Abstract

Zhao, Qingzhong. Mechanical and Transport Properties of Carbon Nanotube

Systems. (Under the direction of Jerry Bernholc.)

This dissertation consists of four parts. The first part reviews our computational
methods. The ab initio method, extensively used through out the whole work, is the main
focus of the first part. A new large scale order-N ab initio method is also introduced and
we discuss our experience with this promising new methodology. In the second part, a
brief introduction to carbon nanotubes is given, and SWNT’s amazing mechanical and
electrical transport properties are discussed. By studying the defect formation of CNT
under tensile strain, we probe the ultimate strength of CNT in the third part. In the final
part, large scale quantum transport simulations were carried out to investigate the
electrical properties of a new carbon nanotube based material: carbon nanotube-metal
cluster assembly. This new material could lead to novel good chemical sensors.

Chapter 1 gives an overview of theoretical methods involved in this dissertation. The
big three commonly used computation methods: classical molecular dynamics, tight-
binding and ab initio method are introduced one by one, with greater emphasis on ab
initio total-energy calculations. Detailed explanations are given to ab initio method’s
infrastructure building blocks: DFT, LDA and pseudopotentials. Popular iterative
minimization techniques for total-energy pseudopotential calculations, like Car-Parrinello
Molecular Dynamics (CPMD), Steepest Descent (SD), Conjugate Gradient(CG) and
Multigrid (MG) are reviewed. A new linear scaling ab initio method based on

nonorthogonal local orbitals is introduced, and the implementation, improvement and



application of the new method are also discussed. In the end, an assessment of all
theoretical methods is provided, based on our experience in this dissertation.

Since this theoretical project is targeted on CNT and related nano-structures, a
detailed introduction to carbon nanotube systems is given in Chapter 2. The large variety
of possible helical geometries and strong and flexible covalent carbon bonds give carbon
nanotube systems so many extraordinary physical properties. CNTs can provide
unmatched strength and they can be excellent conductors or semi-conductors, depending
only on their geometries.

In Chapter 3, the ultimate strength of carbon nanotubes is investigated by large-scale
ab initio, tight-binding and classical molecular dynamics calculations. While the
formation energy of strain-induced topological defects determines the thermodynamic
limits of the elastic response and of mechanical resistance to applied tension, it is found
that the activation barriers for the formation of such defects are much larger than
estimated previously. The theoretical results indicate a substantially greater resilience and
strength, and show that the ultimate strength limit of carbon nanotubes has yet to be
reached experimentally. Carbon nanotubes are indeed the strongest material known.

Using large scale O(N) ab initio method, we have theoretically investigated the
quantum transport properties of carbon nanotube-metal cluster assemblies in a gas
environment. For an Al cluster attached to a metallic nanotube, we have observed that its
electrical response dramatically changes upon NH3 adsorption onto the metal cluster. For
a semiconducting nanotube-Al cluster assembly, the same gas adsorption enhances the
system's conductivity. The results of our ab initio computer simulations explain the

observed behavior in terms of interactions between the molecular species and the



nanotube-cluster system, where successive charge transfers between the components
tailor the electronic and transport properties. We will discuss the relation between the
electronic response and the mechanism of molecular sensing, and present possible ways

to improve the detection of different species.
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Chapter 1

Theoretical Methods

The work presented in this thesis employed a number of major theoretical and
computational techniques widely used in computational physics today, ranging from the
simple classical potential methods,' tight-binding (TB) models® to the rather complicated
and computationally challenging ab initio methods.>* In the first chapter, we give an
introduction to each of these methods first, and then we concentrate on ab initio total-
energy pseudopotential methods, which are extensively used in this work. With the
knowledge of conventional ab initio methods, we move the discussion to a new local-
orbital-based ab initio method, which scales essentially linearly with the number of atoms
in simulation system. The order-N method helps greatly in large-scale quantum transport
simulations in Chapter 4. Comparison among the theoretical methods used in this thesis is

summarized at the end of this chapter.

Atomistic simulations and quantum mechanical calculations are becoming increasingly
important in both academic and industrial research. During the last three decades, a
variety of simulation methods has emerged, each having particular strengths and
limitations. Among these methods, classical potential, tight-binding and ab initio are the
big three methods widely used in solid state physics with great success and popularity.
The appropriate combination of the three methods can provide the needed power to
explore most problems, in terms of capability, accuracy, system size and computational

efficiency. We will look at the three methods one by one in the following sections.



1.1 Empirical classical potential models

The classical potential method is also often called classical molecular dynamics or
force-field models’ in the chemistry and biochemistry communities. It treats the
simulated system as a collection of atoms without internal structure, interacting with each
other through a potential function. The interaction potential used in the simulation may be
generic or realistic. A generic potential attempts to capture the essential physics while the
structure of the potential is simplified as much as possible. Generic potentials are used to
study phenomena and models. A realistic potential attempts to describe real materials
under specific conditions. Realistic potentials may be either accurate or approximate. The
realistic potential total energy methods are interpolation schemes used to calculate the
energy from parameters fitted from experiments or from first principle calculations.

At the simplest level, the interaction potential consists of a sum of pair-wise interaction
energies. At the intermediate level, the energy for the system is a sum of energies of the
atoms, but the energy cannot be decomposed into a sum of pair-wise interaction energies.
For the most complicated case, the energy of the system cannot be decomposed into a
sum of pairwise interaction energies or even as a sum of energies for the individual

atoms.

Since classical potential method neglects quantum behavior, it greatly simplifies the

system’s degree of freedom and interactions. This makes it possible to be applied



extensively to model systems containing thousands to millions of atoms. It is the first and
sometime the only method to observe the dynamics for a large system or for a long time
period. However, in situations where quantum mechanical effects are significant,
classical potentials can easily fail to or may produce meaningless or misleading results.
For example, pair potentials fail to stabilize tetrahedral structures such as diamond and
zincblende, since the directional covalent bonding in these systems is primarily
determined by quantum mechanical effects. The transferability of the classical potential
method is thus quite limited. Furthermore, it highly depends on the specific model and

potential parameters.

1.2 Tight-binding total energy methods

The tight-binding model is originated from the idea of linear combination of atomic
orbits (LCAO) by Bloch,® and is developed by Slater and Koster.” Compared with simple
classical potential and complicated ab initio methods, the tight-binding method takes an
intermediate step towards modeling materials that takes into account quantum mechanical
effects without too much computational effort. The derivation of tight-binding formalism
starts from quantum mechanics. The idea is to write the eigenstates of the Hamiltonian in
atomic-like basis set, {@, } , and replacing the exact many-body Hamiltonian operator with
a parameterized Hamiltonian matrix. The basis set is not, in general, explicitly

constructed, but it is atomic-like in which it has the same symmetry properties as the

atomic orbitals. In general only a small number of basis functions are used, and those



functions are roughly corresponding to the atomic orbitals in the energy range of interest.
For instance, when modeling carbon nanotube, only 2s and 2p orbits are considered, and

even the p, m bonding orbital is enough under some circumstances.

1.2.1 Orthogonal tight-binding methods

The modern orthogonal tight-binding scheme was developed by Slater and Koster,
who derived the first detailed tight-binding formalism for band structure calculations. In
our presentation, we shall assume periodic boundary conditions (PBC) for simplicity.

However, It is straightforward to extend the TB formalism to finite-size systems.

Denoting an atomic orbital n = (7,«) at unit cell i as ¢, (r —r, —R.) , we have the

Bloch sum

tk(r+R)¢ (r I’—R)

>

\/_
where the sum is over the atoms in equivalent positions in all unit cells in the crystal. t is
the atomic index in the unit cell and a specifies the atomic orbitals of atom t. For
example, in the diamond structure, T=1,2 and o =s, px, py, p.- We may express the
wavefunctions of the system as linear combinations of Bloch sums. However, the Bloch
sum formed from atomic orbitals is not an ideal basis, since atomic orbitals at different
sites may not be orthogonal to each other. It is more convenient to work in an orthogonal
basis, the so-called Lowdin orbitals y,(r) which are formed by the reorthogonalization of
atomic orbitals ¢,(r).* We shall assume that such a reorthogonalization is done and

rewrite the Bloch sum as



ik (r,
!r//nk - \/_ze o +R)Wn(r l" _R)
The Hamiltonian matrix element between two Bloch sums with the same k is

H,, (k)= 3 0y, 1),
i=1

In the above equation, the sum has to be carried out over all unit cells in principle. In
practice, one always assumes that the matrix element <l//n |H |1//n> is short-ranged and

9,10,11

decays to zero beyond some cut-off distance.” ™" The matrix elements <z//n |H |z//n,> in the

TB formalism are modeled by some empirical parameters which are either obtained by
fitting experimental data or from the more accurate ab initio calculations. Eigenvalues
and corresponding wavefunctions are then calculated by diagonalizing the Hamiltonian
matrix H. This is the original Slater-Koster TB model.”

The Slater-Koster TB formalism computes only the band energies. For atomistic
simulations, the total energy of the system must also be derived. Chadi proposed that the
total energy of a system in the TB framework can be written as band structure energy

plus a sum of pairwise repulsive potentials

E,=E,+E, = Z & +ZU(] r—r;).
ij

icoccupied
This is consistent with the local density approximation (LDA) expression for the total
energy, which is as a sum of the band energy and various potential contributions. The
idea that the terms in the total energy that are not included in the single-electron band
energy can be approximated by a sum of pair terms is of great importance and is almost
universally applied.” However, the reason for doing it is still not clear. The force acting

on an atom in the TB formalism contains two terms, one arising from the band structure



energy Eys and the other from the repulsive potential energy.

In this work, we chose a TB model developed by Xu,'? and used the parameters for
carbon systems given in Xu’s paper. Xu’s model is derived from GSP'' model which
accurately describes silicon. In Xu’s model, the total energy of the system is written as

Etot = Ebs + E

rep 2
where Eys 1s the sum of electronic eigenvalues over all occupied electronic states, and the

short-ranged repulsive energy E., is given by
E,, =2 12,901,
i J

where ¢(r,) is a pairwise potential between atoms i and j, and f is a functional

expressed as 4™-order polynomial with argument z ¢(r;) . The pair potential ¢(r;) is

J

defined as

”’["i)m"*‘%ﬁ)m“ ]

br) =t (Loyre
r

The electronic eigenvalues are obtained by diagonalizing an empirical tight-binding
Hamiltonian Hrg. The off-diagonal elements of Hrg are given by a set of orthogonal sp3
two-center hopping parameters, Vs, Vips, Vpps annd Vppr, scaled with interatomic
separation r as a function s(r). The on-site elements are the atomic orbital energies of the
corresponding atom. The scaling function s(r) for the Slater-Koster Hamilton matrix
elements has the form

=y 4y

s(r) = (%)"e

All the parameters in the above functions were determined by fitting first-principles LDA

results of energy versus nearest-neighbor interatomic separation for different carbon



polytypes, i.e., diamond, graphite, linear chain, simple cubic and face-centered cubic
structures. In order to facilitate molecular-dynamics simulations, the scaling functions

s(r) and ¢(r ) were required to go smoothly to zero at some designed cut-off distance.

This is achieved by replacing the tail of s(r) with a third-order polynomial ty(r-r;) whose
coefficients are determined by requiring the connection of s(r) and ty(r) at r; (r;<rp,) to be
smooth up to the first derivative, and ty(r) and its first derivative to be zero at the

matching point r,. The same procedure is used to determine #,(r —d,) which replaces
the tail of #(7 ) . Our results show that Xu’s model can describe carbon nanotubes’

mechanical behavior successfully up to fairly high strains.

1.2.2 Nonorthogonal tight-binding methods

The orthogonal TB model described in the above section is conceptually simple and
computationally efficient. However, it has serious limitations. The assumption that an
orthogonal set of orbitals can be constructed from the nonorthogonal atomic orbitals by
the Lowdin procedure is not always valid, i.e., an orthogonal transformation is valid only
for a single configuration of the system. Furthermore, the Lowdin orbitals are usually

more extended than the nonorthogonal atomic orbitals, which make the Hamiltonian
matrix element <1//n |H |y/n,> long-ranged. The usually short-ranged TB parameterization is
therefore not expected to work well across different environments. Failure to properly

account for the overlap effects is probably the main reason for the lack of transferability

of orthogonal TB models, although other issues such as the two-center approximation of



the Hamiltonian matrix element, the pairwise repulsive potentials, and the lack of self-
consistency are also important factors. The transferability can be improved somewhat by
including a wider range of empirical data; however, the improvement is limited and not
systematic. Dorantes-Dévila and Pastor ef al.'>'* have proposed an iterative scheme to
incorporate in an orthogonal TB framework the effects of the overlaps of atomic orbitals.
A different approach is the so-called nonorthogonal TB model. As its name tells, this
approach eliminates the assumption of orthogonality so that most of the drawbacks
associated with this assumption can be overcome. (The effect of neglecting the

115

nonorthogonality of the basis has been investigated by Mirabella ef al.”” and Mckinnon

and Choy.)"
In the nonorthogonal TB model, one has to solve the generalized eigenvalue problem
(H-ES)y, =0,

where S is the overlap matrix between TB orbits,

Suw = [,(1), (r)dr
and ¢ are nonorthogonal atomic TB orbitals as opposed to the orthogonalized Lowdin
orbitals i . The repulsive part of the total energy is usually assumed to be pairwise as in
the orthogonal TB models. The on-site (diagonal) Hamiltonian matrix elements are
usually taken as the atomic ionization potentials of the corresponding orbitals, i.e.,

H, . = ¢,,and the off-diagonal elements can be determined using Mulliken

. - 17,18
approximation,

n,n' nn'

H, .= %K(gn +&,)S

where K is an adjustable parameter, or by other means."”*°



1.3 Ab initio methods

1.3.1 Approximations

Since the establishment of quantum mechanics in the first two decades in last
century,”' scientists believe that most of low-energy physics, chemistry and biology can
be explained by the quantum mechanics of electrons and ions. But how to apply quantum
mechanics to the atomic system remained a challenge for a long time. Different
theoretical methods derived from quantum mechanics have been proposed and developed
over decades. Among them, the ab initio methods or first principle methods stand out
because these methods require only a specification of the ions (by their atomic number).
Due to the fact that many ground state physical properties are related to total energies or
to differences between total energies, direct calculation of total energy from quantum
mechanics becomes the heart of quantum simulations. Among all the first-principles

d*** stands alone. With the most

methods, the total-energy pseudopotential metho
efficient numerical algorithms, total-energy pseudopotential method can handle systems
with up to a thousand atoms and even include nonzero temperatures for the first time in
quantum simulations. In ab initio methods, it is especially important to apply
approximations in the calculation of the system's quantum-mechanical total energy in

order to make the calculation efficient and therefore possible.

Because of the large difference in masses between the electrons and the nuclei and



the fact that the forces on the particles are of the similar magnitude, the electrons respond
essentially instantaneously to the motion of the nuclei. Thus the nuclei can be treated
adiabatically, leading to a separation of electronic and nuclear coordinates in the many-
body wave function. This is the so-called Born-Oppenheimer approximation. This
“adiabatic principle” reduces the many-body problem to the solution of the dynamics of
the electrons in some frozen-in configuration of the nuclei.

Even with this simplification, the many-body problem remains formidable. Further
simplifications, however, can be introduced that allow the total-energy calculations to be
performed accurately and efficiently. These include density-functional theory (DFT) to
model the electron-electron interactions, pseudopotential theory to model the electron-ion
interactions, periodic supercells to unify the modeling of periodic and aperiodic systems,

and iterative minimization techniques to relax the ionic and electronic coordinates.

The following is a brief description of these essential concepts:

(1) Density-functional theory allows one, in principle, to map exactly the problem of a
strongly interacting electron gas (in the presence of nuclei) onto that of a single
particle moving in an effective nonlocal potential. Although this potential is not
known precisely, local approximations to it work remarkably well.

(ii) Pseudopotential theory,** allows one to replace the strong electron-ion potential with
a much weaker potential-- a pseudopotential—that describes all the salient features of
a valence electron moving through the solid, including relativistic effects. Thus the
original solid is now replaced by pseudo-valence electrons and pseudo-ion cores.

These pseudoelectrons experience exactly the same potential outside the core region as

10



the original electrons but have a much weaker potential inside the core region. The
fact that the potential is weaker is crucial, however, because it makes the solution of
the Schrodinger equation much simpler by allowing expansion of the wave functions
in a relatively small set of plane waves.

(iii) The supercell®® approximation allows one to deal with aperiodic configurations of
atoms within the framework of Bloch's theorem. One simply constructs a large unit
cell containing the configuration in question and repeats it periodically throughout
space. By studying the properties of the system for larger and larger unit cells, one can

gauge the importance of the induced periodicity and systematically filter it out.

In general, taking these approximations in quantum simulations is a process to reduce the

number of the degrees of freedom and the complexity of interactions of the system. These

processes can be illustrated in the following chart:

11



Approximations in ab initio calculations

Starting simulation system: strongly Interacting Ions and
Born_Oppenheimer approximation

Separate ions and electrons: All electrons in “frozen-in” nuclar
configuration

Density-functional theory (DFT and LDA)

Map the strongly interacting many-electron system to equivalent non-
interacting pseudo-electron system

Pseudopotential theory

Separate valence and core electrons: valence electrons are considered
explicitly

Bloch’s theorem, k-point sampling and supercell

Approximate an infinite system with a unit cell with finite number of
atoms with periodic boundary conditions

Solving DF'T equations by iterative methods

Physically meaningful results are achieved at the end of convergence

12



1.3.2 Density functional theory

The most difficult problem in many-body electron system is how to deal with the
exchange and correlation interactions. The pioneering work done by Hohenberg and
Kohn (1964)* and Kohn and Sham (1965)*’ proposed a simple method for describing the
effects of exchange and correlation in an electron gas. After many extremely successful
applications, their theory became the foundation of most ab initio calculations.
Hohenberg and Kohn proved that the total energy, including exchange and correlation
energy of an electron gas, is a unique functional of the electron density. The minimum
value of the total-energy functional is the ground-state energy of the system, and the
density that yields this minimum value is the exact single-particle ground-state density.
Kohn and Sham then showed how it is possible, formally, to replace the many-electron
problem by an exactly equivalent set of self-consistent one-electron equations. This is the

so called density-functional theory (DFT).

DFT is best described by Hohenberg and Kohn (1964) and Kohn and Sham (1965)

Theorems:

Theorem 1: The all-electron many-body ground state wavefunction y(#,...,r,) ofa
system of N interacting electrons is a unique functional of the electronic density n(r).
The immediate consequence of this theorem is that all physically measurable quantities
based on the electronic structure are in fact unique functionals of the electronic ground

state density alone. Note that in general there is no closed expression for these
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functionals.
Theorem 2: For all N-representable densities n(r), the one that minimizes the energy
functional with a given external potential is the ground state density, i.e., the density that

corresponds to the solution of the Schrodinger equation.

The proof of these remarkable theorems, which were later generalized by Levy,28
turns out to be rather simple. Here we follow here the derivation in a review article by
Jones and Gunnarsson.”

Let’s denote n(r) as “N-representable” densities, i.e., those that can be obtained

from some antisymmetric many-electron wavefunction ¥
n(r) = N'[| W (7,7, Fy ey ) | dry.dry,

assuming that the wavefunction ¥ is normalized to one. The Hamiltonian for N electrons

moving in an external potential V™' is

N
H=T+V*+Y V(r)

i=1
where T is the kinetic energy operator and V. is electron-electron interaction. Levy

defined a functional

F(n)zrqrj1in<‘P|T+V“|‘P>,

where the minimization is taken over all wavefunctions ‘¥ that give the charge density

n(r). For all N-representable n(r), the two basic theorems of DFT are

E(n) = [V (r)n(r)dr + F(n) 2 E,,
[V Iny(r)dr + F(ny) = E,,
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where Ey is the ground state energy, and ng is the ground state charge density.

The variational principle above is obvious since, for any N-representable density n, the

n-body wavefunction that minimizes the functional F(n), denoted as P ,1sa

superposition of the n-body eigenfunctions of the system. Therefore, the expectation
value of Prin , namely, E(n), should be higher or equal to the ground state energy.

n0
If Yo is the ground state wavefunction, ny is the ground state charge density, and Foin is
the wavefunction that minimizes the functional F(ng), we have from the definition of the

ground state,

Ey = (B[ + T+ VW) < (Wi, 7=+ T+ V=2, )
Since
(B, [y ) = (Wi, 7| 2e,) = [V oy ()
we have
(B [T+ VW) < (W, [T+ V2| W8, )

On the other hand, the definition of functional F(n) yields

(W [+ Ve, ) < (W, |7+ 7| w,)
This can be true only if
(B [T+ 7|y ) = (W, [T+ V|, )

Therefore, we have
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Ey= (W, Ve +T+V|¥,)

= [V Iy (r)dr +( ¥, [T + 7

¥, )

T+V|¥,)

min

= [V (o (r)dr +F (n)

= [V, (rymy () +(

This completes the proof of the two basic theorems of DFT.

The DFT of Hohenberg and Kohn states that knowledge of the ground state charge
density ny(r) of a system is, in principle, sufficient to calculate any of its ground state
properties, provided that the exact functionals are known. For example, to calculate the
ground state energy, one simply needs to know the functional form of F(n). However,
obtaining an exact functional F(n) is obviously impossible. Kohn and Sham proposed the
simplest, and surprisingly, the most successful approximation to the energy functional,
which is now known as the local density approximation (LDA).

Kohn and Sham first partitioned the functional F(n) into three parts:

F(n)= To(n)—i-Eh(n)—i-E”(n)’

where T°(n) is the kinetic energy of a system of noninteracting electrons with density
n(r), Eh(n) is the Hartree energy and E*(n) is the exchange-correlation energy functional,
which remains to be approximated. They assumed a slowly varying charge density n(r)

and approximated the exchange-correlation energy functional as
E*(n) = [n(r)&* (n(r)dr

where £ is the exchange-correlation energy per electron of a uniform electron gas of
density n(r). This expression can be regarded as the leading term of a more general

Taylor expansion of E*(n):

E*(n) = [n(r)e™ (n(r)dr + [ & (n) |V [ dr +---
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Therefore, in the slowly varying charge density limit, the above expression becomes

exact. By expanding the charge density n(r) as a sum of single-particle-like densities
Q 2
n(r)= | ¢:(r)|
i=1

and applying the variational principle to the energy functional, they reached a set of one-

particle Schodinger equations, known as Kohn-Sham equations (in atomic units):

[—%vz FVI ) V() = £4,(7)

ey - 4 ()
where dn is the exchange-correlation potential and

v = [ 2 g

|7 =r]

is the Hartree potential. The total energy of the system is

i I PR dray+ [ () =V ()

=1 |
The Kohn-Sham equations have to be solved self-consistently. Furthermore, the
exchange-correlation energy € (n) needs to be approximated.

In their original work, Kohn and Sham did not expect this simple approximation of
exchange and correlation energy, namely LDA, to work well for real systems,
commenting “we do not expect an accurate description of the chemical bonding” (by
LDA). Therefore, it is a rather surprising fact that LDA has been applied to a wide variety
of systems with great success. In some cases, the charge densities are not at all slowly
varying. LDA is computationally efficient, because it assumes that the exchange-
correlations energy functional is purely local and it appears to give a single well-defined

global minimum for the energy of a non-spin-polarized system of electrons. Several
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existing parameterizations”**’~'>* for the exchange-correlation energy of a homogenrous
electron gas often lead to similar results. Apart from the fact that LDA (somewhat

unexpectedly) produces rather accurate ground state properties of materials, the Kohn-

Sham orbitals ¢, , which are introduced as a variational basis and have no obvious
connection with the quasiparticle wavefunctions, turn out to be surprisingly close to the
latter. Also, the Kohn-Sham eigenvalues ¢; are often very close to quasiparticle energies.
Therefore, although DFT was formally established for computing ground state properties,
it is now almost universally applied to calculate and interpret the electronic structure of
materials. However, one should bear in mind that calculations of the excited state
properties are actually out of the scope of the DFT, and neither LDA nor DFT should be
blamed for any inconsistency between the DFT (LDA) eigenvalues and the
experimentally measured quasiparticle excitation energies. In fact, there are well known
problems. For example, LDA usually underestimates the band gap of semiconductors and
insulators. For simple metals such as lithium and sodium, LDA gives free-electron-like

valence band widths which are typically 20~30% wider than the experimental ones.

1.3.3 Pseudopotential Approximation

The density functional theory, particularly the Kohn-Sham LDA form, greatly
simplifies the calculation of materials properties and significantly reduces the
computational effort. Many of the modern computational methods in solid state physics

are based on DFT. However, if we need to represent highly localized wavefunctions such
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as those of core electrons, calculation load will be formidable due to the very strong core
electron interaction. Fortunately, the pseudopotential concepts introduced by Fermi®® and
Hellmann®* make it possible to accurately describe the properties of materials without
dealing explicitly with the core electrons.

The cancellation theorem derived from the orthogonalized plane wave (OPW)
formalism by Philips and Kleinman®>*® is very helpful in understanding the
pseudopotential concepts. This theorem demonstrates that the requirement that valence
states should be orthogonal to the core states effectively provides a repulsive potential for
the valence states. If this effective repulsive potential is added to the attractive potential
in the core region, they almost cancel out, leaving a relatively weak net potential or

pseudopotential. In the OPW methods, the valence state wavefunctions are expressed as

the sum of a smooth wavefunction ¢ and a sum over core states ¢, ,

¥)=[9)+Ta

4.)

with the requirement that the valence states ¥ are orthogonal to the core states ¢,

which yields

) =1¢)-2

c

4.)(¢.

é) (M

We now find an effective Schrodinger equation that ¢ satisfies, assuming that ‘¥
satisfies the following Schrodinger equation

H|Y)=(T+V,)|¥)=E|V¥),
where T is the kinetic energy operator and V. denotes the attractive core potential.

Substituting (1) into the above equation, we have
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H|p)+> (E-E,)

4.){¢.

$)=E¢)

where E is the energy of the core state ¢, , i.e.,

H

4.)=E,

4.)-

The HK equation can be rewritten as

(T+V™)

$)=El¢)

where the pseudopotential V™ is

4.)(¢.

VP =V, +> (E-E,)

It can be shown that the second term of V is strongly repulsive potential which almost
cancels the strongly attractive core potential V., leaving a weak net pseudopotential. Fig
1.1 shows the typical shape of pseudopotentials. Compared with the -1/r behavior of the

Coulomb potential, the potentials shown in the figure are much softer.
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Figure 1 Pseudo-potential: A schematic illustration of all-electron (solid lines) and pseudo-
(dashed lines) potentials and their corresponding wavefunctions. The radius at which all-electron and

pseudopotential values match is R s - From Ref. 3.

A pseudopotential is constructed in such a way that it matches the true potential
outside a given radius, designated the core radius. Similarly, each pseudo-wavefunction
must match the corresponding true wavefunction beyond this distance. The eigenvalues
calculated with the pseudopotential must be identical to the all-electron eigenvalues. In
addition, for most modern pseudopotentials, the charge densities obtained outside the
core region must be identical to the true charge density. Thus, the integral of the squared

amplitudes of the real and pseudowavefunctions over the core region must be identical.
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This is why these pseudopotentials are called norm-conserving. The resulting pseudo-

wavefunction contains no radial nodes.

The atomic properties of the element must be preserved, including phase shifts due to
scattering from the core. These phase shifts will be different for different angular
momentum states and so, in general, a pseudopotential must be non-local, with projectors
for different angular momentum components. The pseudopotential is often represented

using the form,

V= I/loc +Z(Vl _I/loc)Pl’m b
1Im

where P are the projectors which project the electronic wavefunctions onto the

eigenfunctions of different angular momentum states. The choice of ¥, .is arbitrary and if
it is made equal to one of the ¥}, this avoids the need for the corresponding set of angular

momentum projectors. Work has also been done by Lee et al. on further reducing the
number of projectors needed. The evaluation of the non-local potential in reciprocal
space requires a computational time which is proportional to the cube of the system size.
The projections may be carried out in real-space instead, using the method of Kleinman-
Bylander e al.,*® which reduces the computational cost to the order of the system size

squared.

Pseudopotentials are constructed using an ab initio procedure. The “true'
wavefunctions are calculated for an isolated atom using an all-electron DFT approach.

The resulting valence wavefunctions are then modified in the core region to remove the
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oscillations while obeying the norm-conservation constraint. The Schrédinger equation is
then inverted to find the pseudopotential which will reproduce the pseudowavefunctions.
This procedure produces a pseudopotential which can be transferred between widely
varying systems. This contrasts with semi-empirical potentials, which are constructed to
describe a particular atomic environment and may not be simply transferred to different

environments.

The Kleinman and Bylander (KB)*® approach is almost widely used in
pseudopotential constructions. It provides an elegant prescription that transforms the
semi-nonlocal pseudopotential into a fully separable, truly nonlocal pseudopotential, with
only O(N) operations in the real-space formalism when applied on the wavefuntions.
However, in the use of KB nonlocal pseudopotentials, extra care need to be paid to avoid
unphysical “ghost” states at energies below or near those of the physical states. These
“ghosts” are artifacts of the KB potential in which the nodeless pseudo-wavefunctions
need not be the lowest possible eigenstates, unlike in the case of the semi-local form.
Those ghost states can be avoided by properly chosing the local pseudopotential

cut

component and/or varing the cutoff radii R, of the pseudopotentials.

1.3.4 lterative minimization techniques in ab initio method

It has been demonstrated that the total-energy pseudopotential technique gives
accurate and reliable values for total energies of solids. However, as described above, the

power of the pseudopotential method is severely restricted when using conventional
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matrix diagonalization techniques to solve for the Kohn-Sham eigenstates. Alternative
techniques are proposed for minimizing the Kohn-Sham energy functional and lead to the
same self-consistent Kohn-Sham eigenstates and eigenvalues as conventional matrix

diagonalization. The popular Car-Parrinello molecular-dynamics (CPMD) method,*”*

COl’lj ugate-gradients methods39,40,41

and other approaches allow pseudopotential
calculations to be performed for much larger systems than was possible using
conventional matrix diagonalization methods. They allow, for the first time, tractable ab
initio quantum-mechanical simulations to be performed for systems at nonzero
temperatures and large systems with noble and transition-metal atoms and first-row

42,43 44,45 46

elements such as oxygen. Furthermore, for real-space grid based solutions,

47,48,49,50

multi-grid preconditioning techniques can provide systematic acceleration to

reduce the number of iterations.

In the Car-Parrinello scheme, the Kohn-Sham energy functional E is a function of the
wavefunction coefficients. These coefficients can be regarded as the coordinates of a
classical “particle”. To minimize the Kohn-Sham energy functional, these “particles” are
given a kinetic energy, and the system is gradually cooled until the set of coordinates
reaches the values that minimize the KS energy functional. Thus the problem of solving
for the Kohn-Sham eigenstates is reduced to one of solving for a set of classical equations
of motion. It should be emphasized, however, that the KS energy functional is physically
meaningful quantum mechanically only when the coefficients take the final minimization

values.
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The Car-Parrinello method makes use of the following lagrangian for the electronic

system:

ch = z /ui<lr/./i

:,?/,»>+%ZM,R?+%Z%—E[{w,-},{R,},{an}],

where p, are fictious masses associated with the electronic wave functions, E is the
Kohn-Sham energy functional, R; is the position of ion I, M is the mass of ion I, and f
is the fictitious mass associated with coordinates ¢, , which define the size and shape of

the unit cell. The second and third terms are only needed in relaxation of the ionic
system. Here we just fix the unit cell for simplification. To generate trajectories for the

ionic and electronic degrees of freedom via the coupled set of equations of motion

_OE[{y}.{R,} . {a,}]
oR,

MIRI =

9

OELw }. (R}

;Uz'|l/7i>:_ a<l//‘|

The electronic wave functions are subject to the constraints of orthonormality,

jl//: My, (r)d r= 0, - These constraints are incorporated in the molecular-dynamics
Lagrangian by using the method of Lagrange multipliers. When damping is applied to
the equations of motion, the ionic coordinates and wavefunctions will evolve to the
values that minimize the Kohn-Sham energy functional. The total computational time for

the processes in CPMD is dominated by the NBNPWZ, improved from the pr3 scaling in

conventional matrix diagonalization techniques.
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To perform a total-energy pseudopotential calculation it is necessary to find the
electronic states that minimize the Kohn-Sham energy functional. Searching for the self-
consistent Kohn-Sham Hamiltonian indirectly can lead to instabilities. These instabilities
would not be encountered if the Kohn-Sham energy functional were minimized directly
because the Kohn-Sham energy functional normally has a single well-defined energy
minimum. The methods of steepest descents (SD)’' and conjugate-gradients (CG)’' are
two general direct minimization techniques to perform total-energy pseudopotential
calculations tractably and stably for large systems. The conjugate-gradients method is

particularly powerful.

In the steepest descents (SD) method, a linear search is done along the direction of
steepest descent at any given configuration. The location of the lowest value of the
testing function (KS energy) on the searching line is the start point for next search. In
some implementations, a fixed step is used instead of linear search. The size of the SD
step needs to be chosen carefully in order to enhance convergence. Iteratively, the system

gets closer and closer to the minimum of the testing function.

It might seem surprising that there can be a better direction to minimize a function
than the one in which the function decreases most rapidly. By making each minimization
step independent of each other, the conjugate-gradients method avoids reintroduction of
errors proportional to the previous gradient. The initial direction is taken to be the
negative of the gradient at the starting point. A subsequent conjugate direction is then
constructed from a linear combination the new gradient and the previous direction that

minimized the energy functional. It is interesting that the current gradient and the
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previous direction vector would maintain all of the information necessary to include
minimization over all previous directions in a multidimensional space. The proof that
directions generated in this manner are indeed conjugate is the important result of the
conjugate-gradients derivation. The precise search direction d' generated by the CG

method is obtained from the following algorithm:

dm — gm +j/mdm—l
 gregn  with y'=0.
- gm—l .gm—l

The following is a complete description of CG method for a symmetric and positive-

definite matrix A and function f(x) =1/2x' Ax-b'x-+c minimized by the solution to Ax=b.

d,=r,=b—Ax,,
'
ai = T ,
d” Ad
Xigg =X; + aidN
P =F _aiAdH
T

B = Tialin

i+1 — >

! T’TI"-

diy =1+ piadd,.

In practice, accumulated floating point roundoff error causes the residual to gradually
lose accuracy, and cancellation error causes the search vectors to lose A-orthogonality.
This suggests restarting after certain iteration steps. Iterative methods like CG are well-
suited for use with sparse matrices, which is the case for solving KS equations. Although
the CG method performs much better for an ill-conditioned matrix than SD does, it is

critical to the speed of convergence to find a good preconditioner, especially in the real-
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space grid-based local orbital order-N method that we will describe later. In mathematics,
parallel multilevel preconditioners for discretized partial differential equations can
systematically speed-up the convergence rate in self-consistent calculations. For real-
space grid-based ab initio methods, we have used multiple grids with varying resolutions
to solve the KS equations and the Poisson equation. The solution is obtained on a grid
fine enough to accurately represent the pseudopotentials and the electronic
wavefunctions. If the solution error is expanded in a Fourier series, it may be shown that
iterations on any given grid level will quickly reduce the components of the error with
wavelengths comparable to the grid spacing but are ineffective in reducing the
components with wavelengths large relative to the grid spacing. The solution is to treat
the lower frequency components on a sequence of auxiliary grids with progressively
larger grid spacing, where the remaining errors appear as high frequency components.

This procedure provides excellent preconditioning for all length scales present in a

system and leads to very rapid convergence rates.

1.3.5 Real-space grid-based order-N DFT method

Traditional total-energy pseudopotential calculations scale at least cubically with the
number of atoms in the simulation system. In practice, an ab initio simulation for a
system with hundreds of atoms becomes slow even with today’s massively parallel
supercomputers. In this work, to study the complicated electronic structure of carbon

nanotube composites, we need a new ab initio method with better scaling with the

28



number of atoms in the system. Following our group’s early exploration in order-N DFT
method, we found that the real-space grid-based nonorthogonal orbital DFT method™
proposed by J. L. Fattebert and J. Bernholc scales roughly linearly, and with proper
implementation and improvements, this method could push ab initio calculation well
beyond a thousand atoms. The basic idea is to use the uniqueness of the representation of
the ground state of the system in terms of nonorthogonal orbitals to find an optimally
localized basis that accurately describes the energetics. This approach is real-space
oriented, and it is more general in the basis set. In our implementation, it includes a
multigrid preconditioner and it allows for unoccupied or partially occupied states, which
substantially accelerates convergence. The local orbital description is also very helpful in
orbital-based quantum transport calculations proposed by Marco Buongiorno Nardelli.
Here is the basis-invariant matrix formulation of this order-N method derived by J. L.

Fattebert et al. We start from minimizing the Hohenberg-Kohn total energy functional
- 1, 1 1
Et = Zf;<l//l | _Ev |l//z>+5.|‘VH(p)pdr+5J.I/wn (p)pCZF +Erc[p] +Eiun—ion
i=1
for N-occupied orbitals in the system, each represented by a one-body wave function y,,

N
with the electron charge density p(r) = z fi|l//l. (r)|2 . The first term represents the kinetic

i=1

energy, the second the electrostatic repulsion due to the classical Hartree potential

dr', the third the interactions of the electrons with all the nuclei, the

Vy(r)= I |f(_r;)

fourth the exchange and correlation contributions, and the fifth the classical electrostatic

interactions between all nuclei.

The orbitals y/, satisfy that Kohn-Sham equations
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1
H‘//i = [_Evz + V,’gn + VH (;0) + U, (p)]l//; =&y,
which must be solved self-consistently for the N lowest eigenvalues ¢;, while imposing

the orthonormality constraints <l//i ‘1// j> =0,. U, = %E.1p] is the exchange and

ij xc 5p
correlation potential. Kleinman-Bylander (KB) form norm-conserving nonlocal
pseudopotentials are used for Vi, in our simulations.

Using the KS equations, the total energy expression is easily rewritten as
a 1 1
Et = Zﬁgi _EJ.VH (p)pdr _EJ-luxc (p)pCir + Exc [p] + Eion—ion
i=1

Consider a trial basis of normalized functions, { ¢, ,....., ¢, }, which will define the

subspace of the occupied orbitals. This basis will be refined by iterative updates, and at
convergence will accurately describe the true Kohn-Sham ground state of the system. In
order to derive basis-invariant expressions for the updates, it is convenient to use matrix

notations. The functions ¢, will thus be written as columns of a matrix ®

An orthonormal basis of approximate eigenfunctions (Ritz functions) can be obtained by
a diagonalization in this subspace of dimension N (Ritz procedure). We denote by C the

Nx N matrix that transforms into the basis of orthonormal Ritz functions,

Y=, , Wy )=®C, ?2)

This matrix satisfies
ccl=s"1,

where S = @” @ is the overlap matrix.
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In the following, for an operator A we will use the notation
A" = wlay,
AY = o4,
We then have the relation
A" =c’4?cC.
In order for Eq. (2) to define a transformation to a Ritz basis, C has to be a solution of
the generalized symmetric eigenvalue program.
H®C = SC4 (3)
where 4 is the diagonal,real NxN matrix that satisfies
A=VY"HY
The matrix C can actually be decomposed as a product C = G U, where G is the
Cholesky factorization of S,
S = GG,
and U is an orthogonal matrix. Knowing G, the generalized eigenvalue problem (3) is
reduced to a standard symmetric eigenvalue problem
G 'H? G U= U4 (4)

In the basis ¥, the SD directions, along which the energy functional decreases at the
fastest rate, are easy to compute. They are given by the negative residuals of the Kohn-
Sham equations, with the current potential kept fixed, and can be expressed as the NxM
matrix

DY =y A-HY, (5)
which satisfies the relation

v 'p™ = 0.
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In the following, we consider a SD algorithm with a linear preconditioning operator
K. Without preconditioning, the convergence rate can be very slow, especially if M » N.
For real-space finite difference (FD) discretizations, the multigrid preconditioner greatly
improves the convergence. Introducing a pseudo-time-step 1, ¥ should thus be corrected
at each step according to

wrew = @+ kD™
Note that in this algorithm all the trial wave functions are updated simultaneously.
Without preconditioning, # has to be very small (for numerical stability reasons) and the
convergence can be very slow.
For optimum convergence rate, it is important to preserve the true descent direction

when working with the nonorthogonal orbitals @. This direction can differ substantially

from the derivative with respect to ¢, (r), when the basis @ is highly nonorthogonal.

Since the direction D™ is easy to compute, the simplest way to obtain the SD direction in
the basis @ is to use the matrix C
DY =pPCc!'=wA-H¥YC '=06O-HD, (6)
where
®=S"H?®, (7)
The preconditioned steepest descent (PSD) direction in the nonorthogonal basis is thus
5@ = KD'Y'C™'= K(0O-HD), (8)
and the basis @ is updated according to @"" = @+nd®. In the particular case K =
Identity, equation (8) is equivalent to the result given by Galli and Parrinello.” Note that
0D does not depend on C and therefore does not require the solution of the eigenvalue

problem (3).
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Note that since by definition
Q" = (Y+ykKD™ )Cc™! = preve!,
the same subspace is generated at each iteration, independently of the basis, if the same
pseudotime step is used. In our simulations, we found that although the above SD works
well for some systems, its convergence rate becomes bad for large system. When the
conjugate gradient (CG) method is used, the system converges faster. In actual
calculations, the basis functions @ are corrected at each iteration using the PSD

directions. A new electronic density p(r) is then generated according to

P =22 (S kg, (r) ¢, (1),

=
as well as the new Hartree and exchange-correlation potentials. However, the old and the
new potentials are then mixed linearly. The KS functional is minimized iteratively until
self consistency is achieved.
At each step, the kinetic energy Eyi, can be evaluated in the nonorthogonal basis @

as

Ekin =2 Z (Sil)jk< ¢j | —V? | ¢k >

1
= 2
To obtain the ground-state energy E, the first term on the right-hand side of Eq. (3) can

be expressed as a trace of @,

izg | =2Tr(A) = 2Tr(©).

=1
The inclusion of unoccupied or partially occupied orbitals can substantially enhance the
convergence rate. The PSD algorithm described above can be used to improve the trial

subspace of N computed orbitals, regardless whether they are occupied or empty. In the
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computation of the electron density and the total energy, however, one needs to account
for the occupations. Therefore, a density-matrix formalism is introduced in the
nonorthogonal basis. The details are in the ref. 52.

In our simulations, the new method does show nearly linear behavior. However, due
to the local orbital representation and the related stability problem, the method’s
convergence rate and its adaptation to modern supercomputer architectures has to be
treated carefully for applications to large systems. However, quantum simulations are
always being improved. We believe the order-N real-space grid-based DFT method will

bring ab initio simulations to a new level.

1.4 Summary

With the fundamental laws of quantum mechanics and statistical physics, the
availability of high-performance computers and continuing improvements in simulation
methods and software, the goal of predicting materials from first principles seems to be
closer than ever. Yet the complexity of real materials with their intriguing interplay
between chemical composition, atomic arrangements, microstructures, and macroscopic
behavior seems to elude any attempt of using first-principles as “one size fits all”
solution. In this dissertation, we investigate not only the stability of topological defects of
different carbon nanotubes under large strain, but also the energetics of the activation

process. This challenging problem needed appropriately combined different simulation
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techniques with correct physical intuition. Here I provide an assessment of the major

atomistic simulation methods we used.

Classical
molecular
dynamics

\4

Structural and
dynamical
properties

Major atomistic simulation methods

Tight-binding

Ab initio

Approximate
electronic
structure

Structural, electronic,
optical, magnetic
properties

ﬁ Accuracy, capabilities, reliability M Increase
% Speed, maximum system size ? Decrease

For the three atomistic simulation methods, each has particular strengths and

limitations. As the fastest method, the classical molecular dynamics (MD) is the best for

the first stage of fast modeling of dynamical processes. However, one needs to be aware

that the generality and transferability of classicals potential cannot be taken for granted

and that the results obtained from MD need to be carefully evaluated. Usually, classical

molecular dynamics results need be confirmed by more reliable methods. Furthermore,

classical molecular dynamics cannot give any information about the electronic structure.
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The Brenner-Tersoff>*** model used in our carbon nanotube study shows good accuracy
for stable structures, but it fails to give reliable description in the energetics of defect
activation processes. The TB methods described in the previous section represents the
early efforts to incorporate realistic quantum mechanics effects into a model Hamiltonian.
Although TB models have been successfully applied to a number of systems and have
advantages over empirical potentials, there are limitations. For example, it is very
difficult to obtain TB parameters for systems containing more than two species. Also,
there are few accurate and transferable TB parameters available. TB parameters
constructed by fitting data from one phase might not be readily applied to the study of
other phases or the transitions among them, i.e., TB parameters are not very transferable.
Although nonorthogonal TB schemes improve the transferability of TB by relaxing the
orthogonallity assumption to some extent, the improvements are limited by their
empirical nature. Finally, the assumption that the Hamiltonian matrix does not depend
upon the distribution of electrons creates severe difficulties when dealing with systems
where charge transfer is important (this problem is partially addressed by the so-called
self-consistent tight binding (SCTB) methods™®). The Xu’s model'* has had great success
in simulating carbon materials. We found that this model can yield very good agreement
for topological defect formation in carbon nanotubes. The deviation from ab initio results
increases with strain, which can be due to the fact that the parameterization has obtained
for largely unstretched carbon materials. Because it is not easy for tight binding method
to handle systems with different elements and charge transfer, we did not use tight
binding in the study of electric transport properties of carbon nanotube-metal cluster

assemblies.
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As the most accurate and powerful technique, ab initio method is extensively used in
this work. To simulate large carbon nanotube systems, a new linear scaling local orbital
based ab initio methodology is used. The pseudopotential total energy calculations based
on DFT are applicable to all elements and produce very reliable and accurate description
of the behavior of atomic systems, provided that appropriate basis sets and
pseudopentials are used. However, in LDA binding energies are typically overestimated.
This is because LDA tends to overemphasize the metallic character and one needs to be
careful in the interpretation of the density functional one-electron energies. Although the
inclusion of gradient corrections for the exchange-correlation term (GGA>"**"%") does
not always provide systematic improvement over LDA, it does perform better where
LDA does not.

The accessible system size of ab initio method is limited to about 1000 atoms and the
tractable time scale is in the range of picoseconds even with today’s supercomputers. At
this time, significant effort is dedicated to the development of order-N methods. Although
such methods have been successfully demonstrated, the pre-factor is too large to make
them competitive with conventional methods for systems with less than one hundred
atoms. There are also quite a few implementation issues which must be addressed to

make order-N methods routine.
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Chapter 2

Carbon Nanotube Systems

2.1 Introduction to carbon nanotubes

Carbon is rather special element which can form very flexible bonding networks, for
example, one dimensional (sp') carbon chains and rings, two dimensional sp” layered
structures such as graphite, and three dimensional (sp”) diamond. In contrast, no sp
silicon phases are known to exist. It is remarkable that both graphite and diamond are
very stable. (Under normal conditions, graphite is just slightly more stable than
diamond.) Whereas graphite is a zero-gap semimetal and has the highest in-plane
stiffness, diamond is a wide-gap insulator and is the hardest three-dimensional material
available so far. Diamond and graphite also have the highest thermal conductivity of
known materials in 3-D and 2-D. However, the story of carbon seems to not have been
completed yet. The discovery of the nearly spherical molecule Cgo"' and related

626364 and the subsequent synthesis of carbon tubules,’’ now referred to as

fullerenes,
carbon nanotubes, have inspired another wave of research into carbon-based materials.
There are already a couple excellent reviews and books on various forms of carbon

materials (for example, carbon fibers, glassy carbon, carbon black, amorphous carbon,
etc.).5>0

In 1991, Tijima®’ reported the synthesis of a new type of carbon structure, “needle-like

tubes”, using an arc-discharge vaporization method similar to that used for fullerene
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synthesis. The original carbon tubules consisted of several (ranging from 2 to about 50)
concentric graphitic shells, and had diameters of a few nanometers. These multi-shelled
carbon microtubules are now called multi-walled carbon nanotubes. Single-walled carbon
nanotubes were later synthesized by arc-discharge vaporization,****"° laser ablation of

72,73,74

carbon targets’' and chemical vapor deposition (CVD) in the presence of catalysts

(Fe, Ni, or Co). With the progress in synthesis of carbon nanotubes, >¢77-78.7-80.8182.83
carbon nanotube can be obtained in high quality and quantity at reasonable cost.
From a purely geometrical perspective, a sigle-walled carbon nanotube (SWCNT) is

formed by rolling up a graphene (single-layer graphite) sheet into a cylinder (see the

following Figures).
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Figure 2 Graphene sheet is rolled up into carbon nanotube.

Please note that it is not likely that carbon nanotubes are formed this way in real
experiments. In fact, the nucleation and growth mechanisms of carbon nanotubes are still

84,85,86,87,88,89

an active research topic. The followings are some experimental TEM images

of carbon nanotubes.
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Figure 3 SWNT and MWNT TEM images

A single-walled carbon nanotube is uniquely specified by its circumferential vector
C=nA;+mA,; as shown in Fig. 2.2, where A and A, are the unit vectors of graphite, and n
and m are integers. A single-walled carbon nanotube with C=na;+maj is called an (n, m)
nanotube.

Two particular classes of single-walled nanotubes are worth mentioning. One is (n,
0), also called zigzag nanotubes, and the other is (n, n) or armchair nanotubes. Generic (n,
m) nanotubes are called chiral nanotubes. In contrast, (n, 0) and (n, n) nanotubes are

achiral (non-chiral). The diameters d of an (m, n) nanotube can be calculated by

N Nm* +mn+n?
dc_c jn >

d=A3

where a._ is the C-C bond length. The chiral angle (or wrapping angle) 0 is

3m

f=tan™"[

1.

For (n, 0) nanotubes, 0 is zero. However, the wrapping angle of (n, n) nanotubes is not

zero but 6 = 30°. A double walled nanotube can be specified by indexing each of the
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walls starting from inner layer, for example, (5, 5)@(10, 10).
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Figure 4 Structure specification of single-walled carbon nanotubes. The circumferential vectors

shown in the figure correspond to different types of carbon nanotubes.

Carbon nanotubes have been the focus of intensive research for the past decade due to

their unique properties that could have impact on broad areas of science and

90,91

technology.”™”" Many times, carbon nanotubes have been on the cover pages for major

41



research journals, such as Science and Nature. The following table summarizes carbon

nanotube’s main properties and potential applications.

Properties

Potential Applications

Mechanical

- extraordinary elastic properties’*: 1000

times stronger than steel (stress) and 6 times

lighter.

- High flexibility of carbon

93,94,95,96,97

nanotubes, unlike carbon fibers

- Expansion by charge injection

- Reinforcement for composite

98,99

materials, " space elevator...

1
- Actuators'”

- Atomic Force Microscope (AFM)

- 101,102
tips

Electrical

- Metallic or semiconductor, depends on

Chirality103,104,105

- Ideal ballistic conductor'®®

- Easily tunable field emission'"'*

- Conductive plastics (Electro Magnetic
Shielding, protection against antistatic

discharges)

- Electronical nanocomponents (diodes,

transistors...)

- Electron gun, field emission display'”,
lamps,''* x-ray'"' or microwave''*'"?

generators
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Physico-chemical

- High specific area (several hundreds of sqm - Hydrogen''*/Lithium' " storage for fuel

per gram) cell or batteries

- Cavities enabling molecular storage inside - Nanometric test tubes''®

the carbon nanotube
- Electronical nanocomponents, material

- High thermal stability (up to 1500 °C under protection....

vaccum)
- Chemical sensors and biosensors, ultra

- Chemical treatment on carbon nanotubes, fast gas detection...
enabling attachment of other molecules to

carbon nanotubes

The study of carbon nanotubes has greatly broadened the scope of nanoscience and
nanotechnology. Carbon nanotube stimulated non-stop discoveries of new materials, like
carbon nanohorns'!”’, peapods, boron nitride nanotubes, etc. Carbon nanotube is

becoming the popular icon nano-materials.

2.2 Superior Mechanical Properties

Due to the extremely strong sp” bonding network of carbon and the flexible orbital
hybridization of carbon atoms, both SWCNT and MWCNT have been seen to exhibit
unique mechanical properties: carbon nanotubes are not only quite stiff and exceptionally

strong, but also very flexible to mechanical stimuli. With the fact that carbon is a very
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light element and CNTs are hollow structures, CNTs make ultra-light and super strong
materials unmatched by any other known material.

It is by now well established in theoretical and experimental studies that carbon
nanotubes have a high Young’s modulus and high tensile strength. However, the
published mechanical parameters can be very confusing, because some groups use the
total occupied cross-sectional area and others use the much smaller van der Waals area
for defining Young’s modulus and tensile strength. Using the total area per nanotube in a
nanotube bundle for normalizing the applied force to obtain the applied stress, Gao et
al'’® calculated the Young’s modulus for an individual (10,10) nanotube as ~0.64 TPa,
which is consistent with experiment measurements by Yu et al.'"” Up to now the

119,120

measured elastic limit for tensile strain is ~5.8% before breaking. Using the

measured in-plane Young’s modulus of graphite 1.06 TPa, this would lead to an even

2lyuetal

greater strength per NT wall than that of silicon carbide nanorods (~53 GPa).
also measured Young’s modulus under tensile loading MWCNTs, obtaining 270 to 950
GPa.'* In another experiment, Lourie and Wagner'> used micro-Raman spectroscopy to
measure the compressive deformation of a nanotube embedded in an epoxy matrix. For
SWCNT, they obtained a Young’s modulus of 2.8-3.6 TPa, while for MWCNT, they

measured 1.7-2.4 TPa. Early theoretical predictions'***?

of Young’s modulus, assuming a
thickness of 0.34nm for the nanotube, are in the range of 1.5 to 5.0 TPa (in-plane
modulus of graphite 1.06 TPa). In the very early energetics analysis of CNTs, using
elastic theory, Tibbetts'* pointed out that the strain energy of the nanotube is

proportional to 1/R* (where R is the radius of the CNT). Soon after the discovery of CNT,

Robertson et al examined the energetics and elastic properties of SWCNTSs with radii less
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than 0.9 nm using both Brenner’s potential and first-principles total energy methods.
Their results showed a consistent linear proportionality to 1/R* of the strain energy,
which implies that small deformation beam theory is still valid even for the small radius
limit. Gao et al carried out a similar study on SWCNTs of larger radius (up to 17 nm)
with a potential that is derived from quantum mechanics. A similar linear relation of the
strain energy of 1/R* was found, with Young’s modulus from 640.30 GPa to 673.49 GPa.
Yakobson et al compared particular molecular dynamics simulation results to the
continuum shell model and thereby fitted both a value for Young’s modulus (~5.5 TPa)
and for the effective thickness of the CNTs (t=0.066 nm). Lu derived elastic properties of
SWCNTs and MWCNTs using an empirical model in his MD simulation. A Young’s
modulus of ~ 1 TPa and a shear modulus of ~ 0.5 TPa were reported based on a simulated
tensile test. (The product of shell thickness and Young’s modulus is still equal to that of
Ygraphite, 1. €. Y, = Ygraph * Cgraph.) Lu also found from his simulation that factors such as
chirality, radius and the number of walls have little effect on the value of Young’s
modulus. Similar results are obtained by other methods. Zhou et al estimated strain
energy and Young’s modulus based on electronic band theory. They computed the total
energy by taking account of all occupied band electrons. The total energy was then
decomposed into the rolling energy, the compressing or stretching energy and the
bending energy. By fitting these three values with estimates based on the continuum
elasticity theory, they obtained Young’s modulus of 5.1 TPa for SWCNT having an
effective wall thickness of 0.71 A. Note that this is close to the estimate by Yakobson et
al, since the rolling energy and stretching energy terms were also included in the shell

theory that Yakobson et al used. In addition, the accuracy of the continuum estimate was
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validated by the derivation of a similar linear relation of the strain energy to 1/R.
Although no agreement has been reached among these publications regarding the value of
the Young’s modulus at this moment, it should be pointed out that a single value of
Young’s modulus cannot be uniquely used to describe both tension/compression and
bending behavior. The reason is that tension and compression are mainly governed by the
in-plane 6-bond, while pure bending is affected mainly by the out-of-plane w bond. It
may be expected that different values of elastic modulus should be obtained from these
two different cases unless different definitions of the thickness are adopted, and that is
one reason that accounts for the discrepancies described above. However, the main
reason for the discrepancies is still due to different cross sections used in deriving the
Young’s modulus.

Direct observations, mostly using high-resolution TEM, have shown that carbon
nanotubes can bend, twist, and kink without fracturing. When bent or twisted, the
nanotubes appear to flatten in cross section. Local or global buckling can occur in both
the axial and transversal direction. The first simulation of the bent nanotube was
stimulated by the experimental observation of a kink of a bent nanotube in a high-
resolution transmission electron microscope (HRTEM). Classical molecular dynamics
simulations using a realistic many-body potential, namely the Brenner potential that
reproduces the lattice constants, the binding energies, and the elastic constants of both
graphite and diamond, reproduced well the overall shape of the bent nanotube and
predicted that the bending is highly reversible. The first bucking pattern starts at a
nominal compressive strain of 0.05. Buckling due to bending and torsion was

demonstrated in Ref. [37, 60-62]. In the case of bending, the pattern is characterized by
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the collapse of the cross-section in the middle of the tube, which confirms the
experimental observations by Iijima et al and Ruoff et al, also used HRTEM, and by
Wong et al, who used AFM. When the tube is under torsion, flattening of the tube, or
equivalently a collapse of the cross-section, can occur due to the torsional load. Using a
nanomanipulator, Falvo et al bent MWCNTs repeatedly through large angles without
causing any permanent damage to the tube. Similar methods were used by Hertel et al to
buckle MWCNTs due to large bending. Lourie et al captured the buckling of SWCNTs
under compression and bending by embendding them into a polymeric film. Unlike the
single kink seen by lijima et al, the buckling pattern under bending was characterized by
a set of local rippling modes.

The studies of the radial deformation of carbon nanotube have also yielded
unexpected results. Ruoff et al were the first to discover that CNTs are not necessarily
perfectly cylindrical. They observed partial flattening due to van der Waals forces in
TEM images of two adjacent and aligned MWCNTs along the contact region. This
encourages the guess that in an anisotropic physical environment, all CNTs are likely to
be, at least to some degree, not perfectly cylindrical due to mechanical deformation.
Tersoff and Ruoff studied the deformation pattern of SWCNTs in a close-packed crystal
and concluded that rigid tubes with diameters smaller than 1 nm are less affected by the
van der Waals attraction and hardly deform. But for diameters over 2.5 nm, the nanotubes
flatten against each other and form a honeycomb-like structure. Similar geometry
dependence on the tube radius was found in the study of isolated nanotubes by Gao et al
using an energetics analysis. The flattening of larger diameter SWCNTs could have a

profound effect on factors such as storage of molecular hydrogen in SWCNT crystals
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comprised of large diameter tubes, if they can be made, because the interstitial void space
is dramatically altered. Lopez et al have reported a HRTEM observation of polygonized
SWCNTs in contact. Chopra et al observed fully collapsed MWCNTs with TEM and
showed that the collapsed state can be energetically favorable for CNTs with certain
critical radii and overall wall thicknesses.

It is interesting to speculate whether larger diameter SWCNTs would ever remain
completely cylindrical in any environment. A nearly isotropic environment would be a
liquid comprised of small molecules, or perhaps a homogeneous polymer comprised of
relatively small monomers. However, because the CNTs have such small diameters,
fluctuations are present in the environment on this length, locally destroying the time-
averaged isotropy present at longer length scales, which may trigger collapse.
Alternatively, if full collapse does not occur, the time-averaged state of such a CNT in a
(time-averaged) isotropic environment might be perfectly cylindrical. Perhaps for this
reason, CNTs might be capable of acting as probes of minute fluctuations in their
surrounding (molecular) environment.

Shen et al conducted a radial indentation test of ~10 nm diameter MWCNTSs with
scanning probe microscopy. They observed deformability (up to 46%) of the tube and
resilience to a significant compressive load (20 puN). The radial compressive elastic
modulus was found to be a function of compressive ratios and ranged from 9.0 to 80.0
GPa. Yu et al performed a nano-indentation study by applying compressive force on
individual MWCTs with the tip of an AFM cantilever in tapping-mode and demonstrated
a deformability similar to that observed by Shen et al. They estimated the effective elastic

modulus of a range of indented MWCNTs to be from 0.3 GPa to 4 GPa by using the
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Hertzian contact model. Note that the difference between this effective elastic modulus
and the elastic modulus from Shen et al is that the effective modulus refers to the elastic
response to deformation of an anisotropic indentation load applied in the radial direction.

Outstanding reversible volume compression of SWCNTSs was observed by
Chesnokov et al. The applied quasi-hydrostatic pressure was up to 3 GPa and the
obtained volume compressibility was 0.0277 GPa™, which suggests the use of the CNT as
energy-absorbing materials. The volume compressibility of SWCNTSs having a diameter
of 1.4 nm under hydrostatic pressure was also studied by Tang et al by in situ synchrotron
x-ray diffraction. The studied SWCNT sample, which consisted primarily of SWCNT
bundles and thus not individual or separated SWCNTs, showed linear elasticity under
hydrostatic pressure up to 1.5 GPa at room temperature with a compressibility value of
0.024 GPa™', which is smaller than that of graphite (0.028 GPa™). However, the lattice
structure of the SWCNT bundles became unstable for pressure beyond ~4 GPa, and was
destroyed upon further increasing the pressure to 5 GPa.

A very subtle point that comes into the picture is the effect of interlayer interactions
when CNTs collapse. This effect can produce some results that cannot be described by
traditional mechanics. For instance, Yu et al observed fully collapsed MWCNT ribbons
in the twisted configuration with TEM. One such cantilevered MWCNT ribbon had a
twist present in the freestanding segment. Such a configuration cannot be accounted for
by elastic theory since no external load (torque) is present to hold the MWCNT ribbon in
place and in the twisted form. However, it is known that a difference of approximately
0.012 eV/atom in the interlayer binding energy of the AA and the AB stacking

configurations exists for two rigid graphitic layers spaced 0.344 nm apart. The analysis
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by Yu et al suggests that the elastic energy cost for the twist formation of this particular
CNT ribbon can be partially compensated by achieving more favorable atomic registry.
The observation of the existence of this freestanding twist in the ribbon thus suggests that
there is an energy barrier keeping the twisted ribbon from untwisting. The mechanics
analysis performed suggests that this twisted structure is metastable.

The strength of a CNT will likely depend on the distribution of defects and geometric
factors. Breakage is due to bond breaking or plastic yielding. For perfect nanotubes, the
strength could approach the theoretical limit due to the small density of the defects in
nanotubes, unlike bulk graphite. However, determining the ultimate tensile strength of
CNT is challenging for both theory and experiments study. We mentioned earlier that Yu
et al has obtained tensile strain limit 5.3% for SWCNTs and 12% for MWCNTs in their
tensile load experiments. Early classical MD simulations give quite high breaking tensile
strain at 30% and 18.7%. When Buongiorno Nardelli et al studied the strain release
mechanism under tensile loading using both classical and quantum molecular dynamics,
they found that the bond rotation leading to the 5-7-7-5 defect formation is the major
limiting factor for CNT strength. For tensile strain greater than about 5%, the formation
of 5-7-7-5 defect occurs, which leads to further defects and eventual breakage. They also
point out that CNTs can exhibit either brittle or ductile behavior depending on their
chirality, diameter and temperature. Their result leads to a ductile-brittle domain map of
CNTs. Our recent large-scale quantum calculations show that the activation barriers for
the formation of 5-7-7-5 defects are much larger than estimated previously. Our
theoretical results indicate a substantially greater resilience and strength, and show that

the ultimate strength limit of carbon nanotubes has yet to be reached experimentally. The
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details will be given in next chapter. In the end, it is also interesting to mention that the
Stone-Wales transformation'*® (bond rotation) and subsequent ductile deformations
change the chirality of the carbon nanotube, which creates carbon nanotube
heterojunction useful for nanotube electronics.

As a brief summary, compared with their high rigidity in the axial direction, CNTs
are observed to be much more compliant in the radial direction. Thus a CNT readily takes
the form of a partially or fully collapsed nano-ribbon when the radius and wall thickness
are in particular ranges, when either isolated in free space or in contact with a surface. A
CNT may also locally flatten when surrounded, as for example occurs in SWCNT
bundles. The ultimate strength of CNT has been investigated both theoretically and

experimentally. The results indicate that CNT is the strongest material known.

2.3 Unique Electronic Structure and Extraordinary Transport

Properties

The electronic properties of carbon nanotubes are fascinating. They can be either
metallic or semiconducting depending on their wrapping index and diameter. The one-
dimensional metal is stable under the so-called Peierls instability. The energy gap for a
semiconductor nanotube, which is inversely proportional to its diameter, is directly
observed by scanning tunneling microscopy measurements. The unique electronic
structure of CNTs is directly related to the unique Fermi surface structure of graphene,
combined with the quasi one-dimensional nature of carbon nanotubes and their rich

geometries.
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Figure S The energy dispersion relation of conduction band for a graphene sheet from equation

Q2.1).

When the curvature effect is neglected, a single-walled carbon nanotube is considered
as a graphene sheet rolled up into a cylinder. Therefore, the electronic structure of a
SWCNT can be derived simply from that of two-dimensinal graphite. Figure 5 shows the
energy dispersion relation of the n* band for 2D graphene, considering only the p, orbital
of carbon. The commonly used energy dispersion relations for the electronic structure,

considering only w and n* band, of a graphene sheet is
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3 xa ky(l 2 kya %
E,, (k. k,)==t{1+4cos( 5 )cos( 5 )+4cos (T)} (2.1)

This relation shows that the w and ©* bands meet at K point, which is the Fermi level.
Therefore, the graphene sheet is a zero-gap semiconductor. Because of the periodic
boundary condition along the circumferential direction Cy, of the nanotube, the wave
vector associated with the C;, direction is quantized. Since the wave vector associated
with the direction of the translational vector T remains continuous, the allowed wave-
vectors of carbon nanotube in the Brillouin zone become parallel lines. If the allowed
lines pass the Fermi points K (corresponding to (n, m) nanotubes with n-m=3k, where k
is an integer) the nanotube is metallic, otherwise it is semiconducting. Furthermore, since
the dispersion of bonding and anti-bonding © bands around the Fermi-points is almost
linear, the band gaps of the semiconducting nanotubes must have an envelop-function
proportional to 1/r, where r is the tube diameter.

Although the above model is relatively simple, it works remarkably well, as has been
discovered by comparisons with more complex models and experimental results. Even
the 1/r behavior agrees well with experiment data. However, deviations from this simple
model could arise when the mixing of in-plane ¢ and out-of-plane m orbitals increases in
smaller diameter tubes. Early theoretical analysis show that a metallic carbon nanotube
with n-m=3k and k#0 is not stable against the perturbation induced by the curvature. A
small band gap can occur in CNTs with radii less than 10 A. For all metallic nanotubes
with radii in the range of 2.5 to 10 A except the armchair ones, the band gap decreases
with the second power of the radius. For nanotubes with even smaller radii (such small
diameter nanotubes have been synthesized recently inside MWCNTs or freestanding), the

above model is no longer valid, and more fundamental, first-principles calculations are
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needed to adequately describe their electronic properties. As a result, only (n, m)
nanotubes with n=m remain metallic and free from the Peierls distortion at room
temperature. (The Peierls distortion is strongly suppressed due to the rigidity of the sp*
bonding network and the low density-of-states (DOS) of graphene near the Fermi level,
therefore it can be easily destroyed by thermal effects.) Therefore, we have the following
general rules for predicting the band gap of a carbon nanotube:

(1)if n = m, metallic,

(2)if n-m = 3k, where k is an integer and k # 0, a small gap semiconductor,

(3)if other, semiconducting with a band gap proportional to 1/r

The classification of SWCNT is for isolated tubes. Experimentally synthesized
single-walled nanotubes usually tend to self-assemble as bundles called “ropes”, due to
van der Waals attraction. The inter-tube interactions introduce small pseudogaps in ropes
of normally metallic tubes.

The electron transport behavior of carbon nanotube systems have been investigated
comprehensively by different theoretical and experimental groups. From carbon
nanotubes’ electronic structure, armchair nanotubes have two extended electron bands
crossing at the Fermi level. They are expected to behave as an ideal two-channel ballistic
conductor with quantum conductance 2Go (G¢=2¢*/h=12.9KQ™). The first experiment for
carbon nanotubes to show quantized conductance was carried out by Frank et al'?’. They
performed transport measurements between MWCNT and liquid mercury. Their results
show that the MWCT is indeed a ballistic conductor with a single conductance quantum
Go. The difference between the measured and the theoretically predicted value of 2Gy is

believed to be due either to a back-scattering mechanism from the metal'*® or to possible
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129,130

inter-wall interactions within the multi-walled nanotubes. The most recent

BLI32 51 well-contacted metallic SWCNT show conductance values close

measurements
to 2Go, which is consistent with band structure predictions. Recent theoretical analysis'
of the conductance of MWCNT’s shows that the tunneling current between states on
different walls of a defect-free, infinitely long MWCNT is vanishingly small in general,
which leads to quantization of the conductance of MWCNT’s. The estimated generic
interwall conductance is negligible compared to the intrawall ballistic conductance.
Structural deformations have significant effect on the electronic properties of
nanotubes. It was shown that uniaxial stress, while not greatly affecting the band
structure of armchair nanotubes, significantly alters the band structure of zigzag

134
nanonotubes.

In fact, it is possible to use the simple analytical relations for the  band
structure of graphene to derive the strain-induced changes in the electronic structure of
nanotubes. The resulting relations predict a transition from semiconducting to metallic
behavior as a function of strain and vice versa.'> The same effects are obtained in more
sophisticated calculations, with only some quantitative modifications. Tight-binding
calculations, considering sp°z orbitals, shows that bent carbon nanotubes maintain their
basic electrical properties even in the presence of large mechanical deformations."*® The
conductance sensitivities to mechanical deformations of chiral nanotubes may lead to
switch or strain sensor applications.

Disorder effects also play an important role in 1D transport. White and Todorov'’
predicted that in contrast to normal metallic nanowires, where electrons can become

localized due to the 1D nature of the system, conduction electrons in metallic armchair

nanotubes experience an effective disorder averaged over the tube circumference, leading
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to electron mean free paths that increase with nanotube diameter. This increase in mean
free paths can lead to extraordinary ballistic transport properties and localization lengths
of the order of hundreds of nanometers and more, which has been observed
experimentally.'” Similarly, theoretical studies by Anantram and Govindan'*® have
revealed that weak uniform disorder does not radically alter the conductance near the
band center. Both theoretical and experimental studies of the effects of disorder on the
transport properties of metallic and semiconducting carbon nanotubes have been carried

out by McEuen et al.'*

They verified that the mean free path is much larger in metallic
tubes than in doped semiconducting tubes, and pointed out that this result can be
understood theoretically if a long-rang disorder potential is present.

Experiments showed that molecule adsorption can dramatically changes the
conductance of carbon-nanotube-based systems. For example, the electrical resistance of
a semiconducting carbon nanotube can respond quickly and drastically to some gas

140

molecules, such as NH3, NO,.”™ This makes the carbon nanotubes very promising as

chemical/biological sensor in the size range of nanometer. Furthermore, oxygen

: . 141,142,143,144,145
adsorption can have substantial effect on transport measurements. "> =" F

or
specific defects and impurities in carbon nanotubes, they can introduce different
scattering and bound states, and their effects on conductance can differ significantly. For
example, B doping,'*® as expected, mainly affects the lower part of the metallic plateau,
as does the vacancy, while N reduce conductance only in the upper part. A complex
topological defect, the pentagon-heptagon pair, can reduce conductance at both ends of

the plateau. In a recent experiment,'*’ resonant electron scattering by structural defects

has been observed, although it has not been possible to resolve the structure of the
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defects.

Carbon nanotubes hold other important properties. For example, recent thermal
transport measurements' *° of individual MWCNT at room temperature show that the
carbon nanotubes’ thermal conductivity (>3000 W/m<K) is greater than that of natural
diamond and the basal plane of graphite (both about 2000 W/me<K). Therefore, carbon
nanotube could be the best heat conductor in the world. Even superconductivity of carbon

149,150
nanotubes was found at very low temperatures.

There are too many extraordinary
electronic properties for carbon nanotubes to list here. Readers can consult the carbon

66 . . 65
nanotube books”” and review articles’” to find out more.
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Chapter 3
Ultimate strength of Carbon nanotubes

The ultimate strength of carbon nanotubes is investigated by large-scale quantum
calculations. While the formation energy of strain-induced topological defects determines
the thermodynamic limits of the elastic response and of mechanical resistance to applied
tension, it is found that the activation barriers for the formation of such defects are much
larger than estimated previously. The theoretical results indicate a substantially greater
resilience and strength, and show that the ultimate strength limit of carbon nanotubes has
yet to be reached experimentally. Nanotubes are indeed the strongest material known.
This chapter is organized in the following order: first, an introduction is given to the
strain-introduced topological defect, 5-7-7-5 defect; second, theoretical methods used in
our calculations are listed and discussed; in the third section, simulations results are
presented and discussed; conclusions and implications of our theoretical investigation of

carbon nanotube’s ultimate strength are given at the end of this chapter.

3.1 Introduction

The mechanical response of carbon nanotube to severe deformations and strains has
attracted much attention since their discovery® in 1991. As discussed in the last chapter,
carbon nanotubes have already demonstrated exceptional mechanical properties: their

excellent flexibility during bending has been observed experimentally and studied
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theoretically. Nanotubes combine high stiffness with resilience and the ability to buckle
and collapse in a reversible manner: even largely distorted configurations (axially
compressed or twisted) can be due to elastic deformations with virtually no atomic
defects involved. For these reasons, it has been suggested that carbon nanotubes could be
promising candidates for a new generation of extremely light and superstrong fibers.
Although it is conceptually simple, measuring the strength of nanotubes is very
challenging in experiments, because it is difficult to grow and characterize defect-free
nanotubes. Furthermore, the manipulation and measurement on such small objects, like
nanotubes, is still far from trivial. Theoretically, investigating the ultimate strength of
carbon nanotubes requires modeling of inherently mesascopic phenomena, such as
plasticity and fracture, on a microscopic, atomistic level, which presents its own set of
challenges. The current MD methods have severe limitations in time scale and system
time, compared to what is used in experiments. Moreover, the reliability of widely used
classical MD under conditions of large deformations, bonds breaking and reforming is
questionable. However, the initial stages of strain-induced transformations can be
deduced from quantum simulations and these results can be further refined by detailed

investigations of the potential energy landscape.
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Armchair tube (5,5)

—~ulll—

Figure 6 Bond rotation in strained carbon nanotubes: (a) Side view of a (5,5) armchair tube
under axial strain: rotating the bond "AB" by 90° forms a (5-7-7-5) defect (dashed lines). (b) Side
view of a (9,0) zigzag tube where the bond "EF" is responsible for the formation of the (5-7-7-5)
defect (dashed lines).

It is now well established from simulations that beyond a certain value of the applied

strain, around 5-6%, single-walled carbon nanotubes respond to the mechanical stimuli
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via the spontaneous formation of topological defects.'”’ Given the well-known 1 TPa
Young modulus of graphite and a similar modulus of nanotubes'>* when rescaled to the
density of graphite, the range of elastic response indicates enormous strength, unmatched
by any other known material. It has also been shown that the mechanical response
depends critically on tube geometry: zigzag tubes display a higher strain resistance than

133134 Different orientations of the carbon bonds with

armchair tubes with same diameter.
respect to the strain axis in tubes of different symmetry lead to completely different
scenarios: ductile or brittle behaviors can be observed in nanotubes of different indices
under the same external conditions. Furthermore, the behavior of nanotubes under large

151,153

tensile strain strongly depends on their symmetry and diameter and the initial stages

of strain-induced transformations can be explained by dislocation theory.""'>

Recently,
some of these predictions have been confirmed by two independent experiments: a
number of carbon nanotubes do not exhibit mechanical failure and breakage up to about

. 119,120
5% strain.

These results, although important in addressing the problem of strength
of carbon nanotubes, do not clearly determine the ultimate limit of their mechanical
response, due to the quality of the samples and experimental limitations.

In order to determine the ultimate limits of the elastic response of strained carbon
nanotubes, one needs to address not only the problem of the stability of topological
defects under strain, but equally importantly, as it turns out, the energetics of the
activation process.

We have therefore carried out extensive large-scale quantum calculations of the

mechanism of formation of strain-induced topological defects in carbon nanotubes. Our

results indicate that although the topological defects become energetically stable at
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strains of the order of 5-6%, the activation barriers for their formation are extremely high,
thus hindering the creation of such defects even at relatively large strains. This implies
that ideal, structurally perfect single-walled carbon nanotubes should be kinetically stable
and resist strains well beyond the 5% observed experimentally, and that they can indeed

be considered the strongest materials known.

3.2 Methodology

The quantum simulations were carried out with a multigrid-based total-energy
method that uses a real-space grid as the basis.”® The Perdew-Zunger parameterization™
of the Ceperley-Alder'*® exchange-correlation energy was used. The Kleinman-Bylander
approach®® was chosen to include non-local, norm-conserving pseudopotentials.'>”'>*1>
The convergence in both k-space sampling and grid size was carefully evaluated, and the
supercell containing the nanotube included a large vacuum region of 7 A, in order to
ensure that the interactions between tube images can be neglected.

In order to extend this study to a larger class of systems and to overcome the
computational limitations of calculations, we have carried out extensive comparisons
between the accurate but expensive ab initio approach and the less computationally
demanding semi-empirical tight-binding and classical molecular dynamics methods. The
tight-binding and classical potential methods use adjustable parameters, which are
usually determined by fitting experimental data for diamond, graphite and carbon chains

in their equilibrium configurations. The reliability of these parameters for describing the

properties of strained carbon nanotube structures needs thus to be verified by full
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calculations. In the tight-binding simulations we used an orthogonal sp’ model of Xu

1."> This model is able to describe the dynamical and elastic properties of nanotubes

eta
with good accuracy and reliability. The classical molecular dynamics calculations used
the Tersoff-Brenner many-body potential to model interactions between carbon
atoms.”**> Although this potential is not as accurate as the quantum-mechanical methods,

it is very useful for qualitative and semi-quantitative estimates, and for explorations of

the long-time evolution or of large portions of the potential energy landscape.

3.3 Computational Results and Discussion

From the geometrical point of view, carbon nanotubes are hollow cylinders consisting
of "rolled-up" graphite sheets (graphene). Therefore, imposing an axial tension on a
nanotube is geometrically similar to imposing a lateral strain on a graphene sheet. Since
the hexagons comprising the nanotube walls have different orientations with respect to
the tube axis (the so-called wrapping angle), an axial tension translates into lateral strains
at varying angles in the graphene sheet. In particular, an axial strain in an armchair tube
corresponds to a planar tension which is applied perpendicular to the bond marked "AB”
in Figure 6(a), while in a zigzag tube the planar tension is parallel to the bond indicated
as “CD" in Figure 6(b). We call the tension in armchair tubes “transverse” while the
one in zigzag tubes will be called "“longitudinal." The transverse tension finds natural
release in a 90° rotation of the “AB” bond in Figure 6(a). This rotation changes four

neighboring hexagons into two pentagons and two heptagons, forming a pentagon-
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heptagon-heptagon-pentagon (5-7-7-5) defect (indicated by dashed lines in Figure 6(a)),

126

and is known as the Stone-Wales transformation. = The Stone-Wales transformation

effectively elongates the tube in the strain direction, releasing the excess strain
energy."”""** In a zigzag tube, which experiences longitudinal strain, the “EF” bond in
Figure 6(b) forms a 60° angle with the tube axis, and a similar (5-7-7-5) defect (indicated

by a dashed line in Figure 6(b)) cannot effectively release the excess strain. This implies

that a greater resistance to axial strain should be expected in zigzag nanotubes.
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Figure 7 (a) Formation energy of the (5-7-7-5) defect in a (5,5) nanotube (circles) and a

graphene sheet (sqares) as function of uniaxial strain. (b) Activation energy for the formation of the

(5-7-7-5) defect.

We have carried out extensive ab initio calculations, investigating the formation and

activation energies of the (5-7-7-5) defect in a (5, 5) carbon nanotube and a graphene
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sheet subject to strains of up to 15%. We used constant-strain instead of constant-stress
conditions for computational simplicity. However, constant-stress conditions do not
produce significant differences at the onset of nonelastic behavior. While the formation
energy (the difference in total energies between a defective and an ideal carbon nanotube)
is the quantity that determines the stability of a topological defect, the activation energy
(the energy barrier that a system has to overcome to form a defect) is the quantity that
determines the ultimate limit of the elastic response. If this barrier is sufficiently high, the
defect will not be created even if its formation is thermodynamically preferred, and the

51 The activation barriers for the

elastic response will extend into the metastable regime.
Stone-Wales transformation have been computed by forcing the angle of the C-C bond to

rotate about its center while relaxing all the remaining internal degrees of freedom of the

tube at each step.
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Figure 8 Comparison between ab initio and tight-binding results for a (5,5) nanotube and a

graphene sheet. (a), (c) Formation energies; (b), (d) activation energies. The ab initio results are

connected by a solid line, while a dashed line connects the tight-binding results.

The formation energies obtained from calculations are shown in Figure 7(a) for both
the (5, 5) tube (solid line) and the graphene sheet (dashed line). The formation energy of
the (5-7-7-5) defect decreases almost linearly with strain and the defect becomes
energetically favored at strains above 6%. The same trend is observed for the graphene
sheet, although the defect energies are about 1eV higher than in the (5, 5) tube. The lower
energy of the defects in the nanotube can be attributed to its curvature, which allows for a
better relaxation of bond angles. The absence of curvature in the flat graphene sheet

makes the formation of the (5-7-7-5) defects less favorable, since the bond angles
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between the atoms comprising the defect are forced to deviate from the ideal sp”
geometry. However, once the (5-7-7-5) defects are formed, their stabilities in the (5, 5)
tube and the graphene sheet are comparable. In Figure 7(b) we display the activation
energies for defect formation in both the nanotube and the sheet. These energies are very
high: at 0% strain they are 8.6 eV in the (5, 5) tube and 9.9 eV in the graphene sheet. The
latter value is in good agreement with the “concerted exchange” diffusion process in
graphite, where a value of 10.4 eV was obtained.'® Since the activation energies are so
high, the strain relaxation process is kinetically controlled at room temperature. However,
the barriers to defect formation decrease significantly with strain. For example, the
activation energy for the Stone-Wales transformation in a (5,5) tube becomes 1.95 eV at
15% strain. In general, although the formation energies of the (5-7-7-5) defect in the (5,5)
tube are lower than those in graphene with transverse strain, the activation energies in

both systems are very close.
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Figure 9 Comparison between ab initio and classical potential results for a (5,5) nanotube and a

graphene sheet. (a), (c) Formation energies; (b), (d) activation energies. The ab initio results are

connected by a solid line, while a dashed line connects the classical potential results.
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Figure 10 Curvature effects on the formation and activation energies of the (5-7-7-5) defect in

strained armchair nanotubes and graphene under transverse strain. Circles correspond to a (5,5)

tube, squares to a (10,10) tube, and diamonds to a graphene sheet.

The high activation energies suggest that the perfect hexagonal network is kinetically

stable even for strain values substantially larger than 5%. The use of a simple Arrhenius
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—AE

T confirms that the tubes are extremely stable at room

expression I'= N, ve
temperature in their hexagonal equilibrium configuration due to the large value of the
activation energy AE. The quantities that enter in the Arrhenius expression are the

activation energy for the bond rotation AE, the absolute temperature T, the Boltzmann

constant kg , the number of bonds Npongs , and an effective frequency v , which is
associated with the vibration of the bond in the direction of the saddle point. We estimate
the latter using the frequency of the bond rotation mode'®" in a carbon nanotube, 107"
sec”'. The same conclusion can be drawn on the basis of the only two published
experiments that have measured the strength of carbon nanotubes. In both cases, some
carbon nanotube samples have supported maximum strain values above 5%. These
values, although in remarkable agreement with the prediction of the thermodynamic
stability of the (5-7-7-5) defect,”' do not represent the ultimate strain limit for the
system. The presence of frozen-in defects that were formed during growth can certainly
limit the maximum sustainable strain, since they act as nucleation centers for further
topological modifications."”"'>* Moreover, the appearance of a (5-7-7-5) defect can be
interpreted as a nucleation of a degenerate dislocation loop in the planar hexagonal
network of the graphite sheet.”*'*® The configuration of this primary dipole is a (5-7)
core attached to an inverted (7-5) core. The (5-7) defect behaves thus as a single edge
dislocation in the graphitic plane. Once nucleated, the (5-7-7-5) dislocation loop can ease
further relaxation by separating the two dislocation cores, which glide through successive
Stone-Wales bond rotations. This corresponds to a plastic flow of dislocations and gives
rise to ductile behavior in the nanotube. Moreover, the 5-7 defect is the smallest defect

that can change the tube index without drastically altering the local curvature of the
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nanotube.” 7"

In fact, the dissociation of the (5-7-7-5) defects results in
seamlessly connected nanotube sections of different symmetry. The relevance of this

process for the production of all-nanotube microelectronic devices has been recently

demonstrated experimentally'®® and was also discussed theoretically in conjunction with

7
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Figure 11 Curvature effect on the formation and activation energies of the (5-7-7-5) defect in

strained zigzag nanotubes and graphene under longitudinal strain. Circles correspond to a (9,0) tube,

squares to a (17,0) tube, and diamonds to a graphene sheet.

We have extended the present investigation to a larger variety of nanotubular systems
using tight-binding and classical potential methods. These more phenomenological

techniques are needed to overcome the substantial limitations of ab initio calculations
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with regard to system size and the number of cases that can be studied.

We first turn to comparisons between ab initio, tight-binding and classical molecular
dynamics results, in order to determine the reliability of the simpler techniques. Figure 8
compares the results of ab initio and tight-binding calculations for both the (5,5) tube and
the graphene sheet. As is evident from the figure, the tight-binding results are in very
good agreement with the ab initio ones, e.g., the formation energies of the (5-7-7-5)
defect in graphene obtained from tight-binding calculations are only 0.4 + 0.1eV higher
than those from ab initio calculations. However, the differences between tight-binding
and ab initio results increase with strain. For example, the formation energies of the
Stone-Wales defect in the (5,5) tube differ by 0.3 eV at 0% strain and by 0.8 eV at
15% strain. This increase can be attributed to the fact that the tight-binding parameters
were fitted to data for unstrained carbon systems. Therefore, their accuracy and reliability
decreases with increasing strain. Moreover, the agreement between the tight-binding and
ab initio results is much better for graphene than for the (5,5) tube. This is because
graphite data were used in fitting the original tight-binding parameters, while carbon
nanotube data were not. In general, however, the tight-binding method is a good
alternative to the computationally costly ab initio method. Turning to the classical
potential results, while they are able to give a qualitative and semi-quantitative
description of the mechanical behavior of nanotubes, they tend to underestimate the
ultimate limit of the elastic response. This is shown in Figure 9, where a comparison with
ab initio results is displayed. Although the classical potentials accurately reproduce the
lattice constants, the binding energies and the elastic constants of both graphite and

diamond, our comparison shows that the lack of a quantum-mechanical description leads
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to significant underestimates in both activation and formation energies.

We have investigated the curvature and helicity effects on the defect formation
mechanism using the tight-binding method. Figure 10 and Figure 11 show the formation
and activation energies of a (5-7-7-5) defect in armchair and zigzag tubes of different
diameters, and compare it to graphene. In armchair tubes, the defect becomes stable at
strain values of 7%-8%. (The ab initio result for the (5,5) tubes is 6%.) Furthermore,
although the (5-7-7-5) defect formation is the dominant mechanism for strain release in
armchair nanotubes, this is not true for zigzag tubes. From Figure 11, this defect is
thermodynamically unfavorable up to a very high strain value (about 10%). Therefore,
zigzag nanotubes are expected to be even more resilient than armchair ones and tolerate
very high values of axial tension. They thus extend the limit of ultimate strength to
unprecedented values, far beyond that of any other known material. The results in Figure
10 and Figure 11 also show the effect of curvature: the lower defect formation energy in
(5,5) tube suggests that (5-7-7-5) defects are more favorable in smaller diameter
nanotubes. The curvature effect decreases with strain and seems to vanish at a high strain

value.

3.4 Conclusions

In summary, we have investigated the mechanism of strain-induced defect formation
in carbon nanotubes through extensive quantum-mechanical and molecular mechanics
calculations, focusing on the ultimate strength of these systems. Our results show that the

excess elastic energy in a strained nanotube is released via a spontaneous formation of
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topological defects whose characteristics depend upon the geometry and the diameter of
the nanotube. The activation energies for the defect formation are found to be
significantly higher than previously estimated, which increases the theoretical predictions
of the elastic response and of the onset of mechanical failure in carbon nanotubes to
unprecedented values, well beyond those of other known materials. According to the

theoretical estimates, carbon nanotubes are by far the strongest material known.
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Chapter 4

Electronic transport in carbon nanotube-metal cluster

assemblies

Using large scale O(N) real-space DFT-based ab initio method, we carried out a
theoretical study of SWNT-aluminum cluster assemblies. Structure optimizations show
that a thirteen atoms aluminum cluster and SWNTs can form stable structures. While the
aluminum cluster brings little change to the nanotube’s atomic structure, it affects the
SWNT's electrical properties. However, a dramatic change in the assembly's electrical
resistance can be introduced by adsorbing gas molecules onto the metal cluster. For
example, for a metallic (5,5) tube with an adsorbed Al,; cluster, subsequent NH3
adsorption can drastically decreases the system's conductance, while for the (8,0)
semiconducting tube-Al;3; assembly's conductance increases significantly after the same
gas adsorption. The sensitivity of electrical resistance of SWNT-metal cluster assembly
to gas adsorption could make them good molecular sensors and may have impact on
nanotube electronics. The proposed carbon nanotube-metal cluster assemblies open a new
dimension to functionalize carbon nanotubes.

This chapter is organized in the following order: First we discuss the importance of
carbon nanotube’s electron transport properties to nanotube applications, with focus on

sensor applications. In the second section, theoretical simulation methods, mainly
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quantum conductance calculations based on Green's function formalism will be presented
in detail. In section three, a general introduction to metal clusters will be given. The
structures and properties of aluminum metal clusters, especially the one we chose in this
work, Alys, is discussed in detail. After that, quantum simulations results for carbon
nanotube-metal cluster assemblies are presented. In that section we will look at the
structural and electronic properties of both metallic and semiconducting nanotube formed
assemblies. In the last section, NH; adsorption on such complicated systems is explored.
We investigate the changes in the system's conductivity due to the alteration in atomic
and electronic structures of CNT-aluminum cluster assemblies induced by the adsorbed
NHs. At the end, we present brief conclusions based on our theoretical results and

comment on future theoretical and experimental work.

4.1 Electronic transport properties of CNT

based systems and their applications

As shown in Chapter 2, carbon nanotubes combine a full range of extraordinary
physical properties, extremely small size and high aspect ratio, high stiffness and
excellent flexibility under different mechanical stimuli, high structural and chemical
stabilities, and rich and amazing electrical properties. This makes carbon nanotubes out
of the most promising materials for next generation applications based on nano-
technology. Many potential applications have been proposed and developed for carbon
nanotubes, including superstrong composites, energy storage and energy conversion

devices (based on H and Li), field emission displays, mechanical, chemical and
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biological probes and sensors, radiation sources, nanoelectronic devices and much more.
Among all those applications, carbon nanotubes as sensors and probes have attracted
much attention after some astonishing experimental and theoretical investigations in
recent years. Hongjie Dai's groupmo’168 has shown that at room temperature an individual
semiconducting carbon nanotube is a good NO; and NHj sensor with some excellent
properties, such at fast response time, high sensitivity, selectivity, reversibility, room
temperature operation and small size. The sensing mechanism comes from the fact that
semiconducting SWNT's resistance is very sensitive to adsorbed gas molecules. Quickly
after this work, extreme oxygen sensitivity of electronic properties of carbon nanotubes
was discovered by Collins ez al."*' Extensive theoretical and experimental work has been
carried out towards understanding of O, adsorption on carbon nanotubes,'**!43144143
Other groups have also witnessed significant change in CNT's resistance with adsorption

169,170
116917

of different materia Recently, carbon nanotube based single-molecule biosensors

171,172,173 - - 174
d """ to compete with other nanowire nanosensors " for

or probes have been propose
highly sensitive and selective detection of biological and chemical species. With some
chemical modifications, carbon nanotubes even have the ability to recognize proteins and
DNA.'">176177 A1 of the sudden, carbon nanotubes are recognized as the most promising
nanometer-sized probes and sensors in chemistry and biology. Recently, carbon
nanotube-based resonant-circuit wireless gas sensors have been realized by different
groups. 7517

Early carbon nanotube sensor layouts are based on a semiconducting SWNT field-

effect transistor,'* proposed by Tans ef al. in 1998. They found that when two metal

contacts were used to connect an S-SWCNT on SiO2/Si substrate, the metal/S-
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SWCNT/metal system demonstrates p-type transistor characteristics with resistance
change under various gate voltages of up to several orders of magnitude. Based on this
transistor layout, several groups have built SWNT nanosensors,'®' where the solid state
gate is replaced by nearby molecules that modulate the tube conductance. The sensing
capability comes from the sensitivity of the conductance of the carbon nanotube to
chemical environment under such layout, although the reason for the conductance change
is still subject to debate.

After these experimental discoveries, it is necessary to systematically examine carbon
nanotubes’ capability and potential as chemical or biological sensors. First of all, due to
the strong sp” bonding and near-perfect hexagon network, carbon nanotubes are generally
stable, it is hard to form strong chemical bonds with carbon nanotubes for most
molecules. However, due to their unique electronic structure, the conductance of carbon
nanotube-based system can undergo drastic changes in specific chemical/biological
environments. Because of their extremely small sizes, carbon nanotube-based sensors can

make ultrasmall sensors (even smaller than other nanowires, like SINW.'7*

). Since all
carbon atoms are on surface (for SWCNT), if carbon nanotubes’ side-walls interact with
some specific molecule, they will have very high reaction area. Compared the more
stable sidewall, the open or closed end of carbon nanotube could be more chemically
reactive. Because carbon nanotubes are mechanically strong and flexible, the small size
and high aspect ratio make them suitable to probe very small caves or other complicated

172,173

geometries. Furthermore, experimental work shows that carbon nanotube-based

171,140

sensors can provide high sensitivity with high selectivity. With appropriate

chemical modification, carbon nanotubes can thus make unique sensors for special
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purposes. Furthermore, the sensitivity of carbon nanotube conductance to the chemical
environment makes the idea of chemical modification for tailoring and controlling
nanotube transport properties more attractive.

Since carbon nanotubes are chemically stable in general, they have weak or no
interaction with a lot of gases or chemical molecules. Simply using carbon nanotube
alone as sensor will limit its sensing range and capability. In experiments, some special
bio/chemical molecules have been used as functional units on carbon nanotube walls to

extend carbon nanotube's reactivity and selectivity.'”"-!">!73173

In this work, we propose
another way to functionalize the sidewalls of carbon nanotubes. Instead of using
molecules, we choose metal clusters to enhance carbon nanotube system’s chemical
reactivity. Metal clusters are also nanosized materials, and they have a huge family of
members, which can provide a full range of reactivity with different materials. We call
the carbon nanotube and metal cluster formed new composite, carbon nanotube-metal
cluster assembly in this chapter (or assembly in short). Our idea is to use the metal cluster
surface as the reactive sites and to monitor the assembly’s conductance change in
chemical environment. If the metal cluster can physisorb or chemisorb the tested
molecule, and the adsorbed molecules on metal cluster surface also effectively change the
electronic properties of a stable carbon nanotube-metal cluster assembly, then the carbon
nanotube-metal cluster assembly makes a good chemical sensor. Eventually, specific
receptors could be attached to the clusters, leading to high sensor specificity. Although
the idea sounds promising, theoretical analysis and simulations, backed with

experimental work, must be carried out to prove this concept. While there is a huge

amount of literature about metal clusters and also a few studies of interactions between
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carbon nanotubes and metal atoms, chains or substrate, there is little experimental and
theoretical work related to the interaction of metal cluster and carbon nanotubes.
Therefore, it will be very interesting to explore the interactions of two big families in the
nanomaterial world: the nanotubes and metal clusters.

The first question we need answer about carbon nanotube-metal cluster assembly is if
they interact and form stable structures. If so, in what way the stable structures will
change carbon nanotubes’ atomic and electronic structures. To answer these general
questions using large-scale ab initio simulations, we investigate the physical properties of
tube-aluminum cluster assembly. We choose the 13 atom aluminum cluster as an
example to study the interactions between clusters and carbon nanotubes (metallic or
semiconducting). Both the atomic and electronic structures of this new material are
studied. After the stable structures of CNT-metal cluster assemblies are identified, we
examine the carbon nanotube-metal cluster assemblies' transport properties under NH3
adsorption. Our simulation results show that for both metallic and semiconducting CNT-
metal cluster assemblies the conductance is very sensitive to NH3 gas adsorption. It can
be dramatically increased or depleted upon NHj; adsorption. Therefore, a new way to

functionalize carbon nanotube systems as molecular sensors is proposed.

4.2 Quantum transport

In the last two decades, the electronic and transport properties of all kinds of nano-

sized structures have been intensively studied due to their great potential in future nano-

81



scale electronic devices. This has stimulated the theoretical study of quantum
conductance in nano-systems, and a variety of theoretical methods have been proposed to
deal with this problem. Most methods are based on the Landauer formula,'®'** which
relates the conduction and transmission of electrons to give an intuitive view of the
transport problem. The majority of existing methods is based on phenomenological tight
binding models, which may not provide a sufficiently reliable and accurate description of
complex structures. Recently, some new methods based on ab initio calculations have
been proposed to solve the quantum scattering problem for the electronic wave functions
through the conductor using a number of related techniques: Lippman-Schwinger and
perturbative Green’s function methods have been used to study conductance in metallic

184,185

nanowires and recently in small molecular nanocontacts; conduction in nanowires,

junctions and nanotube systems has been addressed using local'®® or nonlocal'®"'*®
pseudopotential methods and through the solutions of the coupled-channel equations in a
scattering-theoretic approach.'®'**'*! However, based on plane wave representation,
these new techniques are severely restricted in terms of the accessible system size due to
the poor scaling of plane wave based ab initio methods. Recently, Marco Buongiorno

192,136,193 . .
777 "and this efficient scheme

Nardelli has proposed a local orbital based algorithm
of conductance calculation has been extended to local orbital based order-N method.
Since the ab initio method provides a complete and consistent description of the
interaction between the leads and the conductor in full atomic detail, this method makes
large scale quantum transport calculation reliable and realistic. It works with any system

described by a Hamiltonian with a localized orbital basis. The complete microscopic

description of the “open” system is allowed. The computational cost is very small since
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the quantities entering the conductance calculation are the matrix elements of the

Hamiltonian operator.

L lead conductor R lead

&= o3| G| o=

reflection transmission

Figure 12 "Open" system in quantum transport

In electronic transport problem, the studied system is considered “open”, because that
the system is composed of a conductor C connected to two semi-infinite leads, R and L,
as in Figure 12. The Landauer formula discloses the fundamental physics by linking the
conductance through a region of interacting electrons (the C region) to the scattering

properties of the region itself as the following'®*:

where 7 is the transmission function and C is the conductance. The transmission function
is the probability with which an electron entering at one end of the conductor will
transmit to the other end. The transmission function can be obtained with the knowledge
of the Green’s functions of the conductors and the coupling of the conductor to the leads

by the following formula:
T=Tr(I': G. TrG;),
where Gé”“} are the retarded and advanced Green’s functions of the conductor, and I'y z;

are functions that describe the coupling of the conductor to the leads. The Green’s

function of the conductor can be derived from the equation for the Green’s function of
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the whole system:

(eS—H)G=I,
where e=E+in with 7 arbitrarily small, / is the identity matrix and S is the overlap matrix.
In matrix representation, the solution will be the inversion of an infinite matrix for the
open system, consisting of the conductor and the semi-infinite leads. To invert the infinite
matrix, it has to be partitioned and truncated. The Green’s function of the whole “open”

system can be naturally partitioned into submatrices that correspond to the individual

subsystems,
-1
GL GLC GLCR (&SL -H L) th 0
GCL GC GCR = hch (gS c— H, c) hCR
GLRC GRC GR 0 h& (‘C’SR -H R)

where the matrix (eSc—Hc) represents the finite isolated conductor, (eSirr; — Hyrrp )
represent the infinite leads, and hcg and hyc are the coupling matrices that will be
nonzero only for adjacent points in the conductor and leads, respectively. From this
equation it is straightforward to obtain an explicit expression for G:

Ge=(e Sc-He= Y1~ Yr)
where we define ) ;= hZc grhrc and D r-hrcgr h;c as the self-energy terms due to the

semi-infinite leads and g, z; = (eS;Lry—H/z r;) ' are the leads’s Green’s functions.
The self-energy terms can be viewed as effective Hamiltonians that arise from the
coupling of the conductor with the leads. Once the Green’s functions are known, the

coupling functions I'y; z; can be easily obtained as
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Loy = [z:,“” - ?L,R}]’
where the advanced self-energy 2§, ,, is the Hermitian conjugate of the retarded self-

energy ., ., - With the help of principal layers in the framework of the surface Green’s
function-matching theory, we get the self-energies:

T, = (6 —Hye)'[6Sg — Hoy + (eSg, — Hy ) T,17(6S,c = He)' s

T =(8Sck =~ Hep) '[85 — Ho + (68 = Hy)) T 1 (68 = Hez )"

where Hy,~® are the matrix elements of the Hamiltonian between layer orbitals of the left

and right leads, respectively. Sym " are the corresponding overlap matrices and Ty g and

T, , are the appropriate transfer matrices. The latter are easily computed from the

Hamiltonian and overlap matrix elements via an iterative procedure. Correspondingly,
Hic Her, Sie and Scr are the coupling and overlap matrices for the conductor-lead
assembly.

The matrix elements of Hamiltonian and overlap matrices come from the real-space local
orbital based order-N ab initio method which we introduced in chapter 1. Since the
system size of SWNT-metal cluster has to be very large (~200 atoms with very large
vacuum), only very efficient methods can make computational load manageable.

We use the local density exchange-correlation functional and the Perdew-Zunger
parametrization of the Ceperley-Alder exchange-correlation energy. The Kleiman-
Bylander approach was chosen to include nonlocal, norm-conserving pseudopotentials. In
our ab initio simulations, the typical simulation supercell dimension is 17.3x14.8x24.7 A
for an assembly with a 140 carbon atom (5,5) tube and a thirteen aluminum atom metal

cluster with one absorbed NH3 molecule. The supercell contains a large vacuum region

85



(>8A) to ensure that image interactions can be neglected. Small grid spacing about 0.15A

is used throughout, corresponding to a high energy cutoff of about 58 Rydbergs.

4.3 Metal clusters and Alq3

Metal clusters are small particles consisting of a limited number of atoms, ranging
from the diatomic molecule to a vaguely defined upper bound of several hundred
thousand atoms. Although metal clusters are not totally a new type of material since, for
example, the glaziers of the Middle Ages discovered how to produce beautiful stained
glasses by special treatments of metal containing glasses, people knew little about metal

clusters till 1960s. The early investigations'**'*®

of metal clusters were focused mainly
on materials related to metal particle contaminants in glass. Things start to change in the
1960s and 1970s after new cluster sources were introduced to for making clusters
composed of only a few atoms in the gas phase.'”® The early results indicated that these
extremely small particles had properties that could be totally different from the bulk.
They were thought of as small molecules, and we know that each molecule is unique.
This is reasonable, since for these very small particles the surface is important and their
structures may be complicated and quite different from each other. From solid state
physicists’ points of view, even for a cluster with up to 1000 atoms, there are a quarter of
the atoms on the surface, which make the surface play a much more important role in

determining the material's properties than what it does in the bulk. However, the

pioneering work in the early 1980s found new phenomena in the cluster world and
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eventually gives the birth to a new research field: cluster physics.

In late 1983, Walter Knight's group, with Keith Clemenger, Walt de Heer, and
Winston Saunders has successfully produced and detected clusters of alkali metals with
up to about 100 atoms. After analyzing the cluster abundance spectra they immediately
found that there are some magic numbers in which the metal clusters were produced more
abundantly. The explanation of these magic numbers reflects the fundamental rule that
the electronic structure of these clusters appears to be determined by a spherical potential
well."” This leads to the shell model'®® which considers the electrons to be nearly free
and confined in a potential well. The shell model yields a series of magic numbers, like 2,
8, 20, 40, 58..., in which the electrons just finished filling degenerate energy levels.
Theoretically, the ionic cores are considered to provide a uniformly charged positive
background, and the electronic structure is subsequently calculated using various
approximations for the interacting electron gas, such as in the self-consistent jellium

calculations.'”® Almost at the same time, Ekardt®®

independently found the shell
structure in his model for alkali clusters using the jellium approach. Since its discovery,
the electronic shell structure is found in many simple and noble-metal cluster systems.
Furthermore, people found that these characteristic abundance patterns appear even in
clusters with up to thousands of atoms.**' This is the so called supershell. In numerous
experiments, the electronic shell structure was verified in the electronic response
properties (ionization potentials, polarizabilities, collective excitations, etc.), and the
jellium model was further developed to models with a high degree of sophistication, like

the Clemenger-Nilsson model,””* which takes into account the effect of the deformation

of spherical potential for open-shell clusters. For open-shell clusters, the spherical shape
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is unstable towards distortions due to the Jahn-Teller effect,””® which has important and
readily observable consequences.

The shell model achieves surprising success in describing the metal clusters. The
most important is that it provides essential insight into the fundamental physics involved
and the electronic shell structure becomes the unifying principle linking cluster systems
as diverse as lithium and gold. The experimental evidence for electronic shell structure is
overwhelming, and the shell model looks like to be able to withstand more and more
experimental and theoretical tests. In fact, people are becoming more interested in
finding the deviations and failures from the simple shell model. In general, shell model
works well in simple and noble-metal clusters where valence electrons are more or less
free-clectron-like, and it fails where the interactions between valance electrons are more
directional and complicated, as in transition metal clusters. The atomic structure is of
cause influenced by the electronic shell structure, and the clusters with closed shells are
the most stable.

There is a lot of literature about metal clusters in the past few decades. For complete
coverage of all aspects of metal clusters, the proceedings™* of the ISSPIC conferences
(International Symposium on Small Particles and Inorganic Clusters) are very helpful
resources. For quick reviews, Walt A. de Heer’” and Matthias Brack™ have excellent
review articles, covering experimental and theoretical issues.

To study the interactions between metal clusters and carbon nanotubes, we start with
aluminum clusters. This is because that aluminum sits between simple alkalis and
complex noble-metals in terms of physical properties. Aluminum

207,208,209,210,211,212,213,214,215,216,217,218,219,220,221,222,223,224,225,226,227,228,229,230

clusters are also the

88



most studied systems among simple metals except alkalis. Like the alkali metals,
aluminum has their valence electrons nearly free. However, unlike the alkalis, aluminum
is trivalent™' and Al atom has 3s and 3p orbit with energy separation at about 3.6 eV.**
For the shell model to hold, one of the 3s electrons has to be promoted to a 3p orbital.
Furthermore, the +3 ionic cores of Al clusters could cause large perturbations to the
spherical jellium potential. Photoelectron spectroscopy study clearly shows the process
of s-p hybridization and the deviations from shell models.””’ Small aluminum clusters
(n<11) differ significantly from what jellium model describes due to the large 3s-3p
energy separation. But shell closing signatures are shown at Al;;", Alj3°, up to Alse and
Al7;s". The electron shell effect diminishes above Al;s, and new spectral features
appearing in large clusters (n>100) suggest a possible geometrical packing effect.
Among so many aluminum clusters, we select Al;s to interact with SWNT. This is
because Al;; needs only one electron to close the electron shell at 40 and it also assumes
a highly symmetric geometry. In experiment, Al;3” with 40 valence electrons exhibits the
strongest shell closing effect and it is very stable (it does not react with oxygen). Al;3 and
its derived binary clusters Al;3X or Al;pX (X=Cu, Ag, Au, C, et al .)233’234’235’236’237 show
enhanced stability and are thought as the possible building blocks for future metal cluster
crystals. Several theoretical investigations show that Al;; have several isomers with
different geometries, and some of them could be nearly degenerate. Most of theoretical

. . 234238239240
simulations™ """

tend to suggest that the slightly Jahn-Teller distorted icosahedral
structure is the ground state, which appears to be close to what the experimental data

indicates. In our real-space LDA ab init simulations, the Al;; cluster starts from perfect

icosahedral structure, and ends with slight Jahn-Teller distortion after full geometry
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relaxation.

Figure 13 Icosahedrical structure of the Aly; cluster viewed from different angles.

The relaxed atomic structure of Aly; is shown in Figure 13. The three subfigures are
views from different angles. If the structures were not Jahn-Teller distorted, the two-
dimensional projection of the icosahedron (showed in subfigure b) would have all the ten
peripheral atoms placed exactly equidistant from each other as in the first projection. It
appears that the Jahn-Teller distortion is very small. The binding energy is 3.1eV/atom,
which agrees well with results from other groups. The average bond length for the bonds
from surface atoms to the center atom is 2.62 A (2.60 A to 2.66 A). The HOMO-LOMO
gap in Al; icosahedron is 1.3 eV. The 3D charge density plots of the nine lowest
occupied electronic states are shown in Figure 14. It shows high symmetry in all
electronic states, and in these states electrons are nearly uniformly distributed within a
sphere, with more oscillations for higher energy states. Our first principle results imply
that the jellium model is capable to describe aluminum clusters sufficiently well. It is
easy to recognize the 1s, 1p and 1d states from Figure 14. It is interesting to see how

tube-cluster interaction breaks the symmetry of these electronic states and to what degree
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and which states hybridize with carbon nanotube states.

1S State

1P States

1D States

Figure 14 Some Aly; electron states from ab initio calculations. The plots are isosufaces of charge

density. The inner green isosurface has charge density 10 times higher than the blue one.

4.4 Carbon nanotube and aluminum cluster assemblies

Although there is no published work on carbon nanotube-metal cluster assembly to
the best of our knowledge, researchers started to investigate the interaction between
nanotubes and metals in recent years. Using first-principles total-energy pseudopotential

l. 241

calculations, Rubio et al.”" have investigated the electronic structure of one-dimensional
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chains of metal atoms (Al and Pt) in carbon and BN nanotubes. For metal atom chains in
small diameter nanotubes, there are two types of interactions: charge-transfer (dominant
for alkali atoms) leading to strong ionic cohesion, and hybridization (for mulivalent metal
atoms) resulting in a smaller cohesion. They found that both charge-transfer and
hybridization can contribute to tube-Al chain interaction. In a more recent paper, O.
Giilseren et al.*** have studied single aluminum atom adsorption on the outside wall of
SWCNT with ab initio calculations. They found that the aluminum atom is adsorbed on
the center of a hexagon and that the adsorption is exothermic. The associated binding
energy varies inversely with the radius of the zigzag tube. However, there are no
experimental reports for Al-graphite intercalation compounds (GICs) and Al intercalation

into carbon nanotubes.
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Figure 15 "On-top" structure of (5,5) SWNT- Al13 assembly viewed from different angles.

Since there was no information about the interaction between carbon nanotubes and
metal clusters, we must carry out careful geometry optimizations for the studied systems.

We apply first principles calculations throughout to make sure that the description of
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tube-cluster interaction and of the corresponding charge transfer is reliable and accurate.
We choose two SWNTs with similar diameter: one metallic (5,5) tube and one
semiconducting (9,0) tube to interact with the Al;; cluster. To find the stable geometries
of the nanotube-metal cluster assemblies, careful geometry optimization and energetic
analysis have been performed. The metal cluster, Al,3, has been placed at different sites
on the nanotube surface and at different distances. For example, the Al;s is placed on the
center of the hexagon, the C-C bond center, the top of C atom, or with a configuration
where one Al-Al bond parallel to one C-C bond. After relaxations, all initial
configurations go to one final structure, where the Al;3 stays right on top of one carbon
atom with one aluminum atom binding/pointing to this carbon atom. We call this stable
structure "on-top". During the relaxation to the "on-top" structure, both the (5,5) tube and
Aly; cluster keep their basic geometry, while the bonding atoms are pulled slightly closer
to each other. The formation energy (binding energy) is defined as: E¢= E( (5,5)tube ) +
Eiwot( Ali3) — Eior ((5,5)tube+Al;3 ). The value of Eris 0.46eV, which means that the "on-
top" geometry is stable. The equilibrium C-Al bond length is 2.22 A. Figure 15 shows the

stable “on-top” structures of (5,5) tube-Al;; assembly from different directions.
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Figure 16 Stable structure of (8,0) tube- Al13 assembly viewed at different angles.

The (8,0) zigzag SWNT forms similar structure with Al;; assembly, but the
interaction between Al;; and the zigzag tube is substantially stronger. This results in
shorter C-Al bond (2.15A) and higher binding energy (0.7eV). The atomic structure of

(8,0)tube-Al13 assembly is shown in Figure 16.

4.5 Quantum transport of CNT-metal cluster assembly upon

NH3 absorption

As discussed in the last section of chapter 2 and the first section of this chapter, the
conductance of carbon nanotubes is sensitive to molecular adsorption, which forms the

sensing mechanism of nanotube-based chemical sensors. We are curious to see how
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metal clusters can enhance and expand the sensitivities of nanotube sensors. Metal
clusters including aluminum, have rich chemistry 2*-24+243-246247248 \y76 expect that the
chemical reaction (molecule adsorption) on metal clusters can affect nanotube-metal
cluster assemblies’ conductivity. Since we are interested in how the gas adsorption on
metal cluster affects the electronic transport properties of carbon nanotube-metal cluster
assembly, quantum transport calculations are performed with the method discussed in
section 2. NH3 is chosen as the studied adsorption gas simply because that it is one of the
most important gases for research and industry interest. Bulky and slow NHj

249,250,251,252,253,254 . . . . .
9:230.251252.253.25% 316 widely used in environmental and industrial process

Sensors
. . . . . . 14 .
monitoring. Aside from the early SWCNT ammonia sensing experiment,'*’ wireless

: 178,1
ammonia sensors' " based on carbon nanotubes were developed recently.

Figure 17 Atomic structure of (5,5)- Al;; with NH; adsorption

For the structure optimization of NH; absorption on Al;s, we start with configurations

where the ammonia molecule is located far from carbon nanotube and the nitrogen atom
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interacts with Al;; directly. After relaxation, the NH; stays on the top of one vertex of
Aly3, and the adsorbed ammonia does enhance the bonding between the tube and metal
cluster without altering their atomic structure significantly. Figure 17 shows the structure
of (5,5)-Al;; after NH; adsorption. After adsorbing one NH; molecule, the aluminum
cluster binds more tightly to the tube, and the formation energy increases from 0.46 eV to

1.6 eV and C-Al bond length is shortened from 2.22 A to 2.13 A.

(9,5)tube-Al,,; assembly

a) Before NH3 absorption b) After NH3 absorption

I 1.ess electrons P More electrons

Figure 18 Charge transfer in (5,5) tube-Al;; assembly before and after NH; adsorption. Sub-

figure a) is for (5,5)-Al13 and b) is for (5,5)-Al13 with NH3. In both a) and b), the left figure shows
the redistributed electrons due to tube-metal cluster interaction, while the right one is a simplified
view of charge transfer. The blue iso-surface indicates less electrons due to interactions, the green

iso-surface more electrons.

The charge transfer between the tube and the metal cluster can provide important
information for understanding the system's electric properties. The importance of

chemical doping is well known for semiconductors. To obtain an accurate value of the
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transferred electron charge, normally a surface has to be defined to separate the electron
cloud into different parts, which belong to either the nanotube or the metal cluster. Since
there is significant overlapping charge between the nanotube and Al13, the value of the
charge transfer is very sensitive to the separating surface. We avoid this problem by
looking at the difference in charge density between systems with and without tube-cluster
interaction. We use the total charge density of the whole system and subtract the charge
densities obtained form parts alone, like the charge density from the nanotube with the
same geometry. The charge density difference gives the needed information for charge
redistribution because of the tube-cluster interaction, and the deduced value of charge
transfer is much less dependent on the definition of the separation surface. Figure 18
shows the electron redistribution of the (5,5) tube-Al;; assembly before and after NHj;
adsorption. Without NH3, the charge goes from tube to the Al;; cluster with the amount
of about 0.1 electrons (Figure 18 a). As a well-known electron donor, NH; does donate
about 0.2 electrons to Al;3. Moreover, the (5,5) tube draws back its charge from Al;3 and
becomes electrically neutral. The adsorbed NHj3 also causes a substantial polarization of
charge, shifting it from the “inside” of the nanotube wall to the “outside”. Comparing the
total charge density and the charge densities of parts, we also notice that there are about
1-2 electrons from Al;s overlapping with carbon nanotubes in all studied cases. The
overlapping charge will cause orbital hybridization between tube and metal cluster states.
Figure 19 shows the states with and without orbital hybridization in (5,5)-Al,; assembly
after NH; adsorption. For the 20 Al,s states (39 electrons in Al;3), about half of the
aluminum cluster states are significantly hybridized. We find that the NH; adsorption

enhances orbital hybridization between the nanotube and the aluminum cluster, which is
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a direct result of stronger interaction between the tube and the cluster after absorbing an

ammonia molecule.

a) state 304 b) state 300

Figure 19  Iso-surfaces of charge density from selected electronic states showing orbital
hybridization in (5,5) tube-Al;; with NH;. The blue iso-surfaces have charge density 10 times greater
than the green ones. Sub-figures a) and b) are states from (5,5) tube and Al;; without orbital

hybridization. Subfigures c¢) and d) show highly hybridized states.

Turning to the electron transport properties, we start from a perfect (5,5) armchair

tube. It is well known that armchair carbon nanotubes are excellent conductors, except
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for tubes with very small diameter. Theoretical analysis predicts that an armchair
nanotube has a quantized conductance of 2 (in units of 2¢*/h ) due to the two bands
crossing at Fermi energy. This is confirmed by different experiments. Using the transport
calculation method introduced in section 2, we calculated the conductance and density of
states (DOS) of a perfect (5,5) armchair nanotube from local-orbital-based ab initio

simulations. The results, shown in Figure 20, agree well with published data.
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Figure 20 Conductance and DOS of (5,5) carbon nanotube from ab initio transport calculations
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Figure 21 Conductance spectrum and DOS of (5,5) tube-Al13 cluster before and after NH3

adsorption. The red vertical lines are where the Fermi energies are located.

Figure 21 shows the calculated conductance spectrum and DOS for (5,5) tube and
Aljs and (5,5) tube with Al;; and NH;. The vertical lines show the location of Fermi
energies. Although the conductance of (5,5)-Al;; (subfigure a) is not perfect 2 (in units of
2¢?/h) anymore, the conductance is very close to 2 at most of the energy region. The
conductance is reduced significantly in some parts of the region, especially near the
Fermi level. In the (5,5)-Al;3; assembly, there is also a very small gap created by the

SWCNT-metal cluster interaction. The gap is clearly widened after NH3 adsorption,
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indicating that the interaction between the tube and the cluster gets stronger. The induced
gap after ammonia adsorption leads to a conductor-semiconductor transition in (5,5)-Al;3
assembly. The I-V curves of (5,5) based systems are shown in Figure 22. We see reduced
conductivity in (5,5)-All13 assembly compared to a pure (5,5) tube. After adsorbing one
or more ammonia molecules on the aluminum cluster, the assembly’s conductance is
dramatically diminished and even zeroed at small bias. Due to the significant change in
the conductivity of armchair-All13 assembly after ammonia adsorption, it is very

promising to make metallic carbon nanotube-based gas sensors.

(5,5)tube-Al13 Assembly
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Figure 22 Transport properties of (5,5)- Al;; upon NH; adsorption
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To study the effect of gas coverage, we also increased the adsorbed ammonia
molecules to 2 and 3. The results do not show significant change from the case of
absorbing one NHj3. Figure 23 shows the total change density of (5,5)tube-Al;3 with 3

NHj; adsorbed on. The iso-surfaces also illustrate the atomic structure well.

Figure 23 Total charge density of (5,5)-Al;; with 3 ammonia molecules. The blue iso-surface has

charge density 10 times higher than the green one.
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In addition to the situation of a large number of aluminum clusters on a long nanotube
discussed above, we also investigated the case of a single metal cluster with a long
carbon nanotube. To overcome the periodic condition, we implemented a “multi-parts”
technique in our real-space grid-based ab initio code. We break the long 1D simulation
system into three parts, left, center and right. The left and right parts can be chosen as
infinite leads with perfect structure, which can be simulated separately. The central part is
the conductor region, which is smoothly relaxed to the leads on either side. The three
parts can be calculated separately under periodic conditions. Finally, they are combined
together with their quenched local states, and the whole system is quenched with the
following restrictions:

1.The eletrostatic potential and charge density in the leads (left and right parts) are

fixed.
2. The eletrostatic potential and charge density in the conductor part is relaxed and
smoothly converged to the leads on the boundaries.
3. The local orbitals in leads are fixed.
With these restrictions, we can simulate an open system with periodic conditions. The
computational efficiency is high, since most of the calculations are concentrated in one
part. The calculated conductance of one Al,; cluster on infinitely long (5,5) tube is shown
in Figure 24. The conductance spectrum looks very similar to a typical one of defective
tube. The conductance is reduced at most energy values with the lowest conductance

close to 1 (2¢*/h). In this situation, the metal cluster acts like a local defect.
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Conductance of one Aly; on infinite long (5,5) tube. The red vertical line is the Fermi

level.
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Figure 25 Atomic structure of (8,0) tube- Al; after NH; adsorption

As we showed earlier, the semiconducting (8,0) SWNT has a stronger interaction
with Al;. This is shown again in Figure 25. The binding energy is 1.8 eV and the C-Al
bond length is 2.11A, the strongest in all studied cases. For the (8,0) semiconducting
nanotube and Al cluster system, charge transfer happens in the same direction and with
about the same amount of electrons as in the (5,5) plus Al;3;. However, the picture of
charge redistribution in the (8,0) tube- Al;; assembly after NH; adsorption is quite
different. First, the Al;; draws more charge from NH; (about 0.4 electrons). Second, the
(8,0) tube gets about 0.2 electrons from the metal cluster and becomes negatively
charged. Furthermore, there is no extra charge attracted towards the metal cluster in (8,0)
tube. The charge transfer pictures are shown in Figure 26. A comparison of structure and
energy parameters in different tube-cluster assemblies before and after ammonia

adsorption is given in table 1.
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Table 1 Structure and energy parameters of tube-metal cluster assemblies

(5,5)+ Aliz | (8,0)+ Alys (5,5)+ Alis+ NH; | (8,0)+ Alj3+ NH3
formation energy | 0.46 eV 0.7eV 1.6 eV 1.8 eV
C-Al bond length | 222 A 2.15A 2.13 A 2.11A
N-Al 201 A 2.01A
Charge transfer -0.1e -0.1e 0/0.2 (NH3) 0.2/0.4 (NHs)
(8,0)tube-Al,, assembl); l u

a) Before N

H3 absorption

b) After NH3 absorption

I Less electrons W More electrons

Figure 26

Charge transfer in (8,0) tube-Al;; assembly before and after NH; adsorption

When looking at the conductance of semiconducting nanotube-aluminum cluster
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assemblies in Figure 27, we observed opposite effect in terms of conductivity after NH;
adsorption. The (8,0) tube is a semiconductor with a 0.6 eV gap. The DOS figure of
(8,0)-Al;3 shows that there are some localized aluminum states (including HOMO) in the
gap. The Fermi level is pinned at the HOMO of Al;3, which is energetically closer to the
conduction band. This will improve the conductivity of (8,0)-Al,; system. However, a
more significant change comes from NHj adsorption. With the adsorbed NH3, the HOMO
of Als shifts into the valence bands. Due to the charge transfer and orbital hybridization,
the Fermi level is lifted to the edge of conduction band. This makes the (8,0)-Al;3
assembly much more conducting after absorbing one NH3 molecule, which is
undoubtedly shown in the I-V curve (Figure 28). The transferred charge can be estimated
from the picture of charge redistribution and the overlapped charge between (8,0) and
Alys. The estimated carrier (elections here) density is about 10”/cm. The charge
projections or 3D plots of electron states show that 1d orbitals of Al;3 are highly

hybridized and delocalized. Some carbon states become quasi-bound states also.

108



D0s
8 8 &5 8

=

Conductance
-~

L]

(8,0)ube + AL13

(8,0)lube + AL13 + NH3

2 & 35 8

10

=]

=]

u|
N ¢n

',

DOS and conductance of (8,0) tube based systems

109



(8,0)tube-Al13 Assembly

8 . . . : :
t NT+AI13 a) i
6 | :
4 Ef 0.015 . . : : -
: = (8,0)+AL13+NH3
2 | 0.01 | +—=(8,0+AL13 c)
(8,0)tube
P | M‘ A i 0.005 | - '
= . -3 2 -1 'é‘ . -/ )
¥ _ . . T . ok . . ;
Q- [NT+AI13+NH, < I
T b) -0.005 | 1
i -0.01 4
E, -
| -0.3 -6.2 -6.1 0.0 u:1 D:Z 0.3
_ ( ' V (Volt)

2 1
E (eV)

Figure 28 Conductance and I-V curves of (8,0) tube-Al;; assembly upon NH; adsorption

The above result clearly shows that SWCNT-aluminum cluster assembly can form
stable structures, and that the SWCNT-Al,; assembly’s electrical properties are very
sensitive to NH; adsorption. This sensitivity to NH3 gas adsorption applies to both
metallic armchair and semiconducting zigzag tubes. Monitoring the resistance change of
individual carbon nanotube-metal cluster assembly can detect NH; gas, making the

nanotube- Al;; a good NHj3 sensor.
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4.6 Conclusions

In our large-scale ab initio simulations, interactions between carbon nanotubes and
metal clusters are explored with a paradigmatic Al;3 metal cluster. Stable structures are
recognized and their electrical transport properties are studied with and without NHj;
adsorption. We found that both metallic and semiconducting nanotubes change their
conductance due to their interactions with Al;s; and that a more dramatic change comes
from NH; adsorption. When one or more ammonia molecule is absorbed on one vertex of
Alys, the conductance of (5,5)-Al;3 assembly is reduced dramatically because of the
emerging small gap. In the case of (8,0)-Al;3 assembly, the adsorbed ammonia molecules
provide significant charge to the metal cluster and the nanotube, which causes strong
tube-cluster interaction. The electronic states of Al;; become more hybridized and
delocalized, and the system’s Fermi level is lifted to the edge of conduction band, which
makes (8,0)-Al;; much more conducting after NH; adsorption. Through the amazing
sensitivity of carbon nanotube-metal cluster assembly on NH; adsorption, we
demonstrate the sensing capabilities of tube-metal cluster assemblies. Since both the
metal clusters and the carbon nanotube are rich in members and/or structures, carbon
nanotube-metal cluster assemblies could lead to a variety of chemical activities, and good
selectivity may also be obtained in some cases. Therefore, the new proposed nano-
materials, carbon nanotube-metal cluster assemblies, are promising molecular sensors.
Furthermore, metal clusters, combined with molecular adsorption, can effectively tailor
the conductance of carbon nanotubes, which is a new way of doing chemical doping. This

may lead to new electronic devices based on carbon nanotube-metal cluster assemblies.
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More theoretical and experimental investigations are needed to make this concept clearer.
From experiment’s point of view, the aluminum clusters are easily subjected to
oxidization, compared to gold and silver clusters. However, it may be possible to do the
transport measurement in vacuum or inert gas. With the fact that the Al;; is more stable
than most other aluminum clusters and Al;3- does not interact with oxygen, we expect
some experimental work toward carbon nanotube-aluminum cluster assemblies. The most
important message this theoretical work brings is that the conductivity of carbon
nanotube-metal cluster assembly is sensitive to gas adsorption, which has great

implication for sensor applications of carbon nanotubes.
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