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Abstract

A generalized quantum chemical approach for electron transport in molecular devices is

developed. It allows to treat the devices where the metal electrodes and the molecule

are either chemically or physically bonded on equal footing. Effects of molecular length

and hydrogen bonding on the current-voltage (I-V) characteristics of molecular devices

are discussed. An extension to include the vibration motions of the molecule has been

derived and implemented. It provides the inelastic electron tunneling spectroscopy (IETS)

of molecular devices with unprecedented accuracy, and reveals important information about

the molecular structures that are not accessible in the experiment. The IETS is shown to

be a powerful characterization tool for molecular devices.

An effective elongation method has been developed to study the electron transport in nano-

and bio-electronic devices at hybrid density functional theory level. It enables to study

electronic structures and transportation properties of a 40 nm long self-assembled conjugated

polymer junction, a 21 nm long single-walled carbon nanotubes (SWCNT), and a 60 base-

pairs DNA molecule. It is the first time that systems consisting of more than 10,000 electrons

have been described at such a sophisticated level. The calculations have shown that the

electron transport in sub-22 nm long SWCNT and short DNA molecules is dominated

by the coherent scattering through the delocalized unoccupied states. The derived length

dependence of coherent electron transport in these nanostructured systems will be useful for

the future experiments. Moreover, some unexpected behaviors of these devices have been

discovered.
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Chapter 1

Introduction

The problems of chemistry and biology can be greatly helped if our ability to see

what we are doing, and to do things on an atomic level, is ultimately developed—

a development which I think cannot be avoided.

Richard Feynman

The tremendous development of the modern information technology has been amazingly

governed by a simple Moore’s law, which states that the number of transistors on a chip

doubles every 18 months. In the last 35 years, Moore’s law has not only enjoyed a great

success in predicting the future of computers. but also affected all of the science. The con-

tinued march of Moore’s law will eventually lead to the future of the technology: molecular

electronics.

Molecular electronics is defined as the use of single molecule based devices or single molecular

wire to perform signal and information processing. It has stemmed from the need to have

smaller components and systems in the information technology. It can be estimated that by

using a transistor based on molecules, one can place 10,000 times more transistors on the

present chip. Molecules have the capability of conducting and transferring energy between

one another. If this process can somehow be manipulated and controlled, it would be possible

to make functional devices of very small size to perform tasks required for information

processing.

While one has witnessed many exciting technical breakthroughs in the field of molecular

electronics in the recent years, important theoretical advances have made it possible to

understand the underlying mechanisms of electron transport in these devices.1–3 The great

majority of theoretical work on this subject has so far been performed using the solid

state physics based approaches,4–6 which is expected owing to their huge success in semi-

9



10 CHAPTER 1. INTRODUCTION

conductor physics. Nevertheless, molecules can behavior differently from semi-conductors

or metals. Experiences show that quantum chemistry approaches have certain advantages

over the solid state physics methods when it comes to the molecular or biological systems.

The field of molecular electronics can benefit greatly from the modern quantum chemistry

methods. The Green’s function formulation developed by Mujica, Kemp and Ratner7 serves

as a good starting point for the quantum chemical based methods. It has been combined

with the semi-empirical and Hartree-Fock approaches to study the transmission probability

of molecular junctions.8 Similar attempts have also been made by Datta and coworkers

who could compute the current-voltage (I-V) characteristics of different molecular devices

at various computational levels.9,10

Along this line, we have developed a much simplified approach to calculate current-voltage

characteristics of molecular devices.11 The goal of these studies is to gain more of the nec-

essary understanding of the physical and chemical processes involved, to develop efficient

computational approaches to simulate the electron transportation of molecular devices and

finally to use these to optimize the performance of the devices. In our approach, the hy-

brid density-functional theory (DFT) is applied for geometrical and electronic structures

calculations. One of the key aspects in modeling the current-voltage (I-V) characteristics of

molecular junction is to accurately describe the molecule-electrode interface. In this context,

modern quantum chemical methods, such as DFT, have been proved to be particular useful.

Our computational scheme combines DFT and the elastic scattering Green’s function theory

and allows to obtain unprecedented accuracy for I-V characteristics of molecular systems,

and to provide realistic predictions about the effects of chemical and physical modifications

on the electron transportation of molecular junctions. We have also performed systematic

studies for the conductance length dependence of molecular devices, which could be impor-

tant for making the real devices. It is found that the electron tunneling is the common

mechanism for most molecular systems.

One of the exciting recent developments in molecular electronics is the application of the

inelastic electron tunneling spectroscopy (IETS) to the molecular junctions.12–14 The mea-

sured spectra show well-resolved vibronic features corresponding to certain vibrational nor-

mal modes of the molecule. The IETS not only helps to understand the vibronic coupling

between the charge carriers and nuclear motion of molecule, but also provides a powerful

tool to detect the geometrical structures of molecular electronic devices. In fact, the im-

portance of the IETS for the molecular electronic devices can not be overstated, since the

lack of suitable tools to identify the molecular and contact structures has hampered the

progress of the field in recent years.15 In this thesis, a first-principles computational method

based on the hybrid density functional theory is developed to simulate the inelastic electron

tunneling process of realistic molecular electronic devices. The simulated spectra are in ex-
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cellent agreement with the experimental ones. Theoretical simulations are extremely useful

for assigning the experimental spectra and to reveal many detailed informations that are

not accessible in the experiments.

Since nanotechnology was envisioned in the 1980’s as the art of manipulating matter at

the atomic level, it rapidly became a growing interdisciplinary research area. At this scale

devices may lead to dramatically enhanced performance, sensitivity, and reliability with

decreased size, weight, and cost. The small scale can also lead to new phenomena that

provide opportunities for new levels of sensing, manipulation, and control. All these require

good understanding of the structures and properties of the nano-sized systems, for which

developing theoretical and computational approaches is essential.

Conjugated polymer, carbon nanotubes (CNTs) and DNA are probably the most experimen-

tally studied nanomaterials in the last decade, owing to their great physical and chemical

properties. Among many exciting applications, conjugated polymer, CNTs and DNA are

believed to play an important role in the future electronics. Unfortunately, due to the

vast number of atoms involved in these structures, the computational cost of traditional

quantum chemistry methods remains by far too large. Moreover, these nano-sized systems

are often qualitatively different from the bulk material, suffering the breakdown of periodic

boundary conditions. The traditional solid physics approaches are therefore incapable of

studying them. Over the years, different approaches, such as semi-empirical,16,17 abinitio

tight-binding methods,18–23 and ”integrated” methods,24–27 have been developed to describe

the nano-sized systems, but all suffer from a relative low level of accuracy.

For the nano-sized systems, the most accurate yet feasible approach is probably the density

functional theory (DFT). In this thesis, we present a straightforward elongation method in

conjunction with the modern quantum chemical density functional theory calculations that

enables to effectively treat very large nano-scale periodic systems. This method has been

applied to the electronic structures and the coherent electron transportation properties of the

long-nano-scale conjugated polymers, single-walled carbon nanotubes and DNA molecules.

The calculated current-voltage characteristics of these systems are often in good agreement

with the experimental results. With the help of the theory, the underlying mechanism

of electron transport in these nano-structures is revealed. Some interesting physical and

chemical phenomena were also observed for the first time, for instance the unexpected long

periodic oscillating of the energy gap with respect to the length of the single-walled carbon

nanotubes.
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Chapter 2

Elastic Scattering Theory

The basic idea of our theoretical model is the electron scattering. Considering a system

that consists of two electron reservoirs connected by a molecule, under the external bias,

electrons in the source electrode will be driven to the drain electrodes. The whole process

is dominated by electrons scattering through the scattering channels: molecular orbitals in

the molecule.

2.1 General Theory

2.1.1 Molecular junction system

A typical molecular junctions that consists of two electron reservoirs, namely the source (S)

and the drain (D), connected by a molecule (M), is shown in Figure 2.1.

The system obeys

H | Ψη〉 = εη | Ψη〉 (2.1)

Figure 2.1: Schematic draw of a molecular junction

13



14 CHAPTER 2. ELASTIC SCATTERING THEORY

where H is the Hamiltonian of the system, and can be written in a matrix format as

H =





HSS US M US D

UMS HMM UMD

UDS UDM HDD



 (2.2)

where HSS,DD,MM are the Hamiltonian of subsystems S, D and M, respectively. The Hamil-

tonian of the electrode can be further described as:

HSS =











HJNJN ... ... ...

... ... ... ...

... ... HJ2J2 UJ2J1

... ... UJ1J2 HJ1J1











HDD =











HL1L1 UL1L2 ... ...

UL2L1 HL2L2 ... ...

... ... ... ...

... ... ... HLNLN











(2.3)

Here J (L) runs over the metal sites (denoted as J1 (L1) , J2 (L2), ... ,JN (LN), where

metal layer J1 (L1) is the end layer that connects with the molecule) in the source (drain)

electrode. U is the interaction between or among subsystems. Ψη is the eigenstate at energy

level εη, which can be partitioned into three parts:

| Ψη〉 = | Ψη,S〉+ | Ψη,M〉+ | Ψη,D〉

| Ψη,S〉 =
∑

aη,S
i | φS

i 〉

| Ψη,M〉 =
∑

aη,M
i | φM

i 〉

| Ψη,D〉 =
∑

aη,D
i | φD

i 〉 (2.4)

where ΨS,D,M and φS,D,M
i are the wavefunction and basis function of subsystems S, D and

M, respectively.

It is convenient to work with the site representation for describing an electron transport

process. In this case, the wavefunction can be described in the site basis | J〉, | K〉 and | L〉,
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for subsystems S, D and M, respectively, as

| Ψη,S〉 =

JN
∑

J

(
∑

i

aη,J
i | φJ

i 〉) =

JN
∑

J

| Jη〉

| Ψη,M〉 =

KN
∑

K

(
∑

i

aη,K
i | φK

i 〉) =

KN
∑

K

| Kη〉

| Ψη,D〉 =

LN
∑

L

(
∑

i

aη,L
i | φL

i 〉) =

LN
∑

L

| Lη〉 (2.5)

Here K runs over the atomic sites (denoted as K1,K2,...,KN , where site K1 and KN are two

end sites that connect with two electron reservoirs, respectively) in the molecule.

The interaction at energy level εη can be written as

Uη =
∑

J,K

VJK | Jη〉〈Kη | +
∑

K,J

VKJ | Kη〉〈Jη |

+
∑

K′,L

VK′L | K ′η〉〈Lη | +
∑

L,K′

VLK′ | Lη〉〈K ′η |

+
∑

J ′,J

VJ ′J | J ′η〉〈Jη | +
∑

L,L′

VLL′ | Lη〉〈L′η |

+
∑

J,L

VJL | Jη〉〈Lη | +
∑

L,J

VLJ | Lη〉〈Jη | (2.6)

where VJL and VLJ are the coupling energy between the source and the drain, which can be

approximated to zero by assuming no direct coupling between them. VJ ′J (VLL′) represents

the coupling energy between the layer sites J ′ (L) and J (L′) of the source (drain) reservoirs.

And VJK(VK′L) is the coupling energy between the site K (K ′) of the molecule and the

site J (L) of the reservoirs. The coupling energies between the electron reservoirs and

the molecule, i.e., VSM and VMD, are the key parameters in determining the electronic

conductance of the device. They could obtain at an empirical level21 or by using the simple

frontier orbital binding concept as done in our previous work.11 More rigorously, one can

calculate analytically with quantum chemistry methods using the following expression:

VJK =
OCC
∑

ν

〈Jν | H | Kν〉 =
OCC
∑

ν

∑

Ji,Ki

aν
Ji
aν

Ki
〈φJi

| H | φKi
〉 (2.7)

where 〈φJi
| H | φKi

〉 = FJi,Ki
is the interaction energy between two atomic basis functions,

which can be deduced directly from the given Hamiltonian. It is noticed that at the Hartree-

Fock level, it represents the off diagonal elements of the Fock matrix.
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2.1.2 Transition moment

In the elastic-scattering Green’s function theory, the transition operator is defined as

T = U + UGU (2.8)

where G0 and G are Green’s functions,

G(z) = (z −H)−1 (2.9)

Because of the energy conservation, the incoming and outgoing electrons should have the

same energy, i.e. belonging to the same orbital. If the electron is scattered from the initial

sites
∑

| ξi〉 of reservoirs S to the final sites
∑

| ξ′m〉 of reservoirs D (where i and j runs over

the atomic site of the source and the drain electrode, respectively), the transition matrix

element at energy level εη will be

T η
ξ′ξ =

∑

i,m

〈ξ′m | U | ξi〉 +
∑

i,m

〈ξ′m | UGU | ξi〉 (2.10)

By substituting U η of Eq. (2.6) into Eq. (2.10) and taking into account the factor that

there is no direct coupling between two reservoirs, we obtain

T η
ξ′ξ =

∑

i,m

∑

K,K′

Vξ′mK′gη
K′KVKξi

+
∑

i,m

∑

L6=ξ′m,K

Vξ′mLg
η
LKVKξi

+
∑

i,m

∑

K′,J 6=ξi

Vξ′mK′gη
K′JVJξi

(2.11)

where gη
K′K is the carrier-conduction contribution from the scattering channel εη, which can

be expressed as

gη
K′K = 〈K ′η |

1

z −H
| Kη〉

= 〈K ′η |
1

z −H
| Ψη〉〈Ψη | Kη〉

=
〈K ′η | Ψη〉〈Ψη | Kη〉

z − εη

(2.12)

Quantum mechanically, 〈K ′η | Ψη〉 (〈Ψη | Kη〉) is the projection of the site K ′η(Kη) in the

eigenstate Ψη. Here parameter z in the Green’s function is a complex variable, z = Ei + iΓi,

where Ei is the energy at which the scattering process is observed, and therefore corresponds
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to the energy of the tunneling electron when it enters the scattering region from the reservoir

S. This is also the energy at which the electron is collected at time +∞ by the reservoir D

(we have assumed an elastic scattering process). 1/Γi is the escape rate, which is determined

by the Fermi Golden rule

Γη
K′K = πV 2

ξ′K′ | 〈K ′η | Ψη〉 |2
∑

p

δ(Ef − ES
p )

+πV 2
Kξ | 〈Ψ

η | Kη〉 |2
∑

p

δ(Ef − ED
p )

= πnS(Ef )V
2
ξ′K′ | 〈K ′η | Ψη〉 |2

+πnD(Ef )V
2
Kξ | 〈Ψ

η | Kη〉 |2 (2.13)

where nS(Ef ) and nD(Ef ) are the density of states (DOS) of the source and the drain at

the Fermi level Ef , respectively. Hence we get

gη
K′K =

〈K ′η | Ψη〉〈Ψη | Kη〉

(Ei − εη) + iΓη

(2.14)

The metal atomic orbital is known to be more localized than its molecular counterparts.

It is expected that 〈Lη | Ψη〉〈Ψη | Kη〉 and 〈K ′η | Ψη〉〈Ψη | Jη〉 should be quite small, an

observation that was confirmed by the calculations based on the local density approximation

(LDA).28,29 Therefore the terms

gη
LK =

〈Lη | Ψη〉〈Ψη | Kη〉

z − εη

,

gη
K′J =

〈K ′η | Ψη〉〈Ψη | Jη〉

z − εη

in Eq. (2.11) can be neglected, which is supported by the numerical calculations for the real

molecular devices as discussed later. Actually, the localized properties of the metal orbitals

is reflected by the fact that the potential of metal-molecule-metal configuration drops mostly

at the metal-molecule interface.30 The transition probability can finally be written as

T = |
∑

η

(
∑

i,m

∑

K,K′

Vξ′mK′gη
K′KVKξi

)|2 (2.15)

2.1.3 Current

Electron transport through a molecular wire can often be considered as an one-dimensional

process. However, the metal electrodes can have different dimensionalities. It was shown
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that the current through a molecular device depends much on the dimensionality of the

metal electrodes used.11 Here we recapitulate the key formula derived from the previous

work.11

We assume that the molecule is aligned along the z direction, which is also the direction of

current transport. Energy states in the conduction band of the reservoir can be expressed

as the summation, E = Ex,y + Ez + Ec, in the effective mass approximation, where Ec is

the condition band edge and is used as energy reference. It is assumed that the parabolic

dispersion relation for the energy states in metal holds. The electrons in the reservoir are

assumed to be all in equilibrium at a temperature T and Fermi level Ef . When an applied

voltage V is introduced, the tunneling current density from source (S) to drain (D) is7,11,31

iSD =
2πe

h̄

∑

Ex,y

∑

El
z ,El′

z

f(Ex,y + El
z − eV )[1 − f(Ex,y + El′

z )]

×Tl′l δ(E
l′

z − El
z) (2.16)

where f(E) is the Fermi distribution function,

f(E) =
1

e[(E−Ef )/kBT] + 1
,

Here kB is the Boltzmann constant and Tl′l is the transition probability describing the

scattering process from the initial state | l〉 to the final state | l′〉, and this transition

probability is a function of the quantized injection energies along the z axis, E l
z and El′

z .

For high temperatures there is a corresponding term for reverse tunneling. The net current

density from the S to the D can thus be written as7,11

iSD =
2πe

h̄

∑

Ex,y

∑

El
z ,El′

z

[f(Ex,y + El
z − eV ) − f(Ex,y + El′

z )]

×Tl′l δ(E
l′

z − El
z) (2.17)

In energy representation, the metal contacts can in principle be classified as one-, two-,

or three-dimensional electron systems. Depending on the dimensionality of the electrodes,

different working formula for current can be derived.11
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One-dimensional energy system

When the electrode is made of an atomic wire, it can be treated as an one-dimensional

electron system. The current density through the molecular junction can be simplified to

i1D =
2πe

h̄

∑

l,l′

[f(El − eV ) − f(E l′)]Tl′l δ(E
l′ − El)

=
2πe

h̄

∫ ∞

0

[f(E − eV ) − f(E)]Tl′l n
S(E)nD(E)dE

(2.18)

where nS(E) and nD(E) are the density of states (DOS) of the source and the drain, re-

spectively.

Two-dimensional energy system

When the metal contact has the character of a two-dimensional electron system, for instance,

a metal film, and if the energy in the x direction forms a continuous spectrum, the current

density should be expressed as

i2D =
2πe

h̄

∫ ∞

0

∫ ∞

0

[f(Ex + El
z − eV ) − f(Ex + El′

z )]

×ρ1D(Ex)dExTl′l n
S
1D(Ez)n

D
1D(Ez)dEz (2.19)

where ρ1D(Ex) is the density of states per length per electron volt of the source.

Three-dimensional energy system

When energies in both x and y directions are continuous, the current density can be evalu-

ated by

i3D =
em∗kBT

2πh̄3

∫ ∞

0

Tl′l n
S
1D(Ez)n

D
1D(Ez)dEz

×[ln(1 + e
Ef +eV −Ez

kBT ) − ln(1 + e
Ef−Ez

kBT )] (2.20)

where m∗ is the electron mass.

For one-dimensional electron systems, the current through a molecular junction can be

computed by the relationship: I1D = i1D. The current for two-dimensional electron system

follows I2D = r2si
2D, where r2s is the effective injection length of the transmitting electron
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and determined by the density of electrons N2D ≈ 1/(πr2
2D), which itself can be calculated

with N2D = (4πm∗Ef )/h
2. For a three-dimensional system, the total conduction current is

I3D = Ai3D , where A is the effective injection area of the transmitting electron from the

metal electrode, determined by the density of electronic states of the bulk metal. We have

assumed that the effective injection area A ≈ πr2
3s, where r3s is defined as the radius of a

sphere whose volume is equal to the volume per conduction electron, r3s = (3/4πN3D)1/3,

N3D = (2m∗Ef )
3/2/(3h̄3π2) is the density of electronic states of the bulk metal. By in-

troducing the effective injection area, we have removed the complications related to the

calculations of the self-energy.7 The conductance g is obtained by

g =
∂I

∂V
(2.21)

2.2 Electronic Transport in Molecular Devices

2.2.1 Quantum Chemistry for Molecular Electronics

Our theoretical approach is straightforward and can apply easily to different systems, small

or large. Thus, this method has been packaged to a portable software, namely QCME

(Quantum Chemistry for Molecular Electronics). The current version of the program is

QCME-V1.0.32 This code can be interfaced with any existing quantum chemistry packages of

desired computational methods. The flow chart of the code is shown in Figure 2.2. The steps

involved are: modeling device configuration (defining the electrodes and the scattering region

of the system), calculating the electronic structures at a desired computational level (DFT or

Hartree-Fock) using the existing quantum chemistry packages, acquiring orbitals and overlap

matrix, calculating interaction energy between contacts and molecule, computing transition

matrix, determining the dimensionality of the metal contacts, obtaining I-V characteristics

through integrating the conductance spectrum over the energy regime accessible in a certain

potential.

2.2.2 Application

Metal-benzene-1,4-dithiol-metal, metal-alkanemonothiol-metal, and metal-alkanedithiol-metal

devices, have been served as the model systems in numerous experimental and theoretical

studies in the field of molecular electronics. Here, we have also tested our approach on these

famous systems.

The molecular devices under investigation are shown in Figure 2.3. A configuration with
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Figure 2.2: Flow chart of QCME code.

the end atom (sulfur and hydrogen) located at the hollow site of the gold triangle8 is chosen.

Normally, the electrode can be modeled as layers of metal atoms.28,29 ¿From Eq. (2.15), one

can find that the electrodes contribute to the transition probability through the interaction

energy VKξi
(Vξ′mK′), i.e. the coupling between molecular atomic site K (K) and electrode

layer site ξi (ξ′m), which runs over J1 (L1), J2 (L2), ... ,JN (LN). In general, the interaction

energy decreases exponentially with increase of the distance between sites. Our numerical

calculations of a real molecular device show that VKJ1
(VL1K′) is always much larger than

VKJ2
(VL2K′). In addition, numerical calculation proves that the wavefunction of metal

atoms is largely localized, i.e., removing of a certain metal layer would not change the local

wavefunctions of its neighboring metal layers.33 Thus, in the quantum chemistry calculation,

we can limit our model electrode to include only one layer. The rest of electrodes is described

by an effective mass approximation (EMA). The extended molecule is then in the equilibrium

with the source and the drain through the line up of their effective Fermi level. With the

known Fermi energy, one can easily obtain the density of the states of the electrodes with

the effective mass approximation. This method is quite general and does not limited by the

size of the system.
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Figure 2.3: Structures of gold-benzene-1,4-dithiol-gold (A), gold-alkanemonothiol-gold (B)

and gold-alkanedithiol-gold (C) molecular devices.

I-V Characteristics

The single molecular device with benzene-1,4-dithiolate connected to the gold electrodes is

probably the most studied system in this field. The spectacular I-V characteristics of this

device measured by Reed et al.36 has triggered heated debate on the possible underlying

mechanisms. In general, the solid state physics approaches overestimated the current by

order of magnitudes,4,37 which is probably caused by the significant difference between

theoretical and experimental geometries.38,39 Very recently, experimental study for this

system was also performed by Xiao et al.40 Their measured I-V curve is shown in Figure 2.4

(B). The later experimental current is about two orders of magnitude larger than that of

previous one. Such a big difference can be attributed to the different metal-molecule bonding

situations in these two experiments. In the experiment of Reed et al.,36 the molecular

junction is formed by pushing the metal electrodes together to allow the molecule being

connected with them, while Xiao’s molecular junction40 is fabricated by pulling a gold STM

tip out of the gold substrate. Both pushing and pulling processes were stopped once the

bonding between the gold and the thiol-end group was established. Therefore, one can

expect that the Au-S bond distance in the molecular junction of Reed et al. should be

longer than that in the device of Xiao et al., while the optimized geometry sits in the

between. With the optimized Au-S bond distance, our calculated current is indeed in the

middle of two experimental results, as shown in Figure 2.4 (C) and (D), i.e. about 10 times

bigger than the result of Reed et al.,36 and 10 times smaller than that of Xiao et al.40 It is

also noted that the shape of calculated I-V curves fit quite well with the experimental result
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Figure 2.4: Comparison between experimental, (A)36 and (C),40 and theoretical, (B) and

(D), current and conductance of benzene-1,4-dithiolate molecular device.

of Reed et al.36

Length Dependence

The general consensus is that the coherent current decreases exponentially with the increase

of the molecular length following the relationship, I = I0exp(−βd), where β is the electron

tunneling decay rate. Alkanmonothiol(H(CH2)nS) and alkanedithiol (S(CH2)nS) devices

have attracted considerable attention in the last few years.41–44 Experiments found that for

alkanmonothiol the β value is in the region of 0.6 to 0.94 Å−1.41–44 While for alkanedithiol,

the acquired decay rate is significantly smaller than that for alkanemonothiol junctions.46,47

Our calculated I-V curves of two alkanemonothiol junctions and two alkanedithiol junctions:

Au3-H(CH2)8S-Au3 and Au3-H(CH2)10S-Au3, Au3-S(CH2)8S-Au3 and (D): Au3-S(CH2)12S-

Au3, are shown in Figure 2.2.2, together with the corresponding experimental results for

comparison. The good agreement between theory and experiment is clearly demonstrated.

The calculated resistances as function of the CH2 units in the alkanedithiol junctions under

1.0V bias obey indeed the exponential relation. The β value under this condition is found to

be 0.30/CH2, which is close to the measured value of 0.47/CH2 by Cui et al.47 Meanwhile,
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Figure 2.5: Current (on a log scale) of gold-alkanemonothiol, alkanedithiol-gold systems as

a function of voltage. Dashed line: calculated results of elastic-scattering theory; Solid line:

measured results. (A): Au3-H(CH2)8S-Au3; (B): Au3-H(CH2)10S-Au3; (C): Au3-S(CH2)8S-

Au3; (D): Au3-S(CH2)12S-Au3.

the β value of 0.60/CH2 for the alkanemonothiol junctions is obtained from the calcula-

tions, which is also close to the value of 0.8 /CH2 measured by Cui et al.43 but smaller

than that obtained from other type of experimental measurements41,42,44 (from 0.96/CH2 to

1.25/CH2). A better agreement is found for the ratio between the β of the alkanemonothiol

and the alkanedithiol junctions, which is about 1.93 from our calculations and 1.70 from the

experiments of Cui et al.43,47

To reveal the reasons behind the difference between the β of the alkanedithiol and the

alkanemonothiol junctions, three key parameters determining the transition probability T ,

namely the coupling energy V , the conducting orbital energy εη and the site contribution

〈J | η〉, have been analyzed. It is found that the coupling energy and the conducting orbital

energy converge very fast with respect to the molecular length. However, strong length

dependence has been found for the site contribution 〈J | η〉. For example, the contribution

of the terminal sites (〈1 | η〉〈η | N〉)2 decreases exponentially with respect to the molecular

length with a decay rate of -1.6 and -2.3 for the alkanedithiol and the alkanemonothiol

junctions, respectively. It seems like that the metal-molecule bonds have effectively enhanced

the delocalization of the conducting orbitals of short alkanedithiol chains and resulted in

large difference in the electron decay rates for alkanedithiol and alkanemonothiol junctions.
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Inelastic Scattering Theory

Inelastic electron tunneling spectroscopy (IETS), was developed in the 1960s to study the

vibrational spectra of organic molecules buried inside metal-oxide-metal junctions and has

since become a powerful spectroscopic tool for molecular identification and chemical bonding

investigations.12–14 The investigation of the IETS has significant technological implications

because it gives structural information about the molecular junction and provides a direct

access to the dynamics of energy relaxation and thermal dissipation during the electron

tunneling.

3.1 Theory

Our approach for the inelastic scattering is still based on the Green’s function formalism.

The molecular device was decomposed into three parts, the source, the drain and the ex-

tended molecule, as shown in Figure 2.1. Generally speaking, when energetic constraints

are satisfied, the electron crossing the junction may exchange a definite amount of energy

with the molecular nuclear motion, resulting in an inelastic component in the transmission

current.48 To describe the electron-vibronic coupling effect, molecular theory based on the

vibrational normal modes has been introduced to our scattering model. In the adiabatic

Born-Oppenheimer approximation, the purely electronic Hamiltonian of the molecular sys-

tems can be considered parameterically as dependent on the vibrational normal modes Q.

The one-electron Hamiltonian can then be partitioned as

H(Q) = H(Q, e) +Hν(Q) (3.1)

where H(Q, e) and Hν(Q) are the electronic and the vibrational Hamiltonian, respectively.
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The nuclear motion depended wavefunction can be expanded along the vibrational normal

mode using a Taylor expansion. The IETS experiment is often done at electronic off-resonant

region (where molecular levels are far from the Fermi energy). The adiabatic harmonic

approximation can thus be applied, therefore, only the first derivative like ∂Ψ(Q)
∂Qa

needs to

be considered, where Qa is the vibrational normal mode a of the extended molecule.48 For

a scattering channel with orbital energy εη, the wavefunction is expanded as

| Ψη(Q, e)〉 | Ψν(Q)〉 =| Ψη
0 |Q=0 +

∑

a

∂Ψη
0

∂Qa

Qa |Q=0 + ...〉 | Ψν(Q)〉 (3.2)

where | Ψν(Q)〉 is the vibration wavefunction. Ψη
0 is the intrinsic electronic wavefunction at

equilibrium position, Q0.

3.1.1 Transition Moment

We can follow the process described in Chapter (2) to describe the inelastic electron scatter-

ing process. It is known that the electron tunneling is mostly determined by the transition

matrix element from the source to the drain, T (VD, Q)T (VD, Q), which is now dependent

on the vibrational motion, Q,

T (VD, Q) =
∑

J

∑

K

VJS(Q)VDK(Q)
∑

η

〈Jη,ν′

(Q) |
1

zη −H(Q)
| Ψη,ν(Q)〉〈Ψη,ν(Q) | Kη,ν′′

(Q)〉

=
∑

J

∑

K

VJS(Q)VDK(Q)
∑

η

gη
JK (3.3)

Applying the vibration normal mode theory, we have

gη
JK = 〈Ψν′

(Q) | 〈Jη
0 +

∑

a

∂Jη
0

∂Qa

Qa |
1

zη −H(Q)
| Ψη

0 +
∑

a

∂Ψη
0

∂Qa

Qa〉 | Ψν(Q)〉

×〈Ψν(Q) | 〈Ψη
0 +

∑

a

∂Ψη
0

∂Qa

Qa | Kη
0 +

∑

a

∂Kη
0

∂Qa

Qa〉 | Ψν′′

(Q)〉〉

=
〈Jη

0 +
∑

a
∂Jη

0

∂Qa
Qν′ν

a | Ψη
0〉〈Ψ

η
0 +

∑

a
∂Ψη

0

∂Qa
Qνν′′

a | Kη
0 +

∑

a
∂Kη

0

∂Qa
Qνν′′

a 〉

zη − εη

+
〈Jη

0 +
∑

a
∂Jη

0

∂Qa
Qν′ν

a |
∑

a
∂Ψη

0

∂Qa
Qν′ν

a 〉〈Ψη
0 +

∑

a
∂Ψη

0

∂Qa
Qνν′′

a | Kη
0 +

∑

a
∂Kη

0

∂Qa
Qνν′′

a 〉

zη − h̄ωa

(3.4)
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where ωa is the frequency for the vibration mode Qa. Assuming the nuclear motion is

harmonic, we have

Qmn
a = 〈m | Qa | n〉

= 〈0 | Qa | 1〉

=

√

h̄

2ωa

(3.5)

In general, the first term in the above equation (3.4) gives the elastic contribution to the

electron tunneling current through the excited states (unoccupied molecular orbitals). The

second term in the equation (3.4) is the inelastic electron tunneling component in the trans-

mission current. The inclusion of the nuclear motion introduces the vibronic excited states

in the electronic ground state potential. These vibronic excited states are the ones that

contribute to the inelastic terms in the case of the off-resonant excitation. The current can

be decomposed into two parts

I = Iel + Iinel (3.6)

where Iel and Iinel are the elastic and the inelastic contributions to the electron tunneling

current. Typically, only a fraction of tunneling electrons involves in the inelastic tunnel-

ing process. The small conductance change induced by the electron-vibronic coupling is

commonly measured by the second harmonics of a phase-sensitive detector for the second

derivative of the tunneling current

d2I/dV 2

or the part normalized by the differential conductance.

(d2I/dV 2)/(dI/dV )

3.2 Applications

An octanedithiolate, SC8H16S, embedded between two gold electrodes through S-Au bonds,

has been investigated. The extended molecule consists of two triangle gold trimers bonded

with an octanedithiolate molecule, see Figure 3.1. Electronic structure calculations have

been carried out for the extended molecules at the hybrid DFT B3LYP level34 using Gaus-

sian03 package with the LanL2DZ basis set.35
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Figure 3.1: Structures of the gold-octanedithiol-gold junction with triangle contacts.

3.2.1 I-V Characteristics

The calculated electron tunneling current (include both elastic and inelastic parts) are il-

lustrated as a function of applied bias in Figure 3.2.1 (A), together with the corresponding

experimental I-V curve of Wang et al..13 The shape of the calculated I-V curve agrees well

with the experiment. Our calculations are performed for a single molecule system, while

the measurements of Wang et al.13 were done for self-assembly layers consisting of many

molecules. The fact that our calculated current is about two orders of magnitude smaller

than the measured one might indicate that there are more than 100 molecules were con-

tributed to the experimental current value. We have also compared our calculated result

with the measurement for a single molecule of Cui et al.,46,47 see Figure 3.2.1(C). The agree-

ment between theory and experiment is excellent. Furthermore, the experimental observed

temperature independent I-V characteristics are also reproduced by our calculations.

3.2.2 Inelastic Electron Tunneling Spectroscopy

The calculated inelastic electron tunneling spectroscopy (IETS) of the octanedithiolate junc-

tion with the triangle gold trimers are shown in Figure 3.3, together with the experimental

spectrum of Wang et al. at temperature 4.2 K.13 One can clearly see that the calculated

result for the triangle configuration is in good agreement with the experiment. The calcu-

lations do not only reproduce all the major spectral features observed in the experiment,

but also provide very detailed features that were smeared out by the background due to the

encasing Si3N4 in the experiment.13 Our computational scheme also allows to calculate the
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Figure 3.2: Current (on a log scale) of the gold-octanedithiolate-gold device as a function of

voltage. (A): Calculated total electron tunneling current (include both elastic and inelastic

contributions) under different working temperatures. (B): Current measured under differ-

ent working temperatures by Wang et al.13 (C): Experimentally result of Cui46,47 (Solid

line), Calculated elastic current (dotted line), and calculated total current (dashed line) at

temperature 300K.

spectral linewidth directly, which is determined by the orbital characters and the molecule-

metal bonding, see Eq. 2.13. The calculated full width at half maximum (FWHM) for the

spectral profile of mode ν(C-C) at 132 mV is found to be around 6.1 meV, in good agree-

ment with the experimental result of 3.73±0.98 meV.13 The temperature dependence of the

IETS havs also been examined, and the agreement between the theory and the experiment

is satisfactory. The evolution of the spectral bands upon the increase of the temperature

is the same for both the experiment and the calculation. As an example, in both cases,

the peak for the mode δ(CH2) at 185 mV disappears at 35K, and the peak for the mode

γ(CH2) at 155 mV becomes invisible at 50K. Our simulations indicate that the observed

temperature dependence is mainly due to the changes of the Fermi distribution.

Figure 3.3: Inelastic electron tunneling spectrum of the octanedithiol junction from (A)

experiment,13 (B) calculation for the triangle contacts configuration. The working temper-

ature is 4.2 K.
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We have also calculated the IETS of the gold chain configuration, to examine the dependence

of the IETS on the molecule-metal bonding structure. Indeed, the IETS of chain contacts

shows a distinct difference in the spectral intensity distribution from that of the triangle

configuration. The changes in molecular conformations seems to be the major cause for the

large difference in the spectral intensity distributions of two devices. It is interesting to note

that the spectrum of the chain configuration resembles quite well the experimental IETS of

an alkanemonothiol molecule, HS(CH2)8H (C11).12 One can thus conclude that the large

difference in the experimental spectral intensity distributions12,13 related to the molecular

vibration modes implies that the molecular conformations in two experimental setups are

different.



Chapter 4

Nano-scale Periodic Systems

4.1 Elongation Method

Our elongation method is based on a simple fact that for a large enough finite periodic

system, the interaction between different units in the middle of the system should be con-

verged, and consequently those units in the middle become identical. It is thus possible

to elongate the initial system by adding the identical units in the middle of the system

continuously. This can be easily done when the Hamiltonian of the system is describe in

the site-representation. Obviously, the prerequisite for using the elongation method is to

obtain an initial Hamiltonian in the site-representation possessing identical central parts,

which can only be achieved by computing a fairly large initinal system. Fortunately this

condition can be fulfilled routinely by the modern quantum chemistry programs. It should

be stressed that the elongation method should be as accurate as the method used for the

initial system.

We have applied our approach to conjugated polymers, carbon nanotubes (CNT) and DNA

molecules. Comparing to the traditional quantum chemistry methods, our approach pro-

vides results of the same accuracy with only a fraction of computational time. All results

from the elongation method are obtained using one personal computer with 2.8 GHz CPU.

The studied nano-sized systems consist of 10,000 electrons described by 15,000 gaussian

basis functions.
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Figure 4.1: (a): Schematic draw of the geometry (I) and the Hamiltonian matrix (II) of a

n unit periodic structure; (b): The geometry (I) and the Hamiltonian matrix (II) of two

stretched structures copied from (a); (c) The geometry (I) and the Hamiltonian matrix (II)

of the elongated structure with the n+ 1 units.

4.1.1 Hamiltonian

Considering a system that consists of two end parts, namely the L and M, connected by

a periodic structure including n uniform units U1, U2, ..., Un, the geometry of it is shown

schematically in Figure 4.1 (a) I. Here we take the one-dimensional structure as an example,

but it should be noted that this approach is independent on the space distribution and can

be applied to any dimensional periodic structures.

The wavefunction | Ψη〉 for a certain state of the system obeys the Schrödinger equation:

Ĥ | Ψη〉 = εη | Ψη〉 (4.1)

where Ĥ is the Hamiltonian of the system. When describing an periodic system, it is more

suitable to work in the site representation. The wavefunctions are expanded in terms of the

site basis: | L〉 and | M〉 for the end parts, and | Ki〉 (i runs over U1, U2, ... , Un) for the



4.1. ELONGATION METHOD 33

center part. Each of them can be described as the linear combination of atomic orbitals

(LCAO):

| L〉 =
∑

Lα

| c
(L)
LαψLα〉

|M〉 =
∑

Mα

| c
(M)
MαψMα〉

| Ki〉 =
∑

iα

| c
(i)
iαψiα〉 (4.2)

If we define

Hi,j = 〈ψi | Ĥ | ψj〉 , Si,j = 〈ψi | ψj〉 (4.3)

where i and j run over sites L, U1, U2, ... , Un, and M, then transfer the equation (4.1) to:
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where Cη
i = (cηi1 c

η
i2 ... c

η
iα)T represent the coefficient submatrices of subsystems L, Ui−1, and

M in the molecular orbital εη, respectively.

4.1.2 Elongation Process

The basic idea of the elongation method is schematically shown in Figure 4.1. We first

calculate an initial system with well-converged center parts. We then make two systems,

each them has the well-converged periodic parts (namely, U
′

i and U
′′

i ) with one end part

attached. We then place two systems side by side but mismatched by exactly one unit, see

Figure 4.1 (b)I. A new system with n+ 1 periodic units (U
′′′

i ), shown in Figure 4.1 (c)I, can

thus be constructed by simply putting these two systems with n periodic units together. The
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elongation of the geometrical structure leads to the elongation of the Hamiltonian matrix for

the new system. The way of constructing the corresponding matrices are also schematically

shown in Figure 4.1.

The Hamiltonian of the initial system includes three parts L, U and M which can be repre-

sented by a (n+ 2)× (n+ 2) matrix (L, Ui, M), as shown schematically in Figure 4.1 (a)II.

Here we should notice that no constrains on the sizes of the end parts L and M need to be

enforced. The use of one unit to represent the end part is just for the sake of simplicity.

The matrices for those two mismatched systems have the structures as illustrated in Figure

4.1 (b)II and are denoted as (L
′

, U
′

i, M
′

) and (L
′′

, U
′′

i , M
′′

), respectively. By putting these

two mismatched systems together, a new (n + 3) × (n + 3) matrix (L
′′′

, U
′′′

i , M
′′′

) with the

structure of Figure 4.1 (c)II is obtained for the elongated system. The following relation-

ship, U
′′′

i,j = α U
′

i,j +(1 − α) U
′′

i−1,j−1, is adopted for constructing the new matrix. The

α parameter is a weighting factor depending on the system under investigation. In most

cases, α = 0.5 is considered. As shown in Figure 4.1(c)II, there are 18 matrix elements can

not be generated by the combination of two sub-systems. Since these elements represent

the long-rang interaction between two ends of the system, we can simply set them to zero

without losing any accuracy. By repeating this elongation process, even bigger systems can

be constructed. With these new Hamiltonia one can obtain molecular orbitals energies and

wavefunctions of the elongated systems with high accuracy.

4.1.3 Approximations

The elongation method relies on two key approximations. First, the center parts of a long

enough periodic short-nano-scale system is assumed to have converged electronic structures.

For instance, in the middle of the system described in Figure 4.1 (a)I, the wavefunction of

the unit Un
2

is approximately the same as that of unit U n
2
+1. Secondly, the long range (>

20 Å) interaction between subsystems can be neglected.

We have used the several short-nano-scale systems, shown in Figure 4.2, to verify these

two approximations. They are 10-units (8nm) and 14-units (11nm) conjugated poly(p-

phenyleneethynylene)s (PPT) (labeled as PPT10 and PPT14), 21 layers and 33 layers (5,

5) metallic SWCNTs (CNT21 and CNT33), 4 base-pairs and 6 base-pair poly(G)-poly(C)

DNA (GC4 and GC6). For the polymer systems, their intrinsic periodic unit is chosen as

the unit cell Ui in the elongation method, while for the (5, 5) SWCNT systems, their unit

cell consists of 6 layers of (5, 5) structures, and the base pair is used as the unit cell for the

poly(G)-poly(C) DNA.

We here show the results from the study of the PPT10 and the PPT14 systems. Using
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Figure 4.2: Structures of (a) the 10-units (8nm) and the 14-units (11nm) conjugated poly(p-

phenyleneethynylene)s, (b) the 21 layers and the 33 layers (5, 5) metallic SWCNTs, and (c)

the 4 base-pairs and the 6 base-pairs of poly(G)-poly(C) DNA.

GAUSSIAN03 program, the geometry optimization and the electronic structure calculations

for the PPT10 and the PPT14 have been performed at the DFT B3LYP level with the

6-31G basis set. We can then obtain the matrices for the Hamiltonian, orbital overlap,

orbital coefficients, and eigen values as needed for the Equation (4.4). To verify the first

approximation about the convergence of the electronic structures in the central parts of

the systems, we have inter-exchanged two units in the center parts of the PPT10 and

reconstructed the matrix using the following rules:

• Replacing the submatrix Hn
2

,i and Sn
2

,i with the value of (Hn
2

,i +Hn
2
+1,i+1)/2 (Sn

2
,i +

Sn
2
+1,i+1)/2, respectively, where i runs over U n

2
−4, Un

2
−3, Un

2
−2, Un

2
−1 and Un

2
;

• Replacing the submatrix Hi, n
2

and Si, n
2

with the value of (Hi, n
2

+Hi+1, n
2
+1)/2 (Si, n

2
+

Si+1, n
2
+1)/2, respectively, where i runs over U n

2
−4, Un

2
−3, Un

2
−2, Un

2
−1 and Un

2
;

• Replacing the submatrix Hn
2
+1,i and Sn

2
+1,i with the value of (Hn

2
+1,i + Hn

2
,i−1)/2

(Sn
2
+1,i + Sn

2
,i−1)/2, respectively, where i runs over U n

2
, Un

2
+1, Un

2
+2, Un

2
+3 and Un

2
+4;

• Replacing the submatrix Hi, n
2
+1 and Si, n

2
+1 with the value of (Hi, n

2
+1 + Hi−1, n

2
)/2

(Si, n
2
+1 + Si−1, n

2
)/2, respectively, where i runs over U n

2
, Un

2
+1, Un

2
+2, Un

2
+3 and Un

2
+4;



36 CHAPTER 4. NANO-SCALE PERIODIC SYSTEMS

Table 4.1: Electron density distribution of the HOMO along the different unit Ui of the

original and the reconstructed PPT10.

electron Reconstructed Original Difference

density

U1 0.0351 0.0357 0.0006

U2 0.0766 0.0771 0.0006

U3 0.1259 0.1251 0.0008

U4 0.1684 0.1657 0.0027

U5 0.1901 0.1847 0.0053

U6 0.1835 0.1864 0.0028

U7 0.1512 0.1550 0.0038

U8 0.1041 0.1086 0.0045

U9 0.0571 0.0603 0.0032

U10 0.0227 0.0242 0.0015

• Keeping all the other matrix elements unchanged.

By solving the Schrödinger equation with the newly reconstructed Hamiltonian, a new

sets of molecular orbitals and wavefunctions can be obtained, which are found in excellent

agreement with the original results. For the original system, the energy gap Eg between the

lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital

(HOMO) is found to be 2.784 eV, while the reconstruction of the matrix introduces an error

of 0.002 eV. For orbitals from the HOMO-20 (-6.925 eV) to the LUMO+20 (0.467 eV), the

smallest and the biggest errors caused by the reconstruction are found to be 5.1E-07 and

0.008 eV, respectively. The electron density distribution of the HOMO at different unit Ui in

PPT10 obtained from both methods are listed in Table. 4.1, from which one can notice that

two sets of data are in very good agreement. The same approach has been tested on CNT21

and shows the same good performance. It can thus be concluded that the wavefunctions of

the central parts of a long enough periodic system can be converged.

The interaction energy between two units Ui and Uj can be calculated using the equation

(2.7). We have calculated the interaction energy between U1 and the rest units for the

PPT10 and the CNT21 systems. Their length dependent interaction energies are shown in

Figure 4.3. It can be seen that the interaction energy dies out fairly quickly with respect to

the increase of the distance.
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Figure 4.3: Interaction energy between U1 and the rest of units in the PPT10 (circle dots)

and the CNT21 (square dots) as a function of the distance between the units.

4.2 Theoretical Simulations

4.2.1 Conjugated polymers

We have calculated the electronic structures of the PPT14 using both the elongation method

and the GAUSSIAN03 calculations at the B3LYP/6-31G level. The elongation matrices of

the PPT14 are constructed from those of the PPT10 obtained from the GAUSSIAN03 at

the same level. The HOMO and the LUMO energies are found to be -4.646 eV and -1.895

eV, respectively, from the GAUSSIAN03, which are in perfect agreement with the values

of -4.650 eV and -1.900 eV from the elongation method. For orbitals from the HOMO-20

(-6.202 eV) to the LUMO+20 (0.404 eV), the biggest difference between two methods in

orbital energy is only 0.006 eV. Such an excellent agreement is further supported by the

electron transition probability spectra and the current-voltage characteristics of the PPT14

obtained from two methods, as clearly demonstrated in Figure 4.4.

We are thus ready to study much larger systems with the elongation method. In order to

have even more stable results, we have used the PPT14 calculated by the GAUSSIAN03

at the B3LYP/6-31G level as the initial system to construct the elongation matrices for a

series of conjugated PPT polymers with units n= 20, 24, 30, 40 and 50. The orbitals close

to the energy gap are plotted in Figure 4.5 (A). It is found that the energy gap is around
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Figure 4.4: (A) Transition probability (on a log scale) spectra above the Fermi level, (B)

I-V characteristics of the PPT14 calculated by the GAUSSIAN03 program (solid lines) and

the elongation method (stars).

2.78 eV for all PPT oligomers under investigation, indicating that the PPT polymer is a

semi-conductor. The I-V characteristics for these conjugated oligomers are given in Figure

4.5 (B). For PPT oligomers with less than 24 units (18nm), we can observe the stair-like

behaviour in their I-V curves. For even longer systems, these steps are smeared out because

of the increase of the DOS.

4.2.2 Carbon Nanotube (CNT)

Carbon nanotubes (CNTs) have been regarded since their discovery as potential molecular

electronic devices. This view is further enforced by an exciting recent development, namely

the utilization of 10 to 50 nm long single-walled carbon nanotubes (SWCNTs).49 Unlike

the traditional electronic devices, electrons in the CNT cylindrical fullerences are confined

in the radial and circumferential directions and can only propagate in the direction of the

tube axis.50,51 CNTs are therefore interesting systems for studying the quantum behavior

of electrons in one dimension (1D). Theoretical studies have contributed greatly to the

understanding of the structures and properties of the CNTs with infinite length. However,

the finite-length CNTs present a great challenge for the first principle modeling because

of the involvement of vast number of electrons and the breakdown of periodic boundary

conditions. With our elongation method, the first principles study thus becomes possible.

Firstly, a (5, 5) metalic SWCNT with 31 layers (3.7nm in length) is studied by both the
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Figure 4.5: (A) Density of states close to the energy gap and (B) I-V characteristics of the

conjugated PPT oligomers with units n=10, 14, 20, 24, 30, 40 and 50. Except the PPT10

and PPT14 which are calculated with GAUSSION03, all others are obtained with elongation

method.

GAUSSIAN03 program and elongation method using the 19 layers SWCNT as the initial

system. The molecular orbitals obtained by the elongation method agree perfectly with

those from the GAUSSIAN03. Same good agreement has also found for the transition

probability spectra. To maintain higher accuracy, we have used CNT21 (210 carbons, 2.6nm

long) calculated at B3LYP/6-31G level with GAUSSIAN03 to construct a series of SWCNT

systems with units of n = 9+12×i (i=2, 3,..., 14) whose length goes from 4.1 nm to 21.8 nm.

In Figure 4.6 (A), the molecular orbitals (MOs) around the energy gap are displayed. As

expected the density of states (DOS) gets higher for longer SWCNT. The most interesting

observation is that the energy gap (Eg) oscillates periodically with the increase of SWCNT

length. For short SWCNTs, it is known that the Eg should oscillate with a period of

3 layers.52–54 This behavior is nicely reproduced by our calculations, see Figure 4.6(C).

The trend given by the short SWCNTs seems to indicate that the gap should continuously

decrease with the increase of the SWCNT length. However, our calculations present a very

different picture. For instance, the energy gap of the CNT33 (0.598 eV) is already larger

than that of the CNT21 (0.492 eV). This particular observation is further confirmed by

the Gaussian03 calculations with STO-6G basis sets. The evolution of energy gap with

respect to the tube length is illustrated in Figure 4.6(B). The period of the oscillation for

the energy gap is apparently bigger than 3 layers. The underlying mechanism is still under

investigation. The discrete molecular orbital distribution is found for all the tubes under

investigation, indicating that these tubes can be quantized electronic devices. It can at least
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be concluded that a (5,5) SWCNT with length of 22 nm is still far from a real bulk material.

Figure 4.6: Molecular orbitals of SWCNTs with N = 9 + 12 × i (i=0, 1, ... ,14) units,

corresponding to 1.1 nm to 21.8 nm in length (A). The results for the CNT9 and the

CNT21 are calculated with GAUSSION03 while others are obtained from the elongation

method. Energy gap Eg as a function of the units (N) is plotted for long-nano-scale (B)

and short-nano-scale (C) SWNTs, respectively.

By using the QCME code, we are able to calculate the I-V characteristics of the tubes

with different lengths. The electrodes shown in Figure 4.7(A) have the same structure as

those used in the experimental work of Javey et al.49 The I-V curves of short tubes up to

the CNT45 (5.5nm) show stair-like profile in which each step represents an opening of a

new conducting channel. These small devices are all semi-conductor-like, i.e. the electron

stars to flow only after adding certain external bias. When the length of the tube gets

longer, the DOS of the system becomes denser, the steps in the I-V curve are thus smeared

out, and the device shows a metallic behavior. We have compared our calculations with

the experimental result.49 As indicated in Figure 4.7(D), our calculated I-V curves for

tubes in betwwen 14.4nm (CNT117) and 21.8 nm (CNT177) agree surprisingly well with

the experimental result of an approximately 15nm long tube for both the shape and the

magnitude. It thus confirms the experimental observation that a device with a 15nm long

tube behaves like the ballistic conductor.49

4.2.3 DNA

Motivated by both biological and technological concerns, the study of electronic properties

of DNA molecules has become an important topic in nano-science. The conductivity of DNA

molecule has been the central focus of many experimental and theoretical works in the last

decade, for a comprehensive review on this subject, we refer to Refs.,55,56 and references

therein. However, a short DNA molecule, like the 30 base pairs poly(G)-poly(C), already
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Figure 4.7: (A): Schematic draw of a SWCNT device with gold electrodes; (B) Calcu-

lated current-voltage characteristics of the CNT9 (1.1nm), the CNT21 (2.6nm), the CNT33

(4.1nm), and the CNT45 (5.5nm); (C) Calculated current-voltage characteristics of the

CNT69 (8.5nm), the CNT93 (11.4nm), the CNT117 (14.4nm), and the CNT177 (21.8nm);

and (D) Experimental I-V curve for an approximately 15nm long SWCNT.49

Figure 4.8: The density of states (DOS) of the GC10 obtained from the Gaussian03 (solid

line) and the elongation method (dashed line) with the STO-6G basis set.

imposes a great challenge to the first-principles simulations because of the involvement of

enormous numbers of electrons and the lack of long-range periodicity. Fortunately, by using

the elongation method, the first hybrid density functional theory studies on the electronic

structures and electron transportation properties of DNA molecules has become possible.

We first examine the validity of the elongation method for the DNA molecules. The DNA

segments with 4 and 10 G-C base pairs (GC4 and GC10) are computed using GAUSSIAN03

program at the DFT B3LYP level with STO-6G basis set. The calculated DOS of GC10

from both GAUSSIAN03 and elongation method are shown in Figure 4.8, respectively. The

energy reference is set to be the middle of the HOMO and the LUMO. Clearly, the electronic

structure of the GC10 obtained from the elongation method is identical to that from the

GAUSSIAN03 calculation.
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Figure 4.9: (A) Experimental current curves57 for the GC30 DNA. (B) Calculated current

and conductance for the GC30 DNA. (C) Experimental current and conductance curves58

for the GC60 DNA. (D) Calculated current and conductance curves for the GC60 DNA.

In the experimental setup of Porath et al57 two Pt electrodes with gap of 8 nm are connected

by a 10 nm long GC DNA molecules. A similar experiment for a device with the GC60

was measured by Hwang et al.58 We have adopted the same device configuration. The

calculated current-voltage characteristics of the GC30 and the GC60 are compared with

the corresponding experimental results of Porath et al57 and Hwang et al,58 respectively,

in Figure 4.9. The agreement between theory and experiment is more than satisfactory.

The calculated currents are in the same order of magnitude as the experimental ones. More

importantly, calculations have reproduced almost all major features of the experimental cur-

rent and conductance curves. Both GC30 and GC60 behavior like semi-conductor, showing

stair-like I-V curves. The first conduction peak arrives around 2V, while the second one

can be found at 4 V. When the DNA molecule gets longer, the contribution from the first

conduction band becomes smaller than that of the second band.

The electron transportation properties of two series of DNA GCm and GCGC(AT)mGCGC

have been investigated to understand the dependence of the DNA conductance on its se-

quences. For the GCm, our calculations found that the conductivity is proportion to the

inverse of the DNA length, while for the GCGC(AT)mGCGC, the conductivity of the DNA

decreases exponentially with the increase of the DNA length. This theoretical founding

explains very well the experimental results of Xu et al.59 It is also noticed from the cal-
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culations that for longer GC DNA molecules (larger than the GC14) the decrease of the

conductance with respect to the length becomes much slower. One can thus expect that

even for very long DNA molecule the coherent electron transport may still be observable.

Our simulations are based on the elastic scattering theory. The perfect agreement between

theory and experiment allows us to conclude that the electron migration in the short DNA

molecules is completely dominated by the elastic electron scattering through the de-localized

unoccupied state.
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