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Abstract
This thesis deals with theoretical studies of the electronic structure of molecules
used in the context of molecular electronics. Both studies with model Hamiltonians and first principle calculations have been performed. The materials studied include molecular crystals of pentacene and DNA, which are used as active
material in field-effect transistors and as tentative molecular wires, respectively.
The molecular magnet compound TCNE and surface modification by means of
chemisorption of TDAE on gold are also studied.
Molecular crystals of pentacene are reported to have the highest field-effect
mobility values for organic thin film field-effect transistors. The conduction process
in field-effect transistors applications occurs in a single layer of the molecular
crystal. Hence, in studies of transport properties molecular crystals of pentacene
can be considered as a two dimensional system. An open question of these system
is if the charge transport is bandlike or if as a result of disorder is a hopping
process. We address this question in two of the included papers, paper I and
paper II.
The conducting properties of DNA are of interest for a broad scientific community. Biologist for understanding of oxidatively damaged DNA and physicist
and the electronics community for use as a molecular wire. Some reports on the
subject classifies DNA as a conductor while other report insulating behavior. The
outcome of the investigations are heavily dependent on the type of DNA being

studied, clearly there is a big difference between the natural and more or less random sequence in, e.g., λ-DNA and the highly ordered syntethic poly(G)-poly(C)
DNA. It has been suggested that long-range correlation would yield delocalized
states, i.e., bandlike transport, in natural DNA, especially in the human chromosome 22. In paper III we show that this is not the case. In general our results
show that DNA containing an approximately equal amount of the four basis is an
insulator in a static picture.
An emerging research field is spintronics. In spintronic devices the spin of the
charge carrier is as important as the charge. One can envision a device where spin
alone is the carrier of information. In realizing spintronic devices, materials that
are both magnetic and semiconducting are needed. Systems that exhibit both
these properties are organic-based magnets. In paper IV the electronic structure
of the molecular magnet compound TCNE is studied, both experimentally and
theoretically.
The injection of carriers from metal contacts to organic semiconductors is central to the performance of organic based devices. The interface between the metal
contact and the organic material has been pointed out to be one of the device
parameters that most significantly influences the device performance. This relates
to the process of injection of charge carriers in to the organic material. In some
contact and organic material combinations the energy barrier for charge injection
can be very high. The barrier can be reduced by modify the interface dipole, this
is achieved by a monolayer of adsorbed molecules at the interface. The molecule
TDAE chemisorbed on gold is studied in paper V.
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Linköpings universitet, SE-581 83 Linköping, Sweden
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Abstract

This thesis deals with theoretical studies of the electronic structure of molecules
used in the context of molecular electronics. Both studies with model Hamiltonians and first principle calculations have been performed. The materials studied include molecular crystals of pentacene and DNA, which are used as active
material in field-effect transistors and as tentative molecular wires, respectively.
The molecular magnet compound TCNE and surface modification by means of
chemisorption of TDAE on gold are also studied.
Molecular crystals of pentacene are reported to have the highest field-effect
mobility values for organic thin film field-effect transistors. The conduction process
in field-effect transistors applications occurs in a single layer of the molecular
crystal. Hence, in studies of transport properties molecular crystals of pentacene
can be considered as a two dimensional system. An open question of these system
is if the charge transport is bandlike or if as a result of disorder is a hopping
process. We address this question in two of the included papers, paper I and
paper II.
The conducting properties of DNA are of interest for a broad scientific community. Biologist for understanding of oxidatively damaged DNA and physicist
and the electronics community for use as a molecular wire. Some reports on the
subject classifies DNA as a conductor while other report insulating behavior. The
outcome of the investigations are heavily dependent on the type of DNA being
studied, clearly there is a big difference between the natural and more or less random sequence in, e.g., λ-DNA and the highly ordered syntethic poly(G)-poly(C)
DNA. It has been suggested that long-range correlation would yield delocalized
states, i.e., bandlike transport, in natural DNA, especially in the human chromosome 22. In paper III we show that this is not the case. In general our results
show that DNA containing an approximately equal amount of the four basis is an
insulator in a static picture.
An emerging research field is spintronics. In spintronic devices the spin of the
charge carrier is as important as the charge. One can envision a device where spin
alone is the carrier of information. In realizing spintronic devices, materials that
are both magnetic and semiconducting are needed. Systems that exhibit both
these properties are organic-based magnets. In paper IV the electronic structure
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of the molecular magnet compound TCNE is studied, both experimentally and
theoretically.
The injection of carriers from metal contacts to organic semiconductors is central to the performance of organic based devices. The interface between the metal
contact and the organic material has been pointed out to be one of the device
parameters that most significantly influences the device performance. This relates
to the process of injection of charge carriers in to the organic material. In some
contact and organic material combinations the energy barrier for charge injection
can be very high. The barrier can be reduced by modify the interface dipole, this
is achieved by a monolayer of adsorbed molecules at the interface. The molecule
TDAE chemisorbed on gold is studied in paper V.
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vii

viii
Hansson and Johan Henriksson. I would also like to thank Sven, Michael, Johan
and Magnus Hultell for comments on the manuscript.
Of course my parents need to be mentioned, their support and encouragement
throughout the years has meant a lot to me.
Finally, my gratitude goes to Frida, for her love and support in good times, and
in bad, and for listening on my physics problems. Last but not least, my thanks
goes to Alexander, my son.

Mikael Unge
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Chapter

1

Introduction
In the beginning of the 1970’s our view of plastics made an unexpected turn. The
chemist Hideki Shirakawa from Japan, by mistake, used too much catalyst in the
synthesizes of polyacetylene, with the consequence that the sample became highly
doped and got a silvery surface. In America the chemist Alan G. MacDiarmid
and the physicist Alan J. Heeger also had observed this property, but for another
material, polymer sulphur nitride. At a coffee-break after a seminar held by MacDiarmid where he had mentioned the metallic feature of the polymer, MacDiarmid
and Shirakawa met. They started a collaboration together with Heeger, whose task
was to measure the conductivity of doped polyacetylene. One of Heeger’s students
measured the conductivity which had increased ten million times compared to the
original conductivity and reached a conductivity comparable with that of copper [1]. This conducting property of polymers was first reported in 1977 [2, 3].
This was the beginning of a research area which today starts to deliver commercial products. Examples are displays and screens made of organic light emitting
diodes, these have sharper colors and improved viewing angle compared to traditional LCD. There is also research going on that focus on the printing of organic
electronics on ordinary paper using ink-jet printers and commercially available
printing presses. Such methods of production of course imply low cost compared
to photolithography used in silicon based electronics.
In this chapter an introduction to molecular electronics in general and the
different molecular systems that have been studied in the thesis are presented.
Chapter 2 gives an overview of the basic theory of the computational methods
used. In chapter 3 an introduction to localization is given and the included papers
I, II and III are discussed. In chapter 4 the origin of Coulomb gap in amorphous
molecular materials is discuss and comments on paper IV are given. The last
chapter deals with the possibility to modify the electron injection barrier at an
interface, this relates to the research presented in paper V.
1
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Introduction

Figure 1.1. The highest occupied molecular orbital (HOMO) of pentacene with the
characteristic π-orbital form.

1.1

Molecular Electronics

The concept of Molecular Electronics can be divided into two categories. The
first category deals with devices made of a single molecule, plus contacts. The
other category includes more macroscopic devices based on molecular crystals
and polymeric materials. This thesis deals mostly with the second category, in
particular disordered molecular crystalline materials but also properties of single
macromolecules, DNA, are included.

1.1.1

Bulk

The carbon atomic orbitals in unsaturated hydrocarbon based molecules are sp2
hybridized. This means that the orbitals for three of the four valence electrons are
linear combinations of atomic orbitals, one s- and two p-orbitals. These orbitals
form directed so-called σ-orbitals. They overlap with σ-orbitals from other carbon
atoms in the structure forming the covalent bonds, which yields the molecular
backbone. The fourth electron that occupies the 2pz -orbital which overlaps with
corresponding orbitals on nearest neighbor atoms and forms so-called π-orbitals.
These orbitals are orthogonal to the molecular plane and are delocalized along the
backbone, see Fig. 1.1. Electrons occupying π-orbitals are less bound compared to
electrons in the σ-orbitals. This means that the π-electrons are mobile compared
to the σ-electrons and that their energy levels appear closer to the Fermi level, Ef .
Thus, in descriptions of the electronic properties, it is often sufficient to include
only the π-orbitals.
The Fermi level in the molecules discussed above lies in a forbidden energy
region, i.e., they are semiconductors, see Fig. 1.2. Upon charge transfer to the
molecule the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), which are π-orbitals, move into the bandgap.
This is due to geometrical distortions which stabilize the LUMO and destabilize
the HOMO. The combined state is called a polaron if it is singly charged and

1.1 Molecular Electronics
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Figure 1.2. a) Energy diagram for the π-orbitals of an undoped organic material, EF
is the Fermi level. The energy diagram of a negative polaron, b), and positive polaron,
c). Upon further doping polaron band is formed due to splitting of the energy levels of
negative, d), and positive polarons, e).

bipolaron if it is doubly charged. Upon further doping more polarons/bipolarons
will appear in the bandgap and form a new band. At a very high doping level,
in the case of polymers, this new band can overlap with the conduction band,
thus yielding a metallic band structure. This was what happened with Shirakawas
sample back in the 1970’s.
Even in the undoped state organic material can be conducting if charge carriers
are created via an electric field, as in field-effect transistors. Here the conduction
occurs due to electron hopping between localized orbitals. In molecular crystals,
such as pentacene crystals, and in DNA the orientation of the building blocks,
i.e., the individual pentacene molecules and the DNA bases, is such that they
form π-stacks, see Fig. 1.3. The π-orbital on adjacent blocks overlap and forms a
crystal orbital. If the molecules are perfectly repeated in a crystal structure, the
potential is periodic and the Bloch theorem is valid, i.e., the crystal orbitals are
delocalized [4]. However, if there is disorder in the system the crystal orbitals can
localize, depending on, e.g., dimensionality and strength of disorder. The spatial
extension of the crystal orbital, the so-called localization length, is important for
the conductivity.
An electron that moves through the material will need to change crystal orbital.
The jump, a phonon-assisted tunneling process, from the present orbital to another

a)

b)

Figure 1.3. Schematic illustration of a π-stack. The vertical bars represents molecules
and the ellipse(s), a), the π-orbitals and, b), a localized crystal orbital.
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takes time. The jump rate can be found from [5]
2 −Eact /kB T
Wij ∝ Jij
e
,

(1.1)

where Jij is the transfer integral between crystal orbital i and j, and Eact is
the activation energy. Jij is proportional to the overlap of the crystal orbitals.
The conductivity depends on the number of charge carriers, n, and the mobility,
µ = hve i/E where ve is the velocity and E the applied electric field, according to
σ = nµe

(1.2)

for the case of electrons as charger carriers. Thus, for a high conductivity there
should be a high density of charge carriers and a high mobility. In a jump process high mobility is related to a large transfer rate and few jumps, which is a
consequence of large overlap between crystal orbitals and long localization length,
respectively.

1.1.2

Interfaces

In order for a device to work in an optimal way it is necessary to have an active
material with high mobility. In addition the charge carriers have to be able to move
in and out of the active material. However, there is an energy barrier, see Fig. 1.4,
for electron injection at the interface between the electrode and the semiconductor
in, e.g., a field-effect transistor. This is due to the alignment of the Fermi level
of the materials. In general the Fermi levels of the metal and the semiconductor
differ. In the case where the semiconductor has a higher Fermi level there is a
small charge transfer from the semiconductor to the metal electrode which yield an
interface dipole. The interface dipole decreases the metal work function, decreases
E

E

Ev

Ev
ϕ

ϕ
Ef
Ef

Ef
Semicond.

Metal
a)

φ

Semicond.

Metal
b)

Figure 1.4. Schematic energy diagram of an open circuit, a), and a closed circuit, b),
showing the energy barrier, φ, caused by the alignment of the Fermi level of the materials.
Where Ef is the Fermi level and Ev is the vacuum level, i.e., energy of an electron at
infinity.

1.2 Organic Field-Effect Transistor
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the conduction band of the semiconductor due to electrostatic energy and also
cause bending of the semiconductor bands at the interface, see Fig. 1.4.
For some combinations of contact material and electroactive material in a semiconductor device, the barrier for charge injection can be very large. The barrier
can be reduced or increased, depending on if an improved electron or hole injection is wanted, by modify the interface dipole. By depositing a very thin layer of a
molecular material as an interfacial layer [6, 7], the interface dipole can be modified
if the molecule has an intrinsic dipole and/or if there is a charge transfer between
the molecule and the metal yielding a chemical dipole. The dipole contribution
from the molecular layer decrease or increase the interface dipole which improve
electron or hole injection. This has been demonstrated for organic semiconductors
[6, 7] as well as for GaAs [8], Si [9] and ZnO [10]. In chapter 5 the interface dipole
and the impact on the electron injection barrier will be discussed in more detail,
in particular the shift of the metal work function.

1.2

Organic Field-Effect Transistor

Before presenting the molecular material studied, the main application of the
research presented in this thesis, the Organic Field-Effect Transistor (OFET), is
briefly discussed.
An illustration of a bottom-contact device OFET is shown in Fig. 1.5 a), which
is a common device configuration of this type of devices. In general this configuration is refered to as a Metal Insulator Semiconductor Field-Effect Transistor
(MISFET). It has a gate electrode at the bottom which is covered by an insulator, e.g., SiO2 , source and drain electrodes and a semiconductor layer. At organic
semiconductor to metal interfaces the electron injection barrier is much larger than
the hole injection barrier, which is the main reason why the majority of charge
carriers in organic devices are holes. Thus, OFETs have p-type behavior. If the
gate is biased negatively with respect to the grounded source electrode, the bias
voltage exceeding the threshold voltage related to the injection barrier, a conducting channel between source and drain is created. The device is in the accumulation
mode. The channel region is accumulated of charge carriers, this correspond to
the on-state of the device. A positively biased gate deplete charge carriers in the
channel, setting the device in an off-state.
The current voltage (I − V ) characteristics for OFETs can be described by
models developed for inorganic semiconductors [11, 12]. For small drain voltage,
VD , the drain current, ID , is described by


VD
W Ci µ
VG − VT −
VD ,
(1.3)
ID =
L
2
where VG is the gate voltage and VT the threshold voltage. W and L is the channel
width and length defined in Fig. 1.5 a), Ci is the capacitance per unit area of the
insulator and µ the mobility. As the drain voltage increases, it eventually reaches
a point, dID /dVD = 0, at which ID tends to saturate, see Fig. 1.5 b). This is due
to that the channel depth closest to the source electrode is reduced to zero, the
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W
Semiconductor

ID

L
VG3
VG2

Drain
Source
Insulator
Gate

VG1
VD
b)

a)

Figure 1.5. a) Device configuration of a bottom-contact OFET/MISFET. L and W is
the length and width of the conducting channel, respectively. b) Illustration of typical
I − V characteristic for field-effect transistors, where |VG1 | < |VG2 | < |VG3 |.

pinch-off point. In the saturation regime ID is described by
ID =

W Ci µ
(VG − VT )2 .
2L

(1.4)

From Eq. (1.3) the mobility can be determined by the p
slope in the linear regime
in the I − V plot and from Eq. (1.4) from the slope of |ID | vs VG . The highest
mobilities for OFETs are similar to those of amorphous silicon based field-effect
transistors, ∼1 cm2 /Vs. The mobility and the on-off current ratio, are the two
primary parameters used for determine device performance [11]. The on-off ratio
is a measure of the ability of a device to be in the off-state, ideally the off-current
is zero. Another important parameter, the subthreshold swing, is the minimum
voltage swing to turn a transistor from on to off state, it is a crucial parameter for
how low power a device technology can be. It is measured by how many volts it
takes to change the drain current by one order of magnitude, one decade of current
in a logarithmic scale. The best subthreshold swing reported for OFETs is 100 mV
per decade, which is similar to those of silicon MISFET [13]. The organic material
used in this case was pentacene. We will now proceed by introduce this and other
materials studied in this thesis.

1.3

Molecular Crystals of Pentacene

Since the first experiment with polyacetylene a large setup of different carbon
based materials has shown conducting properties. Organic molecules, such as
the aromatic molecules naphtalene, tetracene, pentacene, rubrene and different
oligothiophenes, that form crystals in solid state have been investigated intensively
during the last decades. Among these materials pentacene and rubrene have shown
the highest field-effect mobilities in organic field-effect transistors [14, 15, 16, 17].
A crystal structure is defined from one of the fourteen possible Bravais lattices
and a basis [18], the later being one or several atoms, or even a complete molecule.
Molecules forming a crystal are held together by weak attractive van der Waals
forces [18]. These forces are caused by instantaneous fluctuations in the electronic
distribution, which cause momentary multipoles in adjacent molecules. Interaction

1.4 DNA
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Figure 1.6. The molecular structure of Pentacene, C22 H14 .

between these multipoles result in an attractive force. In 1930 this was shown by
F. London to be primarily due to π-electrons in aromatic molecules [19]. The van
der Waals force is considerably weaker than that of ionic and covalent bonds in
atomic crystals. Thus, molecular crystals have low melting temperatures and low
mechanical strength, since less energy is required to break a bond.
The organic molecule pentacene C22 H14 , see Fig. 1.6, forms a crystal with
a triclinic Bravais lattice with two pentacene molecules in the unit cell [20]. The
triclinic Bravais lattice has three lattice vectors with different lengths and arbitrary
angles. Pentacene belongs to a class of molecules, the oligoacenes [21], which
are linear repetitions of aromatic rings. Members in this class are naphtalene,
tetracene, hexacene, heptacene etc. When the number of rings is increased, the
band gap decreases down to 0.4 eV for the infinite acene, polyacene [22]. However,
to date, no one has been able to synthesize polyacene, even though some progress
has been made in the field [23].
The main area of potential application for pentacene is OFETs, where pentacene is used as the active material. Recently, field-effect mobilities of 1 cm2 V−1 s−1
and an on-off current ratio of 106 in OFETs with pentacene as active layer was
reported [13]. Such performance has been shown before but then the gate voltage
has been between 20 and 100 V [14], in this study the gate voltage was only 2.5 V.
This was achieved by an improved gate dielectric which decreased the gate leakage currents. Of course this increases the possibilities to use pentacene OFETs in
applications.
In two papers, paper I and paper II in this thesis, we have studied the impact
of different kinds of disorder on the localization length in a model for disordered
pentacene. Details are found in chapter 3 and in the papers.

1.4

DNA

This section gives a brief introduction to one of the most well known molecules
among people in general, Deoxyribose Nucleic Acid (DNA). DNA is the information carrier of the genetic code in all living organisms, where the information is
stored in the sequence of the four different bases; guanine, cytosine, adenine and
thymine. The base pairs are stacked in the double-helix structure as shown in
Fig. 1.7.
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The base pairs of either guanine-cytosine
or adenine-thymine, the horizontal rods in
Fig. 1.7, are held in the double-helix structure
by the sugar-phosphate backbone, the ribbons
in Fig. 1.7. The molecular structure of DNA,
the double helix, was first reported in 1953
by J.D. Watson and F.H.C. Crick [24]. They
were awarded the Nobel Prize in Physiology or
Medicine 1962. Each of the two helices contain all information, since a guanine base is always connected to a cytosine base and adenine
Figure 1.7.
Illustration of to thymine. This was also suggested by Watson
the double-helix structure from and Crick in the same paper and was confirmed
Ref. [24]. The ribbons is the by experimental data that gave a ratio of amount
sugar-phosphate backbone and of guanine/cytosine (adenin/thymine) close to
the horizontal rods is the different unity.
base pairs.
The base molecules, see Fig. 1.8, are bonded
via covalent bonds to the sugar-phosphate backbone, whereas the bases are connected through hydrogen bonds. The DNA bases
are aromatic and thus planar. This yield a large separation between the electronic
energies of the π- and σ-orbitals around the Fermi energy. Thus, the HOMO and
LUMO of the bases are π-orbitals. Due to the double-helix structure the DNA
molecule can be considered as a π-stack. This property might make it suitable to
use DNA as a conducting wire or as building blocks in construction of biomolecular
logical devices [25, 26]. The drawback of DNA being a molecular wire is that the
different bases have different ionization potentials, which will localize the orbital to
one or very few base pairs of the system. However, a synthetic DNA can be made
with a uniform poly(G)-poly(C) sequence, one strand containing guanine only.
This structure avoids the disorder due to different ionization potentials and can
be considered as a candidate for a molecular wire [27, 28, 29]. Conducting properties of DNA is not only interesting for the physics and electronics community, also
biologists are interested of the conducting properties of DNA for understanding of
oxidatively damaged DNA [30].

Figure 1.8. The structure of the two possible base pairs Guanine-Cytosine, a), and
Thymine-Adenine, b). The arrows indicate which hydrogen atom that is replaced by a
sugar-phosphate group in the double-helix. The dashed lines shows the hydrogen bonds.
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We have studied electron localization for different DNA sequences and showed
that both helices need to be considered and that DNA sequences containing an
approximately equal amount of the four basis is an insulator in a static picture.
For more details see chapter 3 and paper III.

1.5

TCNE

An emerging research field is spintronics where the spin of the electrons is used as
information carrier. The term spintronics was coined by Lucent Technologies as
“electronic devices in which the direction an electron spin is just as important as its
charge.” [31]. Devices that use both the charge and spin degrees of freedom or just
the spin degree of freedom alone is predicted to have more capabilities and higher
performance [32]. These would be, e.g., nonvolatility, increased data processing
speed, decreased power consumption. One can also envision devices where spin
alone is the carrier of information. The major challenge in realizing spintronics
devices is the development of materials that can transport spin-polarized carriers
across (hetero-) interfaces and over relevant length scales. Such material must be
both ferro/ferri-magnetic and semiconducting [32]. A class of systems that exhibit
both these properties are organic-based magnets [33, 34].
In the mid 1980’s observation of magnetic
ordering in an organic material was reported
for the first time [35]. The organic compound
was tetracyanoethylene (TCNE), see Fig. 1.9.
TCNE was combined with decamethylferrocenium, DMeFc, and below 4.8 K the spin spontaneously aligned in a ferromagnetic structure
[35]. Other combinations of TCNE and metals
have yielded much higher critical temperatures,
especially TCNE in combination with vanadium
which has a critical temperature around 400 K,
i.e., a room-temperature magnet [33]. The structure of this magnet is V(TCNE)x (CH2 Cl2 )y Figure 1.9. The molecular strucwith x ∼ 2 and y ∼ 1/2, where CH2 Cl2 is a ture of TCNE. The light atoms are
remnant from the synthesize process. The con- nitrogen and the others are carbon.
ductivity has been measured to ∼ 10−5 S/cm
at room temperature, i.e., indicating a semiconducting electronic structure. The drawback of this magnet is that it decomposes in
air. Using chemical vapor deposition it has been shown that it is possible to make
thin films of V(TCNE)x , with a slightly higher conductivity, ∼ 10−4 S/cm, and
an enhanced stability [36, 37]. The critical temperature for the thin film magnet
is the same as for the solvent prepared magnet [38].
An increase in the applied magnetic field yields an increase of the resistivity,
i.e., positive magnetoresistance, of the V(TCNE)x magnet. This effect can be
explained by a suggested Coulomb repulsion induced splitting of the HOMO [39].
The splitting of HOMO implies an activation energy for charge transport, upon

10

Introduction

applying a magnetic field the splitting of the HOMO is increased and increased
resistance is observed. However, no studies on the valence electronic structure have
been done on these systems. Alkali-doped TCNE can serve as a model system for
the more complex V(TCNE)2 magnet in studies of the electronic structure of
TCNE− . This was done in a joint project with experimental groups, see chapter 4
and paper IV.

1.6

TDAE

At a first glance of Tetrakis(dimethylamino)ethylene (TDAE), see Fig. 1.10, it
reminds of TCNE with the ethyl group in the middle yielding the stretched X
structure. However, while TCNE is an acceptor TDAE is a donor. In fact, TDAE is
very reactive, having a first ionization energy, 6.13 eV, not much higher than those
of the alkaline atoms Li, 5.4 eV, and Na, 5.1 eV [40]. For instance, TDAE combined
with C60 forms a charge transfer complex, TDAE+ C−
60 [41]. This complex has
shown ferromagnetic properties with a Curie temperature of 16.1 K. Complexes
with the TDAE dication in combination with tetracyanoquinodimethane (TCNQ)
have also been observed [42]. The TDAE dication is also obtained when TDAE is
chemisorbed on the surface of Indium Tin Oxide (ITO) [43], i.e., a charge transfer
between TDAE and ITO.
There are substantial changes in the geometry of TDAE upon oxidation, in
particular the dihedral angle, the angle between the two N-C-N planes, increases
for the charged states. The dihedral angle for the dication is more than double
that of the neutral molecule. In addition, the bond length of the double bond
in the ethyl group increases to a single bond and the C-N distances decrease.
These changes occur as a result of the nature of HOMO, which is bonding in
the double bond and anti-bonding in the C-N bond. By removing electrons from
this orbital the bond order changes which in turn affects the bond distances and
torsion angles. This can be used experimentally to determine the charged state of
the molecule by considering vibrations spectra, Raman and IR, of the molecule,

z
y

x

x

z

y

a)

b)

Figure 1.10. The molecular structure of TDAE viewed from two different directions.
The white atoms are hydrogen, the darkest are carbon and the others are nitrogen.
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since the geometries of the different charged states of the molecules are different
they yield different spectra [44].
The observed reactive behavior of TDAE as mentioned above suggest that
TDAE should be a good candidate to be used as a molecular interface between
the electrode and semiconductor in devices. Actually, the intention of the study
of chemisorption of TDAE on the surface of ITO was to reduce the work function,
a decrease of the work function by 0.9 eV was observed [43]. Upon chemisorption
of TDAE on a surface the charge transfer between TDAE and the surface yields a
chemical dipole. Since the charge transfer is from the molecule to the surface the
dipole is pointing in the direction of the surface normal. As discussed in Sec. 1.1.2
extra dipoles at the electrode semiconductor interface in addition to the interface
dipole, yields a reduced work function of the electrode and thus a reduced electron
injection barrier.
In paper V we studied TDAE chemisorbed on a gold surface. The objective of
this study was to determine the extent of the charge transfer, the chemisorption
energy and the shift of the work function of gold. Comments on the result are
given in chapter 5.
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Chapter

2

Quantum Chemical Methods
The laws necessary for the mathematical treatment of a large
part of physics and the whole of chemistry are thus completely
known, and the difficulty lies only in the fact that application
of these laws leads to equations that are too complex to be solved.
PAUL DIRAC

The frustration in Dirac’s remark is obvious, despite the triumph of the development of a mathematical theory that describes physics and chemistry of matter,
the drawback was that no other real/physical system than the hydrogen atom
was possible to solve analytically. In 1928 Dirac had presented a relativistically
correct theory, two years after Schrödinger had presented a nonrelativistic wave
equation governing the motion of nuclei and electrons in molecules and crystals.
In a time-independent form it looks like
H|Ψi = E|Ψi,

(2.1)

where H is the Hamiltonian operator, |Ψi is the wave function of a particular
state, and E is the total energy of this state. Writing out all the terms in atomic
units, the Hamiltonian looks like
H=−

N
X
1
i=1

2

∇2i −

M
X

A=1

N X
M
N N
M
M
X
ZA X X 1 X X ZA ZB
1
∇2A −
+
+
. (2.2)
2MA
riA i=1 j>i rij
RAB
i=1
A=1

A=1 B>A

The two first terms in Eq. (2.2) are the kinetic energy of the N electrons and the
M nuclei, respectively. MA is the ratio of the mass of nucleus A to the mass of an
electron. The Coulomb attraction between the electrons and the nuclei is represented by term three, and the fourth and fifth terms describe the repulsion between
electrons and between nuclei, respectively. Thus, Eq. (2.1) with the Hamiltonian
in Eq. (2.2) is a set of coupled differential equations. To solve these equations, it is
necessary to make approximations both of the Hamiltonian and the wave function.
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Since the mass of the nuclei compared to the mass of the electrons is much
larger the nuclei move much slower than the electrons. Thus, the kinetic energy
of the nuclei and the electron motion can be separated. Hence, the Hamiltonian
can be separated in two parts; one for the electron motion and one for the motion
of the nuclei. The electronic Hamiltonian, describing the motion of N electrons in
the field of M point charges,
Hel = −

N
X
1
i=1

2

∇2i −

N N
N X
M
X
ZA X X 1
+
,
riA i=1 j>i rij
i=1

(2.3)

A=1

is then used for calculating electronic properties. This is called the Born–Oppenheimer
approximation. The rest of this chapter will describe different methods to solve
Eq. (2.1) within the Born–Oppenheimer approximation.

2.1

Hartree–Fock Theory

A many particle wave function describing electrons is forced to obey the Pauli
principle, i.e., no electrons in the same system are allowed to have the same set
of quantum numbers, a more general statement is that the wave function needs to
be antisymmetric. One such wave function is the Slater determinant

1
Ψ(x1 , x2 , . . . , xN ) = √
N!

χ1 (x1 )
χ1 (x2 )
..
.

χ2 (x1 )
χ2 (x2 )
..
.

···
···

χN (x1 )
χN (x2 )
..
.

χ1 (xN ) χ2 (xN ) · · ·

χN (xN )

(2.4)

describing N electrons occupying N spin orbitals (χ1 , χ2 , . . . , χN ). A spin orbital
is a product of a spatial orbital, ψi (r), and one of the two orthonormal functions
√
α and β describing spin up and spin down, respectively. The factor 1/ N ! is a
normalization constant and xi indicates both spatial and spin coordinates.
The total energy of the system can be expressed as,
E = hΨ|Hel |Ψi.

(2.5)

By varying the spatial part of the Slater determinant, i.e., the molecular orbitals,
the total energy can be minimized. The solution is an approximation due to that
the Coulomb interaction between electrons can not be separated. Thus, the exact
solution can not be a product of one-particle wave functions. In the minimization
of Eq. (2.5) the constraint that the spin orbitals remain orthonormal needs to be
kept. Therefore, the Lagrangian
X
L = hΨ|Hel |Ψi −
εab (hχa |χb i − δab ),
(2.6)
a,b

where εab are Lagrange multipliers is studied. The minimization of Eq. (2.6) yields
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the condition1
f (i)|χa i =

N
X
b=1

εab |χb i

(2.7)

where
N
M
X
ZA X
1
+
Jb (i) − Kb (i)
f (i) = − ∇2i −
2
riA
A=1

b=1

(2.8)

1
= − ∇2i + v(i) + v HF (i)
2

is the Fock operator for an arbitrary electron i. Jb (i) is the Coulomb operator
describing the Coulomb interaction acting on an electron in spin orbital |χa i due
to one of the other N − 1 electrons in the system
Jb (i)|χa (i)i = hχb (j)|

1
|χb (j)i|χa (i)i.
rij

(2.9)

The exchange operator is defined according to
Kb (i)|χa (i)i = hχb (j)|

1
|χa (j)i|χb (i)i.
rij

(2.10)

The Slater determinant introduces exchange effects since |Ψ|2 must be invariant
to the exchange of space and spin coordinates of any two electrons. This includes
correlated motion of two electrons with the same spin. Since the correlated motion
between electrons with different spins is not included in Kb (i), the Hartee–Fock
approximation is refered to as an uncorrelated method. The value of the Hartree–
Fock energy, E0 , that is obtained in Eq. (2.5) is an upper bound of the exact
solution of the ground state, E0 , according to the variational principle.2 The
remaining part
Ecorr = E0 − E0
(2.11)
is the correlation energy which is negative, since the Hartree–Fock energy is an
upper bound to the exact energy.
By a unitary transformation Eq. (2.7) can be written in a diagonal form,
f (i)|χa i = εa |χa i.

(2.12)

This is known as the Hartee–Fock equation. From Koopmans theorem, εa is
interpreted as the ionization energy of an electron occupying |χa i. Hence, the task
is to find spin orbitals that are eigenfunctions of the Fock operator. The Hartree–
Fock approximation was made more practical for numerical solutions by Roothaan
in 1951 who introduced the concept of basis sets. The molecular orbitals are
1 See

for example Ref. [45].
the energy obtained from Eq. (2.5) can be exact if a noninteracting system
is considered.
2 Hypothetically
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represented as a linear combination of prescribed three-dimensional one-electron
functions φj ,
K
X
caj φj
(2.13)
ψa =
j=1

where K is an integer larger than the number of electrons in the system. Introduction of a basis set in Eq. (2.12) yields3
f (i)

K
X
j=1

caj |φj i = εa

K
X

caj |φj i

(2.14)

K
X

caj hφk |φj i,

(2.15)

j=1

and multiplication with hφk | results in
K
X
j=1

caj hφk |f (i)|φj i = εa

j=1

where there are K such equations, k = 1, 2, . . . , K. Writing these in matrix form
yields the Roothaan equation
FC = SCE
(2.16)
where C is a K × K matrix with the expansion coefficients caj and
Fkj
Skj

= hφk |f (i)|φj i,

(2.17)

= hφk |φj i,

(2.18)

Eaj = εa δaj .

(2.19)

and
HF

Since the potential v (i) for electron i depend on the other N − 1 electrons in the
system, Eq. (2.16) need to be solved iteratively, a so-called Self Consistent Field
(SCF) procedure. A start guess of the wave function, C, can be found from an
Extended Hückel calculation [47], and then for each iteration the norm of the new
wave function is compared to the previous, and at a chosen accuracy the iteration
is stopped. More about SCF can be found in Ref. [45], where also a more detailed
description of the Hartree–Fock method is presented.

2.2

Density Functional Theory

In the Hartree–Fock approximation the Slater determinant is introduced and used
to determine the wave functions for the system that is under consideration. Knowing the wave functions, it is possible to determine the property of interest. Another
approach, Density Functional Theory (DFT), is to consider the electron density,
ρ(r), defined by
Z
Z
ρ(r) = N . . . |Ψ(x1 , x2 , . . . , xN )|2 ds1 dx2 . . . dxN ,
(2.20)
3 We ignore the spin function, but a similar derivation can be carried out with spin dependency [46].
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where Ψ(x1 , x2 , . . . , xN ) is the ground state many particle wave function describing
the N electrons. With the electron density, ρ, the total energy of the system can
be expressed as a functional
E[ρ] = hΨ|Hel |Ψi = T [ρ] + V [ρ] + U [ρ],

(2.21)

where T [ρ] represent the kinetic energy of the system, V [ρ] is the potential describing the interaction between the ion cores and the electrons, within the DFT
community this is often refered to as an external potential, it is external with respect to the interacting electrons. U [ρ] the true electron-electron interaction. The
first Hohenberg–Kohn theorem shows that the external potential is uniquely determined by the ground state electron density ρ [48]. Thus, the many particle wave
function Ψ(x1 , x2 , . . . , xN ) can be replaced by ρ(r) which reduces the variational
space from 3N to only three spatial dimensions. In the second Hohenberg–Kohn
theorem it is shown that the global minimum of the functional E[ρ] is the ground
state energy and that the density which yields this minimum is the ground state
electron density [48]. Thus, the ground state energy can be written as


Z
E0 = min{E[ρ]} = min F [ρ] + v(r)ρ(r)dr
(2.22)
ρ

ρ

where F [ρ] = T [ρ]+U [ρ] and v(r) is the external potential.4 Integrating the ground
state electron density should yield the number of particles, N . This constraint can
be taken into account using a Lagrange multiplier, µ, according to

Z

δ E[ρ] − µ
ρ(r)dr − N
= 0,
(2.23)
which reduces to the Euler–Lagrange equation
δF
δE
=
+ v(r) = µ,
δρ
δρ

(2.24)

where µ can be interpreted as the chemical potential. Thus, the ground state
electron density can be found by solving Eq. (2.24). Unfortunately the functional
F [ρ] is not completely known since, in general, the system consists of interacting
particles.
In the method by Kohn and Sham from 1965 [49], the main idea is to find an
expression for F [ρ] mapping the interacting system on a noninteracting one with
the same electron density. In a noninteracting system U [ρ] trivially will be zero and
T [ρ] is equal to the known functional of the kinetic energy of the noninteracting
system
N
X
1
1
hψi | − ∇2 |ψi i,
(2.25)
Ts [ρ] = hΨ0 | − ∇2 |Ψ0 i =
2
2
i
where |Ψ0 i is a many particle wave function of the noninteracting system that
minimizes the kinetic energy and the |ψi i are one-electron orbitals, the so-called
4 This

is the same potential as in the Fock operator, Eq. (2.8), if the same system is considered.

18

Quantum Chemical Methods

Kohn–Sham orbitals. Hence, F [ρ] is then just Ts [ρ] and Eq. (2.24) then reduces
to
δTs
+ vs (r) = µ.
(2.26)
δρ
The potential vs (r) is a functional of ρ(r) and will be the link between the noninteracting and the interacting systems via F [ρ]. If the kinetic functional of the
interacting system, T [ρ], is replaced by the known kinetic functional of the noninteracting system, Ts [ρ], and the true electron-electron interaction, U [ρ], is replaced by the Coulomb energy, J[ρ], then F [ρ] can be written as
F [ρ] = Ts [ρ] + J[ρ] + Exc [ρ]

(2.27)

Now all unknown contributions is in the exchange-correlation energy
Exc [ρ] = (T [ρ] − Ts [ρ]) + (U [ρ] − J[ρ]).

(2.28)

The first parenthesis in Eq. (2.28) is the kinetic correlation energy and the second
include both exchange and potential correlation energy. In contrast to the exchange operator, Eq. (2.10), in Hartree–Fock theory, Exc [ρ] includes the energy of
correlated motion of electrons with both parallel and anti-parallel spin. Inserting
Eq. (2.27) in Eq. (2.24) yields
δJ
δExc [ρ]
δTs
+
+
+ v(r) =
δρ
δρ
δρ
δTs
+
δρ

Z

′

ρ(r ) 3 ′ δExc [ρ]
d r +
+ v(r) = µ,
|r − r′ |
δρ

(2.29)

and by comparing Eq. (2.29) with Eq. (2.26) the effective potential can be identified
as
Z
′
ρ(r ) 3 ′ δExc [ρ]
d r +
+ v(r).
(2.30)
vs (r) =
|r − r′ |
δρ
Thus, by solving the Schrödinger equation for non-interacting particles in the
potential vs (r)


∇2
−
+ vs (r) |ψi i = εi |ψi i,
(2.31)
2
known as the Kohn–Sham equation, the density is found by
ρ(r) =

N
X
i=1

|ψi |2 .

(2.32)

Eq. (2.31) can be solved using an SCF procedure as in the Hartree–Fock method.
Thus far Eq. (2.31) and Eq. (2.32) yields the exact ground state electronic
density, but the exchange-correlation energy, Exc [ρ], in the expression of vs (r),
Eq. (2.30), has no explicit expression. Various approximations have been proposed.

2.3 Effective Core Potentials
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Approximations

In the Local Density Approximation, LDA, the exchange-correlation energy is
approximated by
Z
LDA
Exc [ρ(r)] = ρ(r)ǫxc (ρ(r))d3 r,
(2.33)

where ǫxc is the exchange and correlation energy per electron of a uniform electron
gas of density n [49]. LDA and the spin dependent variant Local Spin Density
approximation, LSD, are popular among solid state physicists. However, LSD
fail to predict correct properties in some cases, for instance LSD overestimates
atomization energies of molecules, i.e., the energy needed to break up a molecule
into neutral atoms. The most famous failure of LDA/LSD is that it predict the
nonmagnetic structure of iron to be the ground state rather than the magnetic
one. LDA includes self-interaction of electrons which does not yield the correct
asymptotic behavior of the exchange energy, which has been pointed out as the
major source of error in LDA [50].
In Generalized Gradient Approximations (GGA’s) the gradient of the density
is included in such a way that the conditions of the so called exchange hole is
fulfilled in order to get a correct asymptotic behavior of the exchange energy. This
was done by Perdew in 1985 [51] and was improved in 1986 and 1992 [52, 53].
In parallel to the functionals by Perdew another GGA was developed by Becke.
The functionals have one or two parameters that are fitted to the exchange energies of atoms [54, 55], these functionals greatly reduce the LSD overestimate of
atomization energies of molecules. Combination of Becke’s functional and the correlation energy functional derived by Lee, Yang, and Parr in Ref. [56] is referred
to as the BLYP functional [57]. This is a semi-empirical functional containing five
parameters chosen such that it models closed shell atoms correctly and works well
for many atoms and molecules [58].
Introducing the Hartree–Fock exchange energy in the BLYP functional, an exact description of the exchange energy is obtained [59]. This functional is referred
to as B3LYP. Functionals which include exact exchange are often called hybrid
functionals. These functionals are perhaps the most accurate density functionals
in use for quantum chemical calculations [58].

2.3

Effective Core Potentials

Since the core electrons of an atom do not take direct part in chemical bonding,
their effect can in some cases be represented by an Effective Core Potential (ECP).
The use of an ECP reduces the computational cost, especially for heavy atoms from
the third row and below in the periodic table. Furthermore, in the lower half of
the periodic table, relativistic effects are increasing. Some of these effects can be
included in the ECP without any additional cost. The ECP can be used together
with an arbitrary electronic structure method.
There are five basic steps in generating an ECP. First, the electrons are divided
into valence and core electrons. Second, an atomic Hartee–Fock or a relativistically
correct Dirac–Hartree–Fock calculation is made to generate an all electron wave
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function for the atom [60]. In the third step the valence orbitals are replaced by
pseudo-orbitals. These orbitals are chosen so that they behave correctly in the
outer part, but lack the nodal structure in the core, i.e., the pseudo-orbitals do
not change sign [47, 60]. Next step is to derive an effective core potential for
each pseudo-orbital by demanding that the pseudo-orbitals are solutions in this
potential and have the same orbital energies as the regular orbitals. Each different
angular momentum will yield a different potential. The resulting ECP will be
in a tabulated form. In the last step an analytical expression of the potential is
obtained by fitting the numerical potential to a sum of Gaussian functions [47],
X
2
(2.34)
ai rni e−αi r
UECP (r) =
i

where ai , ni , and αi are parameters that depend on the angular momentum and are
determined by a least square fit. The pseudo-orbitals can also be fitted to a sum
of Gaussian functions, and thus yield a basis set that can be used in Hartree–Fock
and DFT calculations [61].

2.4

The Hückel Model

If the properties of a large system including several hundreds of atoms, i.e., thousands of electrons, are to be calculated, major approximations need to be done
due to limitations in computational time and memory. In the extended Hückel
model only the valence electrons are considered [62]. In the simple Hückel model
planar conjugated, aromatic systems are assumed [63], such systems have a separation of the energy levels of the σ- and π-electrons, see chapter 1, sec. 1.1. The
energy separation of the σ- and π-electrons implies that only the π-electrons need
to be included to describe electronic properties. Thus, only the pz -orbital for each
carbon atom is needed.
The Hückel models are based on the tight-binding approximation. This approximation assumes that the full Hamiltonian of the crystal, H, near each lattice
point can be approximated by an atomic Hamiltonian, Hatom . Thus, the total
Hamiltonian is
H = Hatom + U,
(2.35)
where U includes all corrections to the atomic Hamiltonian. U is small in the
vicinity of each lattice point, site, and large in between sites. Furthermore, the
eigenfunctions of the atomic Hamiltonian are assumed to be small at a distance
from the atom that is comparable to the lattice constant. Now, the molecular
orbital, |ψn i, can be written as a linear combination of the atomic orbitals, i.e.,
the eigenfunctions of the atomic Hamiltonian, |φi i
|ψn i =

N
X
i=1

cni |φi i,

(2.36)

where N is the number of atoms in the system. Here the simple Hückel model is
assumed since only one orbital per site is included. Using the molecular orbital
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defined in Eq. (2.36) in the Schrödinger equation, Eq. (2.1), together with the
Hamiltonian in Eq. (2.35) yields
N
X
i=1

cni H|φi i = E

N
X
i=1

cni |φi i.

(2.37)

Multiplying Eq. (2.37) with hφj | from the left and moving the right hand side of
Eq. (2.37) to the left hand side yields the secular equation
N
X
i=1

where
and

cni (Hji − ESji ) = 0,

(2.38)

Hji = hφj |H|φi i

(2.39)

Sji = hφj |φi i.

(2.40)

|H − ES| = 0

(2.41)

Nontrivial solutions of Eq. (2.38) are obtained by solving the determinant equation

which yields N solutions (E = E1 , . . . , EN ). Using these in Eq. (2.38) determines
the coefficients, cni , and thereby the wave functions. The atomic orbitals are
normalized, thus Sii = 1. In the Hückel model the atomic orbitals are assumed
to be orthonormal, Sij = δij and in the simplest Hückel theory only nearest
neighbor interactions are considered, i.e., Hij = 0 if the sites i and j are not
nearest neighbors [47].5 Using the expression of the Hamiltonian, Eq. (2.35), in
Eq. (2.39) yields
Hij

=
=
=

hφi |Hatom |φj i + hφi |U |φj i
εi hφi |φj i + hφi |U |φj i

(2.42)

εi δij + tij .

The term tij = hφj |U |φi i is approximately zero when i = j since U is small when
|φi i is large, i.e., in the vicinity of a lattice point. Thus,
Hii ≈ εi

(2.43)

Hij = tij , i 6= j.

(2.44)

and
εi is refered to as the on-site energy and tij as the resonance integral, the interaction between an electron at site i and the atomic potential at site j. With the
shorthand notation |ii for |φi i the Hückel Hamiltonian looks like
X
X
εi |iihi| +
tij |iihj|.
(2.45)
H=
i

j6=i

This type of Hamiltonian is used in the study of electron localization. In the next
chapter this will be the issue under consideration.
5 In paper II and III not only the interaction between nearest neighbors are included but also
interactions between next nearest neighbors. Hence, an extended simple Hückel model.
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3

Localization
When waves are incident at an interface between two media a fraction of the
wave is always reflected, e.g., light waves at interfaces between materials with
different refractive indices and acoustic waves between materials with different
acoustic impedances. The remaining part of the incident wave, the transmitted
part, travels on to a new interface, where another reflection and transmission
occurs. Thus, in each region of the material there will be interference between
several waves traveling in the forward and backward direction, respectively. Due
to such interference phenomena there may appear regions where the amplitude
of the wave is close to zero and other regions where the amplitude is large. If
these interfaces are located at random distances the wave becomes localized, i.e.,
the waves is confined to a region with large amplitude. Outside of this region the
interference is destructive and the wave does not exist. Observations of localization
of both acoustic waves and light in random media have been reported [64, 65, 66].
The phenomenon of localization should then also appear for quantum objects that
are described by a wave function.
Electron localization phenomenon is the major part of this thesis. This phenomenon together with the techniques we use to calculate electron localization are
described below.

3.1

Anderson Localization

Since a wave function scatters when there is a potential difference, localization can
occur if there is a nonconstant potential. The Anderson model [67] is based on
the Hückel (or tight-binding) Hamiltonian
H=

X
i

εi |iihi| +
23

X
i6=j

tij |iihj|,

(3.1)
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where i and j are a site indices. The values of εi are randomly distributed within a
certain energy region and only interactions between nearest neighbors are considered. The model can be extended to include disorder in the hopping, tij . In both
cases the model predicts localized wave functions in 1D (one dimension) and 2D.
In 3D there is a transition as a function of the amount of disorder, from localized
to extended states as the amount of disorder is reduced [68]. The paper by P.W.
Anderson from 1958 [67] is widely cited and is the initial theoretical work on
electron localization due to disorder. This type of localization is known as Anderson localization.1 P.W. Anderson was awarded the Nobel Prize in Physics 1977
together with Sir N.F. Mott and J.H. van Vleck for their theoretical investigations
of the electronic structure of magnetic and disordered systems.
Localized waves generally decay exponentially from their center [68]. Thus
the asymptotic behavior of the wave function is e−r/λ , where λ is defined as the
localization length. As discussed in chapter 1 the localization length, i.e., the
spatial extension of the orbitals in the case of molecular solid, is important for the
mobility. An electron that moves through the material will need to change state.
The jump from the present state to another takes time. As discussed in chapter 1
the jump rate is [5]
2
,
(3.2)
Wij ∝ Jij
where Jij is the transfer integral between orbital i and j. Jij is proportional
to the overlap of the orbitals. In a jump process high mobility is related to a
large transfer rate and few jumps, which is a consequence of large overlap between
crystal orbitals and long localization length, respectively.
The geometry, the amount and type of disorder influence the localization
length. To determine the localization length under these different circumstances
the concepts of transfer matrices, Lyapunov critical exponent and finite size scaling
are used. These methods are discussed below.

3.1.1

Transfer Matrices

Consider a 1D chain with nearest neighbor interactions and on-site energies. The
secular equation obtain from Eq. (3.1) becomes
ti,i−1 ci−1 + (εi − E)ci + ti+1,i ci+1 = 0,

(3.3)

where ci is the coefficient of the wave function at site i at energy E, i.e.,
X
ci |ii.
|ψi =

(3.4)

i=1

In matrix form Eq. (3.3) becomes


ci+1
ci



=

(E−εi )
ti+1,i

1

t

− ti,i−1
i+1,i
0

!

ci
ci−1



= τi (E)



ci
ci−1



,

(3.5)

1 Other type of localization is Mott localization which is due to electron-electron scattering.
Chapter 4 is related to this type of localization.
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where the transfer matrix is defined as
τi (E) =

t

(E−εi )
ti+1,i

− ti,i−1
i+1,i
0

1

!

.

(3.6)

The transfer matrix gives a connection between the coefficients, ci , of the wave
function along the system and therefore contains information about the exponential decay of the wave function. Using Eq. (3.5) iteratively, an arbitrary coefficient,
cn+1 , of the wave function can be calculated if the on-site energies, εi , hopping
energies, ti−1,i and two initial coefficients, e.g., cm and cm−1 , are known
!
M
Y
τi (E) um ,
(3.7)
uM+1 =
i=m

where
um =



cm
cm−1



.

(3.8)

However, to determine the localization lengths of the wave function without knowing cm and cm−1 the concept of Lyapunov Characteristic Exponents (LCEs) is introduced. If there exist a state at the energy E, the LCEs describe the exponential
evolution of the wave function, i.e., the vector u [69]. This evolution is described
by the product of the transfer matrices τi (E)
QM =

M
Y

τi (E).

(3.9)

i=1

If the determinant of each τi (E) is nonzero and finite the following matrix exists [70]
Γ = lim (Q†M QM )1/2M .
(3.10)
M→∞

The eigenvalues of Γ are of the type exp(γi ), where γi are the LCEs of QM . In
1D Γ is a 2 × 2 matrix, thus there are two LCEs. In the case where there is no
disorder in the hopping the determinant of QM is unity, i.e., QM is symplectic
and thereby also Γ, which means that the product of its eigenvalues is one [69],
eγ1 eγ2 = 1,

(3.11)

hence γ1 = −γ2 . Thus, it is sufficient to calculate one of the two eigenvalues. The
localization length is the inverse of |γi | [69].
When there is disorder in the hopping term the determinant of QM is t1,0 /tM+1,M
which implies that QM is not symplectic and both eigenvalues need to be calculated.2 The positive LCE can be calculated numerically from
γ(E) = lim

M→∞

ln |QM u1 |
.
M

(3.12)

2 In the calculations performed in this work the disorder in the hopping is so small that in
practise there is no difference between |γ1 | = |γ2 |.
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Figure 3.1. The 2D rectangular lattice.

The eigenvector corresponding to the positive LCE will increase exponentially and
the eigenvector with negative eigenvalue decreases exponentially [71]. Thus, any
start vector, u1 , which can be expressed as a linear combination of the eigenvectors
of QM , will converge to the eigenvector corresponding to the positive LCE with
probability 1, since the exponentially increasing eigenvector will dominate. Even
if the eigenvector that decreases exponentially is used the positive LCE will be
obtained in the numerical calculation, due to rounding errors [71].
It is easy to expand this methodology to a quasi 1D system, e.g., a ribbon as
in Fig. 3.1. In this case the Hamiltonian has a block-tridiagonal structure


H1 T1

 T† H
T2
0
2

 1


..
..
..


.
.
.


(3.13)
H=
,


T†i−1 Hi
Ti



 0
T†i Hi+1 Ti+1


..
..
..
.
.
.

where Hi is a N × N matrix that describe the on-site and hopping within cell i,
see Fig. 3.1, and Ti is a N × N matrix describe the interaction between cell i and
cell i + 1. N is the number of rows. The secular equation for a quasi 1D system
becomes
T†i−1 Ci−1 + (Hi − EI)Ci + Ti Ci+1 = 0,
(3.14)
where Ci is a vector with N coefficients describing the wave function in cell i.
From Eq. (3.14) the transfer matrix is defined as
 −1

†
Ti (EI − Hi ) −T−1
i Ti−1
τi (E) =
.
(3.15)
I
0
The matrices QM and Γ are redefined with this new transfer matrix. Now QM
is a 2N × 2N matrix, hence there will be 2N LCEs. N eigenvectors of QM
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will be exponentially decreasing while the other N will increase exponentially.
The interesting LCE corresponds to the eigenvector with the slowest exponential
increase, since that LCE yields the longest localization length. The problem is
that Eq. (3.12) will give the LCE for the eigenvector with the fastest exponential
increase. In order to deal with this situation Eq. (3.12) is modified so that u1 is
replaced by a matrix, U1 , composed by p (≤ 2N ) linearly independent vectors
of dimension 2N , the eigenvectors of Γ, where each vector yield one of the LCE.
Then the left hand side of Eq. (3.16) is a sum of the p largest LCEs [72], i.e.,
p
X
i=1

γi (E) = lim

M→∞

ln |τM τM−1 · · · τ1 U1 |
.
M

(3.16)

Thus, to find the interesting LCE, p should be at least N , so the LCE related
to the eigenvector with slowest exponential increase can be obtained. The p linear independent vectors and LCEs are found by using a random start guess of
U and for each multiplication with a transfer matrix in Eq. (3.16) construct a
set of orthonormal vectors based on the Grahm–Schmidt orthogonalization procedure [72].3 The new vectors are then used as columns in the next Ui . For the
first column of Ui the eigenvector of Γ with the fastest exponential increase will
dominate, the second column which is orthogonal to the first column is dominated
by the eigenvector with the next largest LCE etc. To obtain convergence of the
LCE typically 105 − 107 iterations is needed.

3.1.2

Finite Size Scaling

Section 3.1.1 described a method to numerically calculate the localization length of
disordered 1D and quasi 1D systems. To be able to calculate localization lengths of
quasi 1D systems when N → ∞, i.e., a 2D system, a finite size scaling methodology
introduced by MacKinnon and Kramer in Ref. [73] and Pichard and Sarma in
Ref. [69] can be used. The localization length, λN , where N was defined in the
previous section, at a particular energy will increase with increasing N . However,
in the limit N → ∞ the localization length converges to λ∞ in 2D. Consequently
if the renormalized localization length
ΛN = λN /N,

(3.17)

decreases with increasing N then the eigenstates are localized [69]. According to
finite size scaling theory [69, 73] ΛN can be expressed as
ΛN = f (ξ(w)/N ),

(3.18)

where ξ(w) is a function of a variable, w, that depends on energy and the amount
of disorder. The interpretation of ξ depends on the amount of disorder and dimension [74]. If the localization length, λN , is much smaller than the width N the
scaling function is f (x) ∝ x, thus here ξ is proportional to λ∞ . Plotting ΛN vs N
3 It is sufficient to do the Grahm–Schmidt process for every other step, this is important since
Grahm–Schmidt is very time consuming for large N .
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yield different curves for different amount of disorder, to obtain all result on one
scaling curve the variance of ln M − ln(ξ(w)) should be a minimum [74]. This is
achieved by fitting ΛN to
f (ξ(w)/N ) =

aξ
+b
N



aξ
N

2

,

(3.19)

where a is the lattice constant and b is a parameter [74]. Eqs. (3.17)–(3.19) yield
that
(aξ)2
λ∞ = lim N f (ξ(w)/N ) = lim aξ + b
= aξ.
(3.20)
N →∞
N →∞
N
Thus, by calculating the localization length for different sizes, N , of a system, the
renormalized localization length, ΛN , is obtained, and λ∞ is determined by fitting
the scaling function to the ΛN values.
The above discussion considered the case of exponentially localized states.
However, if ΛN is constant with increasing N at a particular energy, E, the possible eigenstate is not exponentially localized nor extended. The state decay with
according to a power law [69]. In addition, if ΛN increase with increasing N there
exist at that energy at least two extended states, i.e., states that do not converge to
zero at infinity [69]. If either of these behavior of ΛN is observed a Metal-Insulator
Transition (MIT) occur for that energy with respect to the amount disorder.

3.2

Molecular Crystals of Pentacene

Pentacene is reported to have the highest field-effect mobility values for OFETs
[14, 15, 16]. However, the charge transport in pentacene molecular crystals is not
yet fully understood. In particular, if the charge transport is a band process or if
as a result of disorder is a hopping process. Here we address this question based
on the result in paper I and paper II.
Molecular crystal of pentacene can be considered as a 2D material, since the
intermolecular hopping in the third dimension is significantly smaller than in the
other two dimensions due to the shape of the π-orbitals and the orientation of the
molecules in the crystal, see Fig. 3.2. Thus, in molecular crystals of pentacene
electron transport will be limited to two dimensions.
The mobility in molecular crystals is temperature dependent. Above a certain
temperature the mobility is bandlike, in which the mobility decreases with increasing temperature. In this regime, lattice modes, phonons, and molecular vibrations
act as scattering centra for electrons. Below the transition temperature there is
a region where both bandlike and hopping motion occur. At lower temperatures
hopping motion is the dominant mechanism. In the hopping motion the charge
tunnels between localized states.
The conductivity in organic molecules at high temperatures is described by a
phonon assisted tunneling model. The lattice vibrations change both the hopping
integrals, due to misalignment of the molecules with respect to each other, and
the site energies, due to variations in the local field caused by the orientational
disorder. Thus, a model for such system has to take into account both these
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da

dk

Figure 3.2. The pentacene crystal. The triclinic unit cell is indicated by the parallelepiped. In total there are two molecules in the unitcell. The directions dk and
d⊥ correspond to the directions with the strongest intermolecular interaction. Also the
direction da has non-negligible intermolecular interaction.

effects. In a discretitized model the site energies appear on the diagonal in a
matrix-Hamiltonian and the hopping integrals on off-diagonal positions. Hence, a
model with both on- and off-site disorder is appropriate for these systems.

3.2.1

Comments on Paper I

In the context of nanotechnology the size of a system/device can be of the same
order of magnitude as the localization length. Systems which exhibit this behavior
remain highly conducting even in the presence of disorder which yield localized
states. In this paper we studied the localization length in two dimensional system for understanding of transport in molecular crystals, in particular pentacene
molecular crystals. The pentacene crystal is built of a triclinic unit cell as indicated
in Fig. 3.2, consisting of two pentacene molecules [20]. The two directions with
strongest intermolecular interactions, dk and d⊥ , are almost orthogonal. Thus, the
crystal can be represented as a square lattice.4
As mentioned above disorder in molecular crystals of pentacene is best described by a model containing both on-site and off-diagonal disorder. Both these
types of disorder were included in our model. In both cases disorder was described
by rectangular distributions
ǫi ∈ [−W/2, +W/2]

(3.21)

4 The molecular interaction in the d was not included in the calculations in paper I. However,
a
this is one of the issues considered in paper II
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and
k,⊥

tk,⊥ ∈ [t0

k,⊥

− w/2, t0

+ w/2],

(3.22)

where tk and t⊥ are hopping in the dk and d⊥ directions, respectively. W and
w are parameters yielding the amount of disorder. For pure on-site (off-diagonal)
disorder w (W ) is set to 0. The calculations were performed in the energy range,
0 ≤ E ≤ 4t where t = tk , corresponding to half the bandwidth of the infinite
ordered 2D system.
In isotropic systems the maximum localization length is generally found at
E/t = 1.5 for pure on-site disorder [75], we observe this behavior also for isotropic
systems with pure off-diagonal disorder. However, many molecular solids of interest for electronic applications are anisotropic. For instance, in the case of pentacene the anisotropy is t⊥ /tk = 0.7375 [76]. In Fig. 3.3 the calculated localization
lengths for an anisotropic and an isotropic system with pure off-diagonal disorder
(w = 1) are shown. The densities of states for finite versions of these two systems
are shown in the inset in Fig. 3.3. Except for the differences in λ for energies
below E/t = 1.5, the localization length and the density of states exhibit very
similar features for both these systems. A comparison between the isotropic and
the anisotropic systems shows differences in the peak around E/t = 0, which has
broadened in the anisotropic case, and in the total bandwidth. It is well known
that the states in the central peak of the isotropic system are not exponentially
localized in the absence of on-site disorder [77, 78, 79, 80, 81, 82]. We observed
this behavior also in the anisotropic system. However, in a real crystal at least
small on-site disorder is present. This small on-site disorder will localize the states
in the central peak, at other energies the states are found to be quite insensitive
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Figure 3.3. Localization length, λ, in the dk direction in units of the repeated cell,
vs energy for an anisotropic system (typically pentacene, t⊥ /tk = 0.7375) (solid) and
an isotropic system (dashed). The inset shows the density of states for the anisotropic
(solid) and the isotropic (dashed) systems.
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to this additional on-site disorder. Thus, for an anisotropic system the maximum
localization length is found around E/t = 0 instead of around E/t = 1.5 as in the
isotropic case.
Using finite size scaling we have also shown that the disorder in hopping is
the limiting factor to get long localization lengths in a 2D rectangular system. A
pure off-diagonal disorder with w = 2tk results in a localization length for the
infinite system of 107 units. This can be compared to the localization length for
on-site disorder with W = 2tk which is approximately 106 [83], which is a notable
difference.
Author’s contribution
In this project I wrote the Fortran program used for the calculation and collaborated in the analysis and interpretation. Wrote the first draft of the manuscript
and was responsible for the iterative process to the final version.

3.2.2

Comments on Paper II

In this study we have extended the model of the disordered pentacene system, in
order to get a more detailed description of the behavior of the localization length.
Adding charge carriers in solids of large polarizable molecules like pentacene
yields a polarization cloud around the carrier, an electronic polaron or Coulomb
polaron [84]. The time required for establish molecular polarization is about ten
time faster then the characteristic time for charge to jump from site to site in
hopping motion, therefore the Coulomb polaron moves without any significant
friction or scattering [85]. The polarization effects are minor and generally it is
thought that they can be ignored. However, the induced dipoles have been shown
to yield a random potential with long-range correlation, and coupling between onsite and hopping disorder [85, 86]. It is suggested that introduction of long-range
correlation in the system can yield delocalized states in one and two dimensions [87,
88, 89, 90].
Hence, for a complete description of the electronic states in disordered pentacene the impact of the Coulomb polaron should be included. We do this by
using the Hamiltonian
H=

X
i

εi |iihi| −

X
i6=j

tij exp[

εi + εj
]|iihj|,
δ

(3.23)

derived in Ref. [85]. Here the hopping is directly related to the on-site energies,
which is a consequence of the induced dipoles yielding the Coulomb polaron. The
tij is only dependent on the direction of the interaction, the disorder is entirely in
the exponential factor. The coupling strength, δ, is related to fluctuations in the
dipole states [85].
In addition to the coupling between the on-site and hopping terms, we generate
the on-site energies, εi , with a long-range correlation. The long-range correlation
correspond to the potential induced by the randomly distributed dipoles [86]. For
this, we apply the Modified Fourier Filtering Method (MFFM) [91]. It consist of
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a)

b)

Figure 3.4. Surface plots of square lattices of 1024×1024 uncorrelated numbers, a),
and correlated numbers with γ = 1.0, b).

filtering the Fourier components ofp
an uncorrelated sequence of random numbers,
{ui }, with a power law filter, εq = S(q)uq . The inverse Fourier transform yields
a correlated sequence {εi }. The drawback of the original Fourier Filtering Method
(FFM) [92, 93] is that only 1% of the generated numbers in two dimensions has the
desired correlation [94]. For one dimension this fraction is as low as 0.1% [95]. In
one dimensional FFM the correlation function is defined as CFFM (l) = hεi εi+l i ∼
l−γ . CFFM (l) has a singularity at l = 0, this yields aliasing effects, this destroy the
desired correlation. This is avoided in MFFM by modify the correlation function
so that it is well defined for l = 0,
CMFFM (l) = hεi εi+l i = (1 + l2 )−γ/2 .

(3.24)

Fig. 3.4 shows a set, 1024×1024, of uncorrelated numbers and correlated counterpart with γ = 1.0 generated with the two dimensional form of Eq. (3.24) [91]. The
largest set of correlated numbers generated in paper II is 256 × 222 , note that the
generation of this set requires ∼ 32GB RAM.
The third thing that we included to improve the description of the electronic
structure in disordered pentacene, is the intermolecular interaction in the da direction, see Fig. 3.2. The strength of this interaction is about 50% of the intermolecular interaction in the dk and d⊥ directions [96].
We will now discuss the result of the electron localization calculations. In all
calculations the on-site energies were generated with a Gaussian distribution, with
a variance set to 15.8 meV. Such distribution corresponds to ±3o rotation angles of
the molecules, which is typical thermal disorder values at room temperature [85].
In Fig. 3.5 the localization length and the renormalized localization length as a
function of the width, N , of the system is shown. The solid line corresponds to the
average of 3 sets of calculated localization lengths for E = 0, with all three new
contributions included. We will refer to this as the extended model. The dashed
line is the maximum localization length for the different values of N . For comparison also the completely uncorrelated situation with no hopping in the da direction
is shown, the dashed–dotted line. Clearly there is a large difference between the
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Figure 3.5. The localization length, λN , and the renormalized localization length,
ΛN , as functions of N . The solid line corresponds to average of three generations of the
localization length for E = 0 in the extended model. The dashed line is the maximum
localization length for the different N , and the dashed–dotted line corresponds to the
completely uncorrelated situation with no hopping in the da direction included.

extended model and the uncorrelated model. A finite size scaling analysis of the
uncorrelated system yields localization length for the two dimensional system of
13 unit steps, corresponding to 5.2 nm, assuming an intermolecular distance of
4 Å. In the extended model the maximum localization length obtained is ∼1000
unit steps, which corresponds to 0.4 µm. An increase of the localization length of
two orders of magnitude. There is no indication that the localization length for
the extended model saturates, rather the opposite. According to finite size scaling
this would yield a MIT [69]. To show that calculations for larger N are needed.
However, our results do show a substantial increase in the localization length of
the electronic state in pentacene with correlated disordered as compared to the
case of uncorrelated disorder. Thus, in conclusion, the results presented here show
that molecular crystals such as pentacene can exhibit extended states only if there
exist correlation in the static disorder. The existence of this type of disorder is
supported by the experimental result of bandlike transport of single crystals of
pentacene at room temperature [16].

Author’s contribution
I was the initiator for the project, wrote the Fortran program used for the calculation and did the major part of the analysis and interpretation. Wrote the first
draft of the manuscript and is responsible for the iterative process to the final
version.
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Figure 3.6. Schematic illustration of the intermolecular interaction between the DNA
bases in the double-helix. The ellipses represents the base molecules, the dashed line
indicate the hydrogen bonds and the solid lines the directions with nonnegligible intermolecular interaction.

3.3
3.3.1

DNA
Comments on Paper III

In this paper electron localization in DNA is investigated. Since the conductivity
depends on the localization length this is of interest both for physicist, particularly
in the context of nanotechnology, and biologist for understanding of oxidatively
damaged DNA [30].
The base molecules in the double-helix are bonded via hydrogen bonds, and
the HOMO level of the base molecules are π-orbitals, i.e., they are perpendicular
to the molecular plane. Therefore, the two helices in the double-helix structure
can be thought to act individually, in the context of transport, due to the small
overlap between π-orbitals of two basis molecules in a base pair, i.e., electrons do
not jump between the two helices. The only notable overlap would then be between molecular orbitals along the stacking direction of each individual strand [97].
However, in addition to intermolecular interactions along the stack there are also
nonnegligible interstrand interactions that occur as a result of the overlap between
base molecules on adjacent steps in the helix [98]. Hence, the helices cannot be
considered as two independent molecular wires, the two helices together form the
DNA conductor. A Hückel Hamiltonian for such a system can be written as
H=

2
X
X
i

j,j ′ =1

(ǫji |j, iihj ′ , i|δj,j ′

′

(3.25)
′

j,j
′
′
+ tj,j
i,i+1 |j, iihj , i + 1| + ti+1,i |j , i + 1ihj, i|),

where ǫji is the on-site energy of base molecule i on each of the two strands (j=1,2)
and tj,j
i,i+1 is the intermolecular hopping interaction between neighboring base
′

′
molecule within the strands. The term tj,j
i,i+1 , j 6= j , describes the interstrand
interactions between the π-orbital of base i in strand j and the π-orbital of base
i + 1 in strand j ′ . In Fig. 3.7 the effect of including the interstrand interaction
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Figure 3.7. Localization lengths (in units of the base-pair separation distance) as
a function of energy, E, for a random G-C DNA with (dashed) and without (solid)
interstrand coupling.

when calculating the localization length for a random DNA sequence with only
G-C pairs is shown. If the interstrand coupling is not included the states are localized to the individual base pair, whereas the states extends over several bases
when the interstrand coupling is included, see Fig. 3.7. When the interstrand
coupling is included there is a path with only G(C) base molecules that zig-zag
through the double helix. Following the zig-zag path there is only disorder in the
hopping, thus yielding longer localization lengths compared to the case of ignoring
the interstrand coupling.
We also show that in the human chromosome 22 (NT 011520) [99], all states
are localized. This is in disagreement with the result in Ref. [100], where it is
suggested that there exist delocalized states due to long-range correlated disorder.
This discrepancy is explained by the fact that we use values of on-site energies
and hopping terms based on ab initio results, whereas the parameters used in
Ref. [100] are rather far from the realistic values. However, we see an increase in the
localization length if a short-range correlated disorder is used, especially in a DNA
sequence with only G-C pairs. For such sequence an average localization length of
35 base pairs are observed. This is in agreement with experimental observations of
bandlike transport trough a maximum of 30-60 base pairs of poly(G)-poly(C) DNA
[27, 101]. However, when there is approximately equal amount of all four basis
the states are localized to one single base pair. Thus, natural DNA, containing all
four bases, shows insulating behavior in the static case.
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Chapter

4

Coulomb Gap
In the previous chapter localization of states due to disorder was studied. In this
chapter, systems with electrons localized to a single molecule and the resulting
effect on the density of states is considered, in particular for amorphous molecular
solids.
In amorphous molecular solids, the electronic states near the Fermi level are localized to a single molecule. The localization occurs as a result of weak inter molecular interactions. In systems with localized states, Coulomb interactions between
electrons is particularly strong which results in a so-called Coulomb gap [102], i.e.,
the energies of the electron accepting states are destabilized. To understand the
origin of the gap we consider first an ordered molecular system with intermolecular
interaction strong enough to delocalize the electronic state over several sites. If
such system is doped the extra charge, occupying LUMO, will be spread over several sites. As discussed in chapter 1, sec. 1.1, LUMO (HOMO) will (de−)stabilize
due to geometrical distortions, the resulting structure is refered to as a polaron.
As depicted in Fig. 4.1 a) the Fermi level, EFsp , for the system coincide with the
energy level of the singly occupied state. An additional electron would occupy the
same state and hence at the same energy as the other electron. In a single particle
picture, this would also be the case for an amorphous molecular system. However, adding an extra charge in an amorphous molecular system, where the states
are localized to a single site, cost energy, which is due to very strong Coulomb
interactions between this charge and the other electrons in the molecule. This
interaction is refered to as on-site Coulomb interaction. As a consequence of the
on-site Coulomb interaction the energy levels will destabilize. The shift of the
singly occupied level is denoted U in Fig. 4.1 b). In a semiconductor the Fermi
level is in the middle of HOMO and LUMO level at 0 K [18]. In the case of
localized states, the Fermi level will be in between the energy level of the singly
occupied state, i.e., EFsp , and the doubly occupied state in Fig. 4.1 b). Hence, the
Fermi level including some many-body effects via the on-site Coulomb interaction
37
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E

Ef
Efsp

U

b)

a)

Figure 4.1. Electronic structure of a singly charged polaron, a), where Efsp is the Fermi
level in a single particle picture and Ef the true Fermi level. If the states are localized
to a single site an additional electron occupy the singly occupied state in a), the energy
level shift upward, U , due to on-site Coulomb interactions, b).

can approximately be written as
EF = EFsp + U/2.

(4.1)

The gap around the Fermi level is the Coulomb gap, the width of the gap depends
on U and the width of the band formed around the singly occupied state in a solid.
Below a method to determine the Coulomb gap is outlined, especially the size of
the on-site Coulomb interaction U .

4.1

The Hubbard model

In the model by Hubbard from 1963 on-site Coulomb interactions are included
[103]. The Hubbard Hamiltonian look like
H = ε0

X

n̂iσ +

iσ

X
ijσ

1 X′
tij â†iσ âjσ + U
n̂iσ n̂iσ′ ,
2
′

(4.2)

iσσ

where â†iσ (âjσ ) is the creation (annihilation) operator of the electron localized to
site i with spin σ and n̂iσ is the number operator. The on-site energies in the first
term are assumed to be the same for each site and are thus a constant. The second
term is the hopping term and the third term is the on-site Coulomb interaction
between two electrons with different spin. The localization of the electrons is a
consequence of weak inter-site interactions, hence the hopping term, tij , is small
compared to U . For this situation the Hubbard model predicts a band splitting
around the Fermi level [104]. Using the fact that the inter-site interaction is small
the hopping term is approximated as zero. Hence, the Hamiltonian reduce to
H = ε0

X
iσ

1 X′
n̂iσ n̂iσ′ .
n̂iσ + U
2
′
iσσ

(4.3)
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Further simplification can be done using the fact that the number operators commute. Then the last summation can be written as
X
1 X
1 X′
n̂iσ n̂i,−σ .
(n̂iσ n̂i,−σ + n̂i,−σ n̂iσ ) = U
n̂iσ n̂iσ′ = U
U
2
2 iσ
′
iσ

(4.4)

iσσ

With this result and if we extend the model to be able treat different on-site
energies, the Hubbard Hamiltonian becomes
H=

X

εi n̂iσ + U

X

n̂iσ n̂i,−σ

(4.5)

iσ

iσ

for systems where the states are localized to a single site.

4.1.1

On-site Coulomb interaction obtained from DFT

A numerical value of the on-site Coulomb interaction can be calculated using
DFT. However, the scheme for obtaining U is derived for the Anderson impurity
model [105]. In the Anderson impurity model there is an extension compared to
the Hubbard model, both localized and extended states can be treated simultaneously [106]. Such approach is needed in studies of metals with open d and f
electron shells, these states are localized to small region of space [107]. In these
systems the localized d and f electrons interact with a continuum of extended
states. The model is define by the Anderson Hamiltonian [106]
HAnd =

X
iσ

εi n̂iσ +

X

εj n̂jσ +

jσ

X
ijσ

1 X′
tij â†iσ âjσ + U
n̂iσ n̂iσ′ ,
2
′

(4.6)

iσσ

where σ is the spin quantum number. The complete orthonormal set of oneelectron functions is divided into two parts. The extended (localized) states are
represented by the index j (i) and with the energies εj (εi ). The Coulomb interaction between the localized states are included in the last summation. For
the extended states the Coulomb interaction is small and are not included in the
Hamiltonian. If this model is applied to amorphous molecular solids, also the
terms representing extended states will be zero. Clearly the Anderson impurity
model and the modified Hubbard model, Eq. (4.5), are the same for such systems.
To obtain an expression for U related to DFT, we first introduce the occupation
number of state j
nj = njσ + nj,−σ .
(4.7)
Note that nj can only have the values 0, 1, and 2, since njσ (nj,−σ ) is the occupation
number of a spinorbital it can only have the values 0 or 1. Using this and Eq. (4.7),
the energy for the system, using the Hamiltonian in Eq. (4.5), can be written as
E=

X
j

1 X
ε j nj + U
nj (nj − 1).
2
j

(4.8)
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The on-site Coulomb interaction is found by taking the second derivative of the
energy with respect to the occupation number of a particular state k
∂2E
= U.
∂n2k

(4.9)

To calculate a numerical value of U using DFT is simplified by using the
result [108]
∂E
= εk ,
(4.10)
∂nk
where εk is the Kohn-Sham eigenvalue for the state ψk , see Eq. (2.31), and nk is the
corresponding occupation number. The derivation of Eq. (4.10) is done without
the detailed form of the exchange-correlation functional Exc [ρ], Eq. (2.28). Thus,
Eq. (4.10) is fulfilled independent of which approximation is used (LDA, PW91,
BLYP, B3LYP etc). With Eq. (4.10) in Eq. (4.9) yields
U=

∂εk
.
∂nk

(4.11)

Hence, to obtain a numerical value of U it is sufficient to study how the Kohn–
Sham eigenvalue εk changes when the occupation of the state k is varied.

4.2

Comments on Paper IV

In this paper the electronic structure of rubidium doped TCNE is investigated both
experimentally and theoretically. Alkali-doped TCNE can serve as a model system
for the more complex V(TCNE)2 magnet in studies of the electronic structure of
TCNE− .
In the experimental results from X-ray Photoelectron Spectroscopy (XPS)
there is a one-to-one correspondens between Rb and TCNE− until an Rb-overlayer
begins to form at high deposition levels. Thus, there is no doubly charged TCNE.
Furthermore, in Ultraviolet Photoelectron Spectroscopy (UPS) studies of the valence band electronic structure of Rb doped TCNE the highest occupied feature
does not coincide with the Fermi level, see Fig. 4.2. The combined result from
these two photoelectron spectroscopy experiments indicate the formation of singly
charged (polaronic) molecules, with the opening of a gap at the Fermi energy.
The thin film of Rb-doped TCNE is amorphous and highly disordered. The
molecular orbitals as well as the electron donated to TCNE are therefore localized
to a single molecule. This results in strong on-site Coulomb interaction, U , see
Eq. (4.5). Therefore, the orbital energy of the singly charged molecular orbital
shift when it becomes doubly occupied as discussed above.
The on-site Coulomb interaction, U , can be determined by approximate Eq. (4.11)
using the forward differentiation approximation of the derivative
U=

εk (nk + ∆nk ) − εk (nk )
∂εk
≈
.
∂nk
∆nk

(4.12)
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Figure 4.2. Ultraviolet Photoelectron Spectroscopy spectrum (dotted) taken at 12%
rubidium doping compared with theoretically derived spectrum (solid).

Using the B3LYP functional, we calculated U for Rb-doped TCNE. First, a
single TCNE molecule doped with a rubidium atom was studied. For this system
the on-site Coulomb interaction is 2.88 eV, which clearly indicates a substantial Coulomb gap around the Fermi level. When several TCNE molecules are
included, intermolecular interactions could delocalize the electron and is such a
way reduce the effect of U . Furthermore, intermolecular interactions also account
for screening of the Coulomb interaction due to polarization effects of the surrounding medium, thus reduce U . The effect of the surrounding molecules was
studied. Four additional TCNE molecules surrounding the [TCNE+Rb] complex
was added representing the surrounding media.1 Even in the presence of these
intermolecular interactions the electron that originates from the rubidium atom
remains localized to the center molecule. Thus, the intermolecular interactions are
to small to overcome the localization effect (polaron effect). The on-site Coulomb
interaction for this complex is determined to ∼2 eV. Thus, the calculation give
strong support for the existence of a Coulomb gap at the Fermi level as seen in
the UPS spectra.
A direct comparison of the theoretical result and the result from UPS experiment can be done by assigning each orbital energy to a Gaussian function. The
density of states is obtained by summing the contributions from all the Gaussian
functions at a large set of close lying energy data points. In Fig. 4.2 the density of
states obtained in this manner is compared to the UPS spectra. The comparison
is made by defining the Fermi level to be in the middle of the gap. Clearly the
two curves show the same electronic structure. If assuming a symmetric electronic
structure around the Fermi level, the UPS measurement predict the Coulomb gap
to be ∼2 eV in excellent agreement with our theoretical value.
1 A solvent model was also used as a second approach to simulate the surrounding. This
approach give similar result, see paper IV.
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Chapter

5

Electron Injection Barrier
Interfaces between metal and semiconductors are present in all electronic devices.
The interfaces are pointed out as one of the device parameters that most significantly influence the device performance of organic electronics [109]. As discussed
in chapter 1 there is an energy barrier for charge injection into the semiconductor
at metal semiconductor interfaces. The origin of the electron injection barrier and
how it can be modified is discussed in this chapter.1 Only the height of the barrier
is discussed, of course the width of the barrier is important in a tunneling process.
However, this is not considered in this thesis.

5.1

Interface dipole

A simple approach to estimate the electron injection barrier is to take the difference between the work function of the isolated metal and the electron affinity
of the isolated semiconductor. However, the actual situation is more complex
due to the formation of an interface dipole when the two interfaces are brought
in contact [110]. The dipolar field affects the energy levels in the metal and in
the semiconductor, which yield a increased or decreased electron injection barrier
compared to the simple estimate mentioned above.
A way to affect the injection barrier is to introduce a molecular layer at the
interface. This layer modifies the interface dipole and thus the energy barrier.
The effect will be observed if the molecular film has an average net dipole [111].
Electron transfer across this type of molecularly modified interface will primarily
be direct via pinholes, rather than via the molecules. Thus, no additional tunnel
barrier is introduced by the molecular layer. Below we first discuss the impact
1 The discussion presented here is made with focus on the electron injection barrier. A similar
discussion can be made for the hole injection barrier by use ionization potential instead of electron
affinity. However, the decrease of the interface dipole due to the shortening of the surface density
tail upon molecular adsorption (see sec. 5.1.2) must be overcomed for improved hole injection.
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Figure 5.1. a) Energy level diagram of a metal with work function ϕs . The work
loc
function is related to the local vacuum level, Ev,m
. Ev is the absolute vacuum level. b)
Distribution of the electron density, ρ(x), at a surface (x < 0 is inside the surface).

of the interface dipole on the energy barrier, and then the origin of the interface
dipole.

5.1.1

Impact on the injection barrier

When a metal and a semiconductor are brought in contact not only the Fermi
levels align but also the vacuum level, Ev . The vacuum level is the energy of
an electron at infinity, it is the common reference point and usually set to zero
so that energies of bonded electrons are negative. This vacuum level will from
here on be refered to as the absolute vacuum level. In literature the discussion of
interface dipoles and charge injection barriers is made from an experimental point
of view, in particular the outcome of photoelectron spectroscopy and Kelvin probe
measurements [7, 110, 111, 112, 113, 114]. In the interpretation of the experiments
the local vacuum level, Evloc , need to be considered, see Fig. 5.1. The local vacuum
level is defined as the energy of an electron at rest just outside the surface of the
solid. Just outside means a point where the electron is free from influence of the
crystal potential but not from not from macroscopic potentials [115, 114]. The
local vacuum level differs from the absolute vacuum level. The difference of the
vacuum levels is due to that the charge density at a surface is polarized yielding a
surface dipole, with the positive pole just inside the surface and the negative pole
outside the surface, see Fig. 5.1 b). This yields an increased binding energy of
the surface electrons compared to the imagined situation with no surface dipole.
In a photoelectron spectroscopy measurement the kinetic energy of the ejected
electron is thus related to the local vacuum level and not to the absolute vacuum
level. Hence, the obtained value from measurement of, e.g., work function of a
metal, ϕs , is related to the local vacuum level,2 whereas a work function obtained
2 To make it even more complex the detector has yet another local vacuum level. For a good
review see Ref. [114].
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Figure 5.2. Schematic energy diagrams of the interface between a metal and a semiconductor showing the energy barrier, φe . a) No molecular layer at the interface, b) with a
molecular layer which improve hole injection and c) with a molecular layer which improve
electron injection. The plus and minus signs shows the direction of the interface dipole.

from a calculation, ϕ∞ , is related to the absolute vacuum level.
The two surfaces at an interface has different surface dipoles and thus different
local vacuum levels. In an energy diagram of an interface this is seen as shift of the
vacuum level, see Fig. 5.2. The size of the shift of the vacuum level is an indicator
of the strength of the interface dipole.
In Fig. 5.2 a) the case where there is no adsorbed molecular layer is shown. Here
the different local vacuum levels have been left out for clarity and the emphasize
is on the difference with the cases with an adsorbed molecular layer shown in
Fig. 5.2 b) and c) with reduced hole and electron injection barriers, respectively.
An interface dipole with its positive pole pointing toward the metal, Fig. 5.2
c), decreases the metal work function ϕ∞ , i.e., increases the Fermi level Ef , and
decreases the electron affinity of the semiconductor, χ∞ , by adding an electrostatic
energy [112]. The change of the electron affinity depends not only on the shift
of the conduction band, but also on increased or decreased band bending. The
bending of the energy band in the semiconductor is well known and is due to the
electrostatic potential from the dipole [18]. From Fig. 5.2 the following equation
for the electron injection barrier can be obtained with the measured quantities
φe = ϕs − χs + δ,

(5.1)

where δ is the dipole energy barrier
loc
loc
δ = Ev,s.c.
− Ev,m
.

(5.2)

The change of the barrier by modification of the interface dipole, d, is expressed
as
∆φe = φe (d) − φe (0) = ∆ϕs − ∆χs + ∆δ.
(5.3)
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However, for theoretically obtained values the energy barrier is just
φe = ϕ∞ − χ∞ ,

(5.4)

since all energies in a calculation is related to the absolute vacuum level. The
change of the energy barrier by the introduction of the interface dipole is then
∆φe = φe (d) − φe (0) = ∆ϕ∞ − ∆χ∞ .

(5.5)

In the situation shown in Fig. 5.2 c) ∆ϕ∞ is negative and ∆χ∞ is positive. Hence,
a decrease of the work function is directly related to a decrease of the electron
injection barrier.
The work function with the absolute vacuum level as reference level, ϕ∞ , can
be interpreted as the ionization potential of the metal, since the extra work needed
to take the electron through the surface is not included. It is desirable to be able
to relate this work function to result from a DFT calculation, but in DFT Koopmans theorem is not valid. However, the highest occupied Kohn–Sham eigenvalue
corresponds to the ionization energy [116]. Thus, the shift of ϕ∞ is
∆ϕ∞ = −∆εKS
max .

(5.6)

A positive shift of the highest occupied Kohn–Sham eigenvalue is then directly
related to a decrease of the electron injection barrier as discussed above.

5.1.2

Components of the interface dipole

The origin of the interface dipole at an interface with adsorbed molecular layer
and the different major components will now be discussed. There are three major
contributions to the interface dipole [112]. The obvious component is of course if
the adsorbant has an intrinsic dipole normal to the surface, the two others is not
that evident.
There is always a decrease of surface dipole due to the shortening of the surface
electron density tail, see Fig. 5.1 b), upon molecular adsorption [117, 118]. By
studies of closed shell adsorbates, such as xenon, on metal surfaces, the reduction
of the density tail can almost completely be explained by exchangelike effects
(Pauli repulsion) [117]. This was done by studying xenon adsorbed on copper
using Hartee–Fock theory, with correlation effects included using second order
perturbation theory (MP2).3 The change in the total energy and the surface
dipole for the Xe/copper cluster was calculated for four different relaxation steps.
First, the total energy was calculated for the case with no relaxation of the wave
function compared to the isolated counterparts. Then the Cu and Xe orbitals was
relaxed stepwise and finally a complete relaxation was done. The largest change in
energy and dipole moment is in the first step. Thus, the reduction of the surface
dipole is a complete physical phenomena. The three other steps, which include
chemical reactions (charge transfer), yields minor changes in the total energy and
the interface dipole. Hence, the reduction of the density tail contribute to the
3 See

Ref. [45] for an introduction to MP2 calculations.
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interface dipole by a reduction of the surface dipole through a exchangelike effect
and thus yield a reduction of the electron injection barrier as discussed above. The
adsorbed species is said to be physisorbed on the surface.
A third component of the interface dipole is the chemical dipole. The chemical
dipole only appears if there is a charge transfer between the adsorbate and the surface. The adsorbate is said to be chemisorbed on the surface. The direction of the
charge transfer is from the system with the highest chemical potential toward that
with lower chemical potential according to fundamental laws in thermodynamics.
An electron transfer from the adsorbant to the surface yields a dipole that points
in the direction of the surface normal and thus reduce the electron injection barrier. If the charge transfer is from the metal surface to the adsorbate, an increase
of the metal work function is obtained. This is the case if the charge transfer is
large enough so that the chemical dipole is larger than the surface dipole [112].
For a small charge transfer the effect of the physisorption of the adsorbate on
the surface dominates, and the net interface dipole points in the direction of the
surface normal which yields a work function decrease.

5.2

Comments on Paper V

In this paper the chemisorption of tetrakis(dimethylamino)ethylene (TDAE) on
gold was studied, in particular the extent of the charge transfer, the chemisorption
energy and the shift in the work function of gold. In an experimental study of
TDAE deposited on gold it was shown that the work function decreases with
1.3 eV [119].
Using DFT with the B3LYP functional for the exchange-correlation energy
we performed calculation of isolated TDAE and the changes in the molecular
geometry upon oxidation. There are substantial changes in the geometry upon
oxidation. The calculated values follow the trend of the experimental values from
literature. These changes occur as a result of the nature of the highest occupied
molecular orbital, which is bonding in the C(1)-C(2) bond, see Fig. 5.3, and antibonding in the C-N bond. By removing electrons from this orbital the bond order
C(4)
C(3)
N(1)
C(1)
N(2)

N(3)

β

α
C(2)

N(4)

Figure 5.3. Schematic structure of TDAE.
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Figure 5.4. Chemisorption energy, E, as a function of r for the TDAE/Au20 complex.
Different geometries of the molecule have been used: neutral molecule (circles), singly
charged molecule (diamonds) and relaxed molecular geometry (squares). The inset shows
the geometry of the complex.

changes which in turn affects the bond distances and torsion angles. The value
of the dihedral angle, β, change from 31.4o to 36.8o and 67.7o for the cation and
dication, respectively.
The geometries obtained for the different charged molecules were used in the
calculation of a complex of TDAE and gold cluster with 20 atoms. An energy
minima was obtained by minimizing the distance r in Fig. 5.4.4 Using the geometry
of the cation for TDAE increased the chemisorption energy compared to when the
geometry of the neutral counterpart was used, thus a more stable configuration is
obtained. The amount of charge transfered from the molecule to the cluster was
also increased. Using the dication geometry did not even yield a stable complex,
thus it is not likely that TDAE2+ is obtained. Finally, we let the internal structure
of the molecule relax on the surface, this yields an increased chemisorption energy.
The C(1)-C(2) bond is 1.41 Å and the N-C bond distances are approximately
1.39 Å, i.e., similar to the bond distances of the singly charged TDAE. However,
the dihedral angle is 28o , which is considerably smaller than the same angle in
the singly charged molecule in the gas phase. The decrease of the dihedral angle
compared to the angle of cation geometry can be explained by a small contribution
to the chemisorption of TDAE to the surface from a covalent bonding via the
hydrogen atoms.
Further, the cluster size was increased to 26, 32 and 46 gold atoms to see the
effect of the chemisorption energy and charge transfer of the cluster size. This
study showed that the charged transfered from TDAE to the cluster converge to
approximately one electron and the chemisorption energy to 1 eV.
Finally the effect on the work function of the chemical dipole was studied by
the shift of the maximum Kohn–Sham eigenvalue as discussed above. A decrease
of ∼0.7 eV was found for the Au26 and the Au32 cluster. For the largest cluster,
4 For

a detailed description of the geometrical set up see paper V.
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Au46 , only a shift of 0.3 eV was observed. This can be explained by low molecular
coverage of the cluster surface (54%) compared to the TDAE/Au32 complex (74%).
Author’s contribution
I did all calculations and collaborated in the analysis and interpretation. Wrote
the first draft of the manuscript and was responsible for the iterative process to
the final version.
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[81] A. Eilmes, R. A. Römer, and M. Schreiber, Eur. Phys. J. B 1, 29 (1998).
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