POLYNOMIAL AND PIECEWISE POLYNOMIAL FITTING IN
TIGHT-BINDING MODEL OF CARBON MOLECULE

HAA WAI KANG

UNIVERSITI TEKNOLOGI MALAYSIA



POLYNOMIAL AND PIECEWISE POLYNOMIAL FITTING IN
TIGHT-BINDING MODEL OF CARBON MOLECULE

HAA WAI KANG

A thesis submitted in fulfilment of the
requirements for the award of the degree of

Doctor of Philosophy (Mathematics)

Faculty of Science

Universiti Teknologi Malaysia

JANUARY 2021



ACKNOWLEDGEMENT

I would like to express the deepest appreciation to my supervisor, PM Dr.
Yeak Su Hoe, who has given his endless supports on my PhD journey. He has the
attitude and the substance of genius. Without his guidance and persistent help this
thesis would not have been possible. This thesis would not be accomplished without
his patience, inspiration, motivation and sharing his ideas and perspectives selflessly.

I would like to express my appreciation to the Ministry of Higher Education
(MOHE) for the MyBrainl5 (MyPhD) scholarship sponsorship. 1 am also very
thankful to Pusat Kesihatan, UTM (PK, UTM) for providing very excellent medical
care during my whole PhD journey.

| am extremely grateful to my parents for their love, prayer, caring and
sacrifices for my best and preparing me for my future. | also express my thanks to
my lovely sisters who always give me supports in all ways as they could. Their
continuous supports either from mentally or financially has allowed me to complete

this thesis successfully.



ABSTRACT

The tight-binding (TB) method is a semi-empirical method that is primarily
used to calculate the energy band structure and single-particle Bloch states of
material. Semi-empirical method is the method used in the electron system quantum
mechanical involving the Schrodinger equation where the Hamiltonian is replaced
with a parameterized model. The parameters of the model are fitted to reproduce the
reference data which is obtained from the experimental data. The semi-empirical
tight-binding method is one of the main approaches to compute the total energy of a
system and it is computationally very fast. Therefore it tends to be used in the
calculation of every large system, with more than a few thousand atoms in a unit cell.
The main contribution of this research is to develop two new tight-binding energy
models for carbon which associate with parameters fitting in the Hamiltonian system
by using a minimization approach. This research aims to implement the polynomial
and piecewise polynomial interpolation as new scaling function to the old TB model
which denoted by Model 1 and Model 2, respectively. These new models are
developed based on polynomial and piecewise polynomial approach. Mathematical
techniques such as eigenvalues problem, minimization method, Newton iteration
method and basic principles of the semi-empirical method are also applied in this
research. The new methods obey the concept of semi-empirical approach which
assumes that only one electron is free to move around the whole system. The
elements of the overlapping Hamiltonian matrix in Model 1 and Model 2 are
approximated by the polynomial function and piecewise polynomial function
respectively. The models are then applied into 2-carbon, 3-carbon, and 4-carbon
bond system with fixed geometry coordinates. Each parameter is calculated by using
Newton iteration method which also involves differentiation of eigenvalues in the
eigensystem. The energy of the bonding is then compared with the reference data
from the well-established method of previous research. Both new models have been
successfully reduced the computational time execution in the calculations by
reducing the floating-point operations per second (FLOPS) in the algorithms. The
results of Model 1 and Model 2 are compared whereby for 2-carbon simulation, the
absolute error of these two models remains unchanged. For 3-carbon simulation, the
absolute error has been reduced by 0.000006. Meanwhile, for 4-carbon simulation,
the absolute error has been reduced by 0.116213. It is found that the efficiency of
the new models has been significantly improved from Model 1 to Model 2 when the
number of atom increases. The results suggest that Model 2 is more suitable for
bigger molecule calculation due to its nature of piecewise polynomial advantages.
Most of the results obtained gave positive feedback except some calculations which
produced a trivial solution. Good agreement with data collection indicates that
proposed models can be used as an alternative solution to the existing models and
significant for the advancement of new knowledge.



ABSTRAK

Kaedah pengikatan-ketat (TB) adalah kaedah separa empirikal yang
digunakan terutamanya untuk mengira struktur jalur tenaga dan zarah-zarah tunggal
jenis Bloch bahan. Kaedah separa empirikal adalah kaedah yang digunakan dalam
sistem kuantum berelektron secara mekanikal yang melibatkan persamaan
Schrodinger di mana Hamiltonian digantikan dengan suatu model berparameter.
Parameter dalam model ini digunapakai untuk menghasilkan semula data rujukan
yang diperoleh daripada data eksperimen. Kaedah pengikatan-ketat ini telah
dilaporkan sebagai salah satu pendekatan utama untuk mengira jumlah tenaga sistem
dan pengiraannya sangat cepat. Oleh itu ia biasa digunakan dalam pengiraan sistem
yang besar, dengan lebih daripada ribuan atom dalam satu unit sel. Sumbangan
utama penyelidikan ini ialah membina dua model pengikatan-ketat baharu untuk
karbon yang berkaitan dengan pengiraan parameter dalam sistem Hamiltonian
dengan menggunakan kaedah peminimuman. Tujuan dalam kajian ini ialah untuk
menerapkan interpolasi polinomial dan polinomial cebis demi cebis sebagai fungsi
penskalaan baru untuk model TB lama dan ditandakan masing-masing sebagai
Model 1 and Model 2. Model-model baharu ini dibina berdasarkan pendekatan
polinomial dan polinomial cebis demi cebis. Teknik matematik seperti masalah eigen,
kaedah minimum, kaedah lelaran Newton dan prinsip asas kaedah separa empirikal
juga digunakan dalam penyelidikan ini. Kaedah baharu ini mematuhi konsep
pendekatan separa empirikal yang menganggap bahawa hanya satu elektron yang
bebas bergerak di dalam keseluruhan sistem. Unsur-unsur matriks Hamiltonian yang
bertindih di dalam Model 1 and Model 2 ini masing-masing dianggarkan oleh fungsi
polinomial dan fungsi polinomial cebis demi cebis. Kedua-dua model baharu ini
kemudiannya digunakan dalam sistem ikatan 2-karbon, 3-karbon, dan 4-karbon
dengan kedudukan geometri yang tetap. Setiap parameter dikira dengan
menggunakan kaedah lelaran Newton yang melibatkan juga pembezaan nilai eigen
dalam sistem eigen. Tenaga dari ikatan kemudiannya dibandingkan dengan data
rujukan daripada kaedah penyelidikan terdahulu yang telah mantap. Kedua-dua
model baharu ini telah berjaya mengurangkan pelaksanaan masa pengiraan dengan
mengurangkan operasi titik terapung per saat (FLOPS) dalam algoritma tersebut.
Hasil daripada Model 1 dan Model 2 telah dibandingkan di mana untuk simulasi 2-
karbon, ralat kesilapan mutlak kedua-dua model ini tidak berubah. Bagi simulasi 3-
karbon, ralat kesilapan mutlak telah dikurangkan sebanyak 0.000006. Manakala,
untuk simulasi 4-karbon, ralat kesilapan mutlak telah dikurangkan sebanyak
0.116213. Didapati bahawa kecekapan model baharu ini telah meningkat dengan
ketara daripada Model 1 ke Model 2 apabila jumlah atom bertambah. Keputusan ini
mencadangkan bahawa Model 2 lebih sesuai untuk pengiraan molekul yang lebih
besar kerana kelebihan sifat polinomial cebis demi cebisnya. Kebanyakan keputusan
yang diperoleh memberikan maklum balas positif kecuali beberapa pengiraan telah
memberikan penyelesaian keputusan yang remeh. Kesepakatan yang baik dengan
pengumpulan data menunjukkan bahawa model yang dicadangkan ini dapat
digunakan sebagai penyelesaian alternatif kepada model yang sedia ada dan penting
untuk kemajuan pengetahuan baharu.

Vi
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CHAPTER 1

INTRODUCTION

1.1  Background of the Problem

Over the years, there are variety of interatomic potentials with different
functional forms have been proposed for different purposes in molecular modelling.
There are three types of main approaches that are frequently used in material science:
ab-initio, semi-empirical and empirical approaches.  Those approaches are
successfully described the electronic properties in computational physics and
chemistry which is highly demand in materials science. Ab-initio is first-principles
approach which has high accuracy in energy evaluation. Density functional theory
(DFT) is one of the well-known approaches that based on ab-initio method that
Kinetic potential, electrostatics or hartree potential, external potential and exchange-
correlation potential are considered in the molecular interatomic calculations. Semi-
empirical approaches are formulated normally based on ab-initio approach but some
smaller integrals are neglected to speed up the calculations. So, semi-empirical
approaches are designed for solving larger molecular system. Tight-binding (TB)
model is one of the semi-empirical approaches that its parameters of Hamiltonian
matrix are fitted by empirical results (experimental results or from first-principles
approach). TB model has been used to describe the electronic band structure and
electronic density of a system in quantum mechanical way. A parameterization
scheme was proposed by Slater and Koster (1954) to illustrate frameworks that show
how semi-empirical parameters fitting approach can be done by first-principles
approximation. In 1992, Xu et al had introduced an analytical TB model with a
scaling function in the Hamiltonian matrix of carbon element by using parameter

fitting approach.



The above-mentioned approaches have intensively used in nano-based
research activities, especially in science and engineering. The most popular carbon-
based materials in recent research are carbon-nanotubes (CNTs) and graphene.
Carbon-nanotube (CNTs) was discovered by lijima in 1991. This material has
mechanical properties like small size, low density, high stiffness and high strength.
Published works related to carbon-nanotube research have been rapidly increased in
rate of publication. It has influenced and improved the nano-science development
over the years. For example, Bethune et al. (1993) described a single atomic layer
wall carbon nanotube, Cornwell et al. (1997) and Walter et al. (1999) investigated
the elastic strength properties of a single-walled carbon nanotube. Halicioglu (1998)
had presented stress calculation on carbon nanotubes, Krishnan et al. (1998), Yao et
al (1998) and Loujrie et al. (1998) introduced the calculation of Young’s modulus of
single-wall nanotube, Liew et al. (20044, b; 2005a, b) interested in finding the elastic
of the plastic properties, nano-mechanics, thermal stability, and buckling properties
of multi-walled carbon nanotube, Mao et al. (1999) applied MD simulations on
decorating of carbon nanotube, Yakobson et al. (1997) illustrated a high strain rate
fracture in carbon nanotube, Wildoer et al. (1998) investigated the electronic
structure of carbon nanotube structures, Van et al. (2000) introduced an ab-initio
study on the elastic properties of single-walled carbon nanotube and graphene, Reich
et al. (2002) had published a full description of TB approach on graphene study. Ban
(2001) and Yang et al. (2008) had introduced the way to simulate and apply TB

potential of hydrocarbon.

There are also some new research works related to carbon research within
recent years such as Heeg et al. (2018) described about the properties of long linear
carbon chains encapsulated inside the double-walled carbon nanotubes, Titus et al.
(2015) has presented a detailed normal model analysis of suspended carbon
nanotubes based on a non-orthogonal tight-binding formalism, Lu et al. (2015) has
presented a three-center tight-binding potential model for carbon and silicon, Choi et
al. (2010) investigated the effects of strain on electronic properties of graphene by
using first-principles calculations, Andrade et al. (2015) investigated the linear
carbon chain under high pressure conditions which encapsulated inside multi-walled
nanotubes, Xu et al. (2014) investigated the two dimensional Dirac carbon allotropes

from graphene by using the first-principles calculations, and Rezania (2015)

2



conducted an investigation on electronic properties of disordered zigzag carbon
nanotubes by adding random on-site energy term to the tight binding model
Hamiltonian in the system. All the above findings are interesting and implied that
the importance of carbon in nano-technology research.

Hence, this research is conducted to model a new tight-binding (TB)
approximation model regarding to carbon element as an extension research based on
Yeak’s PhD thesis (Yeak, 2007). Yeak has introduced a multiscale model in the
implementation of coupling the three main approaches: molecular dynamic (MD),
tight-binding (TB) method and density functional theory (DFT), which focused on
carbon-nanotube (CNTSs) study.

Molecular dynamics (MD) theory is most used particle method in scientific
and engineering fields. Molecular dynamics can simulate a system of up to 100
million atoms with today’s computational power.  Unfortunately, molecular
dynamics does not calculate the electron distribution. The forces acting on each
atom are determined by a potential function which is determined from either
empirical knowledge, or from ab-initio computations. Hence, any deformation of
materials resulting in bond breaking is not accurately expressed by MD. In order to
solve such problems, more robust and detail techniques such as tight-binding (TB)
and density functional theory (DFT) are required to determine the electronic structure

and electronic density of each atom.

It is generally acknowledged that DFT method is quite an accurate
computational method to solve the potential energy of molecular structure.
Unfortunately, it is too expensive to solve a large system. The limitation of this
model is it can only solve for a system which from a few ten of atoms up to few
hundred of atoms since it is the first-principles approach (ab-initio) of quantum
mechanics. Nevertheless, this ab-initio approach provides a high level of accuracy in
the energy simulation of system. TB method has the advantage of being quantum
mechanical as well as being computationally efficient when compared with the DFT.
But, the TB method is more expensive than the MD method due to the calculation of
the complete eigensystem of all valence electrons in a cell. In fact, the matrix

diagonalization as well as the calculation of atomic forces based on the Hellman-

3



Feynman theorem requires extensive computational effort (Yeak, 2007). But, with
the help of better computer in recent years, the computational time can be reduced
and be more efficient. However, the modelling of complex quantum mechanical
systems is still an overwhelming challenge. We have sophisticated first-principles
methods (DFT) for simulating reactions and electronic properties with high accuracy
but these are limited to compute only small amount of molecules. Therefore
significant progress is being made in the development of quantum mechanical
approaches applicable to large systems. Hence, TB model is implemented in this
work due to the range of the computational mechanical methodology (semi-

empirical), accuracy and cost.

In this research, we are interested and focused on tight-binding model
parameter fitting in carbon molecular simulation. Xu et al. (1992) had successfully

introduced an analytical model with scaling function s(r) in the Hamiltonian matrix

elements to describe the TB potential of carbon. Xu’s model is widely used by other
researchers. But, the scaling function used in the model is too sophisticated. The
amount of parameters used is large. It may slow down the computational time
although with today’s computer. In order to improve the model and apply it into the
carbon-based system, a new tight-binding approximation is desirable. The basic idea
behind the new model is to introduce and replace a new scaling function by
piecewise polynomial function in the Hamiltonian matrix of the model. This
challenge is to reproduce the same energy from the reference data seamlessly

(accurately and efficiently) through the new parameters fitting frameworks.



1.2 Statement of the Problem

In 1954, Slater and Koster had contributed their idea in periodic potential
problem based on a simplified linear combination of atomic orbital (LCAO) method.
The investigation is widely accepted as a fundamental source or reference to the
semi-empirical development in materials science to describe the potential behavior of
a system. The tight-binding (TB) method is one of the semi-empirical methods that
successfully utilized the performance of electronic potential of materials based on
this Slater-Koster (SK) scheme. The main advantage of the TB method is its fast
computational speed due to the use of minimal basis set and parameterized
Hamiltonian and overlap matrices if compare to other semi-empirical methods.
However, the transferability of the TB parameterization has been the key bottleneck
in the applications of the TB method. Xu et al. (1992) had successfully introduced
an analytical scaling function, s(r) (Eg. (1.1)) for the SK Hamiltonian matrix
elements to describe the TB potential of carbon. This model is commonly
implemented and used to calculate properties of various carbon structures such as

graphene, diamond, carbon-nanotube (CNTs) and so on.

s(r) =[r_oj" exp n{(L] C +(r—°j } : (1.2
r r, r,
dy )" )" (d )™
¢(r)=¢o(Tj eXp m{(a} +(IJ } : (1.2)

Those parameters ¢,, m, m_, d,, d_, n, n_, r, and r, need to be fitted. ¢(r)is

c!
pairwise potential function in short-ranged potential energy. Please refer to Chapter

2, Section 2.4.2 for further description of this model.

However, Xu’s model seems too sophisticated in the way that there were too
many parameters need to be fitted, although TB model always classify as semi-
empirical approach that parameters fitting procedure is essentially important to the
simulation. A large number of parameters in a system may describe the system more

accurately or more closely to its nature but consequently it also make the

5



computational time heavier and expensive. In Xu’s model, the number of floating

point operations per second (FLOPS) in the calculation of the scaling function s(r) is
in quite high (=12 FLOPS, it depends on the values n and n_ in the Eq. (1.1)). If
the values of nand n, increased, the FLOPS eventually will be increased relatively.

The more FLOPS in the system or algorithms, the longer the computational time will
take. Are there any possibilities that the disadvantages of this model can be
improved? If yes, how this can be done? Some questions need to be answered.

To answer these questions on this matter, we decide to replace the model with

new scaling functions s(r) that can provide less parameter, simple, and easy to

understand. After some discussions have been made, implementation of piecewise
polynomial to the model seems more mathematically reasonable to describe the
potential behavior due to its flexibility properties of the functions. Another reason is
that a simple polynomial will reduce the FLOPS of the calculations and it is implied
that the computational time can be reduced simultaneously. This idea can be done by
modeling a new TB model with new Hamiltonian matrix with piecewise polynomial.
To carry out the fitting procedures, some works may have to be done such as solve
the eigenvalues problem, differential eigenvalues problem, minimization of the
parameters by using Newton method, force and energy calculation and so on. Now,
new question arises: Is this model better or worse? How about its efficiency? What
is the difference between this model and the previous version? Well, we leave this

question to final chapter in the discussion section.



1.3 Objective of the Research

The objectives are identified and can be summarized as:

) To develop a new tight-binding (TB) Hamiltonian matrix with

polynomial scaling functions.

i) To implement the polynomial tight-binding (TB) model in two-carbon,
three-carbon and four-carbon bond simulations. To compare the
results with Xu’ model generated by DFT.

iii) To develop a new tight-binding (TB) Hamiltonian matrix with

piecewise polynomial scaling functions.

iv) To implement the piecewise polynomial tight-binding (TB) model in
two-carbon, three-carbon and four-carbon bond simulations. To

compare the results with Xu’ model generated by DFT.

1.4 Significance of the Research

This work demonstrates an effective way to construct a new TB model by
new concepts. It is significant for nano-sized materials study. New theory, new
concepts, new technologies, new findings and new products can be developed. This
model can be an alternative choice for nano-science study such as nano-material
simulations and electronic structure study. Products fabricated from nanosize
materials have gained much importance in recent years, especially carbon based
nano-materials like graphene layer, nanotube, nano-fibre, nano-gear, and so on.
Therefore, research associated with carbon has been dramatically important in this
nano-teach development. This new model helps to improve the old model in
calculating the energy in different perspectives. It also provides a faster (less FLOPS

and less memory) model in the computational calculation in this field. This new



model also can be applied into different materials once we know the configuration of

the substance.

1.5  Scope of the Research

In this work, the attention is focused on parameters fitting of carbon bond
based on tight-binding (TB) approximation. The polynomial and piecewise
polynomial functions are applied into the Hamiltonian matrix for generalization and
parameterization purposes. The new models with associate independent variables or
parameters based on approximation concept are proposed for energy calculations
with computational algorithm. The factors such as degree of freedom of independent
variables of the polynomials, accuracy of data collection and flexibility of fitting
techniques will be reviewed and monitored. The minimization of the energy is based
on the geometry properties of the atoms, generalization of Hamiltonian matrix,
eigenvalues problem and differentiation of eigenvalues problem in the eigen-system.
The algorithms of parameters fitting are emphasized with some rules of minimization

method.

1.6 Organization of the Thesis

The layout of the thesis is concluded as follows:

In Chapter 1, the background of study is introduced. It highlights the reasons
and objectives of this study to be conducted. The concepts, methodologies and scope
are also briefly discussed. The new TB model is constructed to propose and
introduce a new approach to reproduce the energy of carbon bond through the

parameterized tight-binding fitting.

Chapter 2 covers the literature reviews and explores some previous research

of published works and findings which related to the study. Three important

8



approaches in computational science material and electronic structure are also briefly
introduced.  Discussions on semi-empirical approach and some existing well-
established semi-empirical methods are reviewed. A brief outline in TB approach is
given and some papers related to carbon research are also reviewed. The source of
data and important references are also briefly discussed.

Chapter 3 introduces the relevant mathematical formulation in molecular
computation. The many-body Schrddinger equation in quantum mechanics is
described which is simplified with the Born-Oppenheimer approximation. The
method to reduce the many-body Schrddinger equation system to one-electron
system semi-empirical TB method is reviewed. The mathematical formulation of TB

model is also presented.

Chapter 4 provides the ideas of development and formulation to employ the
new scaling function into the Hamiltonian matrix of TB model based on the basic
principles of electronic structure, polynomial and piecewise polynomial concepts.
The implementation of polynomial and piecewise polynomial into the new TB model
to reproduce the predicted energies are presented. Parameters fitting procedures and

algorithms are mathematically and theoretically derived.

In Chapter 5, the results and discussions are presented. The data are

described in table and figure form for clarity purposes.

Lastly, the thesis is concluded with the summary of conclusions,

contributions, limitation and recommendations for the future work in the last chapter.



REFERENCES

Andrade, N. F., Aguiar, A. L., Kim, Y. A., Endo, M., Freire, P. T. C., Brunetto, G.,
Galvao, D. S., Dresselhaus, M. S. and Souza Filho, A. G. (2015) ‘Linear
Carbon Chains under High-Pressure Conditions’, J. Phys. Chem. C,
119,19,10669-10676.

Ahlswede, B. and Jug, K. (1999) ‘Consistent Modifications of SINDOI1: 1.
Approximations and Parameters’, J. of Computational Chemistry, 20, 563-
571.

Ahlswede, B. and Jug, K. (1999) ‘Consistent Modifications of SINDOT1: II.
Applications to First-and-Second-row Elements’, J. of Computational
Chemistr, 20, 572-578.

Bacon, A. D. and Zerner, M. C. (1979) ‘An Intermediate Neglect of Differential
Overlap Theory for Transition Metal Complexes: Fe, Co and Cu Chlorides’,
Theoretica Chimica Acta, 53, 21-54.

Ban, B. C. (2001) ‘Tight-Binding Potential for Carbon’, Physical Review B, 64,
155408.

Belytschko, T., Xiao, S. P., Schatz, G. C. and Ruoff, R. S. (2002) ‘Atomistic
Simulations of Nanotube Fracture’, Physical Review B, 65, 235430.
Berendsen, H. J. C., Postma, J.P.M., Gunsteren, W. F., Nola, A. D., and Haak, J. R.
(1984) ‘Molecular Dynamic with Coupling to an External Bath’, Journal of

Chemical Physics, 81, 3684.

Bethune, D. S., Kiang, C. H., de Vries, M. S., Gorman, G., Savoy, R. Vasuez, J. and
Beyers, R. (1993) ‘Cobalt-Catalysed Growth of Carbon Nanotubes with
Single Atomic Layer Walls’, Nature, 365, 605.

Beu, A. T. and Farcas, A. (2015) ‘Tight-Binding Vibrational Analysis of Single-Wall
Carbon Nanotubes’, AIP Conference Proeceeding, 1694, 020001-1-020001-7,
DOI: 10.1063/1.4937227.

Bingham, R. C., Dewar, M. J. S. and Lo, D. H. (1975) ‘Ground States of Molecules.
XXV. MINDO/3. Improved Version of the MINDO Semiempirical SCF
Method’, J. of American Chem. Soc, 97, 1285-1293.

115



Chen, P. N. ‘Eigenvalues and Eigenvectors’, Handout, Chapter 6, National Chiao
Tung University, Hsin Chu, Taiwan.

Choi, S. M., Jhi, S. H. and Son, Y. W. (2010) ‘Effects of Strain on Electronic
Properties of Graphene’, Phy. Rev. B, 81, 081407(R).

Cornwell, C. F. and Wille, L. T. (1997) ‘Elastic Properties of Single-Walled Carbon
Nanotubes in Compression’, Solid State Communication, 101, 555.

Dahl, J. P. (2001) ‘Introduction to the Quantum World of Atoms and Molecules’,
World Scientific, 165-189.

Del Bene, J. and Jaffé, H. H. (1968) ‘Use of the CNDO Method in Spectroscopy. 1.
Benzene, Pyridine and the Diazines’, J. Chem. Phys., 48, 1807-1813.

Dewar, M. J. S., Jie, C. and Yu, J. (1993) ‘SAMI1; The First of A New Series of
General Purpose Quantum Mechanical Molecular Models’, Tetrahedron. 49,
5003-5038.

Dewar, M. J. S. and Thiel, W. (1977a) ‘Ground States of Molecules. 38. The MNDO
Method. Approximations and Parameters’, J. Am. Chem. Soc., 99, 4899-4907.

Dewar, M. J. S. and Thiel, W. (1977b) ‘Ground States of Molecules. 39. MNDO
Results for Molecules Containing Hydrogen, Carbon, Nitrogen, and Oxygen’,
J. Am. Chem. Soc., 99, 4907-4917.

Dewar, M. J. S., Zoebisch, E., Healy, E. F. and Stewart, J. J. P. (1985) ‘Development
and Use of Quantum Mechanical Molecular Models. 76. AM1: A New
General Purpose Quantum Mechanical Molecular Model’, J. Am. Chem. Soc.,
107, 3902-3909.

Greiner, W. (2000) Quantum Mechanics: An introduction. 4™ ed. Springer-Verlag,
New York.

Goedecker, S. and Colombo, L. (1994) ‘Efficient Linear Scalling Algorithm for
Tight-Binding Molecular Dynamics’, Phys. Rev. Letters, 73(1), 122-125.

Halicioglu. (1998) ‘Stress Calculations for Carbon Nanotubes’, Thin Solid Films, 312,
11.

Hernandez, E., Goze, C., Bernier, P. and Rubio, A. (1998) ‘Elastic Properties of C
and BxCyNz Composite Nanotubes’, Physical Review Letter, 80, 4502.

Heeg, S., Shi, L., Poulikakos, L. S., Pichler, T., Novotny, L. (2018) ‘Carbon
Nanotube Chirality Determines Properties of Encapsulated Linear Carbon
Chain’, Nano Letter, 18, 9, 5426-5431.

116



Janice, E. and James, A. P. (1987) ‘A Comparison of Five Benchmarks’, NASA
Technical Memorandum, 88956.

Holder, A. J., Dennington, R. D. and Jie, C. (1994) ‘Addendum to SAM1 Results
Previously Published’, Tetrahedron, 50, 627-638.

Jug, K. Iffert, R. and Schulz, J. (1987) ‘Development and Parametrization of Sindol
for Second-row Elements’, International Journal of Quantum Chemistry, 32,
265-277.

Kalman, V and Joseph, A. D. (2011) Computational Nanoscicence: Applications for
Molecules, Clusters, and Solid. USA: Cambridge University Press.

Krishnan, A., Dujardin, E., Ebbesen, T. W., Yanilos, P. N. and Treacy, M. M. J.
(1998) ‘Young’s Modulus of Single-Wall Nanotubes’, Physical Review B, 58,
14013.

Laref, A. Bouhafs, B. Aourag, H. and Bouarissa, N. (1998) ‘Calculations of the
Electronic and Elastic Properties of Carbon’, J. Phy: Condens, Matter, 10,
3195-3200.

James, J. Y. H. (2009) Nanocomputing: Computational Physics for Nanoscience and
Nanotechnology. Pan Stanford. SG.

Leach, A. R. (2001) Molecular Modelling: Principles and Applications. 2™ ed.
Pearson Education Limited, England.

Liew, K. M., He, X. Q. and Wong, C. H., (2004a) ‘On the Study of Elastic and
Plastic Properties of Multi-Walled Carbon Nanotubes Under Axial Tension
Using Molecular Dynamics Simulation’, Acta Materailia, 52, 2521.

Liew, K. M., Wong, C. H., He, X. Q., Tan, M. J. and Meguid, S. A. (2004b)
‘Nanomechanics of Single and Multiwalled Carbon Nanotubes’, Physical
Review B, 69, 115429.

Liew, K. M., Wong, C. H., He, X. Q. and Tan, M. J. (2005a) ‘Thermal Stability of
Single and Multi-Walled Carbon Nanotubes’, Physical Review B, 71, 075424.

Liew, K. M., Wong, C. H. and Tan, M. J. (2005b) ‘Buckling Properties of Carbon
Nanotube Bundles’, Applied Physics Letter, 87, 041901.

Lourie, O. and Wagner, H. D. (1998) ‘Evaluation of Young’s Modulus of Carbon
Nanotubes by Micro-Raman Spectroscopy’, Journal of Materials Research,
13, 2418.

Lu, J. P. (1997) ‘Elastic Properties of Carbon Nanotubes and Nanoropes’, Physical
Review Letter, 79, 1297.

117



Lu, W. C., Wang, C. Z., Zhao, L. Z., Qin, W. and Ho, K. M. (2015) ‘Three-Center
Tight-Binding Potential Model for C and Si’, Phys. Rev. B, 92, 035206.

Mao, Z., Garg, A. and Sinnott, S. B. (1999) ‘Molecular Dynamics Simulations of the
Filling and Decorating of Carbon Nanotubes’, Nanotechnology, 10, 273.

Mattew, W., Foulkes, C. and Roger, H. (1989) ‘Tight-Binding Models and Density
Functional Theory’, Phys. Rev. B, 39(17), 12520-12536.

Mervyn, R. (May 7, 2015) ‘The Tight Binding Method’

McWeeny, R. (1992) Method of Molecular Quantum Mechanic. 2™ ed. London:
Academic Press.

Mgller, C. and Plesset, M. S. (1934) ‘Note on An Approximation Treatment for
Many-electron Systems’, Physical Review, 46(7), 618-622.

Nanda, D. N. and Jug, K. (1980) ‘SINDOI. A Semiempirical SCF MO Method for
Molecular Binding Energy and Geometry I. Approximations and
Parametrization’, Theoretica Chimica Acta, 57, 95-106.

Otto, F. S. and David, J. N. (1989) ‘Ab-initio Multicenter Tight-Binding Model for
Molecular-Dynamics Simulations and other Applications in Covalent
Systems’, Phys. Rev. B., 40(6), 3979-3995.

Ozaki, T., Iwasa, Y. and Mitani, T. (2000) ‘Stiffness of Single-Walled Carbon
Nanotubes Under Large Strain’, Physical Review Letter, 84, 1712.

Papaconstantopoulos, D. A., Mehl, M. J., Erwin, S. C. and M.R. (1998) Tight-
Binding Hamitonians for Carbon and Silicon. W. DC.

Pickett, W. E. (2006) Tight-Binding Method: Linear Combination of Atomic Orbitals
(LCAO)

Pole, J. A, Beveridge, D. L. and Dobosh, P.A. (1967) ‘Approximate Self-Consistent
Molecular-Orbital Theory. V. Intermediate Neglect of Differential Overlap’,
J. Chem. Phys., 47, 2026-2033.

Pople, J. A. and Segal, G. A. (1966) ‘Approximate Self-consistent Molecular Orbital
Theory. I11. CNDO Results for AB;and AB3 Systems.’, J. Chem. Phys., 44,
3289-3296.

Porezag, D., Frauenheim, T., Kohler, T., Seifert, G. and Kaschner, R. (1995)
‘Construction of Tight-Binding-Like Potentials on the Basis of Density-
Functional Theory: Application to Carbon’, Phys. Rev. B, 51, 12947.

Reich, S., Maultzsch, J. and Thosem, C. (2002) ‘Tight-Binding Description of
Graphene’, Physical Review B, 66, 035412.

118



Reuter, K., Stampfl, C. and Scheffler, M. (2005) Handbook of Materials Modelling.
Vol 1. Springer, Berlin, 149.

Rezania, H. ‘Electronic Porperties of Disordered Zigzag Carbon Nanotubes’, Inter. J.
Modern Phys. B, 29, 5, 1550020.

Richard, M. M. (2008) Electronic Structure: Basic Theory and Practical Methods.
USA: Cambridge University Press.

Ridley, J. and Zerner, M. (1973) ‘An Intermediate Neglect of Differential Overlap
Technique for Spectroscopy: Pyrrole and the Azines’, Theoretica Chimica
Acta, 32, 111-134.

Robertson, D. H., Brenner, D. W. and Mintmire, J. W. (1992) ‘Energetics of
Nanoscale Graphitic Tubules’, Physical Review B, 45, 12592.

Sear, A. and Batra, R. C. (2004) ‘Macroscopic Properties of Carbon Nanotubes From
Molecular- Mechanics Simulations’, Physical Review B, 69, 235406.

Slater, J. C. and Koster, G. F. (1954) ‘Simplified LCAO Method for the Periodic
Potential Problem’, Physical Review, 94, 1489.

SPARTAN 4.0 (1995). Wavefunction Inc. 18401 Von Karman Avenue, Irvine, CA
92715.

Stauber, T., Beltran, I. J. and Schliemann, J. (2016) ‘Tight-Binding Approach to
Penta-Graphene’, Scientific Reports, DOI:10.1038/srep22672.

Steven, H. S. (2013) The Oxford Solid State Basics. Oxford University Press. UK.

Stewart, J. J. P. (1989) ‘Optimization of Parameters for Semiempirical Methods II.
Applications’, J. Comput. Chem., 10, 209-220.

Tan, A. P. (2017) A New Hydrocarbon Empirical Potential for Molecular Dynamics
Simulation. PhD Thesis. Universiti Teknologi Malaysia.

Thiel, W. (1981) ‘The MNDO Method, A Correlated Version of the MNDO Model’,
J. Am. Chem. Soc., 103, 1413-1420.

Thiel, W. and Voityuk, A. A. (1996a) ‘Extension of the MNDO Formalism tod
Orbitals: Integral Approximations and Preliminary Numerical Results’, Theor.
Chim. Acta, 93, 315.

Thiel, W. and Voityuk, A. A. (1996b) ‘A Semiempirical Approach to Nonlinear
Optical Properties of Large Molecules at the MNDO and MNDO level’, J.
Chem. Phys., 100, 616-626.

Titus, A. B. and Alexandra, F. (2015) ‘Tight-Binding Vibrational Analysis of Single-
Wall Carbon Nanotubes’, AIP Conf. Proc. 1694, 020001-1-020001-7.

119



Tomitori, M. and Sasahara, A. (2014) ‘Microscopic Techniques Bridging between
Nanoscale and Microscale with An Atomically Sharpened Tip-field ion
microscopy/ Scaning Probe Microcopy / Scanning Electron Microscopy’,
Microscopy (Previosly Journal of Electron Microscopy), 63, i11-i12.

Turchi, P. E. A., Gonis, and Colombo, L. (1998) ‘Tight-Binding Approach to
Computational Materials Science’, Material research Society, 491.

Van Lier, G., Van Alsenoy, C, Van Doren, V. and Geerlings, P. (2000) ‘Ab initio
Study of the Elastic Properties of Single-Walled Carbon Nanotubes and
Graphene’, Chemical Physics Letter, 326, 181.

Virkkunem, R. Laasonen, K. and Nieminen, R. M. (1991) ‘Molecular Dynamics
Using the Tight-Binding Approximation: Application to Liquid Sillicon’, J.
Phys. Condens. Matter, 3, 7455-7464.

Vodenitcharova, T. and Zhang, L. (2003) ‘Effective Wall Thickness of a Single-
Walled Carbon Nanotube’, Physical Revew B, 68, 164401.

Voityuk, A. A., Zerner, M. C. and Rosch, N. (1999) ‘Extension of the Neglect of
Diatomic Differential Overlap Method to Spectroscopy. NDDO-G
Parametrization and Results for Organic Molecules’, J. Phys. Chem. A, 103,
4553-4559.

Wahab, M. A. (2008) Solid State Physics: Structure and Properties of Materials. 2™
ed. Alpha Science In. U.K.

Wallace, P. R. (1947) ‘The Band Theory of Graphite’, Phys. Rev. 71, 622.

Walter, A. H. (2004) Elementary Electronic Structure. Revised Edition. World
Scientific. S.G.

Walters, D. A., Ericson, L. M. Casavant, M. J., Liu, J., Colbert, D. T. Smith, K. A.
and Smalley, R. E. (1999) ‘Elastic Strain of Freely Suspended Single-wall
Carbon Nanotube Ropes’, Applied Physics Letters, 74, 3803.

Wang. C. Z., Chan, C. T. and Ho, K. M. (1992) ‘Tight-Binding Molecular-Dynamics
Study of Liquid Si’, Phys. Rev. B, 45(21), 12227-12232.

Wang, C. Z., Lu, W. C., Yao, Y. X., Li, J., Yip, S. and Ho, K. M. (2008) ‘Tight-
Binding Hamiltonian from First-Principles Calculations’, Springer Science,
15, 81-95.

Xu, C. H., Wang, C. Z.,, Chan, C. T., and Ho, K. M. (1992) ‘A treasferable Tight-
Binding Potential for Carbon’, Journal of Physics: Condensed Matter, 4,
6047-6054.

120



Xu, L. C., Wang, Z. R., Miao, S. M., Wei, X. L., Chen, Y. P., Yan, H., Lau, M. W.,
Liu, L. M., and Ma, Y. M. (2014) ‘Two Dimensional Dirac Carbon
Allotropes from Graphene’, Nanscale, 6, 1113.

Yang, W. and Mak, C. H. (2008) ‘Transferable Tight-Binding Potential for
Hydrocarbon’, CA 90089-0484.

Yakobson, B. 1., Brabec, C. J. and Bernholc, J. (1996) ‘Nanomechanics of Carbon
Tubes: Instabilities Beyond Linear Response’, Physical Review Letter, 76,
2511.

Yakobson, B. I., Campbell, M. P., Brabec, C. J. and Bernholc, J. (1997) ‘High Strain
Rate Fracture and C-chain Unraveling in Carbon Nanotube’, Computational
Materials Science, 8, 341.

Yao, N. and Lordi, V. (1998) “Young’s Modulus of Single-walled Carbon
Nanotubes’, Journal of Applied Physics, 84, 1939.

Yeak, S. H., Ng, T. Y. and Liew, K. M. (2005) ‘Multiscale Modeling of Carbon
Nanotubes Under Axial Tension and Compression’, Physical Review B, 72,
165401-1654009.

Yeak Su Hoe (2007) Multiscale Molecular Modeling and Simulation of Carbon
Nanotubes. PhD Thesis, Nanyang Technological University, Singapore.

121



LIST OF PUBLICATIONS

Indexed Conference Proceedings

1.

Haa, W. K., & Yeak, S. H. (2017). Polynimial Fitting of Tight-Binding
Method in Carbon. In 2017 AIP Conference Proceedings. Proceeding of the
4™ International Conference on Mathematical Sciences (ICMS4)( 1830,
020039-1-8). http://dx.doi.org/10.1063/1.4980902. (Indexed by SCOPUS)

133


http://dx.doi.org/10.1063/1.4980902



