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Abstract

In the past decade the interest in molecular electronic devices has escalated.
The synthesis of molecular crystals has improved, providing single crystals or thin
films with mobility comparable with or even higher than amorphous silicon. Their
mechanical flexibility admits new types of applications and usage of electronic
devices. Some of these organic crystals also display magnetic effects. Further-
more, the fullerene and carbon nanotube allotropes of carbon are prominent can-
didates for various types of applications. The carbon nanotubes, in particular,
are suitable for molecular wire applications with their robust, hollow and almost
one-dimensional structure and diverse band structure. In this thesis, we have theo-
retically investigated carbon based materials, such as carbon nanotubes, pentacene
and spiro-biphenalenyl neutral radical molecular crystals. The work mainly deals
with the electron structure and the transport properties thereof. The first studies
concerns effects and defects in devices of finite carbon nanotubes. The trans-
port properties, that is, conductance, are calculated with the Landauer approach.
The device setup contains two metallic leads attached to the carbon nanotubes.
Structural defects as vacancies and bending are considered for single-walled car-
bon nanotubes. For the multi-walled carbon nanotubes the focus is on inter-shell
interaction and telescopic junctions. The current voltage characteristics of these
systems show clear marks of quantum dot behaviour. The influence of defects as
vacancies and geometrical deformations are significant for infinite systems, but in
these devices they play a minor role. The rest of the studies concern molecular



crystals, treated with density-functional theory (DFT). Inspired by the enhance
of the electrical conductivity obtained experimentally by doping similar materials
with alkali metals, calculations were performed on bundles of single-walled carbon
nanotubes and pentacene crystals doped with potassium. The most prominent
effect of the potassium intercalation is the shift of Fermi level in the nanotube
bands. A sign of charge transfer of the valence electrons of the potassium atoms.
Semi-conducting bundles become metallic and metallic bundles gain density of
states at the Fermi level. In the semi-conducting pristine pentacene crystals struc-
tural transitions occur upon doping. The herringbone arrangement of the pristine
pentacene molecules relaxes to a more π-stacked structure causing more dispersive
bands. The charge transfer shifts the Fermi level into the lowest unoccupied molec-
ular orbital band and turns the crystal metallic. Finally, we have studied molecular
crystals of spiro-biphenalenyl neutral radicals. According to experimental stud-
ies, some of these materials show simultaneous electrical, optical and magnetical
bistability. The electronic properties of these crystals are investigated by means
of DFT with a focus on the possible intermolecular interactions of radical spins.
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Abstract

In the past decade the interest in molecular electronic devices has escalated.
The synthesis of molecular crystals has improved, providing single crystals or thin
films with mobility comparable with or even higher than amorphous silicon. Their
mechanical flexibility admits new types of applications and usage of electronic
devices. Some of these organic crystals also display magnetic effects. Further-
more, the fullerene and carbon nanotube allotropes of carbon are prominent can-
didates for various types of applications. The carbon nanotubes, in particular,
are suitable for molecular wire applications with their robust, hollow and almost
one-dimensional structure and diverse band structure. In this thesis, we have theo-
retically investigated carbon based materials, such as carbon nanotubes, pentacene
and spiro-biphenalenyl neutral radical molecular crystals. The work mainly deals
with the electron structure and the transport properties thereof. The first studies
concerns effects and defects in devices of finite carbon nanotubes. The trans-
port properties, that is, conductance, are calculated with the Landauer approach.
The device setup contains two metallic leads attached to the carbon nanotubes.
Structural defects as vacancies and bending are considered for single-walled car-
bon nanotubes. For the multi-walled carbon nanotubes the focus is on inter-shell
interaction and telescopic junctions. The current voltage characteristics of these
systems show clear marks of quantum dot behaviour. The influence of defects as
vacancies and geometrical deformations are significant for infinite systems, but in
these devices they play a minor role. The rest of the studies concern molecular
crystals, treated with density-functional theory (DFT). Inspired by the enhance
of the electrical conductivity obtained experimentally by doping similar materials
with alkali metals, calculations were performed on bundles of single-walled carbon
nanotubes and pentacene crystals doped with potassium. The most prominent
effect of the potassium intercalation is the shift of Fermi level in the nanotube
bands. A sign of charge transfer of the valence electrons of the potassium atoms.
Semi-conducting bundles become metallic and metallic bundles gain density of
states at the Fermi level. In the semi-conducting pristine pentacene crystals struc-

iii



iv

tural transitions occur upon doping. The herringbone arrangement of the pristine
pentacene molecules relaxes to a more π-stacked structure causing more dispersive
bands. The charge transfer shifts the Fermi level into the lowest unoccupied molec-
ular orbital band and turns the crystal metallic. Finally, we have studied molecular
crystals of spiro-biphenalenyl neutral radicals. According to experimental stud-
ies, some of these materials show simultaneous electrical, optical and magnetical
bistability. The electronic properties of these crystals are investigated by means
of DFT with a focus on the possible intermolecular interactions of radical spins.
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CHAPTER 1

Introduction

1.1 Background and motivation

I
n 1965, the early days of the integrated circuits, Gordon E. Moore, one of the
founders of Intel Corporation, was observing a trend. At that time the engi-
neers doubled the transistor density on the integrated circuits every second
year. He wrote an article about the future of integrated electronics Cram-

ming more components onto integrated circuits [51] in which he foresaw that this
progress should continue for at least 10 years. What he did not know was how
accurate and long-lasting this prediction would be. It lasted for several decades,
became known as the Moore’s Law and works as a fundamental principle for the
computing industry. Today, 40 years afterwards, still obeying this law, the transis-
tor gate length is 65 nm and some structures of the circuits are not thicker than five
atomic layers. At this size of the devices we are close to the limit where quantum
mechanical effects dominates the behaviour. New types of solutions, devices and
materials can become interesting in order to reduce the size a bit further. In this
context, electronic circuits based on molecules are of large interest. One candidate
for carbon based nano-electronics is carbon nanotubes. The conducting properties
of carbon nanotubes the main part of the research presented in this thesis.

Parallel with the development of integrated circuits on silicon chips, a new
branch of applications has emerged, for which mechanically flexibility and low
fabrication costs are more important than high density of transistors. Also for
this type of applications, materials based on carbon are of large interest. In par-
ticular, molecular solids can easily be formed by evaporating molecules on a sub-
strate. With the right choice of molecules and preparation conditions, an ordered
molecular solid is formed which can act as electro-active material in the type of
applications mentioned above. Studies of such molecular solids is another focus of
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2 Introduction

this thesis.
The materials and methods used in the calculations of the electronic properties

of the carbon based structures are introduced below and further discussed in the
later chapters and in the research papers included in this thesis.

1.2 Materials

1.2.1 Organic carbon

Contemplate the surrounding and you find an overwhelming majority of carbon
based materials. Most of them are organic materials, that is, derived from living
organisms. There are millions of known organic materials, and more are discovered
regularly. Hundreds of them have large commercial importance today. They are
frequently used due to their natural existence or are easily synthesised. Further
advantages are, low weight, mechanically flexible, environmentally friendly, and
cheap production. Their short durability may be their disadvantage, but for many
applications it is sufficient and can be compensated by their low fabrication costs.

Electric applications of carbon based materials were for a long time restricted to
the use of graphite. However, during the past few decades also organic carbon ma-
terials have been developed, best illustrated by the Nobel prize in chemistry 2000,
which was given to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa
for their discovery and development of conjugated and conductive polymers.

Conjugated polymers, in particular, have received considerable attention due
to their light emitting/light absorbing properties which have been explored in light
emitting diode and solar cell applications. Also molecular based materials such as
molecular crystals and charge transfer salts belong to the class of organic materials
of interest for electronic applications.

1.2.2 Pristine carbon

Before 1985 there were two known types of pristine carbon materials, diamond
and graphite. That year Harold W. Kroto, James R. Heath, Sean C. O’Brien,
Robert F. Curl and Richard E. Smalley made an important discovery [33]. They
observed the C60 molecule, which has the shape of a football, but with a radius
of ∼ 3.5 Å. The structure also resembles of the structure of the geodesic domes
that the architect R. Buckminster Fuller created and the C60 molecule was for this
reason named buckminsterfullerene. Similar, less symmetrical carbon cages were
also found and the family of this type of molecules is today called fullerenes. In
1996 Robert F. Curl, Harold W. Kroto and Richard E. Smalley received the Nobel
prize in chemistry for their discovery of fullerenes.

This discovery was soon followed by the discovery of yet another carbon struc-
ture, the carbon nanotube by Sumio Iijima [23] in 1991. Carbon nanotubes are
cylindrical structures of graphitic carbon with diameters ranging from ∼ 1 nm
up to 10-100 nm. Production of large quantities of both fullerenes and carbon
nanotubes is today a multi million dollar industry. Potential applications range
from include markets such as energy, electronics, and medicine.
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1.3 Methods

Theoretical studies of electronic properties of carbon based materials involve to
a large extent heavy calculations. The incredible progress of computers, high
performance computing in particular, has made it possible to perform such studies
using very accurate quantum mechanical methods.

The size and complexity of molecules, polymers or unit cells of crystals that can
be treated with ab initio quantum chemistry or first principles solid state physics
methods have increased dramatically. Today we are on a routine base performing
ab initio or first principles calculations of molecules or unit cells with hundreds of
atoms and thousands of electrons. Such studies deal with ground state properties
which forms the basis for the understanding of materials properties. However,
when dealing with properties that are directly related to electronic applications,
properties such as mobility and conductivity, it is considerably more difficult to
obtain realistic results for larger systems. Partially, this is due to the fact that we
lack some important information concerning the electronic devices, for example,
the exact nature of the contacts or knowledge about defects in the materials. It is
also considerably more difficult to calculate quantities that depend on defects or
on detailed interactions at contact interfaces.

The work in this thesis is based on calculations both at the ab initio or first
principles level but also using parametrised Hamiltonians for studies of contact
and conductance properties. These methods are introduced in Chapter 2 and 3
below and also presented at a more detailed level in the articles.
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CHAPTER 2

Electronic structure

T
o calculate many of the physical properties of a material exactly, many-
body problems are faced. The forces acting between the particles are
electro-magnetic. On the microscopic level the description of matter
is provided by the quantum mechanic laws. The equation that gov-

erns the particles is the Dirac equation, which solutions are many-body spin wave
functions. It incorporates relativistic effects and predicts the intrinsic spin angu-
lar momentum of the particles. In the non-relativistic limit the Dirac equation
reduces to the Schrödinger equation. The spin prediction and description is lost
and has to be reintroduced by the following separate postulate. In a region of
space where several identical particles may be found simultaneously, it is impos-
sible to distinguish between them. If the particles also are fermions, for example
electrons and protons, only one particle can occupy a given individual quantum
state. This requires that the total wave function must be antisymmetric under
interchange of the space and spin coordinates of two identical fermions. This is
known as the Pauli exclusion principle. The existence of spin, which is intimately
connected with relativity, is however fully compatible with the description of the
system in terms of the Schrödinger equation.

2.1 Relaxation of the nuclear configuration

Dealing with time-dependent system is in general a delicate task. The exact solu-
tions of the time-dependent Schrödinger equation are usually impossible to find,
though there are systems that can be solved approximately. If the Hamiltonian
varies very slowly with time, the adiabatic theorem is applicable. It assumes that
the instant (time-independent) solution, a non-degenerate discrete state and its
energy, evolves to the corresponding state and energy at a latter time without
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6 Electronic structure

making any transition. If the adiabatic approximation is applied to molecules the
slow time dependence of the Hamiltonian corresponds to the motion of the nu-
clei relative to the electrons. The charged particles are moving in the Coulomb
potential of each other, but the nuclei are considerable heavier than the electrons
so their speed is much lower. Therefore the electrons manage to relax at any in-
stant nuclear configuration and the Schrödinger equation becomes separable into
an electronic and a nuclear part. For each nuclear configuration the electronic
ground state is given by the time-independent electronic Schrödinger equation. In
the nuclear part of the Schrödinger equation the electronic ground state energy
appears as a potential energy. According to the Hellmann-Feynman theorem the
gradient of this potential energy is interpreted as a generalised force that vanish
in the equilibrium configuration. This is the essence of the Born-Oppenheimer
approximation.

2.2 Electronic structure methods

The electronic structure is determined by the Hamiltonian in the time-independent
Schrödinger equation. The Hamiltonian consists of an external Coulomb potential,
the kinetic energy operators and particle-particle Coulomb interactions. Within
the Born-Oppenheimer approximation, the nucleus-nucleus interaction appears as
energy parameters and the electron-nucleus interaction is treated as an external
potential. It is the remaining electron-electron interaction that defines a many-
body problem.

2.2.1 Non-interacting electrons

Ignoring the electron-electron interaction, the separation of variables technique
makes the Schrödinger equation exactly solvable. The eigenfunctions, called Hartree
products, are thus products of occupied one-electron wave functions. From their
classical counterpart these single particle wave functions are named spatial or-
bitals. They are infinite to the number and can be chosen to form an orthonormal
set. Each orbital is associated with an energy eigenvalue and the total energy
is simply the sum of the occupied orbital energies. At the non-relativistic level
of theory, spin-orbitals φi(rj , σj) are formed as products of a spin function and
a spatial orbital. To fulfil the Pauli exclusion principle for fermions, which the
Hartree product does not, these singly occupied spin-orbitals have to be arranged
in, what is known as a Slater determinant, in order to get an anti-symmetric wave
function.

Φ =

√

1

N !

∣

∣

∣

∣

∣

∣

∣

∣

∣

φ1(r1, σ1) φ1(r2, σ2) · · · φ1(rN , σN )
φ2(r1, σ1) φ2(r2, σ2) · · · φ2(rN , σN )

...
...

. . .
...

φN (r1, σ1) φN (r2, σ2) · · · φN (rN , σN )

∣

∣

∣

∣

∣

∣

∣

∣

∣

(2.1)

A Slater determinant is usually referred to as an uncorrelated wave function with
respect to the motion of the electrons. Nevertheless even the Pauli exclusion
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principle introduces correlation. Although, the Slater determinant only is an exact
solution of a fictitious system it plays an important role in most of the more
accurate methods for electronic structure calculations.

When the Coulomb electron-electron interaction is added, numerical methods
have to be applied. For many purposes it is sufficient to find the ground state
solution. A powerful and straight forward method for doing this, is based on the
variational principle. It is applied to the energy functional for the expectation
value of the Hamiltonian H with a trial wave function φ.

E [φ] = 〈φ |H |φ〉 (2.2)

The wave function that minimises the expectation value is the exact ground state
solution and the ground state energy is the minima. This is the main concept for
both Hartree-Fock based methods and the density-functional theory (DFT). In
the DFT this energy functional is rewritten in terms of the electron density, which
plays the central role rather than the many-body wave function. Though these two
approaches are different they both end up with effective one-electron Schrödinger
equations, the Hartree-Fock equations and Kohn-Sham equations, respectively.
However, the interpretation of the solutions differ.

2.2.2 The Hartree-Fock method

This is a variational method finding an upper limit to ground state energy using
a Slater determinant with spin-orbitals as trial wave function. The inherent ap-
proximation comes from the restrictions on the total wave function resulting from
a description based on the Slater-determinant. By minimising the total energy
with respect to the spin-orbitals a system of coupled equations, the Hartree-Fock
equations, are found. They are pseudo-eigenvalue equations with an effective one-
electron operator, the Fock operator, that depends on all the occupied orbitals.
Apart from the kinetic energy operator and the external potential, it is composed
of the Coulomb and exchange operators. Both of them origin from the expecta-
tion value of the Coulomb electron-electron interaction for a Slater determinant.
Considering the probability density of occupied spin-orbitals as charge density,
the Coulomb part represents the classical Coulomb repulsion. There is no classical
analogy for the exchange part that arises from the anti-symmetry of the Slater de-
terminant. The deficient description of correlated electronic motions in the Slater
determinant leads to a situation in which that each electron is influenced by the
average positions of the other electrons. The effect of these other electrons can
be expressed as a potential, named the Hartree-Fock potential (that depends on
the electron density). Due to these mutual dependence of the orbital solutions,
the Hartree-Fock equations have to be solved self-consistently. Consequently, the
Hartree-Fock method is often referred to as a self-consistent field method.

2.2.3 Density-functional theory

In this theory the basic entity is the particle position probability density n(r),
often called particle density. If the normalised N -particle wave function is known
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the particle density is given by

n(r) =
∑

σ1,...,σN

∫

...

∫

N |Ψ(r1σ1, ..., rNσN )|2 dr2...drN . (2.3)

The major advantage of considering the particle density instead of the many-
particle wave function is that the number of needed space coordinates is reduced
to three, independently of the number of particles.

For a classical continuous charge distribution n(r) the electrostatic energy is
given by a density functional EH [n] usually called the Hartree energy in quantum
mechanical contexts.

EH [n] =

∫

1

2

∫

n(r′)

|r − r′|
dr′n(r)dr (2.4)

The potential energy for a classical and quantum mechanical charge density n(r)
in an external potential Vext (r) is also given by a simple density functional

Eext [n] =

∫

Vext (r)n(r)dr. (2.5)

2.2.4 The Thomas-Fermi-Dirac approximation

The idea of using the electron density in electronic structure calculations were
initiated by Thomas [63] and Fermi [17] in 1927. They introduced a local functional
of the electron density TLDA[n] as an approximation of the kinetic energy.

TLDA[n] =

∫

3

10
(3π2n(r))2/3n(r)dr (2.6)

It is referred to as a local density approximation (LDA), since it assumes that
the density locally can be considered as an homogeneous electron gas. Using
the Hartree energy as an approximation for the electron-electron repulsion, an
approximate total energy functional was obtained as a sum of the kinetic, Hartree
and external potential energy functionals.

E[n] = TLDA[n] + EH [n] + Eext [n] (2.7)

An estimation of the ground state energy and the corresponding density is found
by minimising the total energy functional with the respect to the electron density,
under the constraint that the number of particles is conserved.

N =

∫

n(r)dr (2.8)

The variational principle in the form of the method of Lagrange multipliers results
in an Euler-Lagrange equation that gives the density that minimises the total
energy with the Lagrange multiplier as the chemical potential.

Thomas and Fermi neglected correlation between electrons and what is called
exchange interaction n the Hartree-Fock method. When the expectation value
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of the Hamiltonian is calculated with a Slater-determinant, as it is in Hartree-
Fock method, the correlated motion of the electrons that lower the total energy is
missed. Therefore, both the kinetic and the electron repulsion energies only be-
come approximations. Due to the anti-symmetric nature of the Slater determinant
the expectation value of the electron repulsion consists of two terms. The first one
is identified as the electrostatic potential of a classical continuous charge distribu-
tion, the Hartree energy. It includes the spurious self-interaction energies, that are
negligible if the number of particles in the density is large, but are considerable
with only a few particles present. These energies are cancelled by the second term,
the exchange energy. Besides that, this term is needed due to the Pauli exclusion
principle. Therefore, a few years later Dirac added a LDA functional ELDA

x [n] for
the exchange energy [15].

ELDA
x [n] =

∫

−
3

4

(

3n(r)

π

)1/3

n(r)dr (2.9)

These LDA functionals for the kinetic and exchange energies are only exact for an
non-interacting homogeneous electron gas. Furthermore this local density func-
tional for the exchange energy does not completely cancel the self-interaction in the
Hartree-energy. However, in the Thomas-Fermi-Dirac approximation no neutral
molecules are stable [61, 2, 41], which considerable reduces its applicability.

2.2.5 The Hohenberg-Kohn theorems

In 1964 two important theorems concerning the electron density were presented
and proofed by Hohenberg and Kohn [20]. It turns the approximate density-
functional theory for the electronic ground state, developed by Thomas, Fermi
and others, into an exact theory for interacting many-body systems, based on
the density. The first theorem states that the ground state particle density n0(r)
for any system of interacting particles uniquely determines the external potential
Vext (r) except for an additive constant. No restrictions to Coulomb potentials are
needed. Since the Hamiltonian is completely determined by the external poten-
tial, also the many-body wave functions for all states are determined. Hence, the
ground state density n0(r) completely determines all properties of the system. A
consequence of this theorem is that there exist functionals of the density, though
unknown and probably complex, for every observable quantity of such systems.
This theorem also shows that assumptions in the Thomas-Fermi approximation,
that the kinetic and electron-electron interaction can be described as density func-
tionals, is in fact no approximation. Denoting these quantities T [n] and Eee [n]
the exact total energy is given by

E[n] = T [n] + Eee [n] + Eext [n] (2.10)

The second theorem states that the exact total energy E[n] is always larger
than or equal to the ground state energy for a V -representable trial density n(r).
It is analogous to the energy variational principle for the wave functions used in
Hartree-Fock method and justifies the use of this principle in the Thomas-Fermi
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approximations. The functional E[n] alone is sufficient to determine the ground
state density and energy, exactly. If a density can be obtained from an antisym-
metric wave function, it is N -representable, while a V -representable density has
to be N -representable and correspond to a density of a non-degenerate ground
state in some external potential. However, there exist reasonable densities that
are not V -representable. Levy and Lieb solved this dilemma with their constraint
search formulation [38,39,40] in DFT, in which the density only has to satisfy the
weaker condition of N -representability. The solution is to minimise the kinetic
and electron-electron repulsion energies with respect to the wave function for each
density first and then minimise the total energy with respect to the density.

E[n] = min
Ψ→n

〈Ψ|T̂ + V̂ee |Ψ〉 + Eext [n] (2.11)

With this two-step minimisation procedure, the density only needs to be N -
representable and the degenerate ground states can be handled by DFT. Mer-
min [45] has extended the theory to cover finite temperature canonical and grand
canonical ensembles. His work shows that the free-energy functional of the density
directly determines thermal equilibrium properties such as specific heat.

2.2.6 The Kohn-Sham ansatz

Kohn and Sham’s idea was to map the interacting electronic system to an auxiliary
system of non-interacting electrons with the same ground state electron density
n0(r) [26]. For this auxiliary system the total energy functional is composed of the
kinetic energy of non-interacting particles Ts [n] and an effective potential energy
functional Eeff [n] including all potential and particle interaction energies.

E[n] = Ts [n] + Eeff [n] (2.12)

According to the Hartree-Fock and Thomas-Fermi-Dirac approximations the ma-
jor electron-electron interaction energies are the Hartree and exchange energies,
while the excluded remainder is the correlation energy. In the density-functional
approach, only the functional of the Hartree energy is known explicitly. Kohn and
Sham introduced a successful approximation of a combined exchange and correla-
tion energy functional, that is very accurate for a homogeneous electron gas. Due
to its local functional nature it is called the local density approximation of the
exchange-correlation energy ELDA

xc [n].

Eeff [n] = EH [n] + Exc[n] + Eext [n] (2.13)

The major error in the Thomas-Fermi-Dirac approximation comes from the lo-
cal density approximation of the kinetic energy. Therefore, the most ingenious
proposal of Kohn and Sham was the kinetic energy functional

Ts [n] = min
Φ→n

〈Φ|T̂ |Φ〉, (2.14)

where Φ is a Slater determinant, which is sufficient to describe the exact wave
function of the non-interacting electrons. For a given electron density, the Slater
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determinant orbitals that minimise the kinetic energy are the so-called Kohn-Sham
orbitals.

If the variational principle is applied to the total energy functional with the
Kohn-Sham kinetic energy, a set of one-electron Schrödinger-like equations is ob-
tained. These are the Kohn-Sham equations with the effective potential Veff (r)
that is the variation of the potential energy functional with respect to the density.

Veff (r) =
δEeff [n]

δn
=

∫

n(r′)

|r − r′|
dr′ +

δExc[n]

δn
+ Vext(r) (2.15)

Due to the density dependence in the effective potential, these Kohn-Sham equa-
tions have to be solved self-consistently.

2.2.7 Exchange-correlation functionals

The major drawback of DFT is that a general exact exchange-correlation func-
tional is obviously not known. There is not even a systematic way to improve ap-
proximations. Kohn and Sham themselves proposed the first and so far the most
used approximation, the local density approximation of the exchange-correlation
functional ELDA

xc [n] [26]. The idea behind it is that it is exact for an homogeneous
electron gas and should be valid for other systems with a density slowly varying
over the space.

Consider a homogeneous interacting electron gas, completely specified by its
constant density n. The exact exchange energy is possible to derive, while an ac-
curate correlation energy can be calculated numerically. A function of the density
ǫhomxc (n) is obtainably for the exchange-correlation energy per electron. Using this
function for an inhomogeneous electron n(r) at each point r gives an approxima-
tion of the exchange-correlation energy according to:

ELDA
xc [n] =

∫

ǫhomxc (n(r))n(r)dr. (2.16)

The LDA has proved to be strikingly accurate in many electronic structure cal-
culations in solid state physics. However the use of LDA in quantum chemistry,
dealing with molecules or even individual atoms that have densities with large
gradients, has been limited. A functional with a gradient expansion approxi-
mation (GEA) were already proposed in the original paper of Kohn and Sham.
These early attempts did not lead to consistent improvement over the LDA. The
breakthrough came with generalised gradient approximation (GGA) that provides
accuracy needed for molecular systems. Three widely used parametrisations of
the functional are Becke (B88) [3], Perdew, Becke and Enzerhof (PBE) [54] and
Perdew and Wang (PW91) [64, 53, 55].

EGGA
xc [n] =

∫

ǫGGA
xc (n(r), |∇n(r)|) n(r)dr (2.17)

Both the functions ǫhomxc and ǫGGA
xc are parametrised analytic functions to facilitate

numerical calculations.
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2.2.8 Spin-density functionals

So far only spin unpolarised densities have been considered, where the spin-
up and spin-down densities are equal, n↑(r) = n↓(r) = n(r)/2. Even with-
out magnetic fields, spin-density functionals are needed to cope with unpaired
electrons in atoms and molecules. Such functionals for spin polarised densi-
ties have thus been derived. Both for the exact and the local density approx-
imations of the kinetic and exchange energy functionals, the spin-scale relation
F [n↑, n↓] = (F [2n↑] + F [2n↓]) /2 works, while the Hartree energy functional is
simply EH [n↑, n↓] = EH [n↑ + n↓]. The spin-scaling for correlation energy is not
known, but the spin-scaling of the dominant exchange energy is used to construct
the spin-polarised exchange-correlation energy functionals.

ELDA
xc [n↑, n↓] =

∫

ǫhomxc (n↑(r), n↓(r))n(r)dr (2.18)

EGGA
xc [n↑, n↓] =

∫

ǫGGA
xc (n↑(r), n↓(r), |∇n↑(r)|, |∇n↓(r)|)n(r)dr (2.19)

2.2.9 The Vienna ab-initio simulation package

In all the DFT calculations presented in this thesis the Vienna ab initio simu-
lation package code vasp [31, 29, 30] has been used. It offers periodic boundary
conditions on super cells. This package provides both LDA and GGA exchange-
correlation energy functionals. For the studied molecular crystals the PW91 ver-
sion of the GGA was chosen. The electronic valence wave functions were expanded
in a plane-wave basis set, while the core states were described by frozen atomic
wave functions. Only plane waves with a kinetic energy smaller than a chosen
cut-off energy were included in the basis set. In conjunction with the frozen
core approximation, the Blöchl’s projector augmented-wave (PAW) method [6,32]
was used to reduce the size of the basis set. The first Brillouin zone (BZ) was
sampled with the Monkhorst-Pack method [50], which subdivides the zone along
the reciprocal lattice vectors. To reduce the number of points needed in BZ to
get an accurate band-structure energy, partial occupancies for each wave func-
tion was used according to the Methfessel-Paxton smearing method [46]. In this
method the Fermi-Dirac step function is expanded in a complete orthonormal set
of functions, where the first function in the expansion is the Gaussian function.
Electronic relaxations were performed with a preconditioned conjugate-gradient
(CG) method [62], the Davidson blocked iteration scheme [13] or preconditioned
residual minimisation method-direct inversion in the iterative subspace (RMM-
DIIS) [56]. For the ionic relaxations both a preconditioned CG algorithm or a
RMM-DIIS algorithm were employed, depending on the starting guess of the ionic
structure. If the ionic structure was unreasonable the more reliable CG algorithm
was used, while closer to a local minimum the RMM-DIIS algorithm usually was
more efficient.
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2.2.10 The tight-binding and the Hückel approximation

The tight-binding method was developed by Bloch [5] in 1928. This was probably
the first theory of electrons in crystals. In his ansatz to solve the Schrödinger equa-
tion for crystals, he considered the crystal potential as a sum of atomic potentials
plus a small perturbation term ∆V including all corrections to the atomic poten-
tials. Without the perturbation, the exact solutions are the degenerated atomic

energy eigenvalues ǫ
(0)
n and a sum of the localised atomic wave functions. Using

the atomic orbitals as an approximation of the atomic wave functions, the un-
perturbed crystal wave function can be written as a linear combination of atomic

orbitals ϕ
(0)
i (r) (Bloch himself only used a spherical symmetric function at each

atom). The perturbation theory for degenerate energy levels gives the following
generalised matrix eigenvalue equation for each energy eigenvalue

(∆V − ǫ(1)n S)c = 0, (2.20)

where the matrix elements are

(∆V )i,j = 〈ϕi |∆V |ϕj〉 (2.21)

(S)i,j = 〈ϕi|ϕj〉. (2.22)

Thus the energy eigenvalues up to the first-order energy corrections and the cor-
responding wave functions, that are Bloch functions, are given by

ǫn = ǫ(0)n + ǫ(1)n (2.23)

Φn =
∑

i

ciϕ
(0)
i (2.24)

The matrix elements (∆V )i,i, (∆V )i,j 6=i and (S)i,j are called Coulomb integrals1,
resonance integrals, and overlap integrals, respectively. In one element crystals the
Coulomb integrals are equal, so Bloch introduced the parameter α for the their
value. Due to the localised nature of the atomic orbitals, the values of the over-
lap integrals and the resonance integrals for nearest neighbours and next nearest
neighbours (and more distant neighbours), respectively are small and neglected.
Bloch also introduced the parameter β for the nearest neighbour resonance inte-
grals and considered each atomic orbital to be normalised to unity. Depending on
the crystal symmetry a few different β might be needed. For parametrisation of
resonance integrals in crystals or molecules with varying inter-atomic distances the
Mulliken approximation [52] is applicable. It estimates the resonance integral from
the overlap integral βi,j = k(S)i,j , where the parameter k has to be determined
empirically.

Three years after Bloch introduced the tight-binding approximation, Hückel
[21] applied this method on hydrocarbon molecules. He used the method for
describing the π-electrons of the carbon atoms. This early variant of Bloch’s
tight binding method has been known as the Hückel theory. Later, Hoffman [19]
generalised this approximation for the hydrocarbons to include all the atomic
orbitals, and named it the extended Hückel theory.

1Sometimes the name Coulomb integral is used for the sum ǫ
(0)
n and (∆V )i,i.
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CHAPTER 3

Electronic transport

T
his chapter deals with the basic concepts of electronic transport in in-
finite crystals and molecular quantum dots. The independent electron
approximation is adopted here. Although the electron-electron interac-
tion is important, this approximation explains the metallic, the semi-

conducting or the insulating behaviour of many materials.

3.1 The band theory of periodic solids

The intricate behaviour of electrons in crystalline solids is entirely determined
by the crystal structure and the constituent elements. Usually the structure of
crystals are classified by symmetry operations. Therefore, a decomposition into a
basis (or a unit cell) containing one or more atoms and a Bravais lattice defining
the repetition rules is useful. All the lattice points are reached with the translation
vector R = ua+vb+wc composed by the integers u, v and w and the basis vectors
a, b and c that define the shape of the unit cell.

Bloch [5] showed that the solutions of the electronic Schrödinger equation for
a periodic potential U (r) = U (r + R) are plane waves weighted with a periodic
function un,k (r) = un,k (r + R)

ψn,k (r) = un,k (r) eik·r. (3.1)

The corresponding energy eigenvalues are continuous periodic functions ǫn (k) =
ǫn (k + K) of the wave vector k. Each energy band index n and wave vector k

within the first Brillouin zone (BZ) represent a unique solution with the energy
eigenvalue ǫn (k). The periodicity in the reciprocal space is given by the translation
vector K = u∗a∗ + v∗b∗ + w∗c∗, where a∗, b∗ and c∗ are the reciprocal basis
vectors and u∗, v∗ and w∗ are integers. The first BZ comprises all waves with

15
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wave lengths larger than or equal to the width of the unit cell in the direction
of the propagation. Only those wave vectors k within for example the first BZ
represent a unique solution with the energy eigenvalue ǫn (k). In comparison
with free electron waves, Bloch waves with wave vectors outside the first BZ are
described by smaller wave vector inside BZ with another band index n and a more
rapidly oscillating periodic function un,k (r).

The highest occupied eigenvalue is known as the Fermi energy or Fermi level.
Its position in the band structure is crucial for the electron transport, which be-
comes apparent when an electric field is applied in semi-classical model in con-
junction with some electron scattering. If the Fermi level intersects any energy
band, the crystal has a metallic behaviour from the electron transport point of
view. The situation with a completely filled band and an energy band gap to the
next band above leads to semi-conducting or insulating crystal. Depending on
size of the gap, the accessible thermal energy is sufficient or insufficient to excite
electrons to the empty band. At room temperature, crystals with a larger band
gap than 1 eV can be regarded as insulating.

The semi-conducting or insulating behaviour can be changed by intercalation
of donor or acceptor atoms (or molecules). There will be a charge transfer between
the host system and the dopant. The electrons of the donor atoms likely occupy of
the lowest unoccupied band or electrons from the highest occupied band localise
on the acceptor atoms. In such a way, partially filled bands can be obtained and
the system is transferred into a metallic state.

3.2 The semi-classical model of electron transport

The conductivity tensor is defined from the generalised Ohm’s law j = σE. Thus a
relation between an applied static uniform electric field E and the resulting current
density j has to be established. In equilibrium, without any disturbing field, the
energy bands are equally occupied in the back and forward direction of each wave
vector and no net charge is transported in any direction. In the semi-classical
theory the time evolution of the wave vector for the Bloch electrons in a uniform
electric field is given by k (t) = k (0)−eEt/~. The effect is that the occupied states
will circulate in the periodic energy bands. For a fully occupied energy band no
other effect but electrons interchanging states occur. In a partly occupied band
the constant electric field induces an alternating current. For Bloch wave electrons
the average value of the velocity over a unit cell is given by

vn (k) =

∫

ψ∗
n,k (r) v̂ψn,k (r) dr =

1

~

∂ǫn (k)

∂k
, (3.2)

where v̂ = −i ~

m∇ is the velocity operator. From the electron velocity the current
density is easily derived.

j =

∫

occ.

−evn (k)
1

4π3
dk (3.3)
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Due to scattering of the electrons this phenomenon of alternating current driven
by a static uniform electric field is not observed. However on average there will
be stable difference between the highest occupied state in the positive and the
negative direction of the field. Without further knowledge of the scattering process
an accurate value of the conductance is inaccessible, but the model provides an
simple description of the conducting/insulating behaviour of crystalline materials.
This motivates the intensive study of the electronic band structure, since their
shape and occupation are crucial for the electronic transport.

3.3 The Landauer formalism

Landauer derived a relation between the conductance and the electron transmis-
sion probability through a microscopic sample, which has been known as the Lan-
dauer’s conduction formula [34, 35]. Originally, only one transport channel was
considered, while Büttiker et al. [8] generalised it to a multi-channel conductance
formula. Bagwell et al. [1] have extended the formula further to cope with fi-
nite bias voltages. Apart from the sample, two ideal conductors (leads) and two
electron reservoirs are incorporated in the model. The mentioned channels are
individual bands of the conductors between which the electrons are scattered by
the sample. Inelastic scattering as well as charging of the sample are neglected in
this model. The large reservoirs, that are assumed to be in thermal equilibrium
with a Fermi-Dirac distribution of the electrons, inject electrons into the bands
of the conductors which in turn are coupled to the studied sample. Furthermore,
the reservoirs are considered as reflection-less, that is, the absorption of incident
electrons is total. Landauer assumed that the transmission probability Tn(E) from
channel n in one conductor through the sample into any channel in the other con-
ductor where known. If Tn(E) from some channel n is nonzero and there is an
imbalance between the chemical potentials of the reservoirs, caused by an applied
bias voltage U , a net current I will flow in between the reservoirs.

I(U, µ, τ) = e
∑

n

∫

Tn(E)vn(E)dosn(E)

× (fFD(E − (µ+ eU/2), τ) − fFD(E − (µ− eU/2), τ))dE

(3.4)

The chemical potential of the reservoirs in balance at the temperature τ is de-
noted by µ. In the ideal conductors the electrical potential is constant, while the
whole potential drop occurs at the two (symmetric) conductor-sample connections.
However, at zero temperature the Fermi-Dirac distribution functions fFD equals
step functions that limit the integration to the interval [µ− eU/2,µ+ eU/2]. The
density of states dosn(E) for electrons of both spin moving in channel n along
a conductor is 1/(π~vn(E)), where the mean velocity vn(E) is given by Eq. 3.2.
Under these considerations the expression for the current reduces to

I(U) =
e

π~

∑

n

∫ µ+eU/2

µ−eU/2

Tn(E)dE. (3.5)
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In paper I and II the actual current-voltage characteristics are calculated with the
Landauer conductance formula for carbon nanotube samples. The conductors are
modelled by simple cubic lattices. Treated independently with the tight-binding
approximation, Bloch wave solutions and delocalised π orbitals are obtained in the
conductors and carbon nanotubes, respectively. The interaction between the parts
are approximated with distance dependent parametrised resonance integrals. The
Schrödinger equation for the whole system is solved by introducing a molecular
Green’s function of the isolated nanotube and making the ansatz of incident and
reflecting waves in one conductor and transmitted waves in the other conductor.
From these wave solutions the incoming and transmitted current for each channel
n and energy E are easily derived. Finally the transmission probability is obtained
as the ratio between these transmitted and incoming currents.



CHAPTER 4

Materials

T
his chapter gives a brief description of the carbon based materials stud-
ied in this thesis. Due to the flexibility in formation of bonds, carbon
appears in a great number of molecules and different crystalline struc-
tures. The reason for this is found in the atomic configuration of carbon.

In the vicinity of other atoms, the ground state 1s22s22p2 is easily excited to the
1s22s12p3 state. The two 1s electrons are strongly bound to the atomic core, while
some of the orbitals of the remaining four electrons mixes (hybridises) to more
directed orbitals. These are referred to as sp, sp2, or sp3, depending of the num-
ber of 2p orbitals that participate. Formation of the hybridised orbitals enhance
the binding energy with neighbouring atoms, which far exceeds the energy needed
for the excitation. Due to the large overlap, the bonds are distinct covalent. The
angles between the major lobes of sp, sp2, and sp3 hybrids are 180, 120 and 109.5
degrees respectively, which gives the characteristic structures of the carbon based
materials.

Before 1985 the only known structures of pure carbon was diamond and graphite.
That year H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl and R. E. Smal-
ley [33] discovered the C60 molecule also named Buckminsterfullerene or shorter,
fullerene. This led eventually to the Nobel prize in chemistry, which shows the im-
portance of the discovery and the consequences thereof. A few years later, in 1991
and 1993, S. Iijima observed for the time first multi-walled carbon nanotubes and
single walled carbon nanotubes, respectively [23,24]. Other occurrences of carbon
atoms for example are in all organic compounds, which is a very large group of
molecules. The carbon atoms with their strong bonds constitutes the backbone
which gives the principle shape of the molecules, such as polymers and aromatic
hydrocarbons.

The molecules studied as a part of this thesis, pentacene and phenalene, are
both unsaturated polycyclic aromatic hydrocarbons. Also the carbon nanotubes

19
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Figure 4.1. The crystal structure of singe-walled carbon nanotubes: from left to right
(4,4) armchair, (7,1) chiral and (7,0) zig-zag.

have a similar structure (though rolled-up). Although the shape of the systems
differ, their common denominator are the sp2 hybridised carbon atoms. The re-
maining 2p orbital hybridises into delocalised molecular π-orbitals. These orbitals
are occupied by weakly bonded electrons, which are involved in the electron trans-
port process.

4.1 Carbon nanotubes

In order to understand the geometry and electronic structure of carbon nanotubes,
it helps to be familiar with graphite. A graphite crystal consists of a pile of
ABAB-stacked graphene sheets. These sheets look like a honeycomb with a carbon
atom in each corner forming a covalent bond with three other carbon atoms. In
crystallographic terms, a graphene sheet has a (two-dimensional) hexagonal lattice
structure with a two-atom basis of sp2 hybridised carbon atoms. The sp2 orbitals
forms very strong σ-bonds and makes the rigid backbone within the sheet while
the remaining 2p-orbitals contribute to the weaker intra- and inter-plane π-bonds.
This results in easily sliding graphene planes and explains the lubricating effect of
graphite powder.

A single-walled carbon nanotube can be thought of as a rectangular sheet
of graphene rolled-up to a seamless hollow cylinder, see Fig. 4.1. The connected
corners have to be displaced in the sheet by a Bravais lattice vector na+mb (n and
m are integers). This vector, called the chiral vector Ch, determines the radius and
helicity of the tube. Due to symmetry, only n > 0 and m ≤ |n|, gives unique tubes.
The special cases m=n and m=0 are called armchair and zig-zag respectively. All
other combinations of m and n correspond to chiral nanotubes. The specific chiral
vector classifies the tubes and their electronic properties. These properties depend
strongly on the chirality, for example, the metallic or semi-conducting nature of
the tube appear as a result of the specific chirality.
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The high purity of carbon nanotubes results in delocalised states over the
whole system. The length of the tubes, which can be as long as several centime-
tres [67], is therefore not very critical in the discussion of the tube properties.
Other features such as inter-tube interactions are more important. Nanotubes
with different radii often merge to coaxial structures called multi-walled carbon
nanotubes with properties that differ somewhat from those of single-wall carbon
nanotubes. Furthermore, carbon nanotubes gather together in bundles that have
a two-dimensional triangular lattice structure. The interactions within such bun-
dles are also of importance for the electronic properties of tubular systems. In
particular, as discussed in paper III in this thesis, it allows for a stable phase of
doped carbon nanotubes.

Applications of carbon nanotubes have been discussed extensively in the lit-
erature. Some of the most promising applications are as composites, hydrogen
storage, field emission devices like field emission displays, nanometre-sized elec-
tronic devices, sensors and probes.

4.1.1 Growth methods

So far, carbon nanotubes have been produced with three different methods. The
discovery of the carbon nanotubes was made in carbon soot produced by the carbon
arc discharge technique [23]. A few years later, Guo et al. [18] reported synthesis
of carbon nanotubes by the laser ablation method. At the same time carbon
nanotubes were grown with the chemical vapour deposition (CVD) process [66,12].
For all these methods, a metal catalyst is needed to synthesise single-walled carbon
nanotubes.

In both arc discharge and laser ablation methods graphite is evaporated into
carbon gas or plasma whereupon it condensates into carbon nanotubes and also
other types of carbon nano-particles. The temperature in these processes have to
be close to the melting point of graphite, 3000-4000◦ Celsius.

A simple arc discharge apparatus has two solid carbon electrodes confined
in chamber filled with an inert gas. A sufficiently high current flowing between
electrodes leads to evaporation of the carbon atoms, which then deposit on the
cathode. By using a cathode with a small percentage of transition metals as
catalysts, single carbon nanotubes grow on the cathode.

The laser synthesis technique is based on a tube-like laser oven, with a flow
of inert gas passing trough. Downstreams there is a cooled carbon-soot collector.
The opposite end of the oven is terminated by the laser. A catalyst filled graphite
rod is placed in the centre. At 1200◦ Celsius the laser beam hits the target and
evaporate the atoms. Sweeped to the collector by the gas stream the atoms form
nanotubes.

In the CVD process nanotubes are grown on catalytic particles placed on a
substrate or mixed in gas. The most delicate part is the preparation of the catalyst
particles, since they have a very strong effect of the resulting nanotubes. The
actual synthesis is achieved when carbon containing gases are disassociated into
reactive carbon atoms by some energy source. Then, the carbon atoms diffuses to
the catalyst particles where they bind together in a tubularly shaped structure.
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Figure 4.2. The electronic band structure of graphene along the major symmetry
directions. The horizontal dashed line shows the Fermi level. To the right, the first BZ.

The CVD process now enables growth of structural perfect individual single-walled
carbon nanotubes [27,28]. This method allows for very extended tubes. The only
limitation of length seems to be the size of the substrate. A 4 cm long single-walled
carbon nanotube has been synthesised by Fe-catalysed decomposition of ethanol
by Ref. [67].

4.1.2 Properties

Since the carbon nanotube consists of a cylindrical graphene sheet, many of its
properties can be derived from graphene. A graphene sheet has a hexagonal lattice
with a two-atom basis with each carbon sp2 hybridised forming both σ and π-
orbitals. The two-atom basis leads to a bonding and an anti-bonding configuration
in the unit cell. The corresponding energy eigenvalues form dispersive energy
bands in the infinite crystal or sheet. However, in graphene, the π and σ-orbitals
do not hybridise and the electronic band structure contains three pure σ-bands
and one pure π-band (the valence bands) and the anti-bonding counterpart (the
conduction bands). Only in the six corners of first Brillouin zone, denoted by K, the
bonding and anti-bonding π-bands meet at the Fermi level, see Fig. 4.2. This has
the effect that there is no band gap at the Fermi level, although the density of states
vanishes. Both graphene and graphite are regarded as semi-metals. Consequently,
as far as the conduction process is concerned, the filled σ-band can be disregarded
although it crosses the π-band that causes the conduction. The appearance of a
pure π-band around the Fermi energy also explains why the Hückel approximation
often works well for materials based on sp2 hybridised carbon. The electronic
band structure of the single-walled carbon nanotube has inherited some important
features from a graphene sheet. Neglecting the curvature, the carbon nanotube can
be considered as a graphene sheet with periodic boundary condition in direction
orthogonal to the tube axis. The two-dimensional hexagonal Brillouin zone is
reduced to a finite number of lines parallel to the tube axis, see Fig. 4.3. If the
tube axis is chosen so that one of these lines intersect the K-point, where the
π-bands meet, the nanotube will be metallic, otherwise semi-conducting. In the
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Figure 4.3. The electronic band structure of a semi-conducting (7,0) and a metallic
(4,4) carbon nanotube, where the horizontal dashed lines are the Fermi levels. The lines
in the BZ of graphene (to the right) show how the one-dimensional band structure of
single-walled carbon nanotubes can be interpreted as intersections of the two dimensional
band structure of the graphene. The dashed lines corresponds to metallic armchair tube,
since one of these lines intersects both the Γ and the K point.

armchair type of tubes, which are all metallic1 the Γ-K line is parallel with the
tube axis.

4.2 Pentacene

Pentacene C22H14 is one of many polycyclic aromatic hydrocarbon molecules. It
contains five fused benzene rings in a planar aligned arrangement (see Fig. 4.4).
In the crystalline phase, first described by Campbell et al. [9], the molecules are
arranged in a triclinic Bravais lattice with a two-point basis. The two points, dis-
placed by a lattice vector (1/2,1/2,0), both are occupied by a pentacene molecule.
They are oriented in a such way that the crystal gets a layered herringbone struc-
ture (see Fig. 4.5). These loosely packed crystals exhibit strong anisotropic proper-
ties [14]. Thin film polymorphs of pentacene have been observed [44], with similar
structure.

The crystals are kept together by weak van der Waals attractive forces. De-
velopment of techniques allows today growth of highly ordered single molecular
crystals. The concept is to thermally evaporate or sublimate powder of pure pen-
tacene and that subsequently deposit on a colder substrate on which the crystalline
structure is formed. Depending of the deposition conditions different phases are ob-
tained. Intrinsic pentacene crystals are classified as organic semi-conductors. Mea-
surements on thin film samples estimates the energy band gap to ∼2 eV [36,65].
Due to its complex unit cell, the energy band dispersion is strongly anisotropic.
This affects the transport properties of the molecular crystal. In particular, the
layered structure of the pentacene crystal results in a nearly two-dimensional elec-
tronic system. Pentacene is one of the organic semi-conductors with the highest

1This is not always true, since the curvature in narrow tubes hybridise the σ and π-orbitals
which changes the band structure.
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Figure 4.4. The highest occupied molecular orbital on the pentacene molecule struc-
ture.

Figure 4.5. The pristine pentacene crystal viewed from two different directions.

charge carrier mobility. Recently, values comparable or even higher than of amor-
phous silicon at room temperature were reported [42, 25]. The large interest in
pentacene that we see today is due to the combination of high mobility and sta-
bility under ambient conditions. This combination makes the material suitable for
the organic thin film transistors.

By doping of pentacene, a metallic state is achieved. Alkali metals such as
lithium, potassium, and rubidium have been used as well as iodine. These dopants
have successfully been intercalated in the thin film samples [16,49,48]. It results in
structural changes and for some cases the electrical conductivity increase tremen-
dously. With the alkali metals K and Rb the achieved conductivity at room tem-
perature is 0.3 S/cm and 2.8 S/cm, respectively [49]. Even higher conductivity,
up to 150 S/cm, can be obtained with iodine molecules (I−3 ) [48,47]. This is more
than 105 times larger than the conductivity of the pristine thin films. In paper
IV of this thesis we discuss the stability of various structures of potassium doped
pentacene. In particular with an emphasis on the anisotropy of the conductivity.

4.3 Phenalenyl-based neutral radical

Ordinary molecules have an even number of electrons, paired with opposite spins.
They are diamagnetic, since the spins of their paired electrons efficiently cancel
each other. Radicals or free radicals are molecules that have at least one unpaired
electron. Due to the unpaired electron free radicals are paramagnetic.

The advantage of using free radicals in molecular conductors is that their crys-
tals are intrinsic molecular metals. The crystalline phase of molecules that only
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Figure 4.6. The singly occupied molecular orbital of the phenalenyl radical C13H9

to the left and the chemical scheme of the spiro-biphenalenyl neutral radical, where R
denotes the smaller radical, that is cyclohexyl in this study, to the right.

have paired electrons is characterised by an energy band structure of filled inert
bands. They have to be doped by an acceptor or donor to turn into a metallic
state.

Particular suitable are the unsaturated polycyclic aromatic hydrocarbon rad-
icals, for example, the phenalenyl C13H9 that was first synthesised 1956 [57, 58].
Such radicals have a pronounced π-system (see Fig. 4.6), why R. C. Haddon already
in 1975 proposed that stacks of them would be potential metallic conductors.

The inter-molecular overlap of the singly occupied π-orbitals give rise to a
half filled band. In some applications, the drawback with π-stacks are the one-
dimensional transport properties. To circumvent the one-dimensionality and ob-
tain a more isotropic conductor, the family of spiro-biphenalenyl-based neutral
radicals were synthesised. They have a propeller-like shape, with the phenalenyl
radicals as blades. They are spiro-conjugated through the boron-nitrogen-oxygen
unit BN2O2 (Fig. 4.6). Also, two cyclohexyl C6H11 radicals are bonded to the
nitrogen atoms. The two latter radicals are not active in the electron transport, al-
though they influence the crystal structure an thereby the band structure. Mainly,
the crystal structure is governed by the pairwise stacked phenalenyl radicals, but
also the shape and size the smaller replaceable radicals are significant for the pack-
ing. Several studies with the cyclohexyl radicals replaced by ethyl, propyl, butyl,
hexyl or benzyl radicals have been performed [43]. However, the spiro-biphenalenyl
neutral radical with cyclohexyl results in the smallest super cell containing two
radicals.

Due to the odd number of electrons of the boron atom the whole molecule
becomes a neutral radical with the unpaired electron delocalised over both of
the exterior phenalenyl units. In the solid state, the intermolecular interactions
lead to delocalisation of this electron and the formation of a dispersive half-filled
electronic band. The intermolecular interactions occur as a result of π-stacking
between the adjacent molecules. In our studies presented in article V, we show
that these interactions are in fact quasi one-dimensional with band widths around
0.5 eV along the direction of strong intermolecular overlap and around 0.07 eV
perpendicular to this direction.
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Figure 4.7. The spiro-biphenalenyl neutral radical crystal viewed along the normal of
one of the phenalenyl planes and along the direction of the π-conjugation of the system.
The cyclohexyl radicals are removed from the crystal figures to give a clearer view of the
phenalenyl stacks.



CHAPTER 5

Summary of the papers

T
he papers included in this thesis describe our research on different types
of carbon based structures, single and multi-wall carbon nanotubes,
carbon nanotubes and pentacene doped with potassium and, in the last
paper, solids of phenalenyl-based neutral radicals. These materials as

well as the methodologies used in the studies have been described above. In this
chapter I give a brief summary of the results obtained in each paper.

5.1 Paper I

The idea to the first paper originated from experiments performed by C. Dekker’s
group at Delft University of Technology. They reported electrical transport mea-
surement on individual single-walled carbon nanotubes (SWCNTs) [59,4,60]. SWC-
NTs were deposited on oxidised silicon substrates with platinum or aluminium elec-
trodes. With this experimental setup they were able to measure conductance of
a SWCNT. The staircase features in the current voltage characteristics indicates
quantised conduction. Atomic force microscope images show how the SWCNT
forms by the surface topology. Particularly, the edges of the metallic contacts
bend the tubes. Although, there are synthesis techniques producing SWCNTs
with few vacancies, they are certainly present in long tubes. Due to their quasi-
one-dimensional structure, scattering by occasional defects are foreseen to degrade
the electronic and thermal transport considerably [10, 22]. In practise, however,
the measurement of electronic conductance itself introduces new and quite strong
scattering centres, that is, the contacts and the end surfaces of the finite tubes.
This paper aims at contributing to the interpretation and understanding of these
experimental results. By modelling a similar system, though down scaled in length,
containing a metallic (5,5) tube, the current voltage characteristics was computed.
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The Landauer-Büttiker transport theory was applied to electronic structure de-
scribed at the Hückel theory or tight-binding level.

The results show a quantised conductance and a step like current voltage char-
acteristics. The quantisation is in this case due to the individual orbitals of the
SWCNT and the total current is determined by the number of conducting channels
that appear in the bias voltage regime. It was shown in this paper that the most
important limiting factors of conductance is due to the contact. Scattering at the
interface between the SWCNT and the metallic leads are far more important that
scattering by, for example, defects such as vacancies in the SWCNT. In this paper
we also presented results for the change in conductance when the tube is bent.

5.2 Paper II

Continuing with the same methodology as in paper I, this study deals with a
double-walled carbon nanotube device. A current carrying multi-walled carbon
nanotube turns out to be a more complex system than parallel circuits, due to
the weak but non-negligible shell interaction. In actual devices, the current seems
to distribute over different shells [7]. A common way to close the circuit is to
simply place the nanotube on top of the electrodes. The current carried by inner
shells of the multi-walled carbon nanotube are then directly dependent on the
inter-shell interaction. Therefore, this paper focuses on the current distribution
in this type of device. The calculated current voltage characteristics show a bias
voltage dependent current distribution. For low bias voltages the conductance
does not clearly increase when the inner shell is inserted in the outer shell, but the
structure of the current voltage-characteristics get more intricate. Inspired by the
experimental work of Cumings et al. [11], who actually succeeded to repeatedly
extract and reinsert the inner tubes of a multi-walled carbon nanotube, the effect
of a telescopic junction were also considered. Such telescopic junction device might
be able to mechanically tune the current in multi-walled carbon nanotubes. By
partly extract the inner shell and connect it with the second electrode, the inter-
shell conductance where calculated. The conductivity scales roughly linear with
the length of the coaxial overlap region between the two tubes, but saturates a
maximum value which is lower than the case when both electrodes are made to
the same tube [7].

5.3 Paper III

The electronic structure of individual single-walled carbon nanotubes has been in-
tensively studied. However, tubes also gather together in larger three-dimensional
crystalline units, bundles. This structure has hollow sites between tubes and
dopants such as potassium or rubidium can easily intercalate into the structure
and form stable phases with metallic conductivity [37].

Within the framework of density-functional theory, the geometrical and elec-
tronic structure of potassium intercalated (4,4) armchair and (7,0) zig-zag single-
walled carbon nanotubes was calculated. The relaxed inter-tube distances in the
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bundle are comparable with the graphite layer separation. Most of electronic
features of individual tubes remains in the bundles, although the band structure
stabilises due to polarisation effects.

The most prominent effect of K intercalation on the electronic band structure
is a shift of the Fermi energy which occurs as a result of charge transfer from
potassium to the carbon nanotube. In the case of the potassium intercalated (7,0)
nanotube the band structure and the position of the Fermi energy indicate a very
good metallic conductor.

5.4 Paper IV

We calculate the ground state geometrical structure of potassium intercalated
pentacene lattices using molecular mechanics and density functional theory. Both
methods result in a structural phase transition in going from the pristine form to
the state with one potassium ion per pentacene molecule. The phase transition is
characterised by a sliding of adjacent PEN molecules relative to each other. The
electronic properties of these phases are studied with density functional theory.
As a result of the geometrical changes, the π-π overlap in the direction perpendic-
ular to the molecular planes of the layered pristine pentacene structure increases
substantially and many of the electronic bands show strong dispersion in this direc-
tion. The Fermi energy of the doped phase appears in the middle of the conduction
band where the density of states is maximum. The band width of the conduction
band is 0.7 eV.

5.5 Paper V

The electronic band structure of cyclohexyl-substituted spiro-biphenalenyl crystals
was calculated using DFT. This system has previously been discussed as a three-
dimensional conductor, and one of the first molecular conductors based on a single
molecular component. However, form the band structure it is obvious that the
system is quasi one-dimensional with strong intermolecular interactions along the
A+C direction of the crystal axes. It is still an open question why this system is
stable and do not lead to any Peierls distortion.

The apparent quasi one-dimensional structure of cyclohexyl-substituted spiro-
biphenalenyl crystals led us to study the optical properties of the isolated chain
along this direction. These calculations were performed with time dependent DFT
on model systems containing up to four biphenalenyl molecules. For this system
we calculate a first excited state at 0.43 eV which, as expected, lies above the
experimental value of 0.34 eV for the molecular crystal but anyway gives a clear
indication of the origin of the observed absorption band.
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