth rates at grain boundaries.35, 36 Diffraction and electron microscopy 

experiments consistently indicate that Cu2O islands form with the [110] plane of the 

oxide at the interface regardless of the structure of the metal surface upon which it 

forms.125, 128 Epitaxial growth oriented along the (110) direction of the metal is 

preferred.125, 128 While the termination of the oxide is invariant with the metal surface, 

the shape of the islands does vary among copper surfaces.128 More recently, in situ 

TEM experiments indicate that island morphology also varies with reaction 

temperature.36, 130 This leads to the promising possibility that if the mechanism of 

oxidation can be resolved to the point where the dependence of island morphology on 

reaction conditions is understood that controlled oxidation could be used as a means to 

direct the morphology of engineered oxide nano-structures.  

Resolving the oxidation mechanism requires a theoretical method with the fidelity 

and capability of efficiently modeling the structures of interest. One choice is an 

empirical potential that can be incorporated into a molecular dynamics (MD) or kinetic 

Monte Carlo scheme. First principles methods, such as density functional theory (DFT), 

have the necessary fidelity but are limited by both the size and the time scale of the 

problem. Because oxide growth is a diffusion limited process that is influenced by 

strains at the interface,37, 132 atomic-scale simulation of the formation of a single small 
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island involves tens of thousands of atoms, which exceeds the current capacity of 

traditional DFT methods by at least an order of magnitude. Hence, to enable the study 

of oxidation on a meaningful length scale, high-fidelity analytical inter-atomic potentials 

must be used.  

Simulations of oxide formation naturally fall under the scope of variable charge 

potentials that can simultaneously model the oxygen molecule, a metallic solid, and the 

evolving stoichiometry of the oxide as growth progresses. In choosing a potential form 

for a metal oxide system, a good first guess would be along the lines of an embedded 

atom method (EAM)13 or second moment based potential such as Finnis-Sinclair21 

coupled with an electrostatic model. This exact scheme was pursued by Streitz and 

Mintmire with their electrostatics+ (ES+) model for aluminum and alumina systems,22 

which coupled a variable charge electrostatic scheme to a Finnis-Sinclair bond order 

potential. The ES+ model has subsequently been extended with some refinement to 

several additional oxide and alloy systems.35, 36  

In the case of copper oxide there is significant directionality in the bonding for the 

most relevant phases. Thus, a potential optimized for covalent interactions, such as the 

Tersoff’s potential,11, 12 may be used. Several recently published potentials link variable 

charge electrostatics with extended Tersoff type potentials. For example, Yasukawa et 

al. developed one such potential for the covalent Si-SiO2 system.17 This potential form 

was later refined by Yu et al. in their COMB potential to reproduce the SiO2 phase 

order.18  The ReaxFF family of force fields employs a similar approach16 and has been 

adapted to several metal-oxide systems, which supports the applicability of this potential 

form to metal-oxides.19, 44, 133 A main concern with using a Tersoff based potential is its 
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applicability to close-packed metals. However, as shown by Brenner, the functional form 

of Tersoff’s bond order potential is algebraically similar to the Finnis-Sinclair’s potential 

with the addition of an angular dependence in the bond order term.52 The applicability of 

this potential form to model metallic systems comes from the work of Iwasaki et al., who 

extended Yasukawa’s potential to several metallic systems15 and, more recently, by Yu 

et al. who developed a modified form of Yasukawa’s potential for metallic copper based 

on Iwasaki’s parameterizations.18 Yu’s and Iwasaki’s parameterizations provide a 

starting point from which to develop an analytical potential for the oxide phases. 

Copper forms pertinent oxides in two different oxidations states. Oxide islands and 

the initial oxide layer formed during oxidation of metallic copper are composed of 

cuprous oxide (Cu2O). The oxide forms in a cubic crystal structure with space 

group mPn3 (Part A of Figure 1).134  The structure can be viewed as a face centered 

cubic (FCC) lattice of cations, with anions occupying ¼ of the tetrahedral sites at 

positions (1/4,1/4,1/4) and (3/4,3/4,3/4), or as a body centered cubic (BCC) lattice of 

anions with cations occupying one half of the (1/4,1/4,1/4) positions. This results in 2-

fold coordination around each cation with a linear O-Cu-O bond angle. As oxidation 

proceeds, the oxide phase converts to the monoclinic cupric oxide, CuO, that has space 

group C2/c (Part B of Figure1).135 The linear O-Cu-O bond persists in the higher oxide 

although the cation is now four-fold coordinated. 

 

4.2 Computational Methodology 

The underlying potential used in this study is the COMB potential presented in 

Chapter 2.  While the Yasukawa potential and the subsequent COMB formalism can be 



 

 
120 

parameterized to provide a classical approximation of chemical bonding in the ideal 

ground state structure, additional bond dependent interactions are required to 

reproduce the phase order of copper oxide and metallic copper. A similar requirement 

was found necessary by Yu in the developing the COMB potential for SiO2 and Cu.18   

In the current potential, dependence of the bond energy on bond angle and 

coordination resides solely in bond order function that, in turn, gets smaller with 

increasing charge. This tends to be problematic for copper oxides, which exhibit 

directionality in the bonding in both the Cu(I) and Cu(II) oxides. In both CuO and Cu2O, 

the O-CU-O bond angle remains 180o with low coordination around Cu. The bond order 

terms in bij alone are insufficient to stabilize these structures especially with the charge 

dependence.  Instead, additional charge independent angular and coordination terms 

are added for each bond type.  

In Yu’s parameterization for metallic copper, bij has no angle dependence. Instead, 

that work uses angular functions based on the first, second and third order Legendre 

polynomials summed over the nearest neighbors (NN): 









−++









−++








+=

∑

∑∑

≠≠

≠≠≠≠

NN

ikij
ijkijkLP

NN

ikij
ijkLP

NN

ikij
ijkLPijk

LP
i

K

KKV

,

3
2
13

,

2
2
12

,

1

)cos0.3cos0.5(1

)0.1cos0.3(1cos1)(cos

θθ

θθθ

   (4-1) 

KLP are fit parameters.  The angle functions in metallic copper stabilize the FCC lattice 

relative to HCP at nearest neighbor distances.  The terms also allow for a better fit for 

stacking fault energies than what is typically achievable with empirical models. Equation 

4-1 can also be used to stabilize the 1800 O-Cu-O bond angle that is characteristic of 
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the two low energy oxide phases and so is incorporated in this work.  The parameters, 

KLP, are specific to the bond type, i.e. Cu-Cu-Cu in the base metal.   

4.3 Potential Parameterization  

The main goal of parameterization is to faithfully reproduce the surface and 

mechanical properties of the metal and the relative formation enthalpies of accessible 

oxide phases while maintaining a reliable degree of transferability to possible non-

stoichiometric oxides that may arise during oxidation. To ensure transferability, 

parameters are determined as a weighted least squares best fit to properties of multiple 

phases with variation in coordination around the metal. The fitting process is also 

restricted somewhat in that the potential is an integral part of a family of potentials, 

which are intended to be compatible with one another. To gain some flexibility in the 

parameterization, values are defined based on the interaction type. This is a deviation 

from previous COMB potentials, where interaction parameters were determined from 

element specific values via mixing rules.18 However, in that previous work, correction 

functions that were specific to the interaction type were added to improve the potential 

performance. Since any gain in transferability is compromised with the correction terms, 

there is no perceived benefit in restricting the parameterization to atomic based values. 

Furthermore, in practice, the mixing rules are found to be insufficient to describe critical 

interactions.  For example, the angular coefficients for metals are very weak in the 

metallic phase. However, the oxide is characterized by a linear O-Cu-O bond that 

requires a stronger angular term than what is given by the mixing rules. 

4.3.1 Parameterization of atomic and metallic copper 

The electrostatic self energy terms, VSelf , for copper are determined as a least 

squares best fit to first principles calculations for ionization potential and electron 
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affinities. When VSelf is truncated at the second order the values may be derived directly 

from the first ionization potential and electron affinity provided that the energy of the 

neutral atom is taken as the zero point. However, we have found that higher order terms 

are required to model energies beyond the first ionization potential, as is necessary for 

copper with two relevant oxidation states. The reference states are determined at the 

coupled cluster level of theory using singlet and doublet, and perturbative triplet 

excitations, CCSD(t).88 A correlation consistent triple zeta basis set (cc-pVTZ)95 is found 

to be sufficient to reproduce the first electron affinity and up to the third ionization 

potential to an accuracy that is within limits for empirical potentials. All ab initio 

calculations are performed with the G03 computation suite. 

The starting point for charge independent parameters are taken from Yu et al.18 

which in turn are derived from the Iwasaki potential.15 The cubic phase of Cu2O is 

basically an inter-penetrating network that may be stabilized by covalent Cu-Cu 

bonding.136, 137 The Cu-Cu interaction in the oxide requires a longer cutoff than was 

used by Yu et al., which in turn necessitates a refit of several parameters. The copper 

parameters at neutral charge are determined as the weighted least squares best fit to 

experimental cohesive energy and lattice parameter of the FCC ground state. The 

training data set also includes un-relaxed values for the C11, C12 and C44 elastic 

constants, (100), (110) and (111) surface energies and the vacancy formation energy, 

V
FE .  The energy vs. isometric strain for the FCC ground state as well as BCC and 

natural HCP structures are also included in the training data set. Unrelaxed values as 

well as the energy vs. strain curves were calculated with DFT using  the Vienna Ab-

Initio Simulation Package ver. 4.6 (VASP 4.6).138 Energies are determined using the 
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projector augmented plane wave method (PAW). 74 The PW91 generalized gradient 

approximation (GGA) is used for the exchange and correlation energies. Kinetic energy 

cutoff is set at 400 eV. Integration over the Brillouin zone is performed over a 10x10x10 

Monkhorst-Pack k-point mesh.  The energy vs. isometric strain is calculated over a 

range of ±5% strain and fit to the Rose equation of state139 which yields an energy vs. 

strain curve in which the bulk modulus is constant at each point. For fitting purposes, 

the curves are generated with ionic positions fixed relative to the lattice vectors. The 

natural equation of state, generated with relaxed ionic positions is used as a final check 

on the parameterization. Values for cohesive energy and elastic constants differ 

between calculated and experimental values. To rectify discrepancies between data, the 

calculated energies and the ground state lattice parameter are scaled to the 

experimental values using the procedure outlined by Mishin.140 The lattice parameters 

for higher energy phases are not include in the training set.  Only relative energies to 

the ground state structure are considered.  The atomic specific parameters for copper 

are tabulated in Table 4-1 and interaction dependent parameters are listed in Table 4-2. 

Lastly, the bond dependent angular corrections are tabulated in Table 4-3. 

4.3.3 Parameterization of Molecular Oxygen 

Oxygen parameters for the self energy function Vself(q) are determined as a best fit  

to the ionization potential and first and second electron affinity of atomic oxygen 

calculated at the CCSD(t)/cc-pVTZ level of theory.  O-O interaction parameters are 

determined as weighted least squares best fit to energy vs. bond length curve for O2, 

O2
1- and O2

2- with the intent to capture the bond dissociation energy for the different 

charge states. Reference data for the energies vs. bond length for the anions are also 

calculated using coupled cluster theory at the CCSD(t)/cc-pVTZ level. Lastly the 
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polarizability tensor for O2, O2
1- determined at via CCSD/cc-pVTZ are also include in the 

training data set. Atomic parameters for oxygen are presented in Table 4-1 and O-O 

interaction parameters are listed in Table 4-2. 

4.3.2 Parameterization of copper oxide 

 Energies for the oxide phases are fit to the enthalpy of formation, ∆Hf, at 0K 

rather than the cohesive energy. This allows for a comparison between phases of 

different stoichiometry and charge states. ∆Hf is determined as total energy of the oxide 

phase minus the energy of the reactants is their reference states: O2(g) and Cu(s). 

Calculations are performed on ideal structures at 0K for comparison to first principles 

calculations where appropriate.  The copper-oxygen interaction parameters and charge 

dependent copper parameters are fit using a weighted least squares best fit to ∆Hf of 

the cuprite phase of Cu2O,  CuO in the monoclinic ground state and high pressure NaCl 

and CsCl phases, and the meta-stable paramelaconite phase of Cu4O3. The energy vs. 

isometric strain and the unrelaxed elastic constants for Cu2O are also included in the 

fitting data set.  Additionally, the training set includes the ∆Hf of a series of phases with 

varying coordination:  the anti-fluorite of Cu2O and CuO2 as fluorite, α-cristobalite and β-

cristobalite.  

As in the case of the metallic phase, formation enthalpies were calculated using 

DFT using VASP 4.6. Energies are determined using the same functional, energy cutoff 

and k-point mesh as was used for the metallic phase. The equilibrium lattice parameters 

for the ground state are scaled to experimental values for cuprous and cupric oxide. 

Energy vs. isometric strain is determined relative to the scaled lattice constant.  DFT 

typically underestimates the ∆Hf for copper oxides with reported values around -1.24 eV 
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compared to experimental values of -1.75 eV.141, 142143 This is mainly due to the over-

binding of the O2 reference state in DFT.  In this work, the energy of the O2 molecule is 

fit to a higher level of theory, which reproduces the experimental bond enthalpy.  With 

the improved reference state energy for O2, the calculated ∆Hf for Cu2O of 1.78eV 

deviates from experimental values by 1.6%.  

The difficulties with the O2 reference state in DFT also apply to defect formation 

enthalpies, ∆Hf
def

.
144

 Consequently, values for ∆Hf
def for point defects and surface 

energies that provide a reliable comparison to this potential are not available.  ∆Hf
def for 

point and planar defects are used a qualitative assessment of the final potential 

parameters.  

Finally, charge dependent parameters are fit with the additional constraint that the 

electronegativity on each atom is equal with 1.0x10-6 eV/q in the ideal Cu2O structure.  

This ensures the ground state is a minimum in both real space and charge space. The 

full list of interaction parameters are tabulated in Table 4-2 and 4-3. 

4.4 Results and Discussion 

4.4.1 Properties of Metallic Copper  

Properties of the metallic phase as predicted by the potential are compared in 

Table 4-4 to experimental values as well values calculated from first principles18 with 

Mishin’s EAM potential140 and Yu’s previous COMB potential18. The elastic properties 

and surface energies are fit to values determined with fixed nuclear positions.  The 

values listed in Table 4-4 are determined with relaxed nuclear positions. The final 

parameter set reproduces the experimental elastic moduli and the C11 and C12 elastic 
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constants. However, the C44 elastic constant is significantly lower than the calculated 

values.  This is a weakness of the potential that was also observed by Yu et al.18 

 The cohesive energy of the HCP and BCC simple cubic and diamond cubic 

phases are included in the training set. The values in Table 4-4 are based on optimized 

structures using the final parameter set. The simple cubic and diamond cubic phases 

are fit with fairly low weight which is reflected in the larger deviations from calculated 

values. However, the correct qualitative trends are maintained for these low 

coordination phases.   

The surface energies are determined as the energy per unit area between the 3D 

periodic bulk and the 2D periodic bulk with vacuum between the surfaces of interest. 

The relative energies for the (111), (100) and (110) surfaces agree with the values 

calculated from first principles18 with a mean error of 3.8%. The surfaces take on a slight 

charge when relaxed with dynamic charge equilibration that reflects the change in 

coordination at the surface.  This is pictured in Figure 4-2 which shows close packed 

planes parallel to the (111) surface.  The charge alternates between positive and 

negative with each subsequent plane down from the surface and returns to charge 

neutrality within seven lattice planes. The graph in Figure 4-2 shows the variation in 

planar average charge density as determined by the potential. Charge returns to neutral 

about 10 Å from the surface. As indicated in the figure, the (111) surface takes on a 

slight negative charge. The values in parentheses in Table 4-4 are determined with a 

charge of zero on each atom and no dynamic charge equilibration.  The results are 

equivalent indicating the surface charge contributes insignificantly to the total surface 

energy. 
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The formation enthalpies for common point defects and the stacking faults in the 

(111) plane are calculated as a check of the potential. The results are listed in Table 4-4 

and compared to published reference values. The calculations for both planar and point 

defects are performed on a 36x36x36 Å3 supercell with periodic boundary conditions 

applied in three dimensions; the point defects are optimized at constant volume. The 

planar defect structures are allowed to relax their volume in the direction normal to the 

plane of the defect using a steepest descent algorithm. The energies are determined 

with dynamic charge equilibration.  The point defect formation energy is determined 

relative to the reference state, which is defined as the total energy per atom in the 

perfect FCC lattice according to the following equation:21 

CuDefF EnnEE )1( ±−= .       (4-2) 

Here, n is the number of atoms in the defect structure, Edef  is the energy per atom in the 

defect structure, and Ecu is the energy per atom in the perfect FCC lattice. The predicted 

formation energies for Cu vacancies and the octahedral interstitial agree with 

experimental values145 and other methods. A calculation of the formation energies of the 

three dumbbell interstitials shows the 100 dumbbell to be the most energetically 

favorable interstitial, with a defect formation energy of 2.87 eV, in agreement with 

experimental values.145 

Trends in the formation enthalpies for the stacking faults reflect trends predicted 

by the other reference methods. As shown in Table 4-4, the potential predicts a bigger 

formation energy for the intrinsic stacking fault than the previous COMB 

parameterization.18 When compared to the COMB potential, the predicted formation 

energy is closer to experimental values but differs from DFT values18 by a greater 
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degree.  The predicted extrinsic stacking fault energy is improved; however, the 

unstable stacking fault energy is underestimated by the current parameter set relative to 

all other referenced methods.  The stacking fault energies are directly influenced by the 

Legendre polynomial corrections.  A careful fine-tuning of the parameters in subsequent 

versions of the potential may improve its performance in applications where improved 

mechanical properties of the metal are required.  Here, the angular corrections for the 

metal are tuned to optimize properties of both the metal and the oxide phase.  

As with surfaces, the unstable stacking fault and point defect energies take on a 

slight charge reflecting the change in coordination. The results of the calculations 

performed without variable charges are listed in parentheses alongside the charge 

optimized values in Table 4-4.  The fact that the results are equivalent indicates that the 

effect of charge is very slight. The differences between this parameterization of the 

COMB potential and that of and Yu et al. are, therefore, attributable to the refitting of the 

parameters rather than the inclusion of electrostatic interaction.  

4.4.2 Properties molecular oxygen 

The self energy functions for both elements are determined as the least squares 

best fit to calculated values for electron affinities and ionization potentials.  The success 

of the fit is reflected values listed in Table 4-5.  

The potential is able to capture the dissociation behavior of oxygen and its anions 

as shown in Figures 4-3.  COMB predicts the lowest energy state of O2 to be the O2
-1 

anion with a charge of -1/2 on each atom. This concurs with higher level calculations, 

which predict the lowest energy charge state to be O2
-1. The O2

-2 is unstable until it 

dissociates into separate O-1 anions, which also concurs qualitatively with ab initio 

results up to CCSD(t)/aug-cc-pVQZ level of theory. The bond enthalpy for the O2
-2 
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predicted by COMB deviates from calculated values more than other ions in the training 

set. 

 The polarizability of oxygen is fit along with the other electrostatic parameters.  

The starting point for the fit is the atomic polarizability calculated to be 0.716 Å3 using 

CCSD(t)/cc-pVTZ. The fitted value of 0.36 Å3 underestimates the atomic values but 

reproduces the components of the polarizability tensor of the O2 molecule that are 

perpendicular to the bond.   The calculated polarizabilities for O2 along with calculated 

bond lengths and enthalpies are listed in Table 4-6. 

4.4.2 Properties Copper Oxide 

 The lattice parameter, formation enthalpy, bulk and shear moduli as well as the 

C11, C12 and C44 elastic constants for Cu2O were included in the training data set.  The 

accuracy of the fit is reflected in the results listed in Table 4-7.  The potential is fit to 

elastic properties determined with rigid ionic positions; results in Table 4-7 are with 

relaxed positions. The C44 elastic constant exhibits a large drop due to ionic relaxation 

and consequently exhibits a larger deviation from the reference values.  

  For the oxide phases, defect formation enthalpies ∆Hf
def  must consider the 

chemical potential of species added or removed from the system142 according to the 

following equation: 

∑±−=∆
i

ii
Bulk

Def
Def
F nEEH µ0  .      (4-3) 

Here, µι is the chemical potential of species i and ni is the number of atoms of species i 

added or removed from the perfect structure to form the defect.  EDef is the energy of the 

defect structure and EBulk is the energy of the perfect structure.  µi depends on the 
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conditions under which the defect is formed such that µi = µ∗-∆µ, where µ* is the 

chemical potential of the reference state.142   

For Cu2O to form the relationship 2µCu+µO=µCu2O must be true. Furthermore, if we 

neglect the small dependence on pressure of µCu2O, then 2∆µCu+∆µO=∆Hf-Cu2O. At the 

copper rich limit, where Cu2O is in equilibrium with metallic Cu, µCu is equal to the 

chemical potential of metallic Cu, µCu(s), which in COMB is taken as the total energy per 

atom in the perfect FCC lattice.  At the oxygen lean limit ∆µCu is zero and ∆µO=∆HF-Cu2O. 

141, 142, 146 

For comparison, values for ∆Hf
def are determined at the oxygen lean limit for 

several point defects; the results are listed in Table 4-7. The relative energies for the 

oxygen defects, Vo and Oi agree qualitatively with the results of first principles 

calculations.141, 142, 146 The formation enthalpy for VCu is higher than the experimental 

reference values. However, here and in the DFT reference values, the ∆Hf
def is 

determined for the charge neutral defect meaning VCu is formed by removing a neutral 

Cu atom from the ideal crystal.  This is unlikely in real systems where an ion is more 

likely to be removed. A lower energy charged defect most likely accounts for the 

discrepancy between the experimental and computational results. ∆Hf
def for other 

defects agree qualitatively with the DFT values considering that µO varies by 0.51 eV 

between DFT141 and COMB. Furthermore, COMB allows for calculations on larger 

structures than are accessible with DFT, where the system is fully relaxed and free of 

strain, 
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In a manner similar to point defect calculations, the surface energies of the oxide 

consider the chemical potential of the species added or removed from the perfect 

crystal to form the surface.147 









±= ∑

i
iinG

A
µγ 1  .        (4-4) 

Here, A is the surface area and γ is the surface free energy.  In the COMB potential, the 

calculations are performed at 0K where contributions due to entropy are zero to 

compare with reported DFT values. µCu and µO at the oxygen lean limit are used for 

comparison to reported values under similar conditions. 147 The results are given in 

Table 4-7 for several surfaces.  The (111) surface is the only stoichiometric surface 

listed in Table 4-7.  This surface also gives the smallest deviation between methods.  

 The properties of CuO are fit with light weight, as the Cu2O phase is the main 

focus of the potential.  Modeling CuO is complicated by the symmetry breaking Jahn-

Teller distortion that characterizes structures containing d9 transition metals.148 The 

effect can not be modeled with current DFT implementations.144  Classical potentials 

have had better success in replicating the effect.148 In the classical models, the Cu2+ 

cation is modeled as an aspherical ion with a distorted neighbor shell. The COMB 

formalism has two means of replicating asymmetry in the neighbor shell: the Legendre 

polynomial angle correction and the point dipole model.  In this work, the CuO geometry 

is not fit explicitly.  However, the structure was characterized using the final parameter 

set to see if the COMB formalism offers any advantage in modeling these effects. 

Results generated with potential are listed in Table 4-8.  Without polarization, the 

potential predicts a monoclinic structure for CuO with a ∆Hf comparable to experimental 
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values.135 The lattice parameters deviate significantly from the low temperature 

values.135  However, the total volume of the structure is comparable to DFT results as 

shown in Figure 4-4. Polarization does not improve the results as shown the last column 

in Table 4-8.  

   Table 4-9 lists ∆Hf for several oxide phases.  The experimental ∆Hf for CuO and 

Cu4O3 are lower in energy than Cu2O149 indicating that Cu2O is only stable under 

oxygen lean conditions.  This is illustrated in Figure 4-4, which plots the energy per unit 

volume for the three low energy phases. In Figure 4-4 the volume and energy vs. 

isometric strain for the CuO and Cu2O structures compare well with values from DFT. 

4.4.3 Behavior of O2 on the Cu surface 

 The behavior of O2 on the Cu (100) surface as predicted by COMB is used as 

assessment of the potential.  The enthalpy of adsorption, ∆HAds, and dissociative 

adsorption of O2 on the Cu(100) surface is determined by placing O2 at several sites 

and minimizing the structure via a steepest descent algorithm. ∆HAds is determined 

using an equation similar to Equation 4-13 for ∆HDef: 

∑−−=∆
i

iisCuDef
Ads nEEH µ)100(

)(  .      (4-5) 

E(100) is the energy of the Cu substrate with a free (100) surface.  ∆HAds is determined 

under oxygen rich conditions, where µO=1/2EO2(g) and ∆µO=0.0.142 

The upper row of images in Figure 4-6 shows the initial sites selected for study.  

The results are compared with values calculated via DFT in Table 4-10.  When the initial 

position of the O2 molecule is 2 Å above the metal surface, the molecule relaxes to a 

local minimum that is 2.18 Å above the surface with a ∆HAds of -5.2 eV.  The molecule 



 

 
133 

does not dissociate at this point and only a small charge of -0.092 is transferred to the 

molecule. When the O2 is placed 1.8 Å above the surface, the molecule relaxes toward 

the surface and dissociates at some sites but not at others; the relaxed positions are 

shown in the lower row of Figure 4-6.  The energies in Table 4-10 indicate that the 

lowest ∆HAds occurs when an O2 molecule is positioned at a bridge site and relaxes to a 

state where the O atoms are dissociated and absorbed into neighboring hollow sites. 

This corresponds to the position labeled Bridge 2 in Figure 4-6. The last row in Table 4-

10 lists values of ∆HAds determined with the point dipole contribution turned off. The 

overall effect of the fairly small, on the order of 0.1 eV. However, the final positions are 

symmetric, where the point dipoles are very small.  The largest effect is seen at the 

least symmetric final positions. COMB values for Eads are compared to values 

determined via first principles.  The DFT results give the same relative trends and 

predict dissociation to the hollow sites as being most energetically favorable. However, 

the absolute energy values are substantially lower with COMB than as calculated by 

DFT.  This is partly due to the low binding energy of the O2 molecule in DFT, (-6.3 eV 

for DFT vs. -5.2 eV in COMB), which effects all enthalpy calculations involving O2 as a 

reference state.   

Oxygen coverage on the Cu(100) surface and the reconstructions that result have 

been the subject of numerous theoretical and experimental studies. 25, 39, 150-170 

Experimentally, at low oxygen coverage at less than 0.3 monolayers (ML) the surface is 

characterized by micro-domains formed in a c(2x2) arrangement, which can be describe 

as a O atoms molecules occupying hollow sites.  With a ML coverage of 0.3 and above, 

the oxidized (100) surface is believed reconstruct into a missing row 45)222( RX .  As 
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a qualitative check quarter, half, and full monolayers (ML) of O2 molecules are placed 

on the Cu surface oriented over the bridge sites. The ML covered structures are 

annealed for 5 ps at temperatures ranging for 0 to 450 K with a 50 K increment.  Up to 

0.5 ML coverage the O2 molecules dissociate at the hollow sites at 0 K. The 0.25 ML 

covered surface is stable up to 500 K. However, oxygen begins to migrate to the 

subsurface layer at 300 K.  The 0.5 ML is stable up to 300 K at which point, O begins to 

migrate to the first subsurface layer of the Cu substrate and the surface begins to 

reconstruct.   With a full ML of coverage, no dissociation occurs at very low 

temperatures.  The O2 molecules remain intact up to 250 K where the surface begins to 

reconstructs. Half and full ML covered surfaces reconstruct, however, it can not be 

determined what surface they are moving towards on the time scale of the simulation.  

Instead, the 45)222( RX  missing row reconstructed was annealed under the same 

conditions and found to be stable up to 500 K.  The reconstructed surface at 300K is 

shown in Figure 4-7.  The fact that COMB predicts this reconstructed surface to at least 

be a local minimum is encouraging as it means the potential can be used for the study 

of oxidation on the experimentally observed surface over a wide range of temperatures.   

4.4.4 Simulations of the Cu2O(111)||Cu(100) interface 

The metal-oxide interface is not well characterized in the literature.  This is partly 

due to the graded nature of the most interfaces, which forms from a reconstructed 

surface. One means of obtaining an atomically sharp interface is through the 

electrochemical deposition of Cu2O.171  When deposited on the Cu (100) surface, Cu2O 

forms a film with initial growth in the (111) direction.171 The resulting 

Cu2O(111)||Cu(100) interface is atomically sharp and suspected to be semi-coherent 
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although this exact structure has not been confirmed experimentally.  As a final check of 

the potential, a model of the interface is relaxed and annealed at 50, 100, 200, 300 and 

450 K. The model consists of a 35.3x31.4x36.2 Å3 supercell containing a 20 Å thick slab 

of Cu(s) interfaced with a 15.3 Å thick slab of Cu2O. The periodic boundary conditions 

are applied in three dimensions; in other words, no vacuum space exists between the 

slabs, so the periodic image is one of alternating metal and oxide slabs stacked upon 

one another.  The epitaxial relationship between the metal and oxide is 

Cu2O(111) ]211[ ||Cu(100)[001] which gives a lattice mismatch of 3.64% along the 

epitaxial direction. The slab is annealed under constant temperature and pressure 

(NPT) for 10ps at each temperature.  An MD timestep 0.1 fs was used. The temperature 

is maintained via a Nose-Hoover thermostat.103 The system cell is allowed to relax in 

three dimensions. During relaxation, the symmetry of the supercell is constrained to 

remain orthorhombic.  

The interface is predicted to be stable at all the temperatures considered. The first 

interfacial layers in both phases rearrange beginning at 100 K suggesting either a lower 

energy epitaxial relationship or reconstruction exist. Figure 4-8 shows the interface after 

annealing for 10 ps at 300 K, and the view is along the Cu [100] or Cu2O ]211[  direction.  

During the simulation there is no evidence of a phase transformation beyond the first 

layer or atomic diffusion between phases suggesting the potential is predicting the 

correct ground state configuration. There is also only a negligible charge transfer 

between phases, as indicated in Figure 4-9, which shows the planar average charge 

density with distance from the interface.  The figure indicates that charge transfer is 

limited to the interfacial region of one Cu layer in the oxide and 1-2 layers in the metal. 
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4.5 Concluding Remarks 

 Based on results from the simulations and calculations, a potential composed of 

a short-range bond order potential coupled with variable charge electrostatics appears 

to be capable of simulating the ground state bonding environments of Cu as both a pure 

metal and when oxidized to the Cu2O.  The potential also captures the bonding behavior 

of oxygen as a pure element interacting with Cu(s) and when incorporated in the Cu2O 

oxide.  This enables the large scale simulation of processes such as oxidation of the 

metal surface or phenomena across the metal oxide interface.   

 Less certain is the ability of this potential formalism to model bonding in CuO, 

where ligand field effects influence the structure. The potential does predict a 

monoclinic unit cell for the higher oxide with the correct volume and formation enthalpy. 

However, the lattice parameters deviate significantly from experimental results. Since 

the relative energy for the phases are consistent with experimental values, the potential 

is useful for studies of the initial stages of oxidation up until the formation of CuO.  

Future work should seek to improve the potential in this regard. 

 Lastly, the simulations performed in the course of this work are only intended to 

demonstrate the stability and capabilities of the potential formalism.  The statistics are 

not sufficient to draw any quantitative conclusions about the materials themselves. 

Instead, a more thorough examination of the materials and processes simulated here 

are left for future work. 



 

 
137 

 

A  B  
Figure 4-1.Crystal structures for the two low energy oxide phases of copper oxide. 

Large grey spheres represent and small black spheres are Cu. Cuprous oxide 
(A) forms a cubic lattice with a=4.27Å. Cupric oxide (B) forms a monoclinic 
crystal structure with a=4.68 Å, b=3.42 Å c=5.13 Å, and β=99.6o.  

 

  
Figure 4-2.Surface charge in metallic copper. The copper surface exhibits negative 

charge The charge normal to the [111] plane is shown.  Color corresponds to 
charge with blue=-0.1 and red-0.1 charge units.  The plot shows the planar 
charge density distribution normal to the [111] surface.   
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Figure 4-3.The bond dissociation energy of O2 anions:  Black marks are fit values.  Grey 

marks are calculated (CCSD(t)/cc-pVTZ).  
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Figure 4-4.The energy per unit volume of the three low energy phases of copper 

oxide.  Filled symbols represent COMB predicted values.  Open symbols 
represent DFT values.  
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 Hollow 1 Bridge 1 Top 1 Hollow 2 Bridge 2 Top 2 

Initial 

      

Final 

      
Figure 4-5. O2 is placed on the Cu(100) surface in the six orientations pictured and 

relaxed using the COMB potential.  The final geometries are shown in the 
lower row.  The small red spheres represent O and the large orange spheres 
are Cu. Initial orientations are 1.8 Å above the metal surface. 
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Figure 4-6.The relaxed reconstructed Cu(100) surface with 0.5 monolayer coverage of 

O2. The stable structure has a 45)222( R× missing row configuration.  
Color corresponds to charge with red=-1.3e and blue=1.3e.  The larger 
spheres are Cu. The smaller spheres nestled in between rows Cu are 
oxygen.  Note the alternating positively and negatively charged rows on Cu 
atoms on the Cu surface which help to stabilize the structure. 
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Figure 4-7. The Cu2O(111)||Cu(100) interface viewed along the Cu[100] direction after 

annealing at 200 K for 10 ps. Color corresponds to charge with red = -1.3 e 
and blue =1.3 e.  The larger spheres are Cu. The smaller spheres are O. The 
interfacial region where the lattices are disrupted is confined to the first Cu 
layer in the oxide and one to two layers in the metal.   
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Figure 4-8.Planar average charge density across Cu2O(111)||Cu(100) interface after 

annealing at 200 K for 10 ps. Values are calculated per atom giving the 
average charge density per atom in each plane parallel to the interface.  The 
zero point in the graph corresponds to the original interface.  The oxide phase 
in on the positive side of the zero point.  There is a slight charge transfer 
between phases at the interface, which is limited to the first 2 planes in each 
phase. 
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Table 4-1. Atomic and electrostatic potential parameters 
 Cu O 
χ (eV·q-1) 3.768251 4.700782 
J (eV·q-2) 2.966470 5.064537 
K (eV·q-3) 0.515044 2.756183 
L (eV·q-4) 0.257522 0.992188 
ξ (Å-1) 1.476344 3.012029 
Ζ (q) 0.293153 0.030819 
P (Å3) 0.335000 0.323757 
PJ

1 (eV·q-3·r-3) -0.470698 -0.054039 
PJ

2 ( eV·q-4·r-5) 1.086271 1.136518 
Du (Å) -0.307561 -1.628749 
Dl (Å) 0.000000 0.244020 
Qu (q) 2.000000 6.000000 
Ql (q) -6.000000 -2.000000 
CN* 2.200000 4.200000 
γCoord 0.250000 0.249569 
ECoord (eV) 0.597603 1.934556 

 
 
Table 4-2.  Bond dependent potential parameters 

 Cu-Cu O-O Cu-O O-Cu 
A (eV) 712.3527 3523.359 598.29837 598.29837 
B (eV) 102.82614 204.62585 102.51442 102.51442 
α(Å-1) 2.712035 5.516839 3.129308 3.129308 
λ (Å-1) 1.467089 2.527568 1.433963 1.433963 
β 0.231055 2.00000 0.231055 0.231055 
η 1.000000 1.00000 1.000000 1.000000 
M 1.000000 1.00000 1.000000 1.000000 
c (rad.) 0.000000 43.560000 1.739680 2.043622 
d (rad.) 1.000000 1.000000 1.000000 1.000000 
h (rad.) 1.000000 -0.220000 -0.297973 0.449820 
nB 10.00000 10.0000 10.00000 10.00000 
Rs (Å) 3.200000 2.2000 3.200000 3.200000 
Ss (Å) 3.600000 2.8000 3.600000 3.600000 
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Table 4-3. Coefficients for Legendre polynomials 
 Cu-Cu-Cu Cu-O-Cu O-Cu-O 

1
LPK  (eV) 0.073078 0.069535 0.635646 
2
LPK  (eV) 0.000000 0.000000 0.635646 
3
LPK  (eV) 0.019678 0.100428 0.000000 

*Parameters are equal to zero for all other bond angles. 
 

Table 4-4. Properties of metallic copper 
 Exp. DFTg  EAMf OMBg COMB 
a (Ǻ) 3.62a 3.64 3.62 3.62 3.62 
Eo (eV/atom) -3.54b -3.50 -3.54 -3.54 -3.54 
Bulk Mod. (GPa) 139c 140 140 139 139 
C11 (GPa) 170c 173 173 170 171 
C12 (GPa) 123c 123 123 123 123 
C44 (GPa) 75.8c 80.1 76.2 49 47.7 
∗α(10-6K-1) 16.5b   14.5 16.9 
∆Eo Phase Transitions  (eV/atom)     
HCP  0.006 0.008 0.008 0.008 
BCC  0.038 0.046 0.017 0.014 
Cubic  0.47 0.43 0.49 0.38 
Diamond  1.04 1.08 0.94 0.99 
∆Hf Point Defects (eV)     
VCu 1.28d  1.27 1.21 1.17 
Cui-oct 2.8-4.2e  3.06 2.41 4.93 
*Cui 100 dumbell 2.8-4.2    2.48 
*Cui 110 dumbell 2.8-4.2    6.91 
*Cui 111 dumbell 2.8-4.2    8.58 
Planar Defects (mJ·m-2)     
γ(100) 1780f 1478 1345 1599 1478 (1478)** 
γ(110) 1780 1609 1475 1646 1519 (1519) 
γ (111) 1780 1294 1239 1295 1218 (1218) 
γISF 61g 34.3 36.2 44.4  46.3 (46.3) 
γUSF 162 210 161 224   105 (105) 
γTwin 24g 19.2 18.2 45  23.2 (23.2) 

*Indicates predicted values.  All other value are included in the training set 
**Values in parentheses are determined with charge equilibration 
aReference 143 
bReference 100 
cReference 172 
dReference 173 
eReference 145 
fReference  174 
gReference 18 
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Table 4-5. Ionization potentials (IP) and electron affinities (EA) in eV for Cu and O 

 
 
Table 4-6. Properties of molecular oxygen  

*Reference 143 

Cu Ab Initio COMB 
1st EA 1.08 1.08 
1st IP 7.43 7.43 
2nd IP 20.3 18.6 
O   
1st EA 1.40 1.40 
2nd  EA -6.08 -6.08 
1st IP 13.5 13.5 

 Ab Initio/ Experimental COMB 
Bond Length  (Ǻ) 1.21* 1.21 
Bond Energy (eV) -5.17* -5.17 
   
Polarizability of O2 (Ǻ3)   
α11  2.0 2.2 
α22  0.69 0.65 
α33  0.69 0.65 
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Table 4-7. Properties of Cu2O (cuprous oxide) 

 Experiment First Principles COMB 
a (Ǻ) 4.27a 4.31e 4.27 
Ecoh (eV/Cu2O) 11.3b 11.4 e 11.4 
∆HF (eV) -1.73b -1.24 e -1.75 
Bulk Mod. (GPa) 112c 112 111 
Shear Mod.(GPa)  8.15  8.27 
C11 (GPa) 123c 123  122 
C12 (GPa) 108c 107  105 
C44 (GPa) 12c 12.1 57.3 
Cu Charge   0.54 
Point Defects in Cu2O (eV)g   
VCu 0.45d 0.28-1.17e 2.49 
VCu_split 0.25d 0.78 -1.24e 2.20 
VO  1.55e 0.95 
Oi_tet  1.36-1.47e 0.71 
Oi_Oct  1.69-1.9e 2.26 
Cui_tet  1.47e 0.95 
Cui_Oct  1.9e 0.97 
Surface Energies (mJ·m-2)g   
Cu2O(100):Cu  1570f 1510 
Cu2O(100):O  1070f 1030 
Cu2O(110):Cu  1790f 2380 
Cu2O(110):CuO  417f 603 
Cu2O(111)  785f 783 

aReference 134 
bReference 143 
cReference 175, 176 
dReference 62 
eReference 141, 142, 146 
fReference 147 
gDefect formation and surface energies correspond to oxygen lean conditions. 
 
 
Table 4-8. Properties of monoclinic CuO 

 Experimental COMB COMB+Polar 
a (Ǻ) 4.68a 4.36 4.33 
b (Ǻ) 3.42a 3.74 3.77 
c (Ǻ) 5.13a 5.04 5.05 

β (Deg.) 99.6a 97.1 97.1 
∆HF (eV) -1.63b -1.68 -1.68 

aReference 135 
bReference 143 
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Table 4-9. ∆Hf (in eV) of copper oxides 
 Structure Experimental DFT/Simulation COMB 
Cu2O  Cuprite -1.73a -1.24b -1.75 
CuO    Tenorite -1.63c -1.11b -1.63 
Cu4O3  Paramelaconite -4.72c -5.74c -5.11 
CuO     CsCl  -0.53d -0.31 
CuO    NaCl  -1.24d -1.22 
CuO2   α−Cristobalite  -0.30d -1.58 
CuO2  β-Cristobalite  -0.34d -1.31 
CuO2  Fluorite  -1.29d -0.49 
Cu2O  Anti-Fluorite  -1.14d -0.44 
aReference 143 
bReference 142 
cReference 149 
DIn house DFT calculations 
 
 
Table 4-10. ∆HAds (in eV) of O2 on Cu(100) surface 

 Hollow 1 Bridge 1 Top 1 Hollow 2 Bridge 2 Top 2 
DFT -2.0 -2.2 -2.2 -2.9 -4.0 -2.4 
COMB(Polar) -5.7 -6.4 -6.7 -5.6 -7.6 -6.2 
COMB  -5.6 -6.4 -6.9 -5.6 -7.6 -6.2 



 

 
149 

CHAPTER 5 
CHARGE OPTIMIZED POTENTIALS FOR ALUMINUM AND ALUMINUM OXIDE 

SYSTEMS: SUCCESSES, CHALLENGES AND OPPORTUNITIES  

5.1 Background and Motivation  

Aluminum is one the most widely used metals due mainly to its abundance and 

excellent strength to weight ratio, but also due, in part to the corrosion resistance 

afforded by a readily forming protective oxide layer.177 Properties of the oxide layer have 

long been exploited to enhance the performance of the metal in numerous industrially 

significant applications such as thermal barrier coatings178, corrosion and wear resistant 

coatings177, as well as technologically important applications such as microelectronics 

and catalysis179, 180.  In applications that rely on the protective qualities of the coating or 

where the metal interfaces with another material, performance and failure are often 

dependent upon interfacial properties and processes. Consequently over the past 

several decades a significant amount of fundamental and applied research has been 

devoted to exploring the properties of the metal-oxide interface.36, 40, 181-188 

Given the significance of this interface, it is a reasonable undertaking to extend the 

COMB formalism to model these materials. Crafting a potential for composite interfaces 

with the efficiency and scalability to emulate life-size nano-scale devices is not a trivial 

task.  The challenge is further complicated for Al-Al2O3 systems since the complex 

crystal structures of aluminum oxides are not amenable to empirical models.39 While the 

COMB formalism and similar models are sufficiently flexible to produce a working model 

of the some aluminas,40, 189, 190 getting the correct  phase order in the ground state 

requires a well designed potential and a delicate fine tuning of parameters. In the end, 

all current potentials for this material compromise the accuracy in some properties in 
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favor of others.  The final model developed here is no different from existing potentials 

in that regard.   

  This project began as the initial test project for the development of COMB.  At the 

start, the actual form of the potential was not established, so as a first guess, three 

existing potentials were incorporated in an existing in house code.  This was a 

collaborative effort with three researchers: Alan McGaughey coded up the variable 

charge potential developed by Streitz-Mintmire, Jianguo Yu coded the Yasukawa 

potential upon which COMB is based, and Inkook Jang coded a Modified EAM potential.  

None of the potentials worked very well initially and required significant trial and error to 

find a reliable potential form.  In time, the current COMB model developed as a 

combination of Streitz and Mintmire’s electrostatic functions with Yasukawa’s bond 

order formalism.  This current version would not have been settled upon without going 

through the effort of coding and evaluating all three potentials.  In addition to the COMB 

code, these three researchers and I have written all the fitting and analysis codes used 

to develop COMB models for new materials.  This is a prohibitively burdensome task, 

which could not have been completed without the efforts of Alan, Jianguo and Inkook.  

5.2 Challenges with Current Theoretical Models for Alumina 

Experimentally, an oxide layer forms on the metallic Al surface as an amorphous 

layer of roughly 3-6 nm thickness.127, 191 The naturally occurring interface formed during 

thermal oxidation is difficult to characterize at the atomic scale, both computationally 

and experimentally, since the amorphous interface is graded with mixed stoichiometry 

over an interfacial region188. Consequently, the majority of work at the atomic scale 

involves ideal interfaces that represent the key aspects of the interface.  For example, 

the most notable experimental characterizations of the solid/solid interface were 
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performed on the interface formed by the deposition of metallic Al on a crystalline α-

Al2O3 substrate rather than the thermally oxidized metal surface.181  This approach was 

used by Medlin et al. who used high resolution transition electron microscopy (HR-TEM) 

to determine the structure and preferred orientation of Al films grown on the (0001) 

surface of α-Al2O3.188 The work revealed an atomically sharp interface with three 

predominant heteroepitaxial orientations, with the preferred relationship of 

32
)0001](0110[)111](101[ OAlAl .This orientation relationship aligns the closed packed 

planes of the metal with the closed packed oxygen sub-lattice in the oxide. The work of 

Medlin et al. was performed at 200 C; Vermeersch et al. report results from a similar 

experiment at room temperature where they found that growth of the metal film 

proceeds through the formation of a suboxide layer, to island formation and eventually, 

to coalescence and film formation.192 At higher temperature Vermeersch et al. observed 

film growth with the heteroepitaxial relationship of 
32

)0001](0112[)111](112[ OAlAl , which 

is the secondary relationships found by Medlin.192  

Computational studies based on first principles methods have explored the 

structure and adhesion of the ideal, atomically sharp interfaces. Batyrev et al. used DFT 

to examine the structure and work of adhesion of the close packed interface in the 

preferred orientation found by Medlin.86 Zhang and Smith looked at variation in the 

stoichiometry and adhesion of this same interface with oxygen partial pressure and 

found that the ideal termination of the oxide depends on the chemical potential of 

oxygen.185  In a similar DFT experiment, Siegle et al. compared works of adhesion 

(WSep) in the preferred Medlin interface with several terminations of the α-Al2O3 (0001) 

surface and found that when the oxide is terminated with a single layer of Al atoms, the 
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calculated WSep corresponds to experimentally measured values.184 More recently 

Hinnemann and Carter looked at the initial stages of film formation by studying the 

adsorption of Al and O on the α-Al2O3 (0001) surface using DFT where they found Al 

prefers to adsorb at the three fold hollow sites with significant charge transfer from the 

metal atom to the terminal O atoms.182 

The main limitation with first principles methods is the computational cost.  Wilson 

and Finnis have shown that prediction of the correct structure of the alpha phase 

requires a high energy cutoff, at least 600 eV.41 An interfacial study requires a large 

supercell with sufficient depth in both phases to converge the energy to a consistent 

point.  The computational burden restricts the applicability of first principles methods to 

ideal, coherent, crystalline interfaces with the preferred orientation of 

32
)0001](0110[)111](101[ OAlAl .  First principles based analysis of semi-coherent 

interfaces or other heteroepitaxial arrangements is prohibitively expensive. 

The development of empirical variable charge potentials that have the 

computational efficiency to model much larger systems have been pursued over that 

past decade in response to the limitations in first principles methods. The main difficulty 

in developing an empirical potential for the Al/Al2O3 interface is finding a suitable 

potential for the oxide phase. The phase order in alumina has been a challenge for 

empirical potentials for several decades.39 Historically, aluminum oxides have been 

modeled as ionic materials with polarizable ionic potentials, such as core shell or 

breathing core shell models80, 193. Gale et al. have shown that these simple polarizable 

models are unable to predict α-alumina (corundum) as the low energy phase of Al2O3.39 
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Instead, the low energy phase is predicted by these potentials to have the more 

symmetric Bixbyite crystal structure.39  The two crystal structures are illustrated in 

Figure 5-1. Part A of the figure shows the hexagonal unit cell of α phase with space 

group cR3 .134 The crystal is composed of a partially occupied layer of Al stacked in the 

(0001) direction and sandwiched between two close packed oxygen sub-lattices. The 

distinguishing feature of the crystal is short separation distance of 2.66 Å between one 

pair of cations associated with each Al atom.  The smallest cation-cation separation in 

the oxide is actually smaller than the metallic bond distance in the FCC metal.  Part B of 

Figure 5-1 shows the cubic Bixbyite crystal. The entire structure, with space group 3Ia , 

is built up as a 2x2x2 arrangement of subunits that are similar to a fluorite structure 

consisting of a close packed FCC Al lattice with O occupying ¾  of the tetrahedral 

sites.134 The symmetry is dictated by the relative arrangement of the unfilled tetrahedral 

sites.  The local bonding around each atom is more symmetric in Bixbyite than 

corundum.  Corundum has two Al-O bond lengths of 1.86Å and 1.97 Å, while the ideal 

Bixbyite structure has one.  The bond angles in the Bixbyite structure are also more 

symmetric.  The Al-O-Al bond angles are closer to the ideal tetrahedral angle of 109.47o 

as shown in Figure 5-2 which compares the distribution of the Al-O-Al bond angles in 

each material.  Bixbyite also has 180o O-Al-O bond angles, which do not occur in the 

corundum structure.   

Gale surmised that the corundum structure may be stabilized with a polarizable 

potential by including quadrapole moments in addition to the breathing mode on the 

anion.39  Around the same time, using DFT, Wilson and Finnis found the Bixbyite 

structure is favored for alumina up to a cutoff energy of 600 eV beyond which the 
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corundum structure is predicted.41  A plot of the difference in the electron density 

distribution between these two cutoffs reveals that the quadrapole moment of the anions 

is the distinguishable feature that differs between energy cutoffs.41 The theory was 

further confirmed by Wilson who compared a series of classical polarizable potentials 

that sequentially added a breathing mode, dipole moments and quadrapole moments.41  

The experiment confirmed that the inclusion of the quadrapole moments of the anion 

can be used to stabilize the corundum structure.   

While the quadrapole models successfully predict the correct phase order and 

appear to be the most transferrable potentials for aluminum oxide, they are limited by a 

reliance on fixed, formal charges in current versions.38, 41  This excludes their use from 

applications containing mixed oxidation states such metal-oxide interfaces.   Variable 

charge schemes reproduce some polarization effects, such as exchange charge 

polarization between bonded neighbors,80 which raises the possibility that a potential of 

this type may be applicable to alumina. However, variable charge potentials for this 

system have had mixed success in this regard.  The first reasonable model was 

developed Streitz and Mintmire who coupled a variable charge electrostatic potential 

with a charge independent Finnis Sinclair potential21 to develop the Electrostatics Plus 

(ES+) model for Al and Al2O3.22  This model fails to predict corundum as the low energy 

structure.40, 86  In interface applications, it predicts disordered interfaces characterized 

by rapid inter-diffusion of O and Al between phases,22, 187 processes that are not 

observed experimentally or via first principles calculations.184, 188  Zhou improved the 

stability of the ES+ model with barrier functions on the charges and by replacing the 

short range potential with an EAM model fit to various oxygen coordination 
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environments.36 Most recently, Zhang et al. published an extended Tersoff based 

variable charge potential (ReaxFF) for aluminum-alumina systems.40  In that work, the 

authors found that neither bond bending nor torsion terms are required to predict the 

correct phase order of corundum. Instead, they found that correct structure is predicted 

when dispersion interactions and a penalty function for over coordination are included in 

the potential.   

 Zhang’s ReaxFF model does not include bond angle dependent contributions and 

so should describe the same physical interaction as the ES+ model.  The difference 

between these potentials is the inclusion of dispersion interactions and an additional 

coordination function, which seems to be the key interactions needed to describe the 

structure of the α phase.  Wilson’s polarizable model also includes a large dispersion 

interaction between oxygen pairs.  The quadrapole moments are a small contribution to 

the total energy, which appear to introduce a short range angular dependence to the 

energy.  Considering the successes of Zhang’s and Wilson’s models, the COMB 

formalism appear to be sufficiently comprehensive to model both alumina and its 

interface with metallic Al. 

5.2 Parameterization of the COMB Potential  

The COMB formalism used in this work is identical to what was described in 

Chapter 2. The angular term developed in Chapter 4 (Equation 4-1) applies here as 

well.  As with the Cu/CuO potential described in Chapter 4, parameters are determined 

as a weighted least squares best fit to properties of multiple phases with variation in 

coordination around the metal to achieve a degree of transferability suitable for the 

simulations of interfaces. 



 

 
156 

The same oxygen parameters that were developed in Chapter 4 are used in this 

study, as well. However, the O-O cutoff distance is extended from 2.2 Å to 3.0 Å so O-O 

interactions contribute to the energy of the oxide. The dispersion interaction betweens 

O-O pairs are also included using the following equation since Zhang and Wilson’s 

methods both indicate the importance of these contributions: 

6
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 PVdW are fitted parameters specific to each element. In the final parameter set, the best 

fit is found with zero values for the dispersion coefficients. 

5.4.1 Parameterization of atomic and metallic Al 

The electrostatic self energy terms, VSelf , for atomic Al are determined as a least 

squares best fit to the 1st, 2nd and 3rd ionization potentials and electron affinity calculated 

at the coupled cluster level of theory using singlet and doublet, and perturbative triplet 

excitations, CCSD(t).88 A correlation consistent triple zeta basis set (cc-pVTZ) is found 

to be sufficient to reproduce the first electron affinity and up to the third ionization 

potential with sufficient accuracy.95  All ab initio calculations are performed with the G03  

computational suite. 

 The starting point for charge independent Al-Al bond parameters are taken from 

the Iwasaki potential.15 The parameters are fit using a weighted least squares best fit to 

experimental cohesive energy and lattice parameter of the FCC ground state. The 

training data set also includes un-relaxed values for the C11, C12 and C44 elastic 

constants, (100), (110) and (111) surface energies and the vacancy formation energy. 

The energy vs. isometric strain for the FCC ground state as well as BCC and natural 
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HCP structures were also included in the training data set. Unrelaxed values as well as 

the energy vs. strain curves were calculated with DFT using VASP 4.6. Energies are 

determined using the PAW method. The PBE functional is used for the exchange and 

correlation energies. Kinetic energy cutoff is set at 700 eV. Integration over the Brillouin 

zone is performed over a 10x10x10 Monkhorst-Pack k-point mesh.  The energy vs. 

isometric strain is calculated over a range of ±1% strain and fit to the Rose equation of 

state139 which yields an energy vs. strain curve in which the bulk modulus is constant at 

each point. For fitting purposes, the curves are generated with ionic positions fixed 

relative to the lattice vectors. The natural equation of state, generated with relaxed ionic 

positions is used as a final check on the parameterization. Values for cohesive energy 

and elastic constants differ between calculated and experimental values. To rectify 

discrepancies between data, the calculated energies and the ground state lattice 

parameter are scaled to the experimental values using the procedure outlined by 

Mishin140. The lattice parameters for higher energy phases are not include in the training 

set.  Only relative energies to the ground state structure are considered.  The atomic 

specific parameters for Al are tabulated in Table 5-1 and interaction dependent 

parameters are listed in Table 5-2.  

The bond dependent angular corrections are fit to the intrinsic, unstable and twin 

stacking fault energies (γSF, γUS and γT), as well as, the energy difference between the 

FCC and HCP phases and the elastic constants.  Results are listed in Table 5-3.  

Dispersion is not explicitly included in the Al-Al interactions since the current 

potential form cannot model the change in these interactions with charge. Explicit 

inclusion of dispersion between cation pairs would require the simultaneous fit of both 
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metal and oxide properties, which is considerably more expensive and requires a 

compromised solution for at least one phase.  Instead, dispersion interactions in the 

charge neutral ground state are assumed to be included in the empirical 

parameterization on the Al-Al interactions. In the oxide, dispersion interactions are 

assumed to be smaller between the less polarizable cations, an effect that is captured 

by variation in the short range attraction terms with charge. 

5.4.2 Parameterization of aluminum oxide 

 The Al-O interaction parameters, charge dependent Al parameters and bond 

angles dependent terms are fit using a weighted least squares best fit to the ∆Hf for α-

Al2O3, Bixbyite and θ-Al2O3, as well as, AlO as NaCl. O2(g) and Al(s) are used as the 

reference states.  The un-relaxed elastic constants, bulk and shear moduli for α-Al2O3 

as well as the energy vs. isometric strain are also included in the fit. As in the case of 

the metallic phase, relative energies of the reference systems are calculated using DFT. 

Again, the PBE functional is used for the exchange and correlation energies. Kinetic 

energy cutoff is set at 700 eV. Integration over the Brillouin zone is performed over a 

6x6x6 Monkhorst-Pack k-point mesh.   The equilibrium lattice parameters are scaled to 

experimental values for α-Al2O3. Energy vs. isometric strain is determined relative to the 

scaled lattice constant. The full list of interaction parameters are tabulated in Table 5-2.  

∆Hf
def  for point and planar defects are used as qualitative assessment of the final 

potential parameters rather than included in the training data set since these values 

subject to the choice and accuracy of the reference states.194  ∆Hf
def is determined as a 

small energy difference between two bulk phases.  In practice, large variations in these 
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values arise with small changes in the bulk energy, which make fitting to them 

particularly difficult. 

All charge dependent parameters are fit with the constraints that the 

electronegativity of each site is equal within 1.0x10-6 eV/q, where q is a formal charge 

unit, in the α phase at 0 K.  Furthermore, the electronegativity in the ideal structure is fit 

to be equal to zero meaning atomic charges correspond to a minimum in the energy 

with respect to charge without constraints.  This is an arbitrary condition where one 

could expect the actual oxide phase to be either electropositive or electronegative.  

However, by ensuring that the ideal structure corresponds to a minimum in the total 

energy, aberrant phases, such as Bixbyite, naturally form at higher energies.  This 

condition is found to be necessary to raise the energy of the Bixbyite phase relative to 

the alpha phase.  

5.5 Results and Discussion 

5.5.1 Properties of metallic aluminum 

Properties of the metallic phase as predicted by the potential are compared to 

experimental and calculated reference values in Table 5-4. The elastic properties and 

surface energies are fit to values determined with fixed nuclear positions.  Values listed 

in Table 5- 4 are determined with relaxed nuclear positions. The cohesive energy of the 

HCP and BCC simple cubic and diamond cubic phases are included in the training set. 

The values in Table 5-4 are based on optimized structures using the final parameter set. 

The simple cubic and diamond cubic phases are fit with fairly low weight, which is 

reflected in the larger deviations from calculated values. Qualitative trends are 

maintained with these low coordination phases. 
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The surface energies are determined as the energy per unit area between the 3D 

periodic bulk and the 2D periodic bulk with vacuum between the surfaces of interest. 

Relative energies for the (111), (100) and (110) surface agree with values calculated 

from first principles40 with a mean error of 1.0%. As with metallic Cu, in Chapter 4, 

surfaces take on a slight negative charge when relaxed with dynamic charge 

equilibration reflecting the under-coordination at the surface.  The charge alternates 

between positive and negative with each subsequent plane down from the surface and 

returns to charge neutrality within 10 lattice planes.  As with Cu, the surface charge 

does not make a detectable contribution to the total surface energy. 

The formation enthalpies for a common point defects and the stacking faults in the 

[111] plane are calculated with relaxed ionic positions as a check. Results are listed in 

Table 5-4 with comparison to reference values. Calculations for both planar and point 

defects are performed on a 36x36x36 Å3 super cell with periodic boundary conditions 

applied in three dimensions. Point defects are optimized at constant volume. Planar 

defect structures are allowed to relax their volume in the direction normal to the plane of 

the defect using a steepest descent algorithm.  Energies are determined with dynamic 

charge equilibration.  

The point defect formation energy is determined relative to the reference state 

defined as the total energy per atom in the perfect FCC lattice according Equation 4-1.  

The predicted formation energies for Al vacancies and the octahedral interstitial agree 

with experimental values and other methods. 40, 140 A calculation of the formation 

energies of the three dumbbell interstitials shows the 100 dumbbell to be the most 

energetically favorable interstitial, with a defect formation energy of 2.50 eV. 
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Trends in the formation enthalpies for the stacking faults reflect trends predicted 

by other methods as shown in Table 5-4, with the exception that the potential predicts a 

large formation energy for the unstable stacking fault.  The stacking fault energies are 

directly influenced by the Legendre polynomial corrections.  In this fit, the angle 

functions also affect the phase order, elastic constants and surface energies.  The best 

solution results in a larger value for γUS.  Future re-fitting may address this weakness 

and improve the performance of the potential in regards to mechanical properties. 

5.5.2 Properties of aluminum oxide 

 The self energy functions in COMB are fit directly to the atomic ionization 

energies.  The accuracy of the fit are reflected in the calculated values listed in Table 5-

5.  In previously published potentials, there are two approaches to fitting self energy 

functions.  The method followed by Rappe and Goddard 14and in the subsequent 

ReaxFF potential40 fits the self energy to second order to atomic ionization values.  

Other potentials such as the ES+ model and the first generation COMB potential18 fit the 

self energy term to properties of the bulk phases.  Here, the approach of Rappe and 

Goddard is followed since one intended use of the potential is the study of oxidation, 

where interactions of single atoms with the surface are important.  However, the 

function is terminated at fourth order rather at second order as in Rappe and Goddard. 

 The bulk and elastic constants are include in the training data set and so are fit 

directly. The final values are tabulated in Table 5-6 in comparison to experimental and 

first principles values, as well as published values determined with ReaxFF and the ES+ 

potentials. The values for the elastic constants and moduli in Table 5-6 are determined 
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with relaxed ionic positions.  Overall, the bulk and elastic constants are comparable to 

other potential and the reference data. 

 Calculated values for ∆Hf
def   for charge neutral point defects are listed in Table 5-

6 and compared to published calculations. The reference values are from Hine et al.194 

and are determined using Equation 4-3 under oxygen lean conditions at T=2371 K and 

pO2=0.2 atm. Reference states are Al(s) and O2(g).  The values in Table 5-6 are not 

corrected for ∆µo as is the case in Hine et al.194 

 Zhang et al. have shown through first principles calculations that under oxygen 

lean conditions the preferred termination of the (0001) surface of α-Al2O3   the interface 

is with a single Al layer.185, 186  This observation agrees with experimental data obtained 

on the clean surfaces under ultra-high vacuum.181, 195 In the presence of hydrogen or at 

higher oxygen partial pressures, O terminated surfaces are favored.181   The single Al 

terminated surface is stoichiometric and so provides a direct comparison between 

calculations without the need to consider the chemical potential of species added or 

removed to form the surface.  For these reasons, the (0001) surface energy, γ(0001), of 

the single Al terminated surface is used as a check of the potential.  The calculated 

value is 1.82 J.m-2. With first principles, functionals based on the local density 

approximation (LDA) tend to give higher values around 2.2 and GGA functionals give 

lower values around 1.6. 184, 185 The COMB result falls between these two levels of 

theory.   

 The COMB formalism stabilizes the corundum structure relative to Bixbyite by 

0.74 eV/Al2O3, which is inline with first principles calculations.19 The potential is fit to 

both the Bixbyite and θ phases similarly to Wilson’s and Zhang’s potentials.19, 41 These 
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other phases lie close in energy to the α phase.  The potential is unable to stabilize the 

θ phase relative to Bixbyite as shown in Figure 5-3, which plots the energy vs. volume 

for several oxide phases.  In Figure 5-3, the θ phase remains continuously above the α 

curve indicating that, with this parameterization, the θ phase would never form.  This is 

a weakness of the current model, which indicates limited transferability of the potential 

to other phases.   

The rocksalt structure of AlO is included in the fit.  A coordination correction 

function (Equation 2-129) is required to destabilize this phase relative to the α. This 

structure is predicted to be the lowest energy configuration in terms of energy per atom 

with the ES+ model.  Calculations using the ES+ potential within our in house code 

predict this phase to be 0.71 eV/atom lower in energy than the α phase, which leads to 

rapid diffusion of Al atoms from the bulk metal into the oxide during interfacial 

simulations.  A similar effect occurs within COMB if the coordination based correction 

functions are set to zero.  

 Polarizability is introduced via the point dipole model described in Chapter 2. As 

a check of the effect of polarization, the Bixbyite phase was optimized with polarization 

both enabled and disabled. When the point dipole model is active, the Bixbyite structure 

is further destabilized by 0.23 eV/Al2O3, indicating that the point dipoles have some 

effect on the phase order.  The time per iteration is roughly doubled with the point 

dipoles enabled for the entire system.  Since polarization is not necessarily required to 

stabilize corundum, polarization is disabled in all subsequent calculations. 
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5.5.3 Properties of the Al(111)||α-Al2O3(0001) interface 

To test the reliability of the potential in interfacial applications, WSep was 

determined for the several variations of the 
32

)0001](0110[)111](101[ OAlAl interface.  WSep 

is a measure of the interfacial energy defined as:  

Tot
SlabAl

Tot
OAl

Tot
SlabOAlSep EEEW

33232 −+ −−=  .      (5-2) 

The calculation is performed on a supercell consisting of a periodic slab of Al metal 

interfaced with a slab of Al2O3.  Periodic boundary conditions are applied in three 

dimensions so the structure actually consists of alternating films of Al and Al2O3 

sandwiched together.  Each slab is 40Å thick. Previous theoretical studies on this 

interface conclude that the most stable interface under oxygen lean condition is formed 

with a single al atom terminating the oxide layer.40, 184-186 The same interface termination 

is used here for comparison to these studies 

 There are six possible variations of the single Al terminated interface. The first 

layer of the Al slab (Al1), can be oriented over three unique sites on the α-Al2O3(0001) 

surface relative to the oxygen sub-lattice.  These sites are illustrated in Figure 5-4 

where the al slab can be aligned with an FCC (F) or HCP (H) orientation or directly on 

top (O) of the terminal oxygen layer. Furthermore, as shown in Figure 5-5 with each 

configuration of the first Al layer, the second Al layer in the slab (Al2) can be oriented 

over either of the two sites not occupied by Al1.  The combination results in six 

variations in interfacial structure.   

 The six interfaces were annealed at 50 K for 10 ps and optimized using a 

steepest decent algorithm.  The WSep and the relaxed interfacial separation distance, 

Do, are compared to other published values in Table 5-7. The resulting values indicate 
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that the potential predicts very little reconstruction of the interface  in comparison to 

DFT.184  The values for both Do and WSep are comparable to unrelaxed interfaces.  

Additionally, the highest and lowest energy interfaces are plotted in Figure 5-6. 

The two images are nearly identical, showing very little reconstruction and some charge 

transfer between phases.  The average distribution of atomic planes normal to the 

interface for the low energy interface is plotted in Figure 5-7.  The distribution indicates 

very little alteration of the structure at the interface.  Average charge density per unit 

area is also plotted in Figure 5-7.  The density plot indicates a slight charge transfer 

between phases at the interface.   

The current parameterization predicts less reactivity at the interface than is 

indicated by first principles calculations. Annealing at high temperature does not initiate 

reconstruction suggesting that the interfacial geometries predicted by first principles 

based methods lie high in energy than what is predicted by COMB. 

5.5 Concluding Remarks 

This work has demonstrated that the COMB formalism has sufficient flexibility to 

model aluminum oxides.  The main challenge in modeling this material is predicting the 

correct ground state structure.  COMB is able to be parameterized to favor the correct 

ground state configuration.  In the version presented here, less emphasis was placed on 

the other naturally occurring low energy phase such as θ.  The lack of emphasis, in turn, 

leads to the θ phase being too high in energy to the point where it does not form. In a 

similar way, the parameterization may have raised the energy of the DFT predicted 

relaxed interfaces thus inhibiting any reconstruction at the interface. However, further 

investigation is required before any conclusion can be made in that regard.   
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 The potential reproduces the properties of the metal and its surfaces.  It also 

makes use of the O2 parameterization developed in Chapter 4 for copper oxides. 

Together, both parameterizations extend the applicability of the current potential to the 

study of oxidation of Al.   

The main difference between ReaxFF and the ES+ model, according to the 

published models, is the inclusion of dispersion interactions and the over coordination 

penalty functions in ReaxFF. Both of these interactions are considered in this work. The 

coordination functions are set to only affect over-coordinated anions in the oxide, which, 

in turn, destabilizes the NaCl phase.  The best fit for the dispersion interactions is zero 

in this work, which suggests any dispersion contributions are already incorporated in 

other interactions. In this work, the Bixbyite phase is penalized with angular terms that 

also penalize all other phase. In future work, a better solution may arise with a bit more 

emphasis on the other oxide phases and a better representation of dispersion 

interactions.   
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A 

 

B 

Figure 5-1. The crystal structure of α-Al2O3 (A) has a hexagonal unit cell of space 
group cR3 .  Most empirical potentials incorrectly predict the cubic Bixbyite (B) 
crystal structure with space group 3Ia to be the ground state structure of Al2O3 
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Figure 5-2. The Al-O-Al bond angle distribution in corundum (blue) and Bixbyite 
(orange).The bond angles around O in the Bixbyite structure are closer to 
the ideal tetrahedral angle of 109.47o than in corundum. 
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Figure 5-3. The energy vs. volume of several aluminum oxide phases.  The ground 
state is the α phase (black).  Solid black point are determined with DFT 
(PBE).  Open symbols are values determined using the COMB potential. 
Bixbyite (blue) is shifted above the ground state but lies below θ-Al2O3 
(green). AlO in the NaCl lattice (red) is shifted up with a coordination penalty 
function. 
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Figure 5-4. A closed packed plane of Al atoms can add to the α-Al2O3 (0001) at three 
locations. Relative to the oxygen sub-lattice, atoms can be added with an FCC 
(F) orientation, HCP (H) orientation or directly on top (O) of the O atoms on the 
surface.  
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A. HO AlAl 21  

 

B. FO AlAl 21  

Figure 5-5. A second layer of Al atoms in the FCC metal film can be oriented over either 
of the two remaining sites. The surface in A is formed by aligning the first Al 
layer in the metal over the O sites, OAl1  and the second Al layer over the H 
sites, HAl2 . The surface in B has the second Al layer aligned over the F sites, 

FAl2 . 
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A. OH AlAl 21  

 

B. FO AlAl 21  

Figure 5-6. The interfaces with the highest (A) and lowest (B) Wsep as predicted by the 
COMB potential.  Color corresponds to charge ranging from red=1.5 and 
blue=-1.5 formal charge units.   
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Figure 5-7. The charge density (blue line) and separation distance per plane of atoms 

across the OH AlAl 21  interface at 0 K.  The red line represents the distance 
between planes of O atoms and black corresponds to Al.   
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Table 5-1. Atomic and electrostatic potential parameters 
 Al O 
χ (eV·q-1) 4.478988 4.700782 
J (eV·q-2) 3.246069 5.064537 
K (eV·q-3) 0.000000 2.756183 
L (eV·q-4) 0.000000 0.992188 
ξ (Å-1) 0.618852 3.012029 
Ζ (q) 0.146428 0.030819 
P(Å3) 0.335000 0.323757 

JP1 (eV·q-3·r-5) 0.612118 -0.054039 
JP1 ( eV·q-4·r-5) 0.006107 1.136518 

Du (Å) -0.011615 -1.628749 
Dl (Å) 0.679563 0.244020 
Qu (q) 3.000000 6.000000 
Ql (q) -5.000000 -2.000000 
CN* 6.000000 4.000000 
PVdW 0.000000 0.000000 
γCoord 0.500000 0.250000 
ECoord 0.000000 4.887383 
 

Table 5-2. Interaction dependent potential parameters 
 Al-Al O-O Al-O O-Al 
A (eV) 379.6596 3523.359 1023.282 1023.282 
B (eV) 70.79098 204.6259 132.1803 132.1803 
α (Å-1) 2.197639 5.516839 1.399757 1.399757 
λ (Å-1) 1.223328 2.527568 3.452255 3.452255 
β 0.168176 2.000000 0.168176 2.000000 
η 1.000000 1.000000 1.000000 1.000000 
M 1.000000 1.000000 1.000000 1.000000 
C (rad.) 0.000705 43.56000 1.832422 0.000747 
D (rad.) 0.305736 1.000000 1.000000 1.00000 
H (rad.) 0.047803 -0.220000 -0.131031 -0.415250 
nB 10.00000 10.00000 10.00000 10.00000 
Rs (Å) 3.000000 3.000000 2.200000 2.200000 
Ss (Å) 3.400000 3.400000 2.600000 2.600000 
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Table 5-3. Coefficients for Legendre polynomials 
 Al-Al-Al Al-O-Al O-Al-O 

1
LPK  (eV) 0.015581 -0.165976 -0.477644 
2
LPK  (eV) 0.039822 0.279429 0.966470 
3
LPK  (eV) 0.072865 0.247754 0.050423 
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Table 5-4. Properties of metallic aluminum 

 Experiment or 
DFT 

fES+ gReaxFF COMB 

FCC Properties     
a (Ǻ) 4.05a 4.05 4.01 4.05 
Eo (eV/atom) 3.36b 3.39 3.36 3.36 
B (GPa) 79c 83 79 79 
C11 (GPa) 114c 94 119 114 
C12 (GPa) 62c 77 57 62 
C44 (GPa) 32c 34 50 36 
    
Phase Transitions  (eV/atom)    
∆Eo HCP 0.03d  0.00 0.03 
∆Eo BCC 0.11d  0.05 0.12 
∆Eo Diamond 0.67d  0.70 1.38 
∆Eo Cubic 0.33d  0.37 0.61 
     
∆Hf Point Defects (eV)     
VAl 0.68d  0.85 1.52 
Ioct 2.79d   3.33 
100 dumbell*    2.50 
110 dumbell*    7.69 
111 dumbell*    8.58 
     
Planar Defects (mJ·m-2)     
γ (100) 980e, 943g  576 948  
γ (110) 980e, 1000g  576 1100 
γ (111) 980e, 870g  576 805 
γISF 166e,120-144h   135 
γUSF 168d   858 
γTwin 75e   68 
* Indicates predicted values not included in the training set. 
aReference 157 
bReference 143 
cReference 172 
dReference 140 
eReference 196 
fReference 22 
gReference 40 
hReference 197, 198 
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Table 5-5. Ionization potentials and electron affinities (in eV) for Al and O 
Al Ab Initioa COMB 
EA 1.23 1.08 
1st IP 7.73 7.72 
2nd IP 12.6 14.2 
3rd IP 36.6 20.7 
O   
1st IP 13.1 13.1 
1st EA 1.40 1.40 
2nd EA -6.08 -6.08 
aCalculated with CCSD(t)/cc-pVTZ 
 
Table 5-6. Properties of α-Al2O3 

 Experiment 
1st Principles 

fES+ gReaxFF COMB 

a (Ǻ) 4.76a 4.76 4.81 4.75 
c (Ǻ) 13.0b 13.0 13.1 12.9 
Ecoh (eV/Al2O3) 31.8b 31.8 38 31.9 
Bulk Mod. (GPa) 254c 250 248 256 
C11 (GPa) 497c 537  546 
C12 (GPa) 164c 180  175 
C13 (GPa) 111c 106  88.2 
C14 (GPa) -24c -30  -27.8 
C33 (GPa) 498c 509  507 
C44 (GPa) 147c 130  195 
C66 (GPa) 168c 179  201 
Al Charge  2.86  0.95 
Defects in α-Al2O3 (eV)    
VAl 8.44d   4.46 
VO 6.09d   0.90 
Oi  8.84d   3.61 
Ali  16.8d   10.8 
γ(0001) (J.m-2) 1.59/2.12e  2.67 1.0 1.82 

 
∆E for Meta-Stable Oxides (eV/Al2O3) 

   

Bixbyite 0.97 a  0.66 0.74 
θ 0.38 a  0.19 1.84 
aReference 199 
bReference 143 
cReference 200 
dReference 194 
eReference 184 (GGA/LDA) 
fReference 22 
gReference 40 
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Table 5-7. Interfacial separation distance, Do (in Å) and Wsep (in J.m-2) for the relaxed 
single Al terminated Al(111)/α-Al2O3(0001) interfaces. 
 OF AlAl 21  HF AlAl 21  FH AlAl 21  OH AlAl 21  FO AlAl 21  HO AlAl 21  
aWsep Expt 1.13      
bWsep DFT* 1.36 1.36 0.69 0.69 1.18 1.18 
cWsep ReaxFF* 1.74 1.74 1.31 1.31   
 Wsep COMB 1.31 1.31 1.31 1.39 1.29 1.38 
bDo DFT* 0.70 0.70 2.57 2.57 1.62 1.62 
 Do COMB 2.55 3.01 2.55 2.54 2.56  2.54 
*Values do not distinguish between Al2 orientations 
aReference 86 
bReference 184 
cReference 40 
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CHAPTER 6 
CURRENT CAPABILITIES AND FUTURE POSSIBILITIES OF CHARGE OPTIMZED 

MANY BODY POTENTIALS 

 Development of empirical potentials is an active area of research in 

computational materials science and engineering.  This is particularly true since device 

design has reached the nano-scale where fully atomistic simulations of actual life-sized 

systems are feasible.  Often such applications involve the interface between two 

different functional materials. As the size of a multifunctional device is reduced, the 

material contained within the surface and interfacial regions constitutes an increased 

portion of the total device and, commensurately, performance is increasingly influenced 

by surface and interfacial effects.173  Computational simulations hold promise for 

providing insight into complex interfacial and surface processes and their impact on 

device performance.  Computational applications such as these rely heavily upon 

classical analytical potentials. The availability of suitable potential energy functions is 

currently the main limitation to simulations of realistically complex systems 

Chapter 3 of this work presents a comparison between the empirical REBO 

potential and first principle methods.  The primary conclusion to draw, in regards to 

methodology, is all levels of theory have significant strengths and weakness that must 

be balanced and accounted for.  In that work, the higher quality methods are limited to 

small systems and low quality statistics, yet are more reliable in their predictions. DFT 

results suggest that CF3 and CF3+ react differently at deposition energies of 50 eV.   At 

that energy, CF3 adds to the surface and forms bonds while CF3+ fragments and 

removes more H from the surface. The REBO potential does not include electrostatic 

interactions and so can not resolve the difference in reactivity between these species. 
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An assumption is that at high deposition energies, both species will react similarly. This 

assumption is shown to be invalid at 50 eV.  

 DFT-MD also reveals a single step addition of CF0-2 to the diamond surface 

when coupled with the formation and evolution of HF.  The REBO potential failed to 

predict this key reaction and several other HF forming reactions.  The discrepancy is 

attributable to the short interaction distance between H and F in REBO.  The bond 

lengths in key transition states are found to be at the extreme limits of interaction 

distance in REBO.   

The efficiency of REBO allows for a sampling size that is several orders of 

magnitude larger than DFT methods.  The improved statistics with the REBO model 

have the potential to significantly enhance the quality of the results.   Unfortunately, 

through comparison to higher level methods, the limitations of the model and their 

implications in the results are revealed.  More importantly, weaknesses in the model can 

be addressed in the next generation of the methodology, which for the REBO potential, 

involves the addition of variable charge electrostatics and the increased interaction 

distances.  

The extension of COMB to hydrocarbons is currently an active project. As the 

COMB model is extended to systems with challenging chemistry and an abundance of 

structures, the transferability of the method will be challenged.  The current version of 

the model is designed to give the best chance of success in expanding to these 

systems.  As shown in Chapter 2, the potential is derived from the same DFT 

functionals as the current hydrocarbon potentials.16, 24, 25 Brenner attributes the 

transferability of REBO to this basis in DFT.52  Furthermore, additional functions that, so 
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far, have been required to fit new systems, are chosen to correct interactions that are 

lost in the approximations of the initial derivation.   

This project initially  began with three potentials, Yasukawa’s potential17, Streitz 

and Mintmire’s ES+ model,22 and a modified embedded atom method (MEAM).201, 202 

The idea at the time was to compare these three potentials for application to multi-

phase systems. The Yasukawa potential is essentially a Tersoff potential coupled with a 

variable charge scheme. The short range interactions vary with charge.  However, in 

that potential, the electrostatic functions are based on a point charge model with 

interactions cutoff just past the second neighbor shell, which causes several instabilities 

in application.  The ES+ model has electrostatic interactions are determined as 

functionals of charge density with truly long interaction distances. Unfortunately, the 

electrostatics are couples to and Finnis-Sinclair short range potential which cannot 

describe covalent systems. MEAM is an improved second moment model that includes 

angular terms to model covalent systems but lacks electrostatic interactions. 201 Of the 

three approaches, the Yasukawa potential, while flawed, performed the most reliably. 

With the hindsight gained from the derivation in Chapter 2, it is clear that the 

Yasukawa formalism succeeds because it adds back some of the interactions that are 

approximated away in ES+ and MEAM.  ES+ is based on the rigid atom approximation 

and, as a consequence, is unreliable in complex systems.  Yasukawa addresses the 

short range effects that are neglected with the rigid ion approximation.  In the COMB 

formalism, the long range electrostatic interactions that are missing in Yasukawa’s 

potential17 are added back along with several long range interactions that are lost with 
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a rigid atom approximation.  After much trial in error, it seems this current course of 

development is the most promising.   

The adaptability of the COMB potential is demonstrated by fitting the potential for 

two metal-metal oxide systems.   First, demonstrated in Chapter 4 is the development of 

a potential for the Cu/CuO system, which involves multiple oxidation states of Cu. The 

initial oxide phase formed under oxygen lean conditions is the meta-stable cubic phase 

of Cu2O.  As oxidation proceeds and at higher temperatures, monoclinic CuO forms.  

The potential is parameterized to model the initial stages of oxidation through the 

growth of Cu2O islands.  The results of the fit suggest the potential is well suited for this 

task. The bulk and mechanical properties are accurately reproduced compared with 

experimental and first principles based data.  Surface energies and defect formation 

enthalpies are also consistent with first principles calculations. The potential reproduces 

the relative phase order and formation enthalpies for the low energy oxide phases.  The 

potential captures the dissociation energy of molecular oxygen and its anions, which, in 

turn, leads to a prediction of adsorption energy consistent with DFT.  The potential also 

predicts an adsorption induced missing row reconstruction as the stable oxidized 

surface at standard temperature, consistent with experiment.  The ability of this potential 

formalism to be adapted to both metallic phases and the oxides both as solid phases 

and single molecules and with reconstructed surfaces demonstrates a remarkable 

flexibility in the functional form.  

In Chapter 5, the potential is adapted to model Al/-Al2O3 interfaces. The low 

energy phase of the oxide, -Al2O3, forms in the hexagonal corundum crystal structure, 

which is stabilized by subtle polarization effects in the electron density distribution. Most 
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classical potentials fail to predict the correct ground state crystal structure and instead 

predict a cubic Bixbyite structure.  The COMB model is able to correctly predict 

corundum as the ground state structure.  This is a distinction that is not easily made 

even with first principles methods. Similar to Cu/CuO system, the potential also 

reproduces the bulk and mechanical properties of both metallic and oxide phases as 

well as the surface energies and defect formation enthalpies in both phases. It predicts 

atomically sharp interfaces between Al(111) surface and crystalline-Al2O3(0001), 

which is consistent with the results of DFT calculations.  However, the potential does 

not reproduce interfacial reconstructions as predicted by DFT.  Interfacial works of 

separation are comparable to DFT calculated values.  However, trends in relative 

energies of different variations of the interface are not captured, indicating the potential 

is best used for bulk phase calculations and perhaps studies of oxidation in this 

material. 

In other efforts the potential has been extended to model all the low energy 

polymorphic phases of SiO218 including amorphous phases and Hf-HfO2184. These 

systems also pose unique challenges that have not been addressed with less flexible 

models.  For example, most potentials for HfO2 fail to predict the correct phase order.184 

The flexibility and transferability of the COMB formalism as demonstrated here and in 

these other works is quite encouraging.   

6.1 The COMB Code 

The COMB project was initiated to address the growing need for new efficient 

computational methods. The implied tasks in that objective are to first develop a 

potential formalism with sufficient flexibility to model many materials of interest and 

secondly to concurrently develop the tools and procedures to efficiently fit the potential 
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to new materials.  The two tasks are somewhat interrelated where now the COMB 

project consists of both a potential form and a suite of FORTRAN90 codes.  

In addition to the flexibility of the current model, the code itself is designed with the 

machinery in place to efficiently add additional interaction as the needs arise.  For 

example, a possible improvement for Al2O3 would be to add the quadrapole moments. 

The code to add higher order polarization modes along the lines of the compressible ion 

models26 has already been added with the point dipole model. There are some technical 

issues to address, such as how polarizability varies with charge. However, the 

administrative coding of how the interactions are processed and information passed is 

complete.  For entirely new interactions, such as four bodied energy contributions that 

arise in hydrocarbon models, the architecture to pass information, even in parallel, is in 

place.  The loop structure would have to be created for the four bodied interactions. 

However, the code is modularized and fully declared with no implicit variables to assist 

modification.  

The current code exists as two versions: one parallel and one serial. The parallel 

version breaks the calculation up into equal spatial regions.  For example, a 2x2 spatial 

decomposition breaks the system up in two dimensions into a 2x2 grid.  Each section of 

the grid is assigned a processor that only processes that part of the system.  A 2x2 

system should, therefore, process nearly four times faster than the same system on one 

processor.  The parallel code is designed for running large systems with the focus on 

computational efficiency. The code scales linearly with system size depending on the 

number of processor used.   
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A serial code processes the calculation on one processor, which allows for smaller 

systems that are used mainly for potential development.  Fitting a potential requires 

many sequential calculations. A well designed serial code efficiently processes each 

calculation as quickly as possible, where as, in a parallel code; emphasis is placed on 

processing many calculations simultaneously.  The two code formats together are able 

to handle both development and production. 

6.2 The Fitting Problem 

The models developed here are fit to a mix of measured and calculated values.  

The preference is to fit to empirical data augmented with first principles calculations 

when empirical values are not obtainable.  This is a philosophical choice.  Several 

potentials are fit entirely to calculated data sets.16, 202 However, for the systems modeled 

here, the first principles values are not always accurate or correct.144  There are 

arguments for either approach.140  A model fit to experimental data is fit to a more 

accurate data set than what is achievable with first principles calculations. A model fit 

with precision to the more accurate data set will reproduce those values more 

accurately. However, experimental data sets are small and transferability beyond the 

data set is never ensured, even with a precise fit. In contrast, the only limit on the size of 

a training date set based on first principles calculations is computer time. Given enough 

resources, a training data set that maps the DFT potential energy surface could, in 

principle, be generated. Any model fit to such an extensive data set could be as 

transferable as DFT, yet only as accurate as DFT.  With the current state of the art, the 

best approach is to fit to a mix of experimental and calculated data points. Brenner 

concluded in his review of bond order potentials that while it is quite possible that no 

purely empirical potential will ever be truly transferable, no potential derived entirely 
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from first principles will be truly accurate.52  Brenner’s point is appreciated in this work, 

considering systems such as CuO, where being as accurate as DFT is not very 

accurate.   

Perhaps, as important as developing the potential is designing the fitting process. 

A large part of the success of the ReaxFF models is that it has been extended to so 

many systems. Within the COMB suite are series of codes designed to do multi-

dimensional minimizations. The algorithms are standards from the numerical recipes.203  

The fitting codes work with the actual serial version of the COMB code.  They call the 

same energy and force subroutines that are used in the production codes and use the 

same variable names and data types so that parameters can be quickly tested and put 

to use.  

Each phase of a multiphase system can be fit separately.  For example all metal-

metal interactions can be fit to bulk metallic phases.  Self energies parameters are fit to 

atomic values.  The different interaction can also be optimized separately; charge 

dependent and charge independent parameters can be optimized to a degree 

separately.  Versions of the fitting codes have been optimized to specifically fit these 

separate phases. Fitting a potential is a challenging task. The COMB suite has evolved 

to where the basic tools need to run simulations, analyze results and fit new systems 

are in place.  

6.3 Future Applications 

In addition to hydrocarbon systems, the COMB model is currently being extended 

to Zn and ZnO, U and UO2, Ti and TiO4.  This gives an idea of the diverse range of 

materials and applications to which the model can be applied. The next phase of 

development will be to extensively run applications and comparative studies.  This is an 
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area with fairly sparse data, as the model has just recently been finalized.  The best test 

is to get the code into production and get feedback on its strengths and failings.  As it 

stands, the COMB model and suite has the potential to greatly expand computation to 

systems that cannot be studied by any other means, which in turn, could tremendously 

enhance the choice and selection of materials for the next generation of multi-functional 

devices. 
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