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ABSTRACT 

 

Boron-rich solids are of great interest for many applications, particularly, 

amorphous hydrogenated boron carbide (a-BC:H) thin films are a leading candidate for 

numerous applications such as: heterostructure materials, neutron detectors, and 

photovoltaic energy conversion. Despite this importance, the local structural properties of 

these materials are not well-known, and very few theoretical studies for this family of 

disordered solids exist in the literature. In order to optimize this material for its potential 

applications the structure property relationships need to be discovered. We use a hybrid 

method in this endeavor—which is to the best of our knowledge the first in the literature—

to model and calculate the electronic structure of amorphous hydrogenated boron carbide 

(a-BC:H). A combination of classical molecular dynamics using the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) and ab initio quantum 

mechanical simulations using the Vienna ab initio simulation package (VASP) have been 

conducted to create geometry optimized models that consist of a disordered hydrogenated 

twelve-vertex boron carbide icosahedra, with hydrogenated carbon cross-linkers. Then, the 

density functional theory (DFT) based orthogonalized linear combination of atomic 

orbitals (OLCAO) method was used to calculate the total and partial density of states 
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(TDOS, PDOS), the complex dielectric function ε, and the radial pair distribution function 

(RPDF). The RPDF data stand as predictions that may be compared with future 

experimental electron or neutron diffraction data. The electronic structure simulations were 

not able to demonstrate a band gap of the same nature as that seen in prior experimental 

work, a general trend of the composition-properties relationship was established. The 

content of hydrogen and boron was found to be directly proportional to the decrease in the 

number of available states near the fermi energy, and inversely proportional to the 

dielectric constant, which is explained by the decrease in network connectivity. The use of 

an idealized structure for the icosahedra (defects exist in reality), and the use of the local 

density approximation for the exchange-correlation functional—which tends to 

underestimate the bandgap—are considered the main reasons for the inability of 

quantitatively identifying band gap values that match the experiment. 

  



v 
 

 APPROVAL PAGE 

 The faculty listed below, appointed by the Dean of the College of Arts and Sciences 

have examined a thesis titled “Model Creation and Electronic Structure Calculation of 

Amorphous Hydrogenated Boron Carbide” presented by Mohammed Belhadj Larbi, 

candidate for the Master of Science degree, and certify that in their opinion it is worthy of 

acceptance. 

 

Supervisory Committee 

Paul Rulis, Ph.D., Committee Chair 
UMKC Department of Physics and Astronomy 

 
Da-Ming Zhu, Ph.D. 

UMKC Department of Physics and Astronomy 
 

Elizabeth Stoddard, Ph.D. 
UMKC Department of Physics and Astronomy 

 
  



vi 
 

TABLE OF CONTENTS 

 

ABSTRACT ....................................................................................................................... iii 

LIST OF ILLUSTRATIONS ........................................................................................... viii 

LIST OF TABLES ............................................................................................................. ix 

ACKNOWLEDGEMENTS ................................................................................................ x 

DEDICATION ................................................................................................................... xi 

CHAPTER 1 ....................................................................................................................... 1 

INTRODUCTION .............................................................................................................. 1 

Computational Context ............................................................................... 1 

Materials Context ........................................................................................ 5 

Background ................................................................................................. 7 

Motivation ................................................................................................. 11 

Outline ...................................................................................................... 13 

CHAPTER 2 ..................................................................................................................... 14 

METHODS ....................................................................................................................... 14 

Molecular Dynamics ................................................................................. 14 

Computational Packages Overview .......................................................... 18 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

 .................................................................................................................. 20 

Vienna ab initio simulation package (VASP) ........................................... 26 

The Orthogonalized Linear Combination of Atomic Orbitals (OLCAO) 

method ...................................................................................................... 27 

CHAPTER 3 ..................................................................................................................... 31 

SYSTEMS AND RESULTS............................................................................................. 31 

Model Systems .......................................................................................... 31 

Electronic Structure Overview .................................................................. 37 

Results ....................................................................................................... 39 

CHAPTER 4 ..................................................................................................................... 51 

DISCUSSION AND ANALYSIS..................................................................................... 51 

CHAPTER 5 ..................................................................................................................... 57 

CONCLUSIONS AND FUTURE WORK ....................................................................... 57 



vii 
 

Conclusions ............................................................................................... 57 

Future Work .............................................................................................. 58 

APPENDIX ....................................................................................................................... 59 

INPUT FILES ................................................................................................................... 59 

LAMMPS input file .................................................................................. 59 

VASP INCAR FILE ................................................................................. 62 

REFERENCES ................................................................................................................. 63 

VITA ................................................................................................................................. 72 

 

  



viii 
 

LIST OF ILLUSTRATIONS 

 

FIGURE PAGE 

Figure 1. Scheme of some computational methods for condensed matter physics ............ 4 

 

Figure 2: Schematic of the B4C crystal structure (Rhombohedral unit cell). ..................... 9 

 

Figure 3: a) Molecular structure of orthocarborane, b) The experimentally proposed 

structure of a-BC:H ................................................................................................... 10 

 

Figure 4: Scheme of different steps in the process of simulation. .................................... 19 

 

Figure 5: Molecular structure of the initial molecules. (a) B10C2H12; (b) CH3CH3; and (c) 

CH4. With boron pink, carbon black and hydrogen white. ....................................... 23 

 

Figure 6: Scheme of different model creation steps. ........................................................ 24 

 

Figure 7: Structure of a sample model (d1.7-H33.77-B/C4.8) after the post condensation 

workflow (before VASP relaxation). ........................................................................ 34 

 

Figure 8: Structure of a relaxed sample model (d1.7-H20-B/C4.8) ................................. 36 

 

Figure 9a-g. The calculated radial pair distribution function (RPDF) of a-BC:H (d1.7-

H13.1-B/C4.8) ........................................................................................................... 40 

 

Figure 10a-g. The calculated TDOS of a-BC:H ............................................................... 44 

 

Figure 11a-g. The calculated PDOS of a-BC:H................................................................ 46 

 

Figure 12a-g. The calculated dielectric function ε of a-BC:H .......................................... 48 

 

  



ix 
 

LIST OF TABLES 

 

TABLE PAGE 

 

Table 1: Meaning of the different fixes commands .......................................................... 21 

Table 2. List of the constructed models with their corresponding parameters. ................ 33 

Table 3. List of previous theoretical and experimental results of some boron-rich solids.

 ................................................................................................................................... 53  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  



x 
 

ACKNOWLEDGEMENTS 

 

I would like to extend thanks to the many people who so generously contributed to 

the work presented in this thesis.  

Special mention goes to my enthusiastic supervisor Dr. Paul Rulis for providing me 

with the opportunity to do research under his supervision in a short notice, and for his 

excellent guidance, caring, patience, constant availability. His belief in me despite my 

health issues had a profound influence on me and a direct impact in retrieving my confident 

and enthusiasm for physics. 

Similar, profound gratitude goes to Dr. Da-Ming Zhu and Dr. Elizabeth Stoddard 

for kindly serving in my supervisory committee, and for supporting my Fulbright Grant 

extension. 

   I am also hugely appreciative to Rachel Cramm Horn, especially for so willingly 

explaining her work from where I picked up, and for sharing her expertise in using 

LAMMPS. 

I would like to thank the Computational Physics Group (CPG) members for their 

help and for showing me around the lab, it would have been a lonely lab without them.  

Special mention goes to Amideast for providing me the Fulbright Grant to complete 

my Master’s degree, and for generously granting me two extensions to finish my research. 

Finally, but by no means least, thanks go to my family and my friends for their love 

and unbelievable support, and for accompanying me in my journey to reach this milestone. 

  



xi 
 

DEDICATION 

 

To my parents Miloud and Fatma Zohra, the most intelligent, loving, and caring 

people I have ever seen, and from whom I learned that mentoring does not mean recruiting 

people to serve our personal interests, it is to help them maximize their potentials. They 

are the most important people in my world, and I dedicate this thesis to them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“It is a wretched taste to be gratified with mediocrity when the excellent lies before 

us.” 

Isaac D’israeli 

 

“Great spirits have always encountered violent opposition from mediocre minds.” 

Albert Einstein 

“You have no right to manage others if you are not passionate about what you do.” 

Bill Quiseng 



1 
 

CHAPTER 1 

INTRODUCTION 

Computational Context 

As humans, we have a natural tendency to describe our gained knowledge 

quantitatively. This innate quality has urged mankind to come up with different tools and 

systems for estimation and calculation throughout history, starting at the most extreme 

antiquity where fingers were used to compute sums and differences1. From then, a series 

of landmarks accomplishments, such as the invention of the Arabic numeral system around 

500 AD up to the present day development of powerful computational methods and 

supercomputers, has given rise to a tremendously deep understanding of our natural world. 

This is evidenced by the fact that many scientific fields (e.g. physics, chemistry, 

economics, etc.) have taken advantage of the availability and usefulness of these 

computational methods leading to a new mode of scientific inquiry called computational 

science.2 

 Computational physics is often seen as a subfield of computational science, where 

physics, applied mathematics, and computer sciences are combined to study realistic 

physics problems by modeling them with the aim of understanding and predicting their 

behavior. The emergence of this field was a logical consequence of the remarkable 

improvements in high performance computing over the last few decades and a growing 

need for new investigative tools for physicists in areas where both theory and experiment 

are of a limited ability. The limitations of experiment may be due to danger, the high cost 

of performing experiments, or a lack of capability (e.g. resolution) from the instruments. 
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For theory the limitations arise primarily because the analytical solutions often do not exist 

for many of the most interesting problems due to the complexity of the systems. As a simple 

example, there is no general analytical solution that can be found for a system with more 

than two mutually interacting objects.3–6 

Quite interestingly, the development of computers and computational tools has 

progressed in parallel with many developments in materials science. Many materials 

advances are used in the production of advanced computers which then allow for materials 

simulations of greater complexity. It is a self-reinforcing phenomenon. Clearly then, the 

characterization of materials is very important for this particular reason as well as the 

development of countless other technological applications7, and computational methods 

are a good vehicle for performing that characterization. In general, there are two categories 

of computational methods used in condensed matter physics: direct methods and inverse 

methods. In direct methods—also called unbiased methods—material models are 

constructed with no a priori information from the experiments except for some initial 

parameters including elemental composition and ratios, density, and physical constants 

such as nuclear mass, electronic charge, etc. In such an approach, it is vitally important to 

not just incorporate an interatomic potential, but to use a very accurate one as it is the main 

factor to count on for creating a model that is in detailed concordance with the experiment. 

Methods such as molecular dynamic (MD) and Monte Carlo (MC) are direct methods. In 

inverse methods, the idea is to use significant (and typically less fundamental) experimental 

data to construct a model that agrees with the supplied measurements. The reverse Monte 

Carlo (RMC) method is an example of such a technique3,4,8. Figure 1 illustrates different 

methods used in computational condensed matter physics. The main tools used in the 
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research carried out in this thesis are the classical MD (CMD) based packages Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS)9, and Vienna ab initio 

simulation package (VASP)10, with the support of the Orthogonalized Linear Combination 

of Atomic Orbitals (OLCAO) method11. 
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Materials Context 

Narrowing our consideration now to specific materials, we recognize that 

amorphous and glassy materials have existed naturally for thousands years and that they 

have long played an important role in technology12,13. The earliest known uses of glassy 

materials may be in the form of obsidian cutting tools by the Stone-age people14. Presently, 

amorphous and glassy materials can be synthesized via several methods and they span a 

huge range of compositions and applications, oxide glasses such as (SiO2)0.8(Na2O)0.2 are  

used in the windows industry for their transparency, and (SiO2)0.9(GeO2)0.1 which is known 

for its purity and formability as uniform fibers which allow for an application as fiber-optic 

waveguides for communications networks15, organic polymers (polystyrene) are also 

amorphous materials used as structural materials especially in aerospace and automotive16, 

the amorphous hydrogenated silicon Si0.9H0.1 is a semiconductor used in solar cells17. 

Germanium telluride Te0.8Ge0.2 is another amorphous semiconductor used for computer 

memory elements18,19. Amorphous solids can also be metallic such as Fe0.8B0.2 which is 

used for transformer cores20. Chalcogenide glasses21 are also another example of 

amorphous materials such as arsenic triselenide As2Se3 which is used in copiers and laser 

printers18,21. Amorphous materials exist even as biological tissues22. In every case, the 

relationship between the composition and the material properties is of great interest 

because, for many amorphous materials, their properties can be modulated by changes in 

their composition and growth conditions, which is in dramatic contrast to bulk crystalline 

materials. Particularly good examples of this phenomenon include the families of materials 

called bulk metallic glasses23 and polymer derived ceramics, as well as the specific subject 

of this thesis: amorphous hydrogenated boron carbide (a-BC:H). 
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Amorphous materials are often described by what they aren’t rather than what they 

are. Their main characteristic is the absence of the long-range order (translational 

periodicity) in their spatial atomic arrangement, as opposed to crystalline solids which are 

known for their infinite periodicity. Also amorphous materials have a wide range of 

melting temperatures—due to the existence of bonds with different strengths, they  do not 

break all at once during the heating—rather than a sharp melting point as in the case of 

crystalline materials14. While the term “amorphous” is generally applicable for the 

description of materials without long-range order, the term “glass”—which is sometimes 

used interchangeably with “amorphous”—is actually a specific group of amorphous 

materials that possess a glass transition temperature Tg
24,25. The glass transition temperature 

is relatively well-defined temperature at which a materials changes from a solid, brittle 

state to a molten, rubbery state. Not all amorphous materials will exhibit this phenomenon 

because not all amorphous materials form brittle solids. 

Amorphousness is a universal property of condensable matter, and nearly every 

solid composition can be driven to be amorphous. Amorphization can be achieved during 

the growth process, for instance, in the case where the melt-quench technique is used for 

the preparation, the idea is to avoid the crystallization by cooling the melt rapidly so that 

the atoms will not have enough time for a perfect spatial arrangement (settle into a 

crystalline), and yet the time window is sufficient for a thermodynamically favorable 

reactions to occur (thus allowing for the development of short-range order). However, it 

should be noted that some materials such as SiO2 and GeO2 are good glass forming 

materials and do not require a fast cooling26,27. There are several other techniques that are 

also used to form amorphous solids besides the melt and quench method. Examples 
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include: thermal evaporation28, chemical vapor deposition (CVD)29, plasma-enhanced 

chemical vapor deposition (PECVD)30, and sol gel synthesis31, etc. Amorphous solids are 

known for being isotropic (i.e. their properties are independent of the direction in which 

they are measured)24. Additionally, their atomic structure has a direct impact on their 

properties changing them significantly compared to the crystalline counterpart. 

Nevertheless, amorphous solids still exhibit essentially the full range of properties and 

phenomena exhibited by crystalline solids. Depending on their composition, amorphous 

solids can have fascinating properties as well as some unattractive ones. In general, they 

are more brittle and less rigid compared to their crystalline state, but they are also typically 

tougher14,24. Due to their amorphous structure, the electrons in amorphous solids are 

impeded from movement which lowers their electrical conductivity as well as their thermal 

conductivity. Perhaps the most favorable property —which is not associated with all 

amorphous solid compositions —of amorphous solids is their transparency, such solids 

usually are made by silica and other oxides. As mentioned earlier, amorphous solids can 

be semiconductors as well, examples of amorphous materials that exhibit such a behavior 

include the amorphous hydrogenated silicon and some other chalcogenides32. Metallic 

glasses with magnetic properties are usually alloys, and most of the time their compositions 

are iron-boron and iron-boron-silicon33.  

Background 

 The material of interest for this thesis is the amorphous hydrogenated boron 

carbide, referred to here as a-BC:H, but rigorously represented as a-BxC:Hy. Generally, 

boron-rich carbides (BxC) can exhibit a unique combination of chemical, electrical, thermal 
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and mechanical properties allowing for a wide range of technological applications. In 

particular, boron carbide is characterized by a high hardness, low density, extreme abrasion 

resistance, a high melting point, and thermal stability which all contribute to remarkable 

performances in refractory applications, in ballistic armors, as cutting tools, as an abrasive 

powder, and in coatings34–36. Samples of a-BC:H may be grown by many different methods 

including hot pressing and sintering. However, recently, thin-film growth by chemical 

vapor deposition (CVD) and plasma-enhanced CVD (PECVD) method have become 

popular37–40. In addition, boron carbide is a candidate for many electronic applications as a 

low-κ dielectric materials for ultra-large scale integrated circuit design41. Further, being a 

p-type semiconductor (upon doping) and having a high neutron absorption cross section 

has made it of a great interest for direct conversion solid-state neutron detection42–46. 

A thorough investigation of a-BC:H is highly dependent upon a deep understanding 

of boron carbide BxC in its crystalline form, the hitherto best investigated structure of boron 

rich carbide. It is well agreed upon that BxC crystallize within a network of icosahedral 

fragments bonded to each other through six polar sites forming an α-rhombohedral lattice. 

The other six equatorial sites are bonded to a three-atom chain that runs through the body 

diagonal34,47. However, there has been a longstanding debate about how the boron and 

carbon atoms are distributed in the unit cell. It was thought that the structure is made of B12 

icosahedra and C-C-C linear chains until Vast and coworkers48–50 proved that the 

crystalline lattice of B4C mostly consists of B11C icosahedron fragments with a carbon 

atom in one of the six polar sites, and the linear three-atom chain is of the form C-B-C as 

shown in Figure 2. 
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Figure 2. Schematic of the B4C crystal structure (Rhombohedral unit cell)34. 

 

 

 

 For amorphous boron carbide, the structure is far more complicated, and the degree 

of disorder is dependent on the growth method. Herein, we are modeling the atomic 

structure of a-BC:H thin films grown by the plasma-enhanced chemical vapor deposition 

(PECVD) method from orthocarborane (1,2-C2B10H12) precursor51, and then conducting 

theoretical investigations of the electronic structure of these models. Other than being 

amorphous, the material (a-BC:H) grown using PECVD is expected to differ from the 

crystalline boron carbide in several ways. Because the precursor (Figure   3a) contains two 

C atoms per icosahedra, the PECVD grown a-BC:H will also have two intraicosahedral 

carbon atoms as opposed to just one or less in the case of crystalline boron carbide. 

Furthermore, because the precursor contains H, this growth method will inherently produce 

films with variable hydrogen content39,52. Hydrogen plays an important role in establishing 

the stability of the molecular icosahedron53, and in a solid the H will passivate the outward 
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facing molecular orbitals of the icosahedron54. A structure fragment of the amorphous solid 

that was proposed on the basis of magic angle spinning solid-state NMR spectroscopy 

(SSNMR) (Figure 3b)51 consists of a disordered network of twelve-vertex icosahedra 

containing ten atoms of boron and two atoms of carbon in their vertices. The carbon in the 

icosahedra is bonded to another hydrogen atom, and the boron is bonded to either another 

hydrogen atom, a boron from another icosahedra, or an inter-icosahedral hydrocarbon 

species which allows for the presence of the unusual 5 and 6 complex coordinates. One 

should expect that this difference of structure will lead to dramatically different properties 

compared to the crystalline BxC. 

 

 

 

 

 

 

 

a b 

Figure 3. a) Molecular structure of orthocarborane, b)51 A model structure of a-
BC:H proposed on the basis of experimental SSNMR data. 
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Motivation 

The prodigious properties exhibited by boron-rich carbides have excited many 

researchers48,55–61.  The long-term applied goal is to introduce a-BC:H and its relatives to a 

wide range of applications such as solid-state neutron detection (making use of its 

combination of semiconducting band structure and high neutron capture cross section), 

dielectric interconnect insulator (making use of is high-κ), thermal barrier coating (making 

use of its durability), etc.  

Successful application is dependent on a-BC:H meeting strict performance 

requirements (e.g. for durability, electrical or thermal conductivity, neutron absorption, 

etc.). Achieving the level of performance required for each application will require in-depth 

understanding of the fundamental physics that governs the structure/property relationships 

associated with each application. 

Understanding the local physical structure of a-BC:H is indispensable before 

proceeding to investigate its  properties. Setting the known crystalline structure (see 

background) of BxC (c-BxC) as a benchmark, and bearing in mind the key distinctions 

between crystalline and amorphous solids, several questions concerning how the structure 

of a-BC:H is expected to be different than that of c-BxC arise: do three-atom chains still 

exist in a-BC:H as they do in c-BC, do the icosahedra remain intact, to what extent does a 

network structure exist, is there any well-defined short range order, what are the clear 

relationships between the physical structure and the physical properties? Characterization 

methods such as X-ray, neutron, and electron diffraction are among the most effective and 

commonly used tools for investigating the local physical structure of solids, however, 

because a-BC:H is amorphous, these traditional investigation tools cannot be used to 
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identify its atomic scale structure60. The diffraction techniques may instead be used to 

observe average properties such as the radial pair distribution function (RPDF) and the 

structure factor. An alternative experimental approach for determining the local physical 

structure relies on SSNMR51, however, this approach will only provide a statistical 

population distribution of which types of atoms are neighbors to which other types of 

atoms. This leads to another alternative way forward which is the central motivation for 

the work of this thesis. A structural model of a-BC:H may be produced via computational 

simulation starting from experimental data (e.g. SSNMR and RPDF). The resultant model 

can be deemed accurate if it represents the feature characteristics of the real material even 

though there is no direct confirmation of the atomic coordinates. By definitively 

establishing the atomic scale structure via a computational model, we would be able to 

resolve the unanswered structural questions and then derive accurate structure/property 

relationships. Ultimately, an effective modeling process may be linked in a feedback loop 

with experiment so that the simulation can direct the selection of growth parameters to lead 

to specific desired material property outcomes. This vision is called materials-by-design 

and it is of particular interest. 

To the best of our knowledge, this master’s thesis is the first attempt in the literature 

to create theoretical structural models and investigate electronic structure of a-BC:H. In the 

broad scope, we recognize that the problems associated with a-BC:H will also be evident 

in any complicated molecular amorphous solid (e.g. other icosahedron-based boron-rich 

solids, polymer derived ceramics, organic polymer networks, etc.) Therefore, our 

additional central goal is to introduce a new modeling approach that may be applied to 

those complex disordered solids. Reaching such a goal is far beyond the scope of a single 
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thesis worth of work and it can only be accomplished through a series of phases that 

iteratively refine and expand upon the models and methods generated in this work. This is 

especially true given that experimental studies are limited and the available data are far 

from being perfect. In this context, the underlying purpose of this thesis is to: establish a 

fundamental understanding of appropriate modeling methods for this class of materials so 

that further improvements may be made in the future. 

Outline 

The remainder of this thesis is structured as follows: Chapter two will discuss the 

computational methods and specific packages that were employed in this work including 

classical and ab initio simulation. This chapter will also include a description of the 

modifications that were made to the program packages and the procedures used to execute 

the simulations. Chapter three will present the specific systems that were studied, how they 

progressed through the simulation process, and the detailed—but raw—results that came 

from them. Chapter four will discuss and interpret the raw results with an eye toward 

establishing connections between the atomic and electronic structure. Chapter five will 

summarize the thesis, establish the more important conclusions that can be drawn from this 

work, and discuss multiple avenues that may be pursued to enhance and extend this work. 
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CHAPTER 2 

METHODS 

 

Prior to discussing the individual packages used in this thesis, it is worthwhile to 

first discuss the theoretical background associated with the general methods so as to give 

context to the selection of methods and packages. 

Molecular Dynamics 

The molecular dynamic (MD) method is a powerful tool in the theorist’s arsenal 

for modeling many different materials. Fundamentally, MD is governed by Newton’s 

second law (F=ma) as applied to nuclear masses, ignoring the much lighter electronic 

masses—known as the Born–Oppenheimer approximation62—that interact primarily 

through the Coulombic forces. The nuclei are repelled from each other, the electrons are 

repelled from each other, and the nuclei and electrons are attracted. MD simulations are 

used to examine the time evolution of a system by integrating Newton’s equation of motion 

via the Verlet algorithm63 to advance the atomic positions and velocities of the particles. 

The resultant trajectories may be used to deduce many useful microscopic and macroscopic 

properties, such as transport coefficients, phase diagrams, and structural and mechanical 

properties. 

Since MD is a direct method, its application is associated with the challenge of 

determining the interatomic potential energy function that corresponds to each type of atom 

as it interacts with each other type of atom in a given model. MD can be implemented at 

two different levels of accuracy, by using classical mechanics, or quantum mechanics. 
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 The classical approach makes use of the Born–Oppenheimer approximation, and 

each atom is represented as a whole by one particle, where only the ground state is 

represented in the interatomic potential. As a consequence, classical MD is deemed faster 

but less accurate and incapable of simulating phenomena where covalent bonds (which 

involve valence electrons (excited states)) are broken/created. Classical MD is more 

suitable to reproduce structural and conformational changes, but limited in predicting 

electronic correlations. The interatomic  potential may take the form of a simple Lennard-

Jones64 function (applicable to noble gasses), it may include angular dependencies such as 

found in Tersoff and Extended-Tersoff65,66 potentials (applicable to covalently bound 

systems), or it may assume the form of an embedded atom model (EAM) or modified EAM 

(MEAM) potential67,68 (applicable primarily to metallic systems). There are many other 

potential forms, but the crucial issue in each case is that the potential requires a set of 

coefficients and factors that embody the specific details of the collection of elements in the 

system under study. The function constants are typically extremely difficult to obtain and 

when found they are often only applicable to the specific material under study (i.e. they are 

not transferrable). Indeed, even different types of calculations (e.g. determination of 

melting temperature and phonon thermal conductivity) for the same material may require 

different potential function parameters. 

In contrast to the classical MD method, an ab initio MD (AIMD) approach based 

on fundamental quantum mechanics is more accurate, and it does not suffer from the need 

to incorporate potential function constants. Instead it computes on the fly the potential that 

includes electrons in the excited states (often through a density functional theory based 

method such as VASP to be discussed later in this chapter). The downside is that this 



16 
 

approach is extremely computationally intensive. 

When modeling amorphous materials—with either classical MD or AIMD—it is 

common to make use of the melt-quench technique. The melt-quench procedure essentially 

consists of taking an initial structure that resembles to the material under study, raising the 

temperature sufficiently high (melting temperature) to induce a very high degree of 

diffusion where the starting lattice structure can be forgotten but the chemical ordering is 

maintained. After that the melt is brought to solidification through an extreme cooling to 

allow assembly of short range order (SRO) structural units (if any). The initial structure 

should be a structure that relatively resembles to the material under study (e.g. the 

crystalline counterpart), especially in terms of chemical ordering, because it is foolish to 

start with a configuration that is remote from the chemical order and rely on an MD 

procedure with its unrealistic time scales to fully sort out the detailed chemical ordering, 

even in the case where the ratio of the different atomic species and density are correct. 

The melt-quench technique as implemented in MD is not appropriate for us to use 

for several reasons. The intuitive appeal of this technique is the desire to simulate the glass 

formation process, thus, it is most suitable for glasses which are experimentally prepared 

by the melt-quench technique too, and the material understudy (a-BC:H) is experimentally 

grown via the PECVD method, in which the chemical reactions take place at low 

temperatures (far from melting) with molecular structures already present and it proceeds 

through non-equilibrium thermodynamic stages before reaching the final product. 

Furthermore, the MD have the ineptness of simulating at an astonishingly short time-scale 

(nanoseconds up to microseconds at maximum) compared to the reality, skipping otherwise 

important interactions to form the real material, especially interactions that are responsible 
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for forming icosahedra shaped molecules (needs seconds to minutes to form)—a 

stereochemistry that characterizes a-BC:H structure—thus, the resulted structure is more 

of a liquid snapshot rather than a stable and favorable solid structure. 

To overcome the impediments associated with a melt-quench process, the 

inaccuracy of classical MD as well as the high cost of AIMD, we chose to adopt an 

approach that consists of a synergism between classical MD and ab initio MD in a way as 

such to allow for taking advantage of the best of the two approaches (accuracy of AIMD, 

speed and low cost of classical MD), and none of their disadvantages. The procedure that 

was used was to first construct an initial model with classical MD that mimics the real 

configurational structure—but without worrying about ingeniously choosing a realistic 

interatomic potential. Thereafter, a correction to the interatomic bonding distances was 

applied using an ab initio relaxation calculations. A crucial point to be aware of is that the 

modeling method we adopted does not reflect what happens in the actual a-BC:H 

fabrication process. The philosophy of our approach aligns with “the ends justify the 

means”, meaning that the final product (a model of the solid that agrees with the 

experimental observations) is the goal and any process that is used to achieve it is 

acceptable regardless of its physicality. This philosophy holds because changing the 

growth conditions (pressure, temperature, etc.) affects just the composition of the films, 

which is accounted for in our modeling. One may expect that a precise simulation of the 

physical process would lead to the most accurate final model, which is probably true. 

However, with current computational tools and computational power, explicit simulation 

of the fabrication conditions and procedures is effectively impossible. The physical and 

simulated time-scales are off by many orders of magnitude and in any case the role that 
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excited state electronic structure plays as the orthocarborane molecules interact with the 

Ar plasma of the PECVD process cannot be accurately modeled by current theory. 

Computational Packages Overview 

The primary computational software packages used in this thesis are: (i) Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)9,69 which is used to 

create initial models of a-BC:H starting from random initial atomic positions, and then 

shrinking the box to a specified volume which reflects a desired density; (ii) Vienna ab 

initio simulation package (VASP)10,70, it is employed to relax the structure of the models 

produced by LAMMPS to obtain the lowest total energy and overcome the fact that the 

interatomic potentials that were used in LAMMPS were not accurate (because they do not 

represent the coordination complex found in BxC systems); and (iii) The Orthogonalized 

Linear Combination of Atomic Orbitals (OLCAO)11, which was used to calculate the 

electronic structure of the models. 

We have also used  several other software programs including: Packmol71, which 

was used to create a starting point for LAMMPS simulations by distributing an initial set 

of molecules into a cubical periodic box; CrystalMaker72, which was used to build the 

initial molecules; and also the Discovery Studio ViewerPro73 which was used to visualize 

the structure of the models. We have also used many other scripts written within the 

Computational Physics Group (CPG). Those scripts were used during the post 

condensation workflow to achieve the desired material compositions (see chapter 3).  

Figure 4 shows a schematic of the simulation process (i.e. when and for what reason each 
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package was used). Future work of the development of the simulation process is also 

included although that will be discussed in Chapter 5. 

 

 

Figure 4. Scheme of different steps in the process of simulation. 
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Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 

LAMMPS is an acronym for Large-scale Atomic/Molecular Massively Parallel 

Simulator. It is distributed as an open source code under the terms of the General Public 

License (GPL)74. LAMMPS is a classical MD package that executes numerical step by step 

integrations of the classical equation of motion on the basis of inter-particle interactions 

defined by any combination of a collection of interatomic potentials (also called force 

fields) and boundary conditions. It may be used to simulate liquids, solids, or gasses; and 

it can model systems with a few particles to many millions depending on the capability of 

the computers being used. Unfortunately, for a-BC:H there are no known interatomic 

potentials defined. Although it may be possible to construct such potentials, the risks (in 

terms of lost time and the possibility of failure) are substantial. Potential creation is more 

an art-form than it is a simple recipe to read and follow. Particularly challenging 

environments (such as that of icosahedral boron-rich solids) will likely require substantial, 

and expert investment. Prior to making such an attempt it was decided instead that an 

approximation could be used to establish an initial configuration for the a-BC:H models 

followed by accurate ab initio relaxation. Following this path would likely provide 

significant guiding information that could be used in any future potential creation endeavor. 

 Since accurate interatomic potentials for a-BC:H are not readily available, and the 

interatomic potentials we used in LAMMPS—a combined global interatomic pair 

potentials using the Lennard-Jones pair style and local interatomic pair potentials using the 

simple harmonic oscillator bond and angle styles—are not accurate and cannot produce a 

realistic atomic configuration as observed experimentally (Figure 3b), we have limited the 

role of LAMMPS interatomic potentials in deciding which atom should be bonded to 
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which. Instead, we took advantage of a program code (a so-called “fix”) that has the ability 

to manage bond breaking/creation, those fixes were modified to include a “molecule” 

identifier for each atom along with explicit limitations on the number of bonds that each 

type of atom could have with other types. This problem was addressed by Rachel Cramm 

Horn in an initial phase of work that was accomplished via undergraduate research prior to 

the beginning of the current thesis. The applied fixes are shown below, the meaning of each 

command is tabulated in Table 1: 

Bond create input file syntax: 

fix <fixID> <group> bond/create <nevery> <itype> <jtype> 
<Rmin> <bondtype> iparam<maxbond> <newtype> jparam <maxbond> 
<newtype> prob <fraction> <seed> 

 

Bond break input file syntax: 

fix <fixID> <group> bond/break <nevery> <bondtype> 
<Rmax> iparam <itype> <minbond> <newtype> jparam <jtype> 
<minbond> <newtype> prob <fraction> <seed> 

 

Table 1: Meaning of the different fixes commands 

Fix Meaning 

< > substitute with desired numerical value 
 

fixID 
name to refer to the fix (our naming convention is: itype + u + jtype for 
bond/create and itype + n + jtype for 
bond/break) 

group the subset of atoms this applies to (e.g. all) 
nevery apply the fix every nevery timesteps 
itype first atom type in the bond 
jtype second atom type in the bond 
Rmin allow bond if distance between iatom and jatom is < Rmin 

bondtype type of new bond to be created 
maxbond 

& 
newtype: 

if a new bond is created, iatom and jatom each calculate how many bonds of 
type bondtype they now have. If maxbonds exist, their atom type is changed 
to newtype 

fraction create a bond with this probability 
seed random number seed for probability (positive integer) 
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Generally, the  bond create fixes indicate that specific atoms from two 

different molecules can bond to each other through certain pairs (B-B, B-C, B-H, C-H), 

these pairs of atoms should be bonded when at a defined minimum distance from each 

other, the creation of these bonds occurs at certain probabilities. The bond break fixes 

are mainly for breaking H atoms from H saturated molecules leaving open bonding spots 

to create other bonds (specified by the bond create fixes), the bond breaking occurs at 

given probabilities as well. For instance: the atoms (in case of bonding an icosahedra B to 

a linker C) that may form a bond are already fully bound because of H saturation. 

Therefore, before a new bond can be formed between two molecules, the H bonds must 

first be broken. That is, the binding of an H saturated icosahedral B and an H saturated C 

atom from a hydrocarbon linker must follow the following sequence: (i) the two molecules 

approach; (ii) once the two H atoms on the separate molecules are within a defined range 

they each separate from their bonded atoms. (The harmonic oscillator potentials between 

the B and H, and between the C and H each are turned off and removed from the record of 

bonds in the LAMMPS registry); (iii) the B and C form a new bond in the LAMMPS 

registry. Managing the dynamic bond creation and bond breaking process is a complicated 

and delicate task (probably the most challenging part of this thesis). The parameters (Rmin, 

maxbond, prob, etc.) that need to be given in the fixes had to be so carefully thought out, 

by carrying out a tremendous number of trial runs. The risks associated with giving wrong 

values maybe non-fully bonded molecules (not all molecules will bond to form one giant 

chunk of a-BC:H) when the condensation reaches the specified cell size and number of 

iterations, or excess of certain bond types compared to others. Furthermore, these 

parameters are not transferable quantities among models with different densities (e.g. the 
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Rmin distance for creating a bond in a model with d=1.7g/cm3 is not the same for a model 

with d=2.1g/cm3). The above rules assure the following bonding patterns in the final 

models which correspond to the real material (Figure 3b); the C in the orthocarborane 

molecules (icosahedron) will not bond with other icosahedra or hydrocarbon linkers, thus 

the C atom will have a static list of bound atoms that includes only its nearest neighbors in 

the icosahedron (five B atoms and one H). In contrast, the B atoms can be bonded —on top 

of its 5 C and B neighboring atoms in the same icosahedron—with B atoms of other 

icosahedra, C from the hydrocarbon cross-linkers, and H atoms.  

Essentially, the LAMMPS condensation consists of positioning a collection of 

molecules (including hydrogenated icosahedral orthocarborane molecules (B10C2H12) and 

hydrocarbon cross-linkers (CH3CH3, and CH4) in specific ratios defined in Chapter 4) 

within a large, periodic simulation cell such that the cell is mostly empty. Figure 5 shows 

the structure of each of the initial molecules. 

 

 

  

Figure 5 Molecular structure of the initial molecules. (a) B10C2H12; (b) CH3CH3; and (c) 
CH4. With boron pink, carbon black and hydrogen white. 

 

 

The number of each type of molecule was dictated by experimental data defining 

the elemental ratios observed61. The simulation molecules were then set into motion with 
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random velocities while the cell size was slowly reduced. As the molecules move about 

the cell they randomly encounter each other breaking and forming bonds according to the 

fixes specified above. The simulation had a target final density (from experimental 

feedback), which is achieved by controlling the final cell size (atomic masses of the 

different species are known). The stage of the simulation sequence that is most associated 

with LAMMPS is graphically illustrated in Figure 6. 

 

 

 

Figure 6. Scheme of different model creation steps. 



25 
 

Now, actually running the LAMMPS condensation simulation requires the creation 

of three separate files: (i) a data file containing the initial dimensions of the simulation box, 

the types of the atoms involved including parameters for the harmonic oscillator spring 

constants, a list of initial atomic coordinates for the molecules, and a list of which atoms 

were initially bonded to which other atoms; (ii) an input file that contains all of the 

instructions needed to perform the condensation including the global Lennard-Jones 

potential definition, the simulation time-step, the rate of cell-size reduction for the 

condensation, and requests to dump trajectories and other output along the way; and (iii) a 

job submission file (specific to host machine) that defines the execution parameters of the 

job such as the wall-clock time limit, the number of CPU cores to use, the amount of 

memory required, and any other file management commands. All of the LAMMPS 

computations were performed at the HPC resources at the University of Missouri 

Bioinformatics Consortium (UMBC)75. 

Although LAMMPS itself does have some capacity to create initial atomic scale 

models it is rather limited. It is not capable of building the dispersed, gas phase model 

needed for the condensation. Therefore, a secondary program called Packmol was used to 

provide initial atomic coordinates for the model. Then, another secondary program called 

CrystalMaker was used to define the initial list of bonds between the atoms in each 

molecule. The output files of Packmol and CrystalMaker were merged to produce the 

LAMMPS data file. After running LAMMPS, the models were processed through a post 

condensation workflow in order to match the composition to that obtained from the 

experimental stoichiometry, the different steps are discussed in Chapter three. 



26 
 

Vienna ab initio simulation package (VASP) 

The Vienna ab initio simulation package (VASP) is a first principle package for 

performing ab initio quantum-mechanical electronic structure calculations. It is used for 

modeling materials at the atomic and electronic level and for calculating properties such as 

the total energy, the electronic band structure (including the band gap and density of states), 

magnetic properties, and numerous properties derived from force calculations including 

the phonon density of states, bulk mechanical properties, and thermodynamic properties 

via ab initio molecular dynamics (AIMD). As opposed to LAMMPS, which operates at the 

atomic level via interatomic potentials with rigid functional forms, VASP operates at the 

electronic level by using approximation techniques to solve the Schrodinger equation for 

N-body electronic systems. Such approximations are established either within density 

functional theory (DFT) by solving the Kohn-Sham equations76,77, or within the Hartree-

Fock (HF) approximation by solving the Roothaan equations78,79. Being a package for first 

principles calculations, VASP does not need any experimental fitting parameters. 

However, as a practical matter for reducing the computational burden, it does require the 

definition of frozen-core pseudopotentials for describing the electronic potential associated 

with an atomic nucleus and the surrounding core electrons. This often takes the form of 

Vanderbilt pseudo-potentials80,81 or the projector-augmented-wave method (PAW)82,83. 

Once the models was obtained via the LAMMPS condensation method, they were 

relaxed through multiple phases with VASP. The first relaxation was done with a low 

accuracy (a coarse mesh for the numerical representation of the wave function and charge 

density), ultra-soft (UU) pseudopotentials within the local density approximation (LDA)84 

for the exchange-correlation functional, and a relatively low cut off energy (300 eV) for 
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the plane wave energy. After the first relaxation, a second relaxation was performed with 

high accuracy, and a higher cut off energy ranging from 300 to 700 eV  depending on the 

number of atoms in the model and the specific composition ratio, One of the models (d1.7-

H33.77-B/C4.8) was relaxed using the projector augmented wave method with the Perdew-

Burke-Ernzerhof exchange-correlation functional (PAW-PBE)82,83 instead of the UU-LDA 

pseudopotential, and a cut off energy of 600eV. In all relaxations, the electronic and ionic 

convergence criteria was set to 10-5 eV and 10-3 eV Å-1 respectively, and—because the 

condensed models were considerably large (820-1279 atoms)—we used the Γ k-point only 

version of VASP.  Further details about the nature and quality of the relaxations for specific 

models are discussed in Chapter Three. The VASP relaxations were carried out at the 

Extreme Science and Engineering Discovery Environment (XSEDE), which is supported 

by National Science Foundation grant number OCI-1053575. Specifically, we used the 

Blacklight system at the Pittsburgh Supercomputing Center (PSC)85, and Texas Advanced 

Computing Center (TACC), The University of Texas at Austin (Stampede). 

The Orthogonalized Linear Combination of Atomic Orbitals (OLCAO) method 

 

Here, we succinctly describe the OLCAO method because a thorough description 

is available in reference (11). Like VASP, the OLCAO method is also a DFT-based 

program suite, however, it is derived from the traditional LCAO86 method so that it is 

particularly suitable for large complex material systems, systems that contain different 

types of elements, and amorphous systems, which makes it a perfect tool given our 

candidate material. OLCAO can be used to calculate many properties, such as electronic, 

optical, magnetic and spectroscopic properties. In this work, it was used to calculate the 
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total (TDOS) and partial (PDOS) density of states, the optical properties, and (via a 

secondary program that is part of the OLCAO package) the radial pair distribution function 

(RPDF). The OLCAO method uses a basis set of Slater-type atomic orbitals to expand the 

solid-state electronic wave function on a periodic lattice, these Slater-type atomic orbitals 

are themselves expanded in a basis of Gaussian-type orbital (GTO) functions, the GTOs 

must be carefully constructed to overcome the challenge of describing the interstitial region 

between atoms. In OLCAO, the solid-state wave function is written as: 

 

   =    
,      ,   (2.1) 

 

With   being Bloch functions that are formed from a linear combination of atomic orbital 

functions. The Bloch functions are written as: 

 

 ,  =   1√   .
     −  −  (2.2) 

 

 

Where γ represents the atoms in the cell,  denotes all of the collective quantum numbers 

for the atom,  denotes the lattice vector, and  represents the position of the atom 

labeled by γ. The radial and angular parts of the atomic orbital  are obtained by a linear 

combination of radial GTOs and spherical harmonics. The atomic orbital is given by:  
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  =    ℓ
  . ℓ Ɵ ,   (2.3) 

 

The basis function coefficients in Equation (2.1) are obtained through the solution 

of the secular equation, ℓ and  are the angular momentum quantum numbers. The  

are defined according to a geometric series that is set between predefined exponentials αmin 

and αmax. The values for αmin and αmax have been determined by many test calculations that 

have been done in the past. Typical values for N range from 16 to 30, while the ranges of 

αmin and αmax are 0.1 to 0.15 and 106 to 109 respectively. In this version of OLCAO, αmin is 

set to 0.12. 

For the calculations performed in this thesis a full basis was used that consisted of 

(H: 1s, 2s, 2p), (B: 1s, 2s, 2p, 3s, 3p), and (C: 1s, 2s, 2p, 3s, 3p). The calculations used only 

one k-point at the zone center (i.e. the Γ k-point). Each model had a different number of 

potential types because the overall structures were different, but the number ranged from 

60-80 with most being right near 70. The LDA was used for the exchange correlation 

potential. 

The total and partial density of states are calculated according to equations (2.4) 

and (2.5) respectively: 

 = Ω2    
   −  (2.4) 

 

, =  ∗, , (2.5) 
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The real and imaginary parts ε1 and ε2 of the dielectric function are calculated as follows: 

 

ℏ =   
  ,  − ℏ →,  , 

 (2.6) 

 

ℏ = 1 + 2   ℏ − 


  (2.7) 
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CHAPTER 3 

SYSTEMS AND RESULTS  

Model Systems 

 

Modeling amorphous materials is not a frictionless task. The main challenge is the 

lack of periodicity in the real material, but the requirement of periodicity for calculations 

of bulk solids. Therefore, any simulation will need a sufficiently large simulation box so 

as to avoid spurious long range order effects. Similarly, the box must be large enough to 

allow for statistical sampling of the large number of possible short range structural 

variations. In the case of a-BC:H, the challenges far exceed the lack of periodicity, rising 

the complexity of the system exponentially. Being a molecular-based amorphous solid 

rather than a relatively simpler atomic-based amorphous solid, the number of atoms per 

“unit” is about twenty compared to the one to five atoms per unit—depending on how one 

counts—found in traditional amorphous solids (e.g. a-C, amorphous SiO2, etc.). Therefore, 

sampling diverse configurations that include defects requires a large number of atoms. 

Compounding the challenge for a-BC:H, is the presence of uniquely bonded (unusual 5- 

and 6-coordinated B and C) atoms that do not have well-defined interatomic potentials. 

Consequently, amorphous hydrogenated boron carbide is a very complex system to model. 

Hither, we used the hybrid method described in chapter two that consists of a combination 

of a classical molecular dynamic (LAMMPS) and quantum mechanical (VASP) approach 

to generate the theoretical models. Once generated, the OLCAO package was used to 

calculate relevant electronic structure properties. The first step is to create a periodic 

boundary supercells of a disordered network of hydrogenated twelve-vertices BC 
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icosahedra with hydrocarbon cross-linkers, which represents the proposed structure from 

the experimental feedback (Figure 3b). To that end, we employ LAMMPS, we started with 

three different molecular components; B10C2H12, CH3CH3, and CH4. (Figure 5). In our 

simulation process, the films growth temperature and pressure is not considered since those 

parameters affect only the resulting material’s compositions, and the latter is a parameter 

that we account for in constructing the models, hence, the number of each molecule to be 

packed in the simulation box is dictated by the experimental stoichiometry. Samples of a-

BC:H that were grown51,61 have demonstrated differences in density, the percentage of H 

content, and the B/C ratio. Therefore, the same three parameters were systematically varied 

so as to span a range of densities d (g/cm3), boron to carbon ratios B/C, and hydrogen 

content %H to create a series of simulated models. We have categorized the selection into 

seven groups—representing seven different compositions—with three models constructed 

for each composition. The three models of each composition were compared with each 

other to test the accountability of our methodology and they were found to be quite 

consistent. That is, very similar models were generated when starting with the same number 

of molecules (i.e. B/C ratio) as long as the end-goal parameters (H%, density) were the 

same. Therefore, we believe that the condensation method is effectively deterministic and 

reliably reproducible. In total, twenty one models were constructed, however, only seven 

models (one from each group) were considered for VASP relaxations (because of the 

expense of performing many ab initio calculations). For convenience, henceforth the 

models will be named in the following pattern dx-Hy-B/Cz, where x is the density in 

(g/cm3), y is the percent H content, and z is the ratio of boron to carbon (number of atoms). 
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Table 2 shows a list of the constructed models with their corresponding parameters (values 

are rounded to the first decimal place). 

 

Table 2. List of the constructed models with their corresponding parameters. 

Model Number %H d (g/cm3) B/C Total number 
of atoms 

1 13.1 1.7 4.8 975 

2 11 2.3 4.6 820 

3 18.5 1.7 4.8 1039 

4 16 2.1 4.5 873 

5 23.2 1.7 4.8 1103 

6 29 1.7 4.9 1187 

7 33.8 1.7 4.8 1279 

 

 

 

 The models that directly resulted from running a LAMMPS condensation on the 

initial molecules did not have the exact desired stoichiometry in term of H content, so each 

model was processed through a post condensation workflow, which consists of removing 

the free hydrogen that resulted from breaking the bonds to allow the initial molecules to 

bond to each other during the LAMMPS condensation process (see the bond/break and 

bond/create fixes for LAMMPS in chapter two). The generated models have much less 

hydrogen content than the desired amount, therefore the next post condensation step is to 

add hydrogen to the models. Unfortunately the program written at our group to add the H 

(protonate) does it with no control on the desired number of H atoms to be added, and most 

of the times it does that excessively and every B and C atom with an open bonding spot 
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will be bonded to an H atom, so the next step in this process is to remove the hydrogen 

again in order to achieve the desired %H measured experimentally. Multiple simple 

LAMMPS minimizations took place in between each of the above steps. Figure 7 shows 

the structure of a sample model (d1.7-H33.7-B/C4.8) after the post condensation workflow. 

 

 

 

 

Figure 7. Structure of a sample model (d1.7-H33.77-B/C4.8) after the post condensation 
workflow (before VASP relaxation). Boron: Pink; carbon: black; hydrogen: white. 
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Now that we have the models with the desired H content, B/C ratio, density, and a 

reasonable network structure, a more accurate quantum mechanical package (VASP) could 

be used to fine-tune the structure, by bringing the models to their lowest energetic 

configuration with no appeal to any external (experimental) information. The cell’s shape 

and volume were kept fixed during the relaxations to maintain the densities of the models. 

The models were not fully relaxed to a level required for precision measurement of 

electronic structure features (e.g. the band gap). The d1.7-H33.7-B/C4.8 model was 

relatively better relaxed compared to the others (the average residual force converged to 

the order of 10-2) because we have used the more accurate PAW-PBE pseudopotential to 

relax it, and also because we have relaxed it for a longer time (more number of iterations). 

Figure 8 shows the structure of a sample model (d1.7-H20-B/C4.8) after the VASP 

relaxation. As expected, most of the icosahedra underwent a slight structural distortion, 

which is due to the presence of two different types of elements in the vertices (B and C), 

allowing for two different bond lengths. A few other icosahedra experienced more severe 

distortion and they lost their icosahedral shape, however, it is not wise to attempt to provide 

a thorough explanation for this distortion at this point, especially that the icosahedra is not 

isolated (they exist within a network of other icosahedra), which make it more complicated 

to provide a specific reason for such a distortion. Once the relaxation is finished, OLCAO 

calculations were carried out for each model. The findings of these calculations are 

discussed in the following chapter. 
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Figure 8. Structure of a relaxed sample model (d1.7-H20-B/C4.8). Boron: Pink, carbon: 
black, hydrogen: white. 
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Electronic Structure Overview 

The determination of the electronic structure of a solid when given a set of atomic 

coordinates—from any source—has been a point of intense research activity since 

practically the dawn of quantum mechanics. Tremendous progress has been made over the 

past 70 years to address the many-body problem of electrons in solids and there are a 

number of resources available that discuss the problem from introductory to advanced 

viewpoints. Therefore, the details will not be reproduced here. However, those aspects of 

electronic structure that are relevant to the determination of the atomic structure of a-BC:H 

will be discussed. 

A large number of material properties are associated with the details of the 

electronic structure. For example, optical and spectroscopic properties, magnetization, 

electric conductivity, electronic contributions to the thermal conductivity, mechanical 

properties derived from patterns of interatomic bonding (e.g. covalent, metallic, ionic), and 

many others are all dependent on the details of the electronic structure. Because many of 

those properties can be experimentally measured it becomes possible to link simulated 

models to real materials via direct comparison of the computed and measured electronic 

structure properties. Such an approach can provide strong verification that a particular 

model accurately represents a real material or it can be used to guide fabrication efforts by 

predicting properties. 

One of the most important electronic structure properties that can be both measured 

and computed is the band structure and the electronic band gap for insulators and 

semiconductors. The solution of the Schrodinger equation in periodic boundary conditions 
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(defined by some unit cell and nuclear coordinates) takes the form of a Bloch function that 

has a plane wave part and a cell periodic part: 

 

 = . (3.1) 

 

 A solid-state quantum system effectively has continuous valid quantum numbers 

associated with the wave number of the Bloch function which in-turn imply that the 

electrons in the solid can take on any continuous value for their energy. However, there are 

two important consequence of the presence of a periodic Coulombic potential produced by 

the nuclei that act to modify that structure. First, the wave number is a three-vector quantity 

that is linked to the spatial Cartesian coordinates; implying that anisotropy of the unit cell 

(either through the cell itself or through the distributions of the nuclei) will result in some 

directionally dependent anisotropy of the electron energies. Second, the electron energies 

associated with the continuous quantum numbers will be split into bands for which there 

will be some regions where electrons of a certain energy cannot exist regardless of the 

wave number. 

In some instances, the separation of the bands will coincide with the boundary 

between occupied and unoccupied electron energies. (The finite number of electrons in the 

solid will only occupy the lowest available energy states in accordance with the Pauli 

Exclusion Principle.) These instances indicate insulating or semiconducting properties 

depending on the width of the gap between occupied and unoccupied states. In other 

instances, there will be no gap between the highest occupied and lowest unoccupied states, 

only an infinitesimal change in the wave vector. Such materials are metallic. 
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The width of the band gap has been measured for a-BC:H and so we are interested 

in determining the width of the band gap for the models that we have computed. Accurately 

computing this quantity proves to be quite challenging as will be discussed in chapter four. 

However, we believe that significant progress toward this goal has been made and that, 

with further refinement, it will be possible in the future. 

Results 

In this section, we shall present the main findings of the present work. In the aim 

of studying the electronic structure of amorphous hydrogenated boron carbide, we have 

calculated the radial pair distribution function (RPDF), the total density of states (TDOS), 

which was also resolved to the partial density of states (PDOS), we have also calculated 

the dielectric function ε. 

The radial pair distribution function (RPDF) is a measurement of how the atoms 

are distributed throughout the lattice, revealing significant information about the atomic 

structure. The calculations consist of measuring the spatial atomic density at a distance 

from a giving reference atom and then iterating the procedure across all atoms in a model. 

Such a quantity is very important in determining the degree of translational order of the 

atoms’ arrangements in the space. Typically, the RPDF for a crystalline system is 

characterized by well-defined and sharp peaks at certain distances, whereas the peaks are 

broader in case of a disordered system, indicating the non-consistency in the inter-atomic 

distances. The RPDF quantity can also be obtained directly from experimental diffraction 

data and it is therefore of keen interest as a way to verify the validity of any model. 

Although we a priori define the different atomic distances for the molecular units in 
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LAMMPS (the empirical bond lengths available at Cambridge Crystallographic Database 

are an average of several compounds), the ultimate agglomeration of the molecules will 

heavily influence the RPDF. Because there is presently no such experimental data for a-

BC:H, the RPDF curves presented below serve as predictions. Additionally, the RPDF also 

allows us to understand how the VASP relaxation affected the geometry of the initial 

systems (produced by LAMMPS), and can alert us in case of any major structural 

distortions. Figures 9a-g shows the calculated radial pair distribution function of each 

model. 

 

 

 

   

 

 

Figure 9a. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d1.7-H13.1-B/C4.8) 

Figure 9b. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d1.7-H18.5-B/C4.8) 
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Figure 9c. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d1.7-H23.2-B/C4.8) 

Figure 9d. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d1.7-H29-B/C4.9) 

Figure 9e. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d1.7-H33.77-B/C4.8) 
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As a function of energy, the total density of states (TDOS) is the number of allowed 

electron (or hole) states per unit volume within a given energy interval at thermal 

equilibrium. The importance of the density of states is due to its direct relationship with 

the structural nature of the system, thus, knowing it is crucial to characterize various 

properties of materials such as: charge transport, optical absorption, and others. In the case 

of semiconductor materials, the density of states can give insight to energy band gaps, 

which is an interval of energies defined by the bottom of the conduction band (CB) and the 

top of the valence band (VB), where neither electrons nor holes can exist. The band gap 

Figure 9g. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d2.1-H16-B/C4.5) 

Figure 9f. The calculated radial pair distribution function (RPDF) of a-BC:H 
(d2.3-H11-B/C4.6) 
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contains many information about the configuration of the outermost shells electrons 

(valence electrons), and how much energy is necessary to excite them into the conduction 

band where they can move through the solid freely. This energy may be furnished thermally 

by increasing the temperature leading to increased electron-phonon interactions, or by an 

applied voltage, or by energetic collision with an external particle (e.g. a neutron that 

induces an electron-phonon interaction). The temperature needed to achieve conduction is 

relatively low when the semiconductors are doped (adding donor or acceptor elements) 

compared to that needed for the non-doped semiconductors. The TDOS can also be 

resolved into the partial density of states (PDOS) using the Mulliken population analysis87. 

The PDOS provides a wealth of information about the relative contribution of the elements 

to the TDOS with respect to each other, allowing for a more thorough interpretation of the 

nature of the electronic bonding and interactions in the solid. Figures 10a-g, and 11a-g 

shows the calculated TDOS and PDOS respectively. 
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Figure 10b. The calculated TDOS of a-BC:H (d1.7-H18.5-B/C4.8) 

Figure 10c. The calculated TDOS of a-BC:H (d1.7-H23.2-B/C4.8) 

Figure 10a. The calculated TDOS of a-BC:H (d1.7-H13.1-B/C4.8) 

Figure 10d. The calculated TDOS of a-BC:H (d1.7-H29-B/C4.9) 
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Figure 10f. The calculated TDOS of a-BC:H (d2.3-H11-B/C4.6) 

Figure 10e. The calculated TDOS of a-BC:H(d1.7-H33.77-B/C4.8) 

Figure 10g. The calculated TDOS of a-BC:H (d2.1-H16-B/C4.5) 
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Figure 11c. The calculated PDOS of a-BC:H (d1.7-H23.2-B/C4.8) 

Figure 11d. The calculated PDOS of a-BC:H (d1.7-H29-B/C4.9) 

Figure 11a. The calculated PDOS of a-BC:H (d1.7-H13.1-B/C4.8) 

Figure 11b. The calculated PDOS of a-BC:H (d1.7-H18.5-B/C4.8) 
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Figure 11f. The calculated PDOS of a-BC:H (d2.3-H11-B/C4.6) 

Figure 11e. The calculated PDOS of a-BC:H (d1.7-H33.77-B/C4.8) 

Figure 11g. The calculated PDOS of a-BC:H (d2.1-H16-B/C4.5) 



48 
 

Another key concept in understanding the electronic structure of materials is the 

dielectric function, which describes the electric polarizability and absorption properties as 

a function of the frequency, wavelength, or energy. Hence, many other information can be 

constructed from the dielectric function such as the electrical permittivity and the response 

to an electrical field. It consists of a real part ε1 which represents the material’s polarization 

in response to an applied electric field, and an imaginary part ε2 which represents the 

absorption in the material, they are related to each other through the Kramers-Kronig 

relation88. Additionally, the energy loss function (ELF) will tend to have a peak at the 

resonance frequency for collective oscillation of the electrons in the solid. Figures 12a-g 

illustrate the calculated dielectric function and energy loss function of each model. 

 

 

 

Figure 12a. The calculated dielectric function ε and ELF of a-BC:H (d1.7-H13.1-
B/C4.8) 

Figure 12b. The calculated dielectric function ε and ELF of a-BC:H (d1.7-H18.5-
B/C4.8) 
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Figure 12c. The calculated dielectric function ε and ELF of a-BC:H (d1.7-H23.2-
B/C4.8) 

Figure 12d. The calculated dielectric function ε and ELF of a-BC:H (d1.7-H29-
B/C4.9) 

Figure 12f. The calculated dielectric function ε of and ELF a-BC:H (d2.3-H11-
B/C4.6) 

Figure 12e. The calculated dielectric function ε of and ELF a-BC:H (d1.7-H33.77-
B/C4.8) 
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Figure 12g. The calculated dielectric function ε and ELF of a-BC:H (d2.1-H16-B/C4.5) 
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CHAPTER 4 

DISCUSSION AND ANALYSIS 

It is well established that amorphous hydrogenated boron carbide thin films exhibit 

a p-type semiconducting behavior61. However, direct interpretation of our calculations 

suggest a metalloid or semi-metallic behavior, except for the model d1.7-H33.77-B/C4.8 

where it shows a band gap of ~0.5eV with many gap states. This semi-metallic behavior is 

expressed by the overlap between the valence and conduction bands in the TDOS (the Ef 

in semiconductor lies in a band gap, while in metals the Ef lies in the middle of the 

conduction band) calculations (Figures 10a-g), and a non-zero imaginary part ε2 (absence 

of an optical bandgap) of the dielectric function (Figure 12a-g) signifying absorption 

throughout the whole range of the spectrum. However, this quantitative difference in our 

calculation is limited to the bandgap, and the delivered characteristics otherwise are still 

valid. The reasons for this disagreement between the experimental and theoretical results 

is threefold: (i) The models are not relaxed to the level of 10-3 eV/Å needed, which means 

that the allowed energy levels for the valence state are overestimated compared to a real 

system (all systems tend to move to a state that corresponds to the lowest possible energy). 

This explains why the top of the valence band is closer to the fermi level; (ii) The 

theoretical studies often fail to demonstrate the semiconducting behavior of icosahedra 

containing boron-rich solids because they consider an idealized structure, whereas the real 

structure contains defects (although our system is amorphous, structural defects such as 

vacancies and antisites may still exist because they are driven by the valence electron 

deficiency in the icosahedra)89, some of these cases are shown in Table 3. There are other 
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type of defects which can be considered in our case since our calculations are compared to 

films grown experimentally in a process (PECVD) that is not well controlled, so defects 

due to insufficient preparation should be taking in account when making a comparison 

(those defects affect the experimental measurements, hence, it might not be very wise to 

take those measurement as an absolute benchmark). It should be also noted that there is 

some recent theoretical studies for some crystalline boron-rich solids using ab initio 

calculations where semiconducting behavior was apparent, however, it is very likely that 

the band gap was quantitatively wrong. This is because  the models that were used in these 

calculations are not accurate at least for determining the band gap, since they do not 

represent the real atomic positions determined by the fine structure measurements (the ab 

initio relaxation leads to a change in the atomic positions, and that might cause a significant 

change in the DOS, especially that the unit cells used are relatively small, and a tiny change 

can affect the calculations); (iii) It is a fact that LDA-DFT will tend to underestimate the 

band gap by %30-%10090. It will give a semi quantitative agreement with experimental 

results in the case of insulators and semiconductors, but in some cases (e.g. transition metal 

oxides) it can falsely predict a metal.  

It is obvious that some models have a more tendency to have an energy band gap 

than others, and discussing this behavior is still useful and hold true for the case of an 

existing band gap, at least in terms of the correlation with the material’s stoichiometry. 

In any theoretical simulations, the first step is always appraising the models to 

determine their value. Global quantities such as the radial pair distribution function (RPDF) 

are usually good vehicles for that matter. 
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Table 3. List of previous theoretical and experimental results of some boron-rich solids89. 

 Idealized crystal structure Real crystal structure 

Valence States 

[(unit cell)-1] 
Valence 
electrons 

[(unit cell)-1] 

Electron 
deficiency 

[(unit cell)-1] 

Electronic 
Character 
(Theoret) 

 

Electronic 
Character 
(Expermt) 

Intrinsic 
point defects 
[(unit cell)-1] 

α-Rhombohedral 

boron                     

36 

36 0 Semicond. Semicond. 0 

β-Rhombohedral 

boron  
320 

315 5 Metal Semicond. 4.92(20) 

B13C2 Idealized 

structure B12(CBC) 

48 

47 1 Metal Semicond. 0.97(5) 

B4.3C Idealized 

structure  

B11C(CBC) 
48 

47, 83 0.17 Metal Semicond. 0.19(1) 

B4C Hypothetical 

idealized structure 

B11C(CBC)  
48 

48 0 Semicond. -------- -------- 
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It is obvious that the RPDF (Figures 9a-g) graphs correspond to an amorphous 

solid since they are characterized by broad peaks as oppose to sharp peaks for a crystalline 

solid, however, the short range order is maintained and expressed by two sharp peaks at 

1.1 and 1.2 angstroms (Å). Bearing in mind that the empirically determined covalent 

radii—which is a transferable quantity—for B (0.84±0.03 (Å)) is bigger than that of C 

(0.69-0.76 (Å), depending on whether the bond type is sp, sp2, or sp3), we can easily 

conclude that those two sharp peaks correspond to the H-C and H-B bonds respectively. 

Following that, a third wider and less sharp peak ranges from 1.5 to 1.9 (Å), which is typical 

for the experimentally determined values of the bond lengths of the different boron and 

carbon neighboring pairs (inter- and intra-icosahedral). Another even smaller and wider 

peak at 2.2-3.4 (Å) is associated with the second and third (two atoms at the farthest 

opposite side from each other on a single icosahedron) neighboring atoms, these 

conclusions can be easily verified with simple geometry calculations. In a perfectly shaped 

icosahedra with an edge length (a), the distance to the second neighboring atoms is 1.6*(a), 

and to the third neighboring atoms is 1.9*(a), but  giving that our icosahedra contain two 

different elements (B and C), it is expected that they are not perfectly shaped since there 

exist three different bond lengths that correspond to the different B-B, B-C and C-C bonds 

(represent the icosahedra edge), these distances can be easily calculated by summing up 

the two covalent radii of the two atoms participating in the bond which gives an edge length 

(a) varying from 1.38-1.74 (Å), so the distances to the second neighboring atoms ranges 

from 2.208-2.708 (Å) (multiplying by 1.6). The farthest distance between two atoms in an 

icosahedron, which is geometrically calculated as 1.9*(a), with (a) ranges between 1.38-

1.74 (Å) is a distance of 2.622-3.306 (Å). There is some minor dents at ~ 3.8-4 (Å) which 
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most likely correspond to the largely distorted icosahedra. It can be concluded that the 

models are largely reasonable and in agreement with the experiment in terms of being 

amorphous, and the atoms are realistically distributed, and even with the wide range of the 

atomic densities (not the volumetric mass density) in the models, the RPDF peaks appear 

at consistent distances which indicate the homogeneity of the models. 

The total density of states (TDOS) (Figure 10a-g) clearly corresponds to that of an 

amorphous solid, and except around zero energy, the evolution patterns of the TDOS 

graphs are by enlarge similar for all different compositions. For the models with the density 

(1.7 g/cm3) and the boron to carbon ratio is fixed (4.8), the correlation between the 

hydrogen content and the tendency to open a band gap is apparent, as the more hydrogen 

is present in the structure the more the number of available states at the Fermi energy 

decreases. This can be explained with the fact that the H is an s-block — the outermost 

valence electron is in an s-orbital— element, while the B and C are p-block— the outermost 

valence electrons are in a p-orbital—elements and they form sp hybridized molecular 

orbitals. The energy of a subshell 2p (the case for B and C) is ~ 20-%30 larger than that of 

a subshell 1s (the case for H), so the resulting hybridized orbitals are lower in energy 

compared to when separated. In case of less H content, the dominant bonds are from the B 

and C, since they are both p-block, the linear atomic orbital combination is (LCAO) an 

overlap of two subshells with very close energies and the resultant molecular orbital has 

relatively higher energy. This analogy is consistent with the experimental studies by 

Nordell et al.61 for films of the same compositions as those studied here. For the models 

with higher densities (2.1 and 2.3 g/cm3), the hydrogen content is very small (16 and %11). 

It is proven that the density is inversely proportional to the H content61, and the density of 
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states at the Fermi level for those two models is higher than that of the one with a 

comparable H content but more B content (d1.7-H13.1-BC-4.8). Thus, the high density of 

states around zero energy can be attributed to the B content. It can be concluded that the 

compositions at the boron-rich end are more likely to have a band gap. This can be backed 

up by the partial density of states (PDOS) of the models in figures 11a-g. It is apparent 

that the portion of both the valence and conduction bands near the Fermi energy are 

dominated by the B, and then the H (models with considerable amount of H) with a lesser 

presence. 

The dielectric function ε (figures 12a-g) is as well typical for a metalloid for the 

first few eV, particularly, the imaginary part (ε2), which represent the absorption. Its 

characteristic starting from spectrums ~2-4 eV reasonably corresponds to a semiconductor 

and does deliver a fairly accountable amount of information about our material. It is very 

straightforward to see that the dielectric constant is inversely proportional with the H and 

B content.  



57 
 

 CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

Conclusions 

We have created a series of models of a-BC:H using a hybrid classical MD and ab 

initio force relaxation method and then studied their electronic structures. The models had 

various stoichiometries and special attention was paid to the effect of the hydrogen content. 

We calculated the total density of state (TDOS) and its partial components (PDOS), the 

dielectric function ε, and the radial pair distribution function (RPDF) for these models. 

While the models we have created do not fully express the peculiarities of the system such 

as the structural defects—caused by the electron deficiency—which are found to be the 

driving force for the experimentally proven semiconducting behavior of icosahedra 

containing BxC, they do deliver a considerable amount of information. The correlation of 

the composition of the material to its electronic properties has been established. While the 

data needed for tuning the material properties on the basis of composition and fabrication 

procedures is still far from our reach, the general trend for the band gap has doubtlessly 

been confirmed. It was found that the proportionality of H and B contents is direct with 

decreasing number of the electronic states around the Fermi energy level, and is inverse 

with the dielectric constant of the material. The above results are in agreement with the 

experimental results61 to a large extent. Our modeling methodology was also proven to be 

dependable. 
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Future Work 

 

There are a number of avenues through which this work can be improved or 

extended. Future work may include calculations of other properties that can be correlated 

with experimental data, such as electric conductivity, etc. However, special attention 

should first be given to accurate determination of the band gap. Part of the route to 

achieving this is the requirement of additional ab initio geometry optimizations. Point 

defects need to be introduced to the models once feedback from experiments are available. 

Some other considerations such as considering using hybrid functionals that include some 

exact Hartree-Fock exchange instead of the (DFT-LDA), which will allow for a better 

consideration of the band gap. 
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 APPENDIX 

EXAMPLE INPUT FILES 

LAMMPS input file 

# A lammps command file for shrinking a medium-sized periodic cell of 
# a-BxCy 
 
# Initialization 
 
units real 
dimension 3 
boundary p p p 
atom_style full 
pair_style lj/cut 15.0 
bond_style harmonic 
angle_style harmonic 
#neigh_modify every 1 delay 0 one 100000 page 1500000 
neigh_modify every 1 delay 0 one 10000 page 150000 
 
communicate single cutoff 20.0 
 
pair_modify shift yes 
 
newton off 
 
# Atom definition 
 
read_data data.4.6b-c 
 
special_bonds lj/coul 0 1 1 extra 170 
 
######################## 
# Initialization 
######################## 
 
timestep 0.0005 
 
# Set up output 
 
restart 50000 restart.4.6b-c.0 restart.4.6b-c.1 
 
dump coords all atom 5000 dump.4.6b-c.coarse 
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dump_modify coords scale no 
 
compute bnd all property/local btype batom1 batom2 
dump bonds all local 5000 dump.4.6b-c1.bond.coarse index c_bnd[1] c_bnd[2] 
c_bnd[3] 
 
compute ang all property/local atype aatom1 aatom2 aatom3 
dump angles all local 5000 dump.4.6b-c.angle.coarse index c_ang[1] c_ang[2] 
c_ang[3] c_ang[4] 
 
# Initial minimization 
 
#minimize 1.0e-15 1.0e-15 1000000 100000000 
minimize 1.0e-15 1.0e-15 10000 1000000 
 
######################## 
# Coarse run 
######################## 
 
# Create velocities 
 
velocity all create 1000.0 673646 sum yes dist gaussian 
 
# Remove extra H2 
 
#region all block EDGE EDGE EDGE EDGE EDGE EDGE units box 
#fix evap all evaporate 500 8 all 543439 atomtype 6 molecule yes 
 
# bond/create fixes 
 
fix B2uH7 all bond/create 500 2 7 3.0 2 iparam 1 1 jparam 1 3 prob 0.50 45715 
 fix B2uH7 all bond/create 500 2 7 3.0 2 iparam 1 1 jparam 1 3 prob 0.50 45715 
fix C10uH7 all bond/create 500 10 7 2.5 5 iparam 1 9 jparam 1 5 prob 0.90 235 
fix C11uH7 all bond/create 500 11 7 3.0 5 iparam 1 10 jparam 1 5 prob 0.90 3723 
#fix H7uH7 all bond/create 500 7 7 2.0 10 iparam 1 6 jparam 1 6 prob 0.10 9853 
fix B2uB2 all bond/create 500 2 2 2.7 8 iparam 1 1 jparam 1 1 
fix B2uC10 all bond/create 500 2 10 2.7 9 iparam 1 1 jparam 1 9 
fix B2uC11 all bond/create 500 2 11 2.7 9 iparam 1 1 jparam 1 10 
 
# bond/break fixes 
 
fix B1nH3 all bond/break 500 2 1.225 iparam 1 1 2 jparam 3 1 7 prob 0.65 5900 
fix C9nH5 all bond/break 500 5 1.21 iparam 9 -1 10 jparam 5 1 7 prob 0.85 2398 
fix C10nH5 all bond/break 500 5 1.25 iparam 10 -1 11 jparam 5 1 7 prob 0.55 4372 
 
# Other fixes and computes 



61 
 

 
 
fix squish all deform 1000 x scale 0.20 y scale 0.20 z scale 0.20 remap x 
#fix squish all deform 1000 x scale 0.25 y scale 0.25 z scale 0.25 remap x 
#fix squish all deform 10000 x scale 0.2 y scale 0.2 z scale 0.2 remap x 
#fix squish all deform 1000 x scale 0.3 y scale 0.3 z scale 0.3 remap x 
 
fix energy all nve 
fix temperature all viscous 0.1 scale 7 300 
 
# Run 
 
run 1000000 
#run 150000 
 
######################## 
# Minimize coarse 
######################## 
 
#minimize 1.0e-15 1.0e-15 1000000 100000000 
minimize 1.0e-15 1.0e-15 10000 1000000 
 
# End coarse run 
unfix squish 
undump coords 
undump bonds 
undump angles 
 
######################## 
# Fine run 
######################## 
 
# Fixes and computes 
 
fix squish all deform 1000 x scale 0.083 y scale 0.083 z scale 0.083 remap x 
#fix squish all deform 1000 x scale 0.2 y scale 0.2 z scale 0.2 remap x 
 
fix energy all nve 
 
# Run 
 
dump coords all atom 2000 dump.4.6b-c.fine 
dump_modify coords scale no 
 
dump bonds all local 2000 dump.4.6b-c.bond.fine index c_bnd[1] c_bnd[2] 
c_bnd[3] 
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dump angles all local 2000 dump.4.6b-c.angle.fine index c_ang[1] c_ang[2] 
c_ang[3] c_ang[4] 
 
run 200000 
 
######################## 
# Minimize fine 
######################## 
 
#minimize 1.0e-15 1.0e-15 1000000 100000000 
minimize 1.0e-15 1.0e-15 10000 1000000 
 
# End fine run 

VASP INCAR file 

System = empty 
 
ISMEAR = 0 
 
PREC  = Accurate  ! low, medium, normal are other options. Use suitable one. 
ENCUT = 600 eV    ! Decide considering the crystal size and accuracy you want. 
EDIFF = 1.0E-5    ! Enegy difference coverg. limit for electronic optimization. 
EDIFFG = -1.0E-3  ! Enegy difference covergence limit for ionic optimization. 
 
IBRION = 1        ! 0 for MD, 1 best, 2 for diff relax. 
NSW    = 100      ! Total number of ionic steps. 
ISIF   = 2        ! 2 and 4 ionic, 7 volume and 3 both. 
 
LREAL  = Auto     ! Proj. on real space. use FALSE (default) for recip space. 
NPAR   = 16       ! Best sqrt of NCPUs used. should be >= NCPUs/32. 
ALGO   = Fast     ! default is Normal. 
LCHARGE = .TRUE. ! print the CHGCAR. 
LWAVE   = .TRUE. ! print the WAVCAR.   
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