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To my parents,
it could not have been anybody else



Inspect every piece of pseudoscience and
you will find a security blanket, a thumb
to suck, a skirt to hold. What does the
scientist have to offer in exchange?
Uncertainty! Insecurity!

Isaac Asimov

Nature is a merciless and harsh judge of
the theorist’s work. In judging a theory, it
never rules “Yes” in best case says
“Maybe”, but mostly “No”. In the end,
every theory will see a “No”

Albert Einstein

All our science, measured against reality,
is primitive and childlike—and yet it is
the most precious thing we have
Albert Einstein



Supervisor’s Foreword

The growing field of organic electronics relies on the use of organic conjugated
molecules as components of multilayer devices, whose performance depends
critically on the energy barriers controlling the carrier transport between layers.
Those barriers are determined by the relative alignment of the molecular levels
between the materials forming the contacts, either a Metal/Organic or an Organic—
Organic interface. This thesis work is focused on analyzing theoretically the
energy level alignment of different Metal/Organic interfaces.

The organic molecule/metal interaction is, in principle, amenable to density
functional theory (DFT) calculations; however, using local density approximation
(LDA) or generalized gradient approximation (GGA) for the exchange-correlation
potential tends to yield for the organic molecule transport energy gaps that are too
small by several eVs. This problem is related to the fact that Kohn—Sham eigen-
values (as calculated in those approximations) are not a proper representation of
the quasiparticle excitation energy: in conjugated organic molecules the difference
between the HOMO and LUMO Kohn—Sham eigenvalues is significantly smaller
than the transport energy gap measured experimentally due to the self-interaction
correction that arises because the Kohn—Sham LDA-DFT (or GGA-DFT) gap
refers to a N-electron calculation, while the experimental transport gap is related to
the total energy differences of the molecule ground states with N+ 1, Nand N — 1
electrons.

Another problem limiting the application of DFT to Metal/Organic interfaces is
related to the importance in these systems of van der Waals interactions which are,
in many cases, necessary to get an accurate description of the organic molecule
adsorption distance and energy. The reason is that van der Waals is a non-local and
long-range interaction, while exchange-correlation functionals in standard DFT
methods are local and short range, with a typical exponential decay. Therefore, in
many Organic/Metal interfaces one has to introduce corrections to standard DFT
methods in order to get an accurate description of the Metal/Organic interaction.

In this thesis work, these two problems have been addressed introducing in the
standard LDA approach corrections in the direction of increasing the organic
molecule energy gap and of including an appropriate van der Waals interaction.
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X Supervisor’s Foreword

Regarding the energy gap problem, it has been shown how the Kohn—Sham energy
gap of the molecule has to be corrected by its charging energy: this quantity is
calculated from the charge transfer between the metal and the molecule, and the
energy level shift of the LUMO and HOMO levels as obtained from a consistent
LDA calculation; in this consistent approach, the molecule energy gap is finally
calculated by means of a scissor operator that introduces the appropriate charging
energy in those levels. Regarding the van der Waals interaction, a kind of corrected-
LDA calculation has been introduced which combines a weak chemical interaction
between the metal and the organic molecule with a semiempirical van der Waals
attraction. The way of calculating the weak chemical interaction tries to avoid the
double counting that would appear including both the exchange correlation energy
provided by a conventional LDA approach and the correlation energy associated
with the long-range van der Waals potential introduced independently.

All these ideas have been combined in this thesis work in a full calculation of
different Metal/Organic interfaces; in particular the following systems have been
considered: Cgo/Au(111), benzene/Au(111), pentacene/Au(111), TTF/Au(111) and
TCNQ/Au(111), at the molecular level and for an organic monolayer.

All these results have also been interpreted within the Unified-Induced Density
of Interface States (IDIS) model, whereby the Metal/Organic level alignment is
controlled by the potentials created by the charge transfer between the two
materials and by the “pillow” effect associated with the Pauli principle applied to
the overlap between the charges of both materials. It has been found that the
Unified-IDIS model is valid not only for the Metal/Organic interface but also in the
molecular limit, with a lonely molecule adsorbed on a metal.

Madrid, Spain, March 2012 Prof. Dr. Fernando Flores Sintas
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Chapter 1
General Introduction

1.1 Limitations of Conventional Electronics

In the second half of the 20th century, the field of electronics has suffered an
outstanding progress. Since the invention of the transistor, in 1947, the speed and
power of electronic devices has increased exponentially, while its size has decreased
in the same proportion. The initially slightly idealistic Moore’s law, which states that
the number of transistors that can be placed inexpensively on an integrated circuit is
doubled approximately every two years, remains true 45 years later (see Fig. 1.1).

However, limits of conventional silicon based electronics are close to be reached.
In around 10years transistors will reach the nanometer scale. At this size, standard
semiconductor transistors theory, based on statistical physics and band structure
theory [1] are no longer good approximations, and physics will be substantially
changed. Pure quantum effects will appear or even govern electronics at that scale.
A lot of effort is being made in understanding physics at the nanoscale [2-9] in order
to be able to domain and build mechanic, optical and electronic devices of that size.

Electronic devices at the molecular scale, such as diodes [10], electronic mixers
[11], and switches [12] have been extensively investigated. This branch of electronics
at this scale is called molecular electronics, and a lot of experimental and theoretical
groups are trying hard to understand the physics and obtain devices with tailored
properties that can be manufactured industrially [13—15].

On the other hand, in the field of “macroscopic” electronics, new materials with
semiconducting properties have been introduced as a part of electronic devices. Both
fundamental research and industry have aimed to organic semiconductors. They
have the advantage of the high tunability of their properties (as well as being much
cheaper and environment friendly than their inorganic counterparts). However, their
electron mobility is lower than standard inorganic semiconductors. Besides, this kind
of materials are very different than standard inorganic semiconductors, so a lot of
effort needs to be made in order to understand their properties [16-20]. In particular,
metal-organic interfaces, that appear in every connection of a semiconductor with
the metallic circuit, have become difficult to understand. Due to the weak interaction

E. Abad, Energy Level Alignment and Electron Transport Through 1
Metal/Organic Contacts, Springer Theses, DOI: 10.1007/978-3-642-30907-6_1,
© Springer-Verlag Berlin Heidelberg 2013
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Fig. 1.1 Plot of CPU transistor counts against dates of introduction. Note the logarithmic scale;
the fitted line corresponds to exponential growth, with transistor count doubling every two years.
Copyright by Wgsimon. Taken from [21]

between molecules, it was thought that these kind of interfaces were intrinsically
inert. However, dipole formation in these barriers and gap reduction have made
these interfaces very complicated (and very rich, from a research point of view).
Most of this thesis is aimed to understand these interfaces.

1.2 Nanotechnology

As stated before, the field of nanotechnology can lead to a new scale of miniaturization
of electronic circuits. However, there is not too much possibility that this will happen
in the near future. There are still some problems that we have to deal with: long-term
stability at room temperature, and with air exposure; and scalable fabrication, in
order to be able to fabricate massively circuits of millions of components.
However, this doesn’t mean that there is no use in studying systems at the
nanoscale. As stated before, the well known macroscopic physics fails to predict their
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Fig. 1.2 Schematic view of a nanowire, illustrating the channel ballistic transport trough
nanoobjects. a A nanowire with a non-perturbed geometry, with two channels contributing to the
wire conductance. b After a geometric relaxation (for example, during an stretching process), the
channel structure has changed and only one contributes to the conductance. Note that this is just an
oversimplified picture, so the fact that we have one or two atoms in a realistic chain does not mean
that we have one or two channel (Color figure online)

behavior at that scale, since quantum phenomena govern these systems. In order to
use circuits at the nanoscale, first we need to have an accurate vision of their mechan-
ical, chemical and electrical properties. In the last two decades, with the invention
of the scanning tunneling microscope (see Sect. 1.4.2) a great progress on this field
has occurred both in theoretical and experimental research [2, 3, 22, 23].

One surprise of nanoscale physics is that metals, that are a homogeneous group
in their macroscopic mechanical and electrical properties, behave very differently
when they are of molecular size. For instance, when they are stretched in order to
obtain nanowires, their conductance can change by more than 300 %, and they can
form long chains before they break [24] or just dimers [25]. At this scale, chemistry
matters. Related to that, their chemical properties can be very different from their
macroscopic ones. For instance, Au is a noble metal that barely reacts with other
elements and compounds; however, gold at the nanoscale has an enhanced chemical
reactivity [24, 26, 27].

However, there is still some universal behavior. Conductance of clean nanowires
is usually a multiple of the quantum of conductance (Go = 2¢?/ k), and there is a
direct link between mechanical and electrical properties [25, 28].

The explanation for this fact is that the conductance is essentially ballistic for
metallic nanowires. The seminal paper of Landauer [29] made people consider trans-
port through nanoobjects as a transmission-reflection channel problem. Channels
are just eigenvectors of the transmission matrix in a certain basis, and their physical
meaning is that for this channel, the electrons move through the path given by the
relative weight of the basis wavefunctions with a transmission ¢ [30]. A complete
transmission (¢ = 1) channel contributes with a quantum of conductance G to the
global conductance of the system. So in this particular case, the electron-electron
and electron-phonon inelastic processes are not the source of finite conductance, but
the limited number of transmissive channels (with 7 # 0). See Fig. 1.2.

This introduction is just a first glance to this enormous science, and aimed
to the topics studied in this thesis. There are quite a lot of other fields within
nanoscience; like photonics and metamaterials, graphene and carbon nanotubes,
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Fig. 1.3 Left A wide range of electronic devices that use organic semiconductors are already being
commercialized by technological corporations, like this LG®15EL9500 television with OLED
technology. Copyright LG. Taken from [32]. Right Flexible organic display of 2.5inch, 160 x 120
pixels manufactured by Sony®. It is able to reproduce 16.7 million colors (24 bits). Copyright Sony
(2007). Taken from [33] (Color figure online)

coulomb blockade, shot noise and one electron transistors, self-assembling mole-
cules, cluster physics. . . Just a brief abstract of all the physics at the nanoscale will
need more than a chapter and will not be given.

1.3 Organic Electronics

We have already mentioned another discipline that has acquired much importance
recently: organic electronics, i. e. the use of organic semiconductors in electronic
devices. We stress here that the use of organic materials has important advantages with
respect to conventional inorganic semiconducting materials. First of all, they are more
environmental friendly, both in the fabrication and elimination processes. Moreover
they consume less power and they are cheaper; so they are perfect candidates for
relatively inexpensive and portable devices like mobile phones, displays and digital
photo cameras. Organic displays have also improved brightness and contrast and a
wider angle view.

The huge variety of organic molecules, and the possibility to add different
functional groups, allows us to completely taylorize our semiconductors proper-
ties; for instance, tuning the emitting wavelength of organic light emitting diodes
(OLEDs), or using them as highly specific sensors (chemical, pressure, photons).
This technology, although not completely revolutionary (it is based in macroscopic
physics), is more mature industrially and organic electronic devices are not rare in
the market (Fig. 1.3).
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However, the industrial production of these devices does not imply that the physics
of organic semiconductors is well understood. They are very different from their
inorganic counterparts. They are molecular solids, with molecules bonded by weak
Van der Waals forces; while conventional semiconductors are covalent solids, with
atoms strongly tied by covalent (sometimes partially ionic) bonds. This makes that
band theory used in inorganic semiconductors fail (see Sect.3.1). A key aspect of
these devices is the energy level alignment at metal/organic and organic/organic
interfaces. It is closely related to the electron and hole injection barriers, and is
critical in order to get good performance in these devices (see Sect.3.1). Unfortu-
nately, it is very complicated to be obtained theoretically with standard techniques
because of intrinsic failures of density functional theory (see Sect.2.7 and [19, 34]).
However, our understanding of organic semiconductors and metal/organic interfaces
have improved a lot in the last decade [16-20, 35], but some questions are still open.
A more complete description of theoretical problems of organic semiconductors will
be given in Sects. 3.1 and 3.3.

Finally, we point out that organic semiconductors are not only interesting in
devices, but also as electricity generators. As conventional semiconductors are also
used as solar cells, organic semiconductor solar cells are now being extensively
researched [36]. The problem nowadays is that their performance is very low (they
have a record on laboratory of around 8 %, compared with the laboratory record of
around 45 % on standard GaAs inorganic semiconductor), but it is improving fast.

1.4 Experimental Setup

In this section we are going to give a brief summary of the main experimental
techniques used to investigate metal/organic (MO) interfaces, as well as techniques to
get atomic-size contacts or circuits. Most of these techniques are carefully explained
at [18].

1.4.1 Photo-Electron Spectroscopy

This is the main experimental technique to obtain information of energy align-
ment at MO interfaces. The underlying physical idea is very simple. A sample is
irradiated with a source of monochromatic photons, and the energy of these pho-
tons is employed in extracting electrons from the sample. These electrons arrive at
a kinetic energy detector. Energy measurements allow us to extract a lot of informa-
tion. Moreover, since the radiation penetration is around 5-30 A, this technique is
very surface sensitive.
The energy balance can be calculated as:

Eo+hv=EY +E; (1.1)
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Fig. 1.4 Scheme of the physics of a photoemission spectrum, including some effects like electronic
relaxation.

where Ej is the initial energy of the molecule that absorbs the photon and #v the
energy of that photon. Ejy is the energy of the collected electron and E f) the energy of
the positive molecular ion (usually in an excited state). One can measure the binding
energy E} of that electron as:

E} =EY —Ey=hv— E (1.2)

As Fig. 1.4 suggests, we can suppose that there is a one-to-one correspondence
between the peaks in a photoelectron spectrum and the quasiparticle molecular levels
in the neutral molecule. However there are some effects that break this simple picture.
First of all, we need to take into account secondary electrons: the photoemitted
electron can excite other electron and extract it from the sample; these two electrons
are secondary electrons, and in this case, the picture is not that simple as the one
shown in Fig. 1.4. Moreover, when an electron is emitted, there is an electronic
intramolecular and intermolecular relaxation, that increases the electron energy. This
energy is around 1-3 eV for valence electrons, but can be much larger in core levels
[37, 38].

Depending on whether we are looking at the core or valence levels of molecules,
we need to use X-ray or ultraviolet (UV) photons. The properties that can be obtained
differ significantly between both so a brief summary of both techniques will be given.

X-ray Photoelectron Spectroscopy

In X-ray photoelectron spectroscopy (XPS) qualitative and even semiquantitative
analysis of chemical composition in surface region is possible. Although core levels
are not involved in chemical bonds, changes in the valence electron density will be
reflected as small but detectable shifts in the core electron binding energies (chemical
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Fig. 1.5 Scheme of a typical UPS spectrum, illustrating the procedure to calculate the surface work
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shifts). XPS can also be used to study valence levels, but the cross section is lower
than for UV photons. The photoemission spectroscopy is performed with reference
to the Fermi level of the photoelectron spectrometer. So, when the Fermi level is
shifted, it is necessary to take into account this change. This can be done combining
XPS with ultraviolet spectroscopy (UPS) spectra as described in next paragraph.

Ultraviolet Photoelectron Spectroscopy

As stated before, this is the standard technique for the study of the valence band.
UV photons have a greater cross section than X-ray ones, and the photon energy
resolution is much higher. However, the natural linewidths in samples at room tem-
perature can reach 1eV, so a large part of the photon energy resolution is not fully
appreciated [39].

Although photoelectron measurements are performed relative to the Fermi level,
in some cases, it is important to obtain binding energies from the vacuum level (for
example to interpret XPS chemical shifts or to measure change in vacuum level of
the sample due to the appearance of dipoles). This energy is easy to find out just by
looking at the cutoff of secondary electrons. The difference between the position of
the Fermi energy and the vacuum level determines the work function of our system,
as can be seen in Fig. 1.5.

Angle Resolved Photoelectron Spectroscopy

This technique does not only take into account the energy of the extracted electrons
but also the direction in which these electrons are emitted (it gives us both the
bond energy ¢, of the electrons and their momentum k). This way we can obtain the
complete band structure &, (k) of the system. Like other photoelectron spectroscopies
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Fig. 1.6 Schematic view of an STM. The tunnel current between the tip and the sample is amplified,
and used as a feedback for the tip-sample distance (in the constant current regime). In order to scan
a finite region of the sample the tip is placed over a piezoelectric material, to move the tip via
electronic control. Finally all data is sent to a computer, that creates the STM image and allows data
processing (Color figure online)

techniques, some caution has to be taken when interpreting these results (secondary
electrons, intraatomic relaxations, etc.)

Inverse Photoelectron Spectroscopy

Inverse photoelectron spectroscopy (IPES) is closely related to the direct one. The
sample is irradiated with low energy electrons (5-20eV). The incident electrons
decay into the empty molecular states, emitting a photon, that is detected. The
energy of that state is the difference between the energy of the incident electron and
the detected photon. By this way the conduction band can be studied. However, the
resolution of this technique is lower than standard UPS. Anyway, combined UPS/IPES
spectra can give us a reliable study of valence and conduction bands, crucial in MO
interfaces.

1.4.2 Scanning Tunneling Microscope

As photoemission spectroscopy, the scanning tunneling microscope (STM) relies on
a simple physical idea. When two conductors are separated by a vacuum gap, no
current flows between them. But when the distance between them is reduced to a few
angstroms, some electrons can flow by tunnel effect. If one of the conductors has a
tip shape, this technique is extremely sensitive to the distance between the tip and
the sample atoms, and resolutions lower than 1 A (that is, atomic resolution) can be
achieved. This is the basis of the STM [40, 41]. A simple scheme of the experimental
setup is shown in Fig. 1.6, and an atomic resolution image is shown in Fig. 1.7.
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Fig. 1.7 STM image with
atomic resolution of a
SiC(0001)—3 x 3—6H
surface. Image has been
taken at a constant current of
2nA (height is the source of
contrast), the bias applied is
—3V. The size shown in the
figure is 10 x 10 nm. Courtesy
of Pablo Merino (Color figure
online)

This technique is suitable for studying topography at the atomic scale. However,
interpretation of STM images is not trivial, because the current between tip and
sample not only depends on distance but also on local density of states of tip and
sample (sometimes a sudden change in current contrast is related to an abrupt change
of the local density of states, while the topography remains constant). Moreover, not
only topography can be measured. Different STM related techniques will be briefly
explained.

Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy (STS) relies on the use of a STM to probe the local
density of electronic states and band gap of surfaces and molecules deposited on
surfaces at the atomic scale. As stated before, STM current also depends on the local
density of states, so we can use it to measure this density. In a first approach the local
density of states at point r is LDOS(r) = 5—‘1,(r). So if we measure the current at a
certain point at several voltages, we can have a reasonable estimation of the density

of states at that point (Fig. 1.8).
Atomic Force Microscope and Kelvin Probe Microscope

Atomic force microscope (AFM) is another high-resolution scanning probe micro-
scope. It consist on a cantilever (usually made of silicon) that is placed close enough
to the surface sample that its dynamic has an measurable change due to the atomic
forces between the surface and the cantilever.

There are two main modes: contact, and non-contact. In the contact mode forces
are obtained by cantilever deflection measurement. There is usually an electronic
feedback loop in order to have the height constant. In the non-contact mode, the
cantilever is maintained oscillating at a given frequency w by an electro-mechanical
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Fig. 1.8 dI(V)/dV STS spectra of filled and empty states recorded for a monolayer (bottom) and
a 2-3 molecular layer (top) film of PTCDA deposited on Au. The corresponding STM images of
the films are shown. The curves were recorded at the same tunneling setpoints as the corresponding
area scans. Reprinted from [42], Copyright (2002) with permission from Elsevier

circuit. When it is placed near the surface, the forces change the frequency or the
phase shift between the input and the output signal; this change is used as the source
of contrast.

The kelvin probe microscope [43] is a variant of the AFM, capable of measuring
the work function of the surface locally. It is based on the macroscopic Kelvin
Probe technique (see [44] and references therein). The AFM cantilever is a reference
electrode that forms a capacitor with the surface. An AC+DC voltage is applied to
the cantilever. Then an electrostatic force appears between the cantilever and the
surface.

For a certain DC voltage, the vibration is minimal. A map of this minimal vibration
voltage is used for imaging the work function of the surface. This technique is
very important in order to study locally the work function change on metal-organic
interfaces [18, 45].

1.4.3 Mechanically Controlled Break Junction

This technique allows to obtain very narrow metallic wires [3] so it is suitable for
fabrication of metallic nanowires or molecular electronic devices [4, 46]. In this
method, a metallic suspended bridge is fabricated by using electron beam lithography
and shadow mask techniques. Using a pushing rod, the insulator platform is deformed
and the wire is stretched (see Fig. 1.9) until it finally breaks. In the last stages of the
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Fig. 1.9 Left (a) Electron microscopy image of two microfabricated bridges suspended above a
triangular pit of silicon substrate. The close-up in (b) shows the two SiO cantilevers, which are
about 700nm apart. The cantilevers are covered by a gold layer from which the final conducting
bridge of about 100nm wide is formed, and which is broken by bending of the silicon substrate.
Reprinted with permission from [48] Copyright 1995 American Institute of Physics. Right Con-
ductance (A) and conductance histogram (B) of a gold STM tip at contact regime (C), showing
typical plateaus of conductance at integer multiples of G that appear as peaks in the conductance
histogram. When the experiment is conducted in a solution of benzenethiol, the conductance VS
distance curve changes (D) and new peaks appear at 1x, 2x, and 3x 0.011 Gy in the conductance
histogram (E); that suggest that a molecular contact has been formed (F). When benzenethiol is
substituted by benzenedimethanethiol, conductance (G) and conductance histogram (H) changes
again; that confirms the idea that the molecule in solution attaches to the gold electrodes. Adapted
with permission from [49]. Copyright (2004) American Chemical Society (Color figure online)

stretching process an atomic wire can be formed whose size varies from a dimer [25,
47] to several atoms [24].

During the last stages of stretching the wire can be exposed to gas phase molecules
that are able to attach to the wire just after breaking, as shown in Fig. 1.9. Or, a self
assembled monolayer can be formed in the metal surface and then the wire is stretched
and broken, after that tips are brought together (see Fig. 1.10).

Molecular conductance can also be achieved using STM, placing the molecule
between the tip and the surface [50, 51]. This method can also be used to obtain
clean metallic nanowires [52, 53].

1.5 This Thesis

In this thesis we have analyzed several metal/organic interfaces form first principles
in order to obtain realistic energy level alignment. Our results are interpreted in terms
of the induced density of interface states (IDIS) model, that was developed in this
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Fig. 1.10 Left Experimental setup for measuring conductance through a single molecule between
two electrodes. (/) A gold wire is placed in a solution of the desired molecule. (2) Then, a self
assembled monolayer of this molecule (SAM) is created over the gold surface. (3) The wires are
stretched until breakage. (4) Tips are put back together, and sometimes, a molecule is anchored to
both electrodes. Right Application of mechanically controlled break junction for study of molecular
conductance. The stretched part of the wire is placed under a molecule solution. It is possible that,
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online)

group in the late 1970s for inorganic semiconductors [54, 55] and extended in the
last decade for organic semiconductors [35].

Our calculations employ density functional theory (DFT) techniques to simulate
the whole system (the organic layer and the metal surface). In this thesis we show that
the IDIS model is not useful only to understand the dipole formation at MO interfaces
(for various coverages and different screening) but also at molecular contacts at the
molecular level (that can be seen as the limit of MO interfaces with extremely low
coverage). This allows us to use the IDIS model in a very different field: the field of
molecular electronics.

Moreover, we have demonstrated on this thesis that within the theoretical
framework of the IDIS model we can use DFT results in order to obtain the charging
energy of the organic molecules, and predict an accurate gap of the molecule. Stan-
dard DFT techniques give underestimated energy gaps compared to real ones as the
self-interaction correction (SIC) and the image potential are not taken into account.
The value of this gaps is critical in order to obtain reliable values for the electron and
hole injection barrier, that determine the performance of electronic devices both for
macroscopic electronic devices and for molecular electronics.
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This thesis is organized as follows:

In Chap. 2 we will introduce the main theoretical background: the general hamil-
tonian for condensed matter systems and the most common chemical and physical
approximations, focusing on DFT. A small introduction to transport calculations is
also given. After that we will show the deficiencies of DFT we have to deal with when
working with metal/organic interfaces: the underestimation of the transport gap and
the lack of van der Waals interaction; and how we can correct these deficiencies in
order to have accurately characterized these kind of systems.

In the first part of Chap. 3 a small introduction to metal/semiconductor interfaces
(both inorganic and organic) will be given. After that we present, with full detail, the
IDIS model, necessary to interpret the results obtained in our thesis. In the second
part, we will employ this model to characterize C¢g/Au(111) and benzene/Au(111)
interfaces using standard DFT techniques, and we will show how the results are not
good enough to obtain realistic interface potentials and electron and hole injection
barriers. A brief discussion about the main problem (the underestimation of the DFT
gap) will be given at the end of this section.

In Chap.4 we will extend the IDIS model to molecular metal/organic contacts.
Some proofs of the validity of the model at this level will be given (in Sect.5.2 we
will show that molecular organic contacts can be seen as the limit of low coverages of
metal/organic interfaces). After that we will show that using IDIS parameters we can
obtain an accurate estimation of the charging energy of a molecule interacting with a
metal (including both self-interaction correction and image potential), and a reliable
transport energy gap. Finally, we apply all these ideas to two nanosize systems: a
Ceo molecule between two gold tips and a Cgop molecule between a tip and a gold
surface (mimicking the experimental geometry of STM experiments).

In Chap. 5 we will apply all the techniques of Chap. 4 to the study of metal/organic
interfaces. Cgp/Au(111) and benzene/Au(111) interfaces are revisited, with arealistic
gap obtained using the ideas of Chap. 4 and the importance of vdW interaction will
be discussed. TTF/Au, TCNQ/Au and pentacene/Au are also studied.

Finally in Chap. 6 we present the main conclusions of this thesis and suggest the
future work inspired by this research work.
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Chapter 2
Theoretical Foundation

2.1 Introduction

Ab initio calculation of the electronic structure of molecules and solids have became
one of the most important tools in solid state physics. These methods allow us to
predict some properties (crystal structure, density, molecular geometry, adsorption
and cohesive energies, among others) of condensed matter systems without need of
any empirical parameters. By this way we can understand and calculate some prop-
erties of the systems that are very difficult or even impossible to measure experimen-
tally. We can also gain insight in the origin of some effects that cannot be explained
only with experimental data (such as conductance quantization in nanowires, or the
origin of the dipole at metal/organic junctions). However, the price to pay is that a lot
of computational effort is needed, compared with empirical or semi-empirical mod-
els. In order to reduce the computational time, a lot of approximations have been done
in order to get the best accuracy/resources ratio. This chapter will guide through the
state-of-the-art ab initio techniques necessary (some of them developed during this
work) to successfully simulate the systems that have been studied during this thesis.

2.2 Statement of the Problem

Let us consider a system of n nuclei and N electrons. In order to calculate the
properties of this system we should solve the following Schrodinger equation.
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where Ry = (Ry,x, Ry,y, Ry ;) are the spatial and s, the spin coordinates of the
nucleus « and r; are the spatial and s; the spin coordinates of the electron i. This
is a partial differential equation with 3N + 3n variables, clearly impossible to solve
analytically or even numerically for the simplest system of interest. The first approx-
imation to be done is the Born-Oppenheimer approximation. Due to the big mass
difference between the heavy nuclei and the light electrons, we can decouple both
equations of motion. The electronic structure relaxation is much faster than nuclei
dynamics so we can consider that electrons “see” the ions as if they were frozen.
The nuclei dynamics can be treated classically, considering that they are affected
by a potential created by the electronic structure (V(Ry) = —V Eg[{Ry}]). So the
equation we need to solve now is:

mv: 1 Zy,Zge? 1 1 &2
(X el T
— 2m 2&5 4reg Ry — Rg| 2 = dreg It — 1]

1

1 Zye?
—er)lﬁ(l‘iysi) = Ey(ri, si) 2.2)
o ey Ry — 1

that has “only” 3N variables. Although this equation seems very similar to (2.1), it is
necessary to point out that in this case {R, } are parameters instead of variables, so for
example, the nucleus-nucleus interaction is just a number. However, this equation
is still impossible to solve. The main problem is the electron-electron interaction
potential (@e = % > i ﬁ ﬁzrj‘) that mix the position operators of the different
electrons. Without this potential, the equation is separable in N equations of 3 vari-
ables. Most of the approximations made in order to solve this equation are aimed to
transform this term and get separability of the problem. These approximations can
be classified in two types: approximations based on the wave function (often used by
chemists) or approximations based on the electron density (the most used, where the
DFT is the most common). We are going to give the main ideas of the wave function
methods on this section and we will explain in detail the DFT in the next one (for
extensive monographes see [1-3]).

2.2.1 Hartree Approximation

Hartree approximation is the most simple one. It consists on treating the electron-
electron interaction semiclassically, considering that each electron “see” a cloud of
negative charge that is the square modulus of the electronic wavefunction.

The deduction of the equation for this approximation is very simple. First it’s
necessary to realize that (2.2) can be derived [4] as the equation that makes stationary
the following expression:

-~ (WIHY)
HY, = """ " 2.3
(Hly = = (2.3)
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The Hartree approximation relies in considering a fully separable solution for the
Schrodinger equation v ({r;}) = [ ], ¢: (r). Introducing this ansatz on (2.3) we get:

R?v? -
(— 2ot Vi + Vil + vm)¢<r> = e1¢(r) 24
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where Ve = 33 L LoZpe

B Freg [Re—Rp] 15 the nucleus-nucleus interaction (just a num-

= 2, . . .
ber) and Vo = @i 4#80 ‘RZ:_“’H is the interaction of the electrons with the electro-
static field created by the nuclei, and f/\;’ is the so-called Hartree potential that has

the form of an electronic density cloud interacting with the electron:
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where the sum is extended over the occupied orbitals. As we need {¢;} to build
VKIZ , but only knowing the latter, the former can be obtained, we can only solve this
equation in a selfconsistent manner: we choose some initial {gbf "} that seem not to be
too different than the actual ones (for example, if we are calculating the electronic
structure of a molecule, the wavefunctions of the free atoms that belong to it, is a
good initial set). Then we calculate the Hartree potential and solve the Schrodinger
equation, and we get {¢"'}. Then we use this output as a new input (in fact, we use
a combination of the {qbl’f"} and {¢?*'}, to avoid numerical instabilities), and obtain
a new output. Use this output again as a new input, and so on. When the input and
the output one-electron wave functions are very close to each other, we have found
a selfconsistent solution, and we can use it to calculate the electronic properties of
the system.

This simple approximation neglects completely any many-body effect (exchange
and correlation), and does not give good numerical results even for systems where
exchange and correlation are not very important. Moreover, it is very easy to see
that the electronic wavefunction is not anti-symmetric, and we have to introduce the
Pauli exclusion principle as an ad-hoc hypothesis. Despite the lack of accuracy of
this approximation, it is very pedagogical as it introduces the idea of selfconsistency,
and in the more sophisticated approximations the electron-electron interaction is of
the form: \Ze = VZIZ + other terms.

2.2.2 Hartree-Fock Approximation

The Hartree-Fock (HF) equation can be derived from Eq. (2.3), taking as an ansatz
the simplest anti-symmetric wave-function: the Slater determinant:
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If we introduce this expression into (2.3) we get the following integro-differential
equation:
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This equation is considerably more complex than the Hartree one-electron
Schrodinger-like equation (and more computationally “expensive” to solve). It is
important to remark that it contains a non-local term (the last one), with the advan-
tage of taking into account exactly the exchange, but no correlation effects at all, so
the electronic repulsion will be overestimated. In order to introduce these effects, we
have two choices: introduce them using a perturbative treatment (the Mgller-Plesset
(MPn) methods) or using a more general ansatz (a linear combination of Slater-like
wave-functions) that is the basis of configuration interaction method.

2.2.3 Configuration Interaction

This method allow us to improve the HF results in a systematic (but expensive) way.
It is based on the fact that the exact solution to the Schrodinger equation is a linear
combination of Slater determinants.

W) = ailg)

where {|¢)} is the infinite set of N-electron Slater determinants. Considering a subset
of {|¢)} we obtain better results than using Hartree-Fock (the bigger the subset, the
closer to the exact energy). In order to obtain the eigen-energies and eigen-values
we calculate the matrix equation:

ZHijaj = Ea;; where H;; = (¢i|ﬁ|¢j) (2.8)
j

This method is very expensive computationally, but the main problem is the scal-
ability, because the time spent solving the equations grows as N! with the number of
electrons N, that limits this method for very small systems. It is also not suitable for
extended systems (like solids) since for large N, the energy of the system E oc N1/2,
violating the thermodynamic limit (unless we take the full—infinite—set of Slater
determinants).



2.2 Statement of the Problem 21

2.2.4 Mgller-Plesset Perturbation Theory

It is based on time-independent perturbation theory We consider that we have a
hamiltonian of the form H = Ho +V where V=H- HHF — (1//0|H HHFWO)
(Iﬂo is the ground state wave function of Ho) and solutions of Ho = H, HF+ (Yol H—
HH F|¥o) are well known. It can be easily shown [5, 6] that corrections to the
eigenvalues and energy at first order of perturbation theory are:
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The Mgller-Plesset methods [7] (MPn) calculate the energy at n-th order of per-
turbation theory. MPO (no perturbation) is just Hartree-Fock, MP1 correction is
Hartree-Fock also (the first order correction is zero), MP2 uses this second order
equation for the energy, MP3 uses the third order and so on.

2.2.5 Pseudopotential

In most of the chemical or solid state physical systems only the valence electrons (i.e.
the electrons in the outer shells) contribute to the bonding or band formation. The
core electrons are so deep inside the atom, and so strongly bonded by the nucleus
that they barely feel other atoms. So it is a waste of time to take into account a huge
number of electrons that aren’t important for obtaining the electronic properties of
the system.

Pseudopotentials [8, 9] are used to avoid the use of core electrons in the calcu-
lation. They have the same scattering properties than the system formed by nucleus
plus core electrons; and the wave functions of the valence electrons and the potential
strength are the same as the all-electron system for a distance greater than some
certain radius (7.). At distances smaller than r., the pseudopotential is weaker than
the bare nucleus potential (it doesn’t diverge at r = 0 too), and the valence wave-
functions are smoother (they don’t need to have any nodes to be orthogonal to the
core electrons).

So, not only pseudopotential simplify a N electron system by a N — N .. One, it
also allow us to work with well behaved and weaker potentials and smoother wave

I An excellent introduction of this theory, with some practical examples can be found in [5],
Chap. XI.
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functions, that numerical methods can handle much more efficiently. Moreover, some
methods like plain wave-density functional theory methods (PW-DFT) will need a
much smaller basis set in order to describe properly the systems under consideration.

Good pseudopotentials need to have some properties. The most important one is
the transferability. That means that they have to reproduce the scattering properties
of the nucleus plus core electrons in a lot of different chemical environments (isolated
atom, molecules, crystals, etc.). It can be achieved just imposing norm conserving
(that means that the pseudo-wavefunction integrals need to be the same as the actual
ones) [10]. More sophisticated pseudopotentials are non-local (like the ones used in
this thesis) and a different potential is used for each angular momentum [11-15].
Recently a new generation of ultra soft pseudopotentials have appeared in the liter-
ature. They are not norm-conserving; but they compensate this including different
projectors in each angular moment [16, 17].

2.3 Density Functional Theory

The huge amount of theoretical ab initio research of very different materials (metal,
semiconductors, organic molecules) in the second half of 20th century relies on the
great simplification of the many-body Schrodinger equation due to the DFT and the
Kohn—Sham equations [18, 19].

Despite of its known deficiencies (most of them related with the difficulty of
finding a suitable exchange and correlation potential, see Sect.2.3.2), the DFT has
better computational resources/accuracy ratio than the other wave-function based
methods (Hartree-Fock, configuration interaction, MP2...), so it is the suitable choice
for the study of large systems (of more than one hundred, or even one thousand
electrons). Although wave-function methods can be systematically improved (unlike
DFT), usually don’t work on extended systems (HF does not work well in metals,
CI does not recover the thermodynamic limit, MP2 diverges for the homogeneous
electron gas). That is another reason that encourage to use DFT in condensed matter
systems, instead of other methods.

This theory is based on the Hohenberg-Kohn theorem [18]: The energy (and
every observable) of a system of interacting electrons in a external potential (\Zx,)
is a functional only of the electronic density of the system E = E[p(r)]. Moreover,
the minimum of this functional occurs when the electronic density is the electronic
density of the ground state of the system (o (r) = pg,(r)). The proof is very simple.

Let H be the following hamiltonian:

H=T+ Vors + Ve (2.10)

where T is the kinetic energy of the electrons, 176,(, the external Qotential, and Vee
the coulomb electron-electron interaction [20]. And let V = {V,y,} be the set of
all possible external potentials with the property that the solution of the many-body
Schrddinger equation has a non degenerate ground state. If & = {|v/)} is the set of
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all the possible ground states of H, then we can define the following application:
A:V >V

And if N = {p(r)} is the set of the electronic densities of {|y)}p(r) = fd3r2 ...
d3rN|1//(r, r,...,ry) |2 then we can define another application:

B:Vv—> N

The Hohenberg—Kohn theorem shows us that both apphcatlons are bl]eCthC So
let’s show that A is suprajective: If we have V,,,, and V. . with Vour # V. e+ C,
and we assume that both have the same ground state

(T + Ve + Vo) W) = E|Y)
(T + Ve + V. )IV) = E'lY) (2.11)

subtracting both expressions:

Vet = Vo)1) = (E = EN[Y) = (Vext = V)y) = (E—E') = Very = V), +C
(2.12)
that is against original assumption.
The proof of the suprayectivity of the second application is the followmg Let [)
and |v’) be two ground states of H and H' with densities p(r) and p’(r), that we
consider to be the same. Due to both are ground states it is easy to see that:

= (WIHIY) < (W HIY) = W |H + Vers — Vi W) =
E<E + / d2rp’ () (Vors (r) — V., (1)) (2.13)

If we repeat this for E’ we find an analogous equation with primed and unprimed
variables changed. Adding both expressions and taking into account that
o(r) = p/(r) then:

E+E <E+E (2.14)

that is impossible, so necessarily p(r) # p'(r).

The consequence of this theorem (as mentioned before) is that every observable,
like the energy, is a functional of the density of the system. The definition of the
ground state is the state that makes the energy of the hamiltonian a minimum. In the
variational analysis language, the ground state is an extremal of the energy functional.
This will allow us to deduce the Kohn—Sham equations.
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2.3.1 Kohn—-Sham Equations

We are going to separate from the energy functional the term due to the external
potential:

E = E[p(r)] = F[p(r)] +/d3er(r)p(l‘) (2.15)

where F is an universal functional that does not depend on the external potential.
Kohn and Sham wrote, without loss of generality, the density as a sum of some
orthonormal functions, 1; (r), so that, p(r) = 2 ZlN:/f | (r)|? and divided this F

functional in three terms with very easy physical interpretations.

Flp(m)] =Tilp(mM)]+ Exlp)] + Exc[p(r)] where
NJ2

hZ
Tilpm] =" / ey} ) (=2 -V Y r)
i=1

Eulpw) = [ dra T
r —r/|
Exclp(®)] = Flp(m)] = Ti[p)] + Enlp(r)] (2.16)

It’s clear that the 7 term can be considered as the kinetic energy of some hypothetical
non-interacting particles, whose wavefunctions are v;(r), the Ey term is Hartree
energy, and E. is the part of energy functional that we don’t know. This equation
means that we can consider this hypothetical non interacting particles as the electrons
of the system, and the energy functional is the one-electron functional E,, = T +
Eyg+ f d3rV,. (r) p(r), plus a term E,. that contains all the many-body terms that

we don’t consider in the one-electron functional.
If the ground state is an extremal of the energy functional (the state where the
energy is minimum), we can use variational analysis. We have a constraint on the

total number of electrons [ d’rp(r) = N, so we need to use a Lagrange parameter
W, that will be renamed as ¢;. Using the Euler-Lagrange equation:

s ,
DY) [Ts[p(l‘)] + Eglo(m]+ Exclp(m]+ /d3l‘Vm(r)p(r) +é& (N - / d3rp(r))} =0

' ‘ (2.17)
it is not difficult to get that:

STlp)] _ 1V
Sp(r)  2m
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= VHartree(T)
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SE ¢
SExclp®@] _ ) (2.18)
dp(r)
Putting all together we get [19]:
h2v?
<_W + Vext (I‘) + VHartree(r) + ch(r) - 81') Wi (I’) =0 (219)

We need to remember that these equations are exact. We haven’t made any approx-
imation up to this point. We have decoupled a partial differential equation with 3N
variables to N partial differential Schrodinger-like equations of 3 variables. We need
to remember here, that neither ¢; nor v; (r) have any physical meaning. They don’t
correspond to the electronic energy levels and considering them as that could result
in misinterpretation of the calculation results.

However, this non-physical spectrum (eigen-energies and eigen-wavefunctions)
compares reasonably well with the physical one and it is often treated as a reasonable
approximation to the exact spectrum. Why these non-physical quantities turn out to
be a good approximation for the physical ones?

Quasiparticles

This can be well understood if we introduce the idea of quasiparticles. Imagine that
you have a jellium solid: that means, an homogeneous electron gas with an homoge-
neous positive background to neutralize the system. Then you add an electron to the
system at a point r. What will be the form of the potential created by this electron at a
point r'?

If the electron does not interact with the electron gas, the potential will be simply
Veoulomb = 62/(47T8())|l‘ - I'/|.

This is considered in one-electron approaches like Hartree or Hartree-Fock. How-
ever, if the electron interact with the gas, things are not so simple. Physically, this
interaction will repel other electrons on the surroundings (due to Coulomb repulsion
and due to the Pauli exclusion principle). That means that the electron will be sur-
rounded by a “lack” of negative charge (that implies a net positive charge due to the
positive background, see Fig.2.1). This is the so-called “exchange-correlation hole”
(see Sect. 2.5.1). Now the potential created by the electron will be smaller, due to this
exchange-correlation hole will screen the negative charge (see Fig.2.1). So what will
be the potential now? In simple dielectric theory, the potential is calculated using a
dielectric constant € = &,.&9. A more accurate form of the potential can be written in
a similar way:

W v, o) = / dr"s (e, 1, ) Veoutomp (€ 1) (220)
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Fig. 2.1 Schematic figure of quasiparticles. In case a, there is no interaction of e; and ey with
the surrounding electron gas. In case b, interaction between the electrons and the gas is working,
creating a charge hole around them, so the effective coulomb interaction of the quasiparticle is lower.
This allow to consider quasi-electrons as independent particles, explaining the good agreement of
using KS orbitals as quasiparticle orbitals

where e 7! (r, r”’, w) is the dielectric function. Its properties and different approxima-
tions for its calculation belong to the linear response theory in many-body physics.
An extensive discussion about it can be found in [21, 22].

So instead of working with bare electrons (and holes), that are the ones that exists
physically, we can take the electron and its positive charge cloud and treat it as a
whole. This is not an actual particle but a quasiparticle. These quasiparticles can be
considered, in good approximation, as nearly independent particles. Thatis the reason
why the one-electron picture works pretty well. That is also the reason why, although
they don’t have in principle any physical meaning, Kohn—Sham eigenfunctions are
treated as reliable eigenfunctions of the interacting system. They are the quasiparticle
eigenvalues.

Despite this quasiparticle interpretation of the DFT spectra, in order to calcu-
late the energy of the electrons at ground state we need to realize that it is not just
E=2 Z,N:/f &; (factor 2 is due to spin multiplicity). There are terms that are not
correctly included in this sum. For example, the electron-electron Hartree contribu-
tion is counted twice: in Hartree potential for atom i we include the i-j interaction
term, and in Hartree potential for atom j we include i-j interaction too. This fact is
commonly called ’double counting’. Also, the exchange and correlation energy Exc
is not correctly evaluated, because it is considered as Exc = f d3r,0 (r) Ve (r) that
is not true in general. So, the actual total energy is given by:
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2.3.2 Exchange and Correlation Functional Approximations

When we want to put DFT in practice, we find a very important problem. We don’t
know the exact form of E*¢ and V,.(r). So we need to do approximations, and our
results will no longer be exact. There are several approximations to calculate the
exchange-correlation energy (potential). The most common are:

Local Density Approximation (LDA)

It is the most simple one and it was proposed by Kohn and Sham in [19]. It relies on
the approximation that the exchange and correlation interactions are entirely local,;
that means that exchange and correlation energy at the point r only depends on the
density atr. Under this consideration, we can use the exchange-correlation energy for
an homogeneous electron gas of density p (that is not, however, a trivial calculation
[23, 24]) to calculate the E,. functional:

Evlp®)] = / Prpese(p = p©) (2.22)

where e(p = p(r)) = f(p), (the exchange-correlation energy depends only on the
density at each point).

Surprisingly this naive approximation works pretty well. However LDA has some
deficiencies that cause systematic failures when computing some properties of the
systems, such as:

e Bond lengths in LDA are systematically smaller than the ones found experimen-
tally, i.e. LDA overestimates the attraction between atoms.

e Cohesive energies in LDA are systematically bigger that the ones found experi-
mentally. This is related with the previous failure.

e It does not describe well the magnetic properties of some systems (for example
LDA predicts for the iron a paramagnetic FCC structure, instead of the ferromag-
netic BCC structure found experimentally.

e It does not describe well weak interactions (hydrogen bonds, Van der Waals inter-
actions, etc.) so it is not suitable for calculations involving water, ice, biological
molecules (proteins, DNA...), physisorbed molecules on metals, etc.

o VLDA decreases as —p!/3 for atoms and clusters, instead of —1/r. Some anions
are not stable in LDA.



28 2 Theoretical Foundation
Generalized Gradient Approximation (GGA)

This approximation corrects some of the deficiencies of the LDA, because it takes
into account not only the density at some point, but also the gradient of the density.
So the functional can be expressed as:

EGOp(n)] = / d’rp®)ex[p(r), V()] (2.23)

The exact form of the functional is found imposing several limits and scale and
normalization rules. There are two types of GGA functionals: semiempirical [25,
26] (adjusted to reproduce good results in a big variety of molecules, but fail on
non-localized systems) and non-empirical [27] (based on physical arguments, can
handle a full variety of systems).

GGA correct some of the problems of LDA but not systematically.

Reduces the error in formation energies, but not in bond length in molecules.

e It describes better hydrogen bonds.

Tend (but not systematically) to reduce the error in energies and bond length in
solids.

It stabilizes the BCC magnetic iron.

e [t still has some deficiencies: small bulk modulus in semiconductors, open gaps in
transition metal oxides, etc.

Other Functionals

There are a full variety of other functionals apart from LDA and GGA. They can
include exact exchange or second order derivatives [28], for example Meta-GGA.
There are also hybrid methods that mix exact exchange (using Hartree-Fock) with
E .. A new hybrid method is presented in this thesis (in the context of LCAO-OO)
and will be carefully explained later (see 2.7.3).

There is an special family of functionals that uses the Kohn—Sham non-physical
orbitals as an input, instead of charge density (E,. = E,.[{¢;(r)}]). For a extensive
monograph of these functionals see [29].

2.4 The FIREBALL Method

The FIREBALL method is based on the work of Sankey and Niklewski [30]. It is an ab
initio local orbital tight-binding method, using a self-consistent version [31] of the
Harris-Foulkes functional [32, 33]. It has been implemented in a DFT code called
FIREBALL [34, 35].
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Fig. 2.2 Differences in the radial part of a 3p silicon fireball, free and confined orbitals. Reprinted
from [36], Copyright (1998) with permission from Elsevier

2.4.1 Fireball Orbitals

The basis set used in the FIREBALL code are constructed using ‘fireball’ orbitals. They
are atomic-like orbitals {¢;, (r;)} (¢ = nlm) that are strictly zero beyond a certain
cut-off radius (R¢) (Fig.2.2). So the orbitals used in the code are slightly excited
(this is the reason why they are called ‘fireball’ orbitals) but they reproduce better the
shape of the orbitals inside a molecule or a lattice (due to orthonormalization they are
more confined than free atomic ones). They also have the advantage of being strictly
zero beyond Rc, so there are a finite number of interactions between the atoms in
our system (even if they are extended systems like solids or surfaces). Although all
electron calculations are possible in FIREBALL, usually calculations are carried out
using only valence electrons: separable Kleinman—Bylander pseudopotentials [14]
are used to take into account the effect of the nucleus and the core electrons.
Before any calculation is done we need to calculate the ‘fireball’ orbitals basis
set. We have several degrees of freedom that give us a lot of flexibility in this choice:

e We can choose different R¢ for each shell of each atomic species.

e We can choose a minimal basis (only (2/ 4 1) orbitals for each / quantum number
shell): an sp> basis or an sp3d> basis.

e We can choose double basis set (2(2/ + 1) orbitals for / quantum number); the
ground and the first excited wavefunction of the atomic hamiltonian (with the R¢
condition) are used. There is no need to use both wavefunctions for all /, so it is
possible to use double basis for some / and simple for the others (the use of a
sp3d>d* is common [37]).

e We can introduce an confinement potential, so the electronic tails would go
smoothly to zero.
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e We can mix ground state and excited state orbitals in order to construct an optimized
minimal basis set [38]. Or we can even use ground state and excited orbitals from
different calculations (such as ground state basis and ground state confined basis
or even basis of different atoms).

In order to know if our basis is a good one for the element (or elements) under
consideration, some tests are usually carried out: calculation of the lattice parameter
of the crystal, bulk modulus, the volume band structure (comparing it with PW-LDA
calculations [39]), surface properties, bond lengths, etc.

2.4.2 The Harris Functional

In Sect.2.3 energy has been calculated using the Kohn—Sham functional, consid-
ering the output charge density p°“!(r), obtained after the diagonalization of the
hamiltonian. Harris and Foulkes [32, 33] proved that the energy can be calculated
approximately without self-consistent process. The Harris functional is formally the
same as the Kohn—Sham functional, but using p'” (r) instead of p°“! (r). The energy
difference between the results obtained with the Kohn—Sham and the Harris function-
als scale as the second order in the difference between the input and the self-consistent
density.

EHarris — EKohn—Sham + 02(pin _ ,OSC) (2.24)

By this way we can choose an arbitrary input density to do our calculations. In
FIREBALL, for computational convenience it has the form:

P () =D nitlia(r — Ry (2.25)

With this form of the input density, and the fact that the orbitals are confined, the
hamiltonian matrix elements involve (at most) three center interactions (on the form
(p(r —R)IV(r—R;)[¢p(r — Ry))) and can be tabulated for several distances and
angles [30] and interpolated for the distances and angles of our calculations. That
means that no matrix elements’ integral calculations are made during the simulations.
That is one of the reasons why FIREBALL is so fast.

This combination of fireball orbitals and Harris functional works well in dimers
and some solids but it fails in surfaces or in systems with big charge transfer between
the atoms. In reference [31] a self-consistent version of the Harris functional is
presented. In order to maintain the form of the input density in (2.25) to tabulate the
interactions, an output n%*’ are defined as:

ia

occ.

=" |(Wulpia) (2.26)
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where v, are the hamiltonian eigenvalues and ¢;, are the Lowdin orbitals [40].
These orbitals form an orthonormal basis set (the basis set of fireball orbitals is not
orthonormal), that is the most similar to the fireball one [41]. These orbitals are
calculated via:

Gia = D (S D jppjp: where (Siajp = (Gialdjp)  (227)
B

The (S~'/?) matrix can be calculated by diagonalizing S and then taking the square
root of the main diagonal elements [6]. So, we can calculate the n;, numbers in a self
consistent way ”;Z = nf’&” . These n;, can be seen as the occupation numbers of the
orbitals of our system, linking this approach to the LCAO-OO method, explained in
Sect.2.5.

We need to say here that the use of n

actual output density has the form:

out

oy has an implicit approximation, due to the

occ.
P (r) = > nl ot 0ip where nf =" (Ynlgia)(@iplvm)  (2.28)
ia,jp n

and taking into account only n{"" means that we are considering that the non diagonal
elements (n;.’a“;ﬁ; JjB # i) are zero, that in general is not true. Moreover, note that
in Eq.2.28 the wavefunctions are the Léwdin ¢ instead of the non-diagonal ¢ that
we use in (2.25). This is another approximation, motivated by the fact that ¢ are the
orthonormal wavefunctions more similar to ¢. Other choices for nf’&” are available,
but this is the one that gives better results.

In practice, for a calculation in FIREBALL there are always three steps. In the first
step we calculate the atomic orbitals of the elements that are present at our system.
In the second step we calculate and tabulate the two and three center integrals for
different hamiltonian matrix elements. In the third step we use the tabulated elements
to construct and diagonalize our hamiltonian until we find self-consistent occupation
numbers. Then we calculate the energy using the Harris functional and the forces
suffered by each atom, that allows us to do molecular dynamics (MD).

2.4.3 Exchange and Correlation

We want to tabulate the exchange-correlation potential as we have done for the
Hartree and kinetic energy term. The problem is that this potential is not linear in the
density (so if the density has the form p = >"; p;, the potential cannot be written in
the form V*“(p) = >°; V;*“(p;)). Some approximations are done in order to tabulate
these interactions. Although LDA and GGA exchange-correlation functionals can be
implemented in these approximations, only LDA is available for all approximations
at the present version of the code.
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The first one, Sankey-Niklewski (SN) approximation [30], is based on a Taylor
expansion of exchange-correlation energy and potential. This approximation has
been improved adding terms beyond first order Taylor expansion [42, 43].

Sankey-Niklewski

We want to calculate the matrix elements (¢iq|Exc|®ia), (GialVicl@jp). In the
Sankey—Niklewski approximation we just perform a Taylor expansion around an
average density p;q jg-

dEyc _
(Bia| ExclPic) = Exc(Pig,ia) + W(pia,ia)“(f’iam@ia) — Piajia) (2.29)

_ dVye _ _
(Dial Vacl@jp) = Vic(Dia, jp) Siajp + ﬁ(ma,m)((fﬁialplfbm) — Pia. jpSie.jp)
(2.30)
In this approximation, the average density is defined as:

5 = (DialplPjp) _ Piajp
I Gialbip) Sias

2.31)

Choosing p;, g this way, the second term of the Taylor expansion (that depends
on d?E,, /d,oz) is identically zero, and the third term is minimized. Physically it
means that the effective density is calculated using importance sampling, because
the density is weighted more where the bond charge is high.

However this average density lacks for some deficiencies. First of all, it is not
defined when the overlap is zero. Moreover, there is no reason why p;q, jg and Sy, jg
need to have the same sign, giving unphysical p;, jg < 0. New methods, that correct
these deficiencies (that are fatal for transition metals) are needed. We will describe
them in the next paragraphs.

Horsfield

An attempt to improve the deficiencies of SN approximation was made by Horsfield
[42]. It calculate exchange and correlation using a multi center expansion of density
(an idea that will be used in McWEDA also). Different expansions will be made in
(¢ia|Vxcl@jg) depending whether i = j or not.

(d’ia ‘ Vielp] \(Pzﬂ) =~ <¢la I Vx(:[ﬂi]ld’iﬁ) + Z <¢1a I Vielpi + pj] — Vielpil |¢1ﬂ> (on-site term)
2
! (2.32)
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(Dia|Viclpllpjg) = (Dia|Vicloi + pjlldjs)

+ D (ialVaclpi + pj + pr] = Vaclpi + pjligjp)  (off-site term: i 5 j)
ki, j
(2.33)

These integrals can be stored in data tables, just like in the SN approach. Although
this approximation is good in many cases, the on-site terms (i = j) are not accurate
enough for some systems (such as transition metals) and an additional term must be
included:

(ial (Vaclol = Veelpil = 3 Vacloi + 1 = Vclol) o) (2:34)
J#

Unfortunately these integrals cannot be stored in data tables. Moreover, most of the
computational time is spent in calculation of exchange-correlation terms, reducing
the efficiency.

McWEDA

A more sophisticated way to improve the SN approximation is the Multi-center
Weighted Exchange-correlation Density Approximation (McWEDA), developed by
Jelinek and coworkers [43]. This method has been used for all the systems studied
in this thesis.

First of all, a new average density is used, using the weighting functions wj
associated with the wavefunctions ¢;, defined this way:

Onim = Rui (r)Tlm (£2)
Wat = | Ryt (MY (£2) (2.35)

so the average density is now:

(Wiglplwjg)

2.36
(Wigwjp) (2:30)

ﬁia,jﬂ =
that does not have the deficiencies of definition (2.31).

We can define a Generalized SN (GSN) approximation where this new p;, jg
is used in the same scheme. However we can go beyond GSN approximation,
using the one center matrix element (@i |Exc[0i]l9jg) ((Dia|Viclpilldjp)) where
pi =2, nﬁg |ie (r —R;)|2. This element will be the most important term in the total
exchange-correlation matrix elements so we can write the total exchange-correlation
potential as (@i« | Vyc[0ill¢jp) plus a correction.
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<¢ia|Exc[p]|¢iﬂ> = <¢ia|Exc[pi]|¢i,3> + (<¢ia|Exc[,0]|¢i,3> - <¢ia|Exc[pi]|¢iﬂ))
2.37)

(Dia|Vxelpll®jp) = (Bial Vaclpilldjg)+Udial Viclpll® jp)—(Bial Vacloillpjp)) if i=j
(2.38)

(¢ia|vxc[p]|¢jﬂ> = (¢ia|vxc[pi + pj]|¢j/3)

+ (@ia| Vaclpllpjg) — (BialVicloi + pjll@jp)) if i # )
(2.39)

From now on we will consider only the potential term (the same ideas hold for the
energy one). We will explain now the i = j case (on-site term). (¢iq|Viclpill@ig) is
a one-center integral and can be very easily calculated and tabulated. The correction
part (the term between parentheses) is calculated using the GSN approximation (due
to this term is a correction of the main one, the GSN correction should be good
enough). So the on-site term is written in McWEDA approximation as:

(Bia|Vaclpllgip) = (Bial Vecloillpip) + VieBia.ip) Sic.ip + VieBia.ip) (Pia|pldip)
— DiaipSiaip) = Ve Blg.ip)Sicip = VieBry.ip) (dialpildip)
~ Dia,ipSicip) (2.40)
where ﬁfa’jﬁ = (wig|pilw;g)/{wie|w;g). In the off-site case (i # j) the evaluation
of correction part is also done in the GSN approximation so:
<¢ia|vxc[p]|¢jﬂ> = (Pia| Viclpi + pj]|¢jﬂ> + ch(ﬁia,jﬂ)sia,jﬂ
+ V. Bia, i) (@ic|P1#8) = Pia, jpSia.jp) — ch(ﬁﬁf,,jﬂ)sm,m
— Vi@ ) (ialoi + pilbis) — Dih 15 Siaip) (2.41)
where ﬁ%[,jﬂ = (wialpi + pjlw;p)/(wia|lw;p). Recently McWEDA approximation
has been improved [44], introducing the effect of charge transfer in (¢;q | Vxc[0i1l¢ig)
and (@jq | Viclpi + pjll¢jp), where p; and p; in practice were considered the neutral

density (that makes the atom electrically neutral) instead of the selfconsistent ones. A
Taylor expansion is performed around the neutral density ,oio and ,o?, and we obtain:

0 dVic o 0
(Dic| Viclpillpip) = (bial Viclo; llpig) + dp Lo; Uialpi — o |pip)
0, 0 dVie 0, o
(Dia|Vxclpi + pjllPjs) = (Dial Viclpi + pj1l0jp) + 2 lo; + pj]

(bialoi — o) + pj — PY1bjp) (2.42)
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This has corrected some deficiencies in the energy using extended basis sets, but
work on this direction is still in progress. In this thesis there is also some progress in
extending McWEDA to the local spin density approximation (LSDA), see Appendix
C for details.

2.4.4 Molecular Dynamics and Structure Relaxation

FIREBALL can calculate the energy and the atomic forces acting on our system, so it
can be employed as a MD code. Moreover, because of the storage of integrals in data
tables make the code very fast, MD simulations can be performed in a reasonable

amount of time.
The forces can be calculated as the derivative of the total energy given by the
Harris functional:

occe

Eior 9 ) (1 ZjZkr 1 / 33 Pin(®)pin (X))
F, =— =——02 i)— —— | = —_— — < d’rd —_—
i IR, oR; ¢ lZm IR, (2%11]»—11,4 N A e~

dEps _ (Eion—ion — Eee) _ 3(8Uxc)
R, R, R,
(2.43)

d
— o (B[] / e pin(®)Veelpin(0)]) = —
1

A variation of the Hellman-Feynman theorem [45-47] is used to compute the
band structure force. This way, the derivatives with respect to the atomic positions
of the matrix elements aaT,-(i o|H|jB) can be easily calculated using the tabulated
interactions and taking the derivative of the interpolation polynomials.

Using forces, not only we can do MD, but also we can relax the systems and find
the minimum energy positions of the atoms. There are two main ways of calculating
them in FIREBALL: dynamical quenching and conjugate gradients.

Dynamical Quenching

This is a pure MD method for relaxing atomic positions of our system. It is based on
energy conservation. When the nuclei are in a minimum of potential energy they have
a maximum of kinetic energy. So, if we calculate the kinetic energy of the system
we can use it to know when we are in a potential energy minimum.

The mechanism of dynamical quenching is the following one: we have some
initial guess of the atomic positions of our system. Then we do MD, taking care
of the kinetic energy of the nuclei. Usually it increases (that means that the atomic
positions are moving towards a potential energy minimum), but when we find a MD
step where the kinetic energy is smaller than the previous one; then potential energy
has increased, that means that we have passed through a potential energy minimum.
If we don’t do anything, the system will go by, or at best, it will begin to oscillate
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around the energy minimum. In order to avoid that, a quenching is done, that means
that all atomic positions are frozen. In the following MD step, we allow the atoms
to move, and the kinetic energy begin to increase again, when it begins to decrease,
we freeze the atoms again, and then allow to move again, and then freeze, and so
on. When the forces (and the difference of potential energy between one step and
the previous one) are lower than a tolerance value, we consider that the system is
relaxed.

There is a more sophisticated variant of dynamical quenching. It consist on com-
paring the sign of the components of the velocity of each atom (v; x, v; y, v ;) and
the analog components of the forces (F; «, Fj y, F; ;). If they are different, the com-
ponent of this atom is frozen (that means that the velocity component is set to zero).
By this way, we gain specificness. Instead of frozen all atoms at a time, we can freeze
only the velocity atom components that are moving each atom away from the energy
minimum.

Conjugate Gradients

This method is not so based on physical arguments, but in functional analysis of
several variables. We should consider the energy E as a function of several variables
(that can be treated as a vector X) E = E(X). In our case, the variables will be the
atomic positions (X = {R,}). If we want to reach a minimum, we want to go through
the fastest direction (i. e. the direction where the function varies more quickly). This
direction is given by the gradient. If the initial positions of the system are given by

X = X then:
- (3—E) — (Fo) (2.44)
8= x X=x, '

So, the gradient can be calculated using the forces given by FIREBALL. The
subindex 1 means that is the first iteration. Now that we know the direction we
want to move, we want to find the minimum along this direction. The equation of
the line along this direction is:

Xo =X +b1g (2.45)

Calculating the energy for several values of X5 (b1) we can interpolate the minimum
position.

Now that we have X;, we can calculate the gradient g, and find the minimum
of X3 = X5 + bag, and get X3, g3 and continue until we get the minimum of our
system.

The problem of this method is that each line is orthogonal to the line of the
previous step, so we will need a lot of steps to find the minimum. We can use
conjugate gradients. In this case the new direction is not orthogonal to the previous
one, but a direction given by a linear combination of the old and new gradient. This
way there will not be sudden changes of direction, and each step will have some
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‘memory’ of the previous steps. A more in depth discussion of conjugate gradients
can be found on [48, 49].

This technique has the advantage of being really fast to relax the system. However,
it has two handicaps. The first one is that, by construction, it will find the local
minimum of our system closer to the original atomic positions, even if a more deeper
minimum (or even the absolute one) is also close to the original atomic positions.
However, the dynamical quenching explores better the phase space of the system and
is able to find deeper minima.

The other problem is that due to the inherent approximations in FIREBALL, the
minimum of the forces and of the energy sometimes does not coincide (but the
difference is very small for the systems studied in this work). So sometimes, the
gradient of the energy does not point to the energy minimum, and the program can
go crazy because internal checks of the code. That is the reason why, we have used
dynamical quenching in this thesis.

2.5 LCAO-OO Method

The Linear Combination of Atomic Orbitals - Orbital Occupancies (LCAO-OO)
method is a variation of DFT based on second quantization Hubbard-like hamiltoni-
ans (see appendix A, B and [50]) that relies on the orbital occupancies n;, instead
of the charge density [51-53]. It is extensively analyzed in [52], including the proof
of Hohenberg—Kohn theorem in terms of orbital occupancies. It combines the sim-
plicity of DFT-like techniques with the power of a second quantized hamiltonian. By
this way, sophisticated exchange-correlation functionals, or many-body calculations
can be made in a intuitive way.
Equation2.2 can be written in second quantization and atomic units as:

ﬁ = Z (eio + Vi{'mp)ﬁw + Z (t’/ + V vp)clarCJU + Z Ollli Al'a A]'U/Ck(’,cl“

i,j#i,0 ijkl,oo’
(2.46)
where V‘" * is the pseudopotential of the core electrons and the nuclei and:
= /d3r¢>*(r) —le + Z _La #i(r)
! 2 — Ry — 1| )"
tj i 2 - |R(x — | J
. 1
O = / rd’r' ¢ (r)¢% (') b (') (r) (2.47)
r —r'|

This is the complete many-body hamiltonian of the system. The first two parts cor-
respond to one-electron terms while the last one contains the many-body terms of
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the system. We can rewrite the hamiltonian in a more physically meaningful manner,
and retain only important terms. The hamiltonian is written now as:

H= z (io +V, ia, m)nlao + Z (ia g TV ia ]ﬂ)claoclﬁ(’+

iao iao,if
ia#ip
1 o A 1 X A A
+ 5 Z Uia,iﬁniomniﬂcr/ ) Z Uja’iﬂniaaniﬂa‘f'
iao,ifo’ iao,if
iao#ipa’ ia#ip
! A 1 PO
+ 3 Z Jia, jplliacN jpo’ — 3 Z J;;,jﬂniaanjﬂﬂ
iao,jpo’ iao, jp
i#j i#j
oA NI
+ Z iy iajpltkyo'CiqoCipo — Z ey, mm"kyﬂcmocjﬂﬂ
iaa.jﬂ,kya’ iq?,?]&ﬂ_ﬁy
iaFjp ia#j
kya’#iaa JjBo ky#ia, jp
ia, jﬂ T AT
+ 2 Z Oly ks Ciao Jﬁg/ckycr’cléa (2.48)
iao, jo
kyo'lso’
all different

where the Latin indexes run in all the atoms of the system, and the Greek ones in
the orbitals of each atom, and

1
3.3 2
Uia,ip Z/d rd’r r—r /|
fip :/d3 rd v ¢, (1) (')
3.3 2
Jia, jp =/d rd’r’ |l’—l‘/|

g = / drd’r' ¢}, (D)7, (1)

/)|2

| |¢l0[(r )ig (r)

| |¢za( )¢/ﬂ(r)

i = / AR Yy (P 7, (356

by iajp = / d’r d3r/¢ky(r>¢,a<r) -8 () iy (1) (2.49)

Despite of the formidable form of this hamiltonian, we can give an easy physical
interpretation to all of this terms, taking into account the form of the integrals in (2.49).
Jia,jp (Uiq,ipg) is just the electrostatic interaction of the charge cloud in orbital o of
atom i with the cloud in orbital 8 of atom j (i). Note that Uy ;4 is the interaction
of two electrons in the same orbital with spin up and down (that is usually not well
considered in DFT). The term Ay, ;o js takes into account how the hopping between
i and jB varies due to the interaction with an electron placed in ky . Finally, the last
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0;3,?5 term takes into account the effect on the hopping between iao and /8o due
to a transition of an electron going from ky o’ to jBo’

For further discussion we are going to ignore terms of order greater than two
(h,(j;)’m i Oll;f,ff ) and the exchange terms (U}, ;5. Jjt, ), since they are not critical
neither for theoretical nor for numerical reasons. This way we will be able to see the
main physics of this model avoiding large formulas that obscure what we are really

doing. For calculations taking into account all the terms see [52, 54].

2.5.1 Local Density LCAO-0OO

We can make a local density (LD) approach to our LCAO-OO hamiltonian. We
only need to write the energy of the system in terms of the occupation numbers
Nigo: E = E[{niqs}]. We can split this functional in one-electron and many body
terms E = E[{nias}] = E°E[{niwo}] + EMB[{n;40}]. Then, using a variation
of the Kohn—Sham theorem [51, 52, 55] we can introduce the following effective
hamiltonian.

HY =3 (iao + Viehy + Vithias + D (tiajp + Vi 9)el o
ivo ia, jf#iac
(2.50)
where

yMB _ %

o

(2.51)

MNigo

Hartree and Exchange Functionals

The problem now is to find a many-body energy functional that depends on orbital
occupancies E MB[{n;061] instead of charge density. The case of the Hartree term
can be easily derived just noting that the charge density can be written in function
of occupation numbers p(r) = 3., 155 Niao, joBi, (DB (T), Where nigo, jpo =

(6: v Cjpo)» and that the Hartree energy is given by:

l /
Ey=- / Prady POPT) (2.52)
2 r—1'|

Introducing the density in terms of the occupation numbers we get:
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1
ia, jB o
Z Oky 18 Niao, jBokyo’ 180’ = 5 Z Uiut‘iﬁniotoniﬂa’

iao,jp iao,ifo’
kyo' 1§ iao #ifo’
1
+ 3 Z Jia,jphiac jpo’ (2.53)
iao, jB,o’
i#j
2

and the exchange energy can be written as

ia,jB o 1
= -z Z Oky 18 Niao, 180 Nkyo, jfo = _E Z Uia,iﬁniaa,iﬂaniﬁa,iaa

iao, jB iao,if
kyo,ls a#p
1
- z E ]ia,jﬁniao,jﬁonjﬁo,iao (2.54)
iao, jp
i#]

we need to note here that this is the exact exchange (considering U, ;5 = Jji, 15 =

Niyiajp = hjﬁy’ iwjp = 0), not the LD exchange approximation (the functional (2.54)
does not depend on {n;4s} but on {n;4s, jgs}). In order to get a LD-like exchange
approximation we use the following sum rule:

Zniao,jﬁonjﬁo,iaa = Njao
JB
Z Niao, jBo N jBoicc = Nigo (1 = Nigo) (2.55)
JB#ia

Using the sum rule (2.55) we can write the exchange energy as:

I e
Exlniao)l = =5 D T4 7 niuo (1 = niao) (2.56)

ivo

where the effective interaction J, 0{ (f can be calculated as:

> 1" Jia. jpiao.jpo > + X posq UiaipMiao.ips |
A

Jeff —

iaoc —

(2.57)
z J£ |niaa,j/30|2 + Zﬂ;ﬁa |niaa,iﬁo |2
J#i

The physical meaning of this equation is very simple: is just the interaction between
the electron density at site i n;4. , and its exchange hole (1 —n;4 ) (see the discussion
about quasiparticles in Sect.2.3.1 for the physical origin of this hole).

This form of the exchange energy depends explicitly on the occupation numbers,
and can be used as an LD exchange energy. Later in this text (see Sect.2.7.3) we

2 See, for example, [56], Sect.4.7.
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discuss how to use this result to create local orbital hybrid functionals within the
FIREBALL code.

Correlation Functional

We can assume correlation effects modify the exchange hole in such a way that it is
not localized outside the orbital ico, but a fraction fiys (0 < fige < 1) of the hole
is transferred back to the site iawo. This fiq. is related to the fact that Hartree-Fock
approximation (exact exchange and no correlation) does not take into account the
screening of the potential (see Sect.2.3.1). Correlation energy can thus be written as:

1
Ec = —5 Z fiaa(Uia,ia - J;{Z)niaa(l — Rigo) (2.58)
iao
so the exchange-correlation functional reads as:
1 o
Exclinias}tl = 3 Z JiaoUia,iaMiao (1 — Njgo) — Z (1- fiaa)‘,;i{niaa(l — Njgo)

ico ico

(2.59)

We have now all the terms of the many-body functional, and can write the effective
hamiltonian (2.50) as:

HY =" (iao + Vi, + VI + Vi diiao + D, (tiajp + Vin e)elnipo

iao io, jBia
(2.60)
where
V-H o 0Ey[{nigs}]
ico T 8”1'010
oF ]
ngg‘ _ xcl{niao}] (2.61)
MNjgo
and the ground state energy:
occupied
E= > &+ Eulltiac 1+ Excl{niao}] = D (Vill, + Vi Yino
n iao
occupied
= Z en — Egl{niac}] + Exc[{nias}] — Z V;&%’,’\liaa (2.62)
n iao
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Fig. 2.3 Scheme of a system System 1
partitioned in order to calcu-

late the electrical conductance bid)
from 1 to 2

System 2

2.6 Calculation of Transport Properties

In this thesis we have analyzed the transport properties of molecular electronic
devices at the nanoscale (see Sect.4.3). A brief introduction to the theory used to
calculate these properties will be given in this section.

2.6.1 Current Equation

From a theoretical point of view, let’s start with a system that can be divided in
two interacting subsystems like the one shown in Fig. 2.3 (this can be the case of an
STM, where the tip and sample are the respective subsystems). The Hamiltonian can
be written in second quantization as:

ﬁ:ﬁl +I"'I\2+ﬁ1’2 (2.63)

where

H = ZEiﬁi + tij(éj-éj + 5;51')
ij
I:I\Z = Zgaﬁo{ + taﬁ(égéﬁ + 62;6(1)
ap
Hio =7 tia(&a+&jé) (2.64)
io
(Latin indexes run over the orbitals in system 1 and Greek ones over orbitals in
system 2).

Now consider that we apply an external potential V' to one of the electrodes. Now
an irreversible current will flow from one system to the other. In order to calculate the
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current through the system we will need non-equilibrium techniques. We are going
to use Keldysh formalism, that is explained in appendix Sect. A.2.4, to get the current
through the system. The interaction hamiltonian H 1,2 will be treated as a perturbation
of Hy = Hy + Hj + external potential. One may think that is more “physical” to
consider the perturbation as the external potential, but calculations from this point
of view will be more complex, and no current will flow neither there is not external
potential nor interaction between subsystems.

When we add the perturbation ﬁl,z, we can calculate the current that appears
using the Keldysh formalism. First of all, we are going to deduce the form of the
current operator 7 in second quantization. A good guess is that it will be proportional
to a product of an operator that creates one electron in subsystem 2 and annihilates
it on subsystem 1, that is fl;i ' 6;6,-. We need to consider inverse current from
subsystem 2 to 1, so the form of the current operator in second quantization will be:

Jai = im Aqi&l(t + )& (1) = Aial] (1 + T2 (1) (2.65)
T—
In order to know the value of A;, we will use the continuity equation:

00ii ~ A o A . At A

- = Z Tt whete pij = & (DGt = lim &/t +0)&(1)  (2.66)
on the other hand, making use of the equation of motion of the operator p;; (Eq. A.10)
we can find that:

3 pii A . . . . R
a—t” = —i/hlpii, H] = lim Z —i [Tt (t + 1) (1) — 11 (F + T)E4 (1))

(2.67)

So comparing equations (2.65) and (2.67), we deduce that A,; = —ity;/h. Now,

in order to know the value of the current from system 1 to system 2 at the ground (non-
equilibrium) perturbed state | Vo ) we need to calculate the following sandwich:

1) = e D" (Yo, Jui %o, 1)
i
= e lim > —i/hlta; (Yo, 118}t + D& O Y0.1) — tia{ V0,11 (1 + 1) (D) Wo,1))
ia
=eli tiGT (G, t+1,0,1) — ;g G (a1 41,0, t
etﬂ)zm (i,t+71,0,t) —tiy (o, t +7,i,1)
119

= lim T[T G, (t +1,0) — G3, (t + 1, 0)T12] (2.68)
T—>

where we have used the matrix form of the Green-Keldysh function (see
Appendix A.2.4).
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2.6.2 Stationary Current

Usually we are interested in the stationary regime. In that case, G™~ only depends
on time difference t so we can work with the Fourier transform:

0 o0
1 , 1
lim Gt~ (i, a, 1) = — lim /dEG+—(i,a, E)e'Et/h — — / G (i,a, E)dE
7—0 h =0 h
— 0 —00

(2.69)
If we rewrite (2.68) in the energy space, and we consider that there is no spin
dependence on the hamiltonian we can just add a factor 2 and we get [57]:

o0
2
= 76 / dETHTy Gy (E) — G (E)Ta] (2.70)
—00

In our case, we are interested in rewrite (2.70) as a function of the unperturbed green
functions of the subsystems (G(l),2)‘ Using Dyson equation (A.48) it can be done
easily getting [58, 59]:

47 e?
] =

/ dETI[P 22 (E)D, (E)T21 P11 (E — eV)DY(E — eV)Ti2](fiI(E — eV) — f2(E))

—00

(2.71)
where

1 1
P2 (E) = —;1m[G3~;(E)], pLI(E —eV) = —;Im[G?’I’(E —eV)]

DS, (E — eV) = [1 = TGy (E)To G (E — eV)]™!
5o (E) = [1— Ty GV (E — eV)T12GYy (E)] ™!

E —eV E
fiI(E—eV)=1/ (exp( ipT )+1), h(E)=1/ (exp(kB—T)+1)
(2.72)

We remember here that the voltage was included in the unperturbed subsystems; as
it is shown explicitly in (2.71).

The denominators 5, (E) and D{, (E — eV') can be seen as renormalizators of
the hopping matrices: T’lz = ]D)‘I‘I(E — eV)To, and they take into account the
backscattering that tends to saturate the current. This interpretation is clear if we
make the series expansion of the denominator:

/12 =D{, T2 = T2 + T12G5,T21G{; T12 + ... (2.73)
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Fig. 2.4 Scheme of a system Electrode 1
divided in three parts in order

to calculate the electrical IS
conductance from 1 to 2
(Color figure online)

Electrode 2

However, in this work we are interested on differential conductance g = dI1/dV,
in particular when V' — 0. We will consider the electronic temperature as zero (that
is a good approximation in metals at room temperature). Using (2.71) we get for that
particular case.

dl 4y e? ) /
&= \av ~ Tr[p22(EF)TH P11(EF)T,] (2.74)
V-0

This conductance can be interpreted as a coherent sum of conductance channels.
The analogy with Landauer formalism, based on conductance channels [60] is clear
if we write (2.74) in the form

47 e? r
Tr[tt™] (2.75)

g:

where t = 27 p i{z(E F)T’l2 p;éz(E r) is the transmission matrix of the system. In
order to know the character of different channel and the contribution of orbitals to
that channel we can just diagonalize tt+.

2.6.3 Conductance with Two Electrodes

However, for some systems (like a Cgp molecule between two gold tips, studied
in Sect.4.3), it is more natural to divide the system in three subsystems instead of
only two. This option, that was not available in the standard conductance module of
FIREBALL has been implemented during this thesis. In Fig. 2.4 we can see the division
of such that system.
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In that case we can use previous results, if we consider the system (o + 2) as
the previous system 2. In order to do that, we need first to calculate p and G of the
(o + 2) system. The density of states (DOS) is [20]:

0 ,0 0 ,0
paot = GgaTM fl)22’]1‘201(@30(

(2.76)

with (2.76) and (2.74) and taking into account that ']I‘/12 =[I- leGg’za']I‘mG?’la]*‘
x Tip = Tiall — Goy' Ty G Tia] ™! we get:

472

g= Tr[Te1 09, Tigll — GLOT o1 G T 117! 92, [T — To1 G4OT 1, GO

(2.77)
and realizing that

Ghy = [1— GLITa1 G T1al ' Gl = (G ™' = Tt G} Tia] ™ (278)
we can rewrite (2.77) as:

472

g= Tr[To1 09, T14GLy Taz P, T2 GE ] (2.79)

Let’s see the physics of this equation. First of all, if we define Efj& = Ty p?i Tiq
we get:

dme’ S £

g = TTr[EwGW XaCool (2.80)

that is just the Fisher-Lee equation for the electrical conductance [61]. We can also

define a effective hopping T, = T14,G},, Ta2, and introduce it in (2.79). Using the

cyclic property of the trace we recover (2.74). Finally, we can connect this with the

Landauer formalism [60] defining:

12 12 12 12
t =27 0 11°T) 023° = 27 011’ T1a Gl Taz 03)

(2.81)

We have checked that the conductance does not depend too much on the division
of the system (in two or three) as it should be, because the physical conductance
should not depend on how we calculate it.

2.7 Corrections of DFT Deficiencies

Although DFT in its LDA and GGA approximation is usually reliable enough for
most applications, its well known failures make its application meaningless for some
systems unless we correct these problems. Here we have focused in metal/organic
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interfaces; so the significant deficiencies of DFT-LDA (and GGA) we have to over-
come are the absence of Van der Waals (vdW) interaction in these functionals and
the underestimation of the gap (the last one is a failure of DFT itself, because it is
only a ground state theory). In this section we are going to describe the techniques
developed in this thesis to deal with these deficiencies.

2.7.1 Weak Chemical and Van der Waals Interaction

Here we adapt the discussion about long-range forces in [62] (Copyright 2011 Amer-
ican Institute of Physics).

Weakly interacting systems, such as some metal/organic interfaces like ben-
zene/Au(111) and TTF/Au(111), cannot be characterized accurately in a standard
DFT formalism. The reason is that the vdW interaction is nonlocal and long-range,
while exchange-correlation functionals in standard DFT methods are (semi)local and
short range, with a typical exponential decay (as stated in Sect.2.3.2). Due to the
importance of this interaction (not only for interfaces but also for carbon nanotubes
or biological systems, for instance), a lot of effort has been directed in recent years to
develop a practical DFT approach that properly takes into account vdW interactions
for these systems (see, e.g. references [63—68]).

In order to accurately determine the vdW interaction between two subsystems (the
metal and the adsorbed molecules, in our thesis) we have used here an extension of
the LCAO-S%4vdW formalism, previously developed for noble gases and graphitic
materials [69—71]. We consider that the exchange and correlation is correctly taken
into account within each subsystem (metal and organic molecule) but the LDA-like
exchange and correlation between subsystems is not well considered, so we take it
away, and introduce later with a better approximation. That means, in a first step we
consider:

ch[pM + :00] = ch[pM] + ch[PO] (2.82)

where pys and po are the electron density of the metal and organic molecule respec-
tively. So we define an electron density for each subsystem and approximate the LDA
exchange-correlation energy as the sum of the exchange-correlation energies for the
different subsystems. This can be done easily within McWEDA scheme.

After that we introduce the exchange correlation between subsystems in a way
that takes into account the dispersive forces. In order to reproduce Van der Waals
energy we have used the following simple but correct atom-atom form:

Eyaw (R) = — fp(R)Cs/R® (2.83)

where R is the distance between atoms, and the factor fp(R) eliminates the vdW
contribution for short distances [65, 66, 72]. We are going to use two different
damping factors common in literature. The first one has the form fp(R) = 1 —
exp(—ot(R/Rc)S) [65], where R, is the sum of covalent radii and @ = 7.5 x 1074 is
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Table 2.1 LDA and exact gaps for organic molecules studied in this thesis and some inorganic
semiconductors

Gap/molecule Benzene Ceo TTF PTCDA Si Ge
LDA gap 4.7 1.6 2.6 1.6 0.55 0
Exact 10.39 4.95 6.3 4.7 1.17 0.74

chosen to reproduce the ¢ lattice constant of graphite. The second one has the form
fp(R) = 1/(1 +exp(—d(R/Ryaw) — 1)) [66] where d = 20 and R,4w is the sum
of Van der Waals radii of the elements under consideration [66]. A similar approach
although with different radii can be found in [72]. The choice of the damping factor
fp(R) changes less than 0.2 A the value of the adsorption distance of molecules [62,
73]. However the adsorption energy is clearly affected (changes of around 100 %
are found). But as we are interested in electronic structure properties in this thesis
(where only distance between both subsystems is important) and as we have used
simple basis for our calculations (so adsorption energies are not very reliable), we
consider that this method has a good balance between accuracy and computational
cost for our needs.

2.7.2 Underestimation of the Gap

The obtention of an accurate semiconductor gap is critical to understand the
metal/organic interfaces as will be shown in Chap. 3. As stated before, DFT is unable
to give a correct gap, even if we know the exact exchange-correlation functional,
because it is a ground state theory. However, in systems where electrons are not
strongly correlated, the quasiparticle image is still valid and we can consider that the
distance between the eigenvalue of the highest occupied molecular orbital (HOMO)
and the eigenvalue of the lowest unoccupied molecular orbital (LUMO) are a first
approximation for the real transport gap.

Unfortunately, this approximation is not good even for systems with low corre-
lation. In Table 2.1 we can see the difference between the LDA gaps and the experi-
mental ones. In molecules, the transport gap is considered as the difference between
ionization (/ E) and affinity (A) energies Eg, = [ E — A for the experimental case
andas E; = eLymo — €nomo for LDA.

Table 2.1 shows that the difference between LDA and experimental gap can be
more than 100 % (and even predict that some well known semiconductors are metals).
The main reason for this underestimation is the fact that this naive approximation
does not take into account the SIC, due to the interaction of the new electron (hole) in
the LUMO (HOMO) and the pre-existing charge (Fig.2.5). In the next subsection we
present some corrections developed during this thesis. They rely on a parameter (8 in
hybrid functionals, U in scissor operator) that cannot be calculated in a straightfor-
ward manner. Moreover, in metal/organic interfaces there is an additional effect that
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Fig. 2.5 Up Scheme of the different effects that determine the actual gap of an organic molecule
over a surface. The LDA gap gives an underestimated and surface distance independent gap. At large
distances, SIC opens the gap and gives the measured gas phase gap. However, when the molecule
approaches to a metallic surface, the effect of the image potential tends to reduce the organic gap.
Down Dependence of the benzene gap with distance when it is approaching different surfaces.
Reprinted from [74] Copyright (2009) by the American Physical Society (Color figure online)

does not appear in bulk semiconductors or gas phase molecules: the image potential.
This can be understood classically considering that the introduction of a charge in
a molecule over a metal (creating an ion) will have, as a response, an image charge
inside the metal in order to get a constant potential in the metal surface, disturbing
the molecular spectra (Fig.2.5). In Chaps. 3 and 4, we will show an easy but reliable
way to calculate the gap taking into account these effects, and then getting a value
for these unknown parameters (8 and U).
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2.7.3 Hybrid HF-LDA Functional

In this thesis we have developed and introduced in FIREBALL an hybrid HF-LDA
functional (see Sect.5.6 and [75] for a practical use of it) based on the LCAO-OO
approach. Hybrid functionals have been mentioned at the end of Sect.2.3.2, but here
we present a large discussion.

Standard hybrid hamiltonians are based on the adiabatic connection [76, 77].
The derivation of these kind of functionals is based on “turning on” adiabatically
the electron-electron interaction. Let’s consider the following many-electron hamil-
tonian: I R

H, =T+ Vext,k + AVee (284)

where 0 < A < 1and Vex, 3 18 an external potentlal that depends on A. When r=1
we obtain the physwal system, so Vm 1= an Forevery 0 < A < 1, HA gives the
exact ground state electronic density of the physical system (but not the exact physical
wave function). If we denote |, ) as the normalized antisymmetric wavefunction that
minimizes the expectation value of T +AV,e, the exchange-correlation energy of the
physical system is given by:

1

Exc[p(r)] = / Excplp(r)ldr where Exc ) [p(0)] = (YalVeel ) — Enlp(r)]
0
(2.85)
Becke [78] considered that integral (2.85) can be calculated using trapezoidal
rule, and he took the following energies for the edge points: The HF exact exchange
energy when A = 0 and the LDA exchange correlation energy when A = 1. Soin a
first approximation:
Exc ~ 1 Eexact 4= 1 ELDA (2.86)
2 2
Better results can be obtained if we consider other values of the fraction of HF
exchange and LDA exchange-correlation. By the mean value theorem, there exists a
value g that makes the following equation exact:

Exc = BES + (1 — BYEYC! (2.87)

Our approach, although leads to very similar results is based on a different assump-
tion. In the LCAO-OO method, the local density-like E4”[{n;qa0}] and exact-like

E¥F[{niqo, jpo } form of the exchange functional are the same, as long as J; ef / have
been calculated using the formula (2.57), so Exc = ,3E§IF + (- ,B)ELC is exact
for all 8. But this is no longer true for the functional derivatives (i.e. potentials),
so the exchange potential Vy = BVHF + (1 — B)V[P does depend on the value
of B. In appendix B is pointed out that the size of the gap depends critically on the
exchange potential, so the value of B can be used to determine it.
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In our case B has been tuned to obtain £, = E éfD A + U where U is calculated
following the ideas of Sect. 4.2.1. The exchange-correlation potential is derived using
Egs. (2.54), (2.56) and (2.61). We obtain:

B 1
(V)?D Oo)iaa,jﬁa = _J,'?,Z(E - niﬂtU)SiOﬁjﬁ
(VfF_OO)mg,j,so = —Uiw.ipNiao.ipobi.j = Jia,jpMiac. jpo (2.88)

Implementation in FIREBALL

The FIREBALL method does not calculate exchange and correlation using LCAO-OO
but using McWEDA, that is an approximation to the LDA exchange and correlation.
So in order to take the LDA exchange away we have just subtracted to V)/(WCC WEDA
the V)? b-oo0 part (Eq.2.88). Then we add V; F=00 5o the exchange-correlation
matrix elements are:

hybrid

(VXC )iow,jﬁa = (V)I(VICCWEDA)iaa,j/SU - IB(V)%D_OO)iaU,jﬁU +,B(V§[F_00)iao,jﬁa

(2.89)

The values of Ujq, i and J;q, jg have been calculated using the program gcluster
[52].

Molecule Interacting with a Metal

The Hartree-Fock approximation does not usually work properly on metals, so in
the case of a molecule interacting with a metal, the former will be treated via hybrid
functional, while the latter via standard DFT (that means that the matrix elements
Vlﬁc , where i or j (or both) are index of metallic atoms, will be calculated with
standard McWEDA LDA approximation).

It is necessary to take into account that, for a molecule interacting with a surface,
the sum rule (2.55) is no longer true, because only a fraction « of the exchange-
correlation hole is inside the molecule, so the sum rule needs to be written now
as:

Z Niao, jBo N jBo,iac = QigoNigo (1 — Nigs) (2.90)
B

i,jemolecule

So E}L(D_OO and V)%D_OO reads now as:
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_ 1 2
EZP 00 lniuo ) = =3 3 il @ivoniao (1 = niao)

iao

_ 1
(V)IED Oo)iaa,jﬂcr = —lUjao J»eff(z — Niao)Sia, jB 2.9D)

Lo

The V;’ F-00 part remains unchanged (we didn’t use the sum rule (2.55) to
deduce it).

As we will see in Chap.5 the value of « is very high in the case of aromatic
compounds adsorbed on metals. For pentacene/Au(111) this value is greater than
0.9, while in first tests in benzene/Au(111) o ~ 0.7-0.9. These values depends on
the o or  character of the orbitals (the 7 orbitals have a lower « due to its greater
interaction with the metal surface.

2.7.4 Koopmans’ Shift

In this section we present another method to correct the underestimation to the LDA
gap. This method relies on Koopmans’ theorem [79] and estimates the SIC error.

The actual transport energy gap (E ;) is the difference between the ionization (/ E)
and affinity (A) energies:

IE = E[N — 1] — E[N]
A =E[N]— E[N +1]
E;, =]E—A=E[N+ 1]+ E[N — 1] —2E[N] (2.92)

If we consider —egomo (the energy of the HOMO) as I E and —eppypo (the
energy of the LUMO) as A following the spirit of Koopmans’ theorem [79], we
obtain the underestimated DFT gap. In order to correct it we have to take into
account somehow the SIC. Here we consider that this electron (hole) is described
by the Kohn—Sham LUMO (HOMO) eigen-wavefunction, neglecting the electron
relaxation effects. This self-interaction is introduced as a correction for the LUMO
(HOMO) eigen-energy §A (61 E).

In the LCAO-OQO scheme, the orbital occupancies of the N + 1 (N — 1) system
can be computed from the N occupancies, neglecting electron relaxation, as:

N+1

ico

’
(Sniaa

_ N r .. N—1 _ N
_niaa+5niaa’niaa = Nigo

= [($ia| LUMON)|*; 8iao = |(¢ial HOM ON)|? (2.93)

n — énjqe Where

For the sake of simplicity we are going to focus on the change of electron affinity
due to the extra electron, and consider its spin is upwards. It is just [80]:
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1 N N
A= EINT = EIN + 11 = 6§ + 5 2 Uiaip (tigy + 8jo ) (nigy + Snigy)+

ia,f
e
1 N N 1 N N
+ > Z Uia,ip (Mg + Sn;aT)nim + > Z Jia, jp (Migy + Sn;aT)(njﬂT + Sn/jm)—l-
ioa,p ’f;,gj;g
1 N N 1 ff
T3 D Jiajp(nigy + i nly) — 5 D Jiad (afly +dnj)( — = 8njgp)
l:);gjjﬂ ia
! Jetf
=5 2 it Wizia = T ) onfy, + 0nig ) (1 = nigyy = Sniy)
iat
1 N N 1 N N
- [_ 5 Z Uia,ipigrNipe + 5 Z Jia, jpMigt " jgo
iy i

ff N N 1
+ = ZJ,ZT My (= nlyp) + 5 D fiat Wiia ~ EEVING I m)]
i
(2.94)

we can group terms that, that are linear in én, . and quadratic in én, . With
some math we obtain:

(En + EX)8 /

A = E[N]— E[N + 1] =&%%
[N] [N +1] 8N+1+ anm gty

+8A[0(Bn2)] (2.95)

It is obvious that the terms linear in (Sn;aT are already taken into account

on 8?5}:,0 So the first non-vanishing correction terms are of second order in
dniqy. These values for the ionization (/E = —eyomo + §1E) and affinity

(A = —¢erymo + §A) can be written as [80]:
1 1
SIE = E Z J,-a,j/g(Sn,-mSnjﬁT + E Z U,-a,,-;;cSn,-mcSn,-ﬁT
i#] aF#p
1 1
+ E z Jeff(s WT + 5 Z fia(Uia,iot - eff)8n1a¢
i i
1 1
04 =~ D Jia, g}y 15y — 3 > Uia,ipdn}yySnig,
i#] a#p
1 1
— 5 2 il oniy = 5 D fiaUiaia = iy oy (2.96)
i i
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It has been found that this approximation gives good results [80, 81] for the gaps
of a variety of m-conjugated organic molecules, in particular, the results are better
for larger molecules, due to electron relaxation effects become less important.

This Koopmans’ shift can be used not only for the HOMO and LUMO but for all
the molecular levels, we only need to change in (2.93) 8niwe = |(ia|HOMOp)|?
by 8nine = |(¢pia|LEV ELy)|*> where |[LEV E L y) is the eigen-wavefunction of the
level we want to correct.

So the Koopmans’ shift is a good way to improve the underestimation of DFT
gap. In particular we can combine it with the scissor operator (see next section) in
order to get an improved hamiltonian to calculate, among other things, transport or
density of states.

2.7.5 Scissor Operator

We have shown how the Koopmans’ shift can deal with the underestimation of the
DFT gap, including self energy terms. In Sects. 3.6 and 4.2.1 we will see a method to
estimate the gap of our molecules interacting with a metal surface. In this thesis, in
order to obtain this corrected HOMO-LUMO gap in our hamiltonian (and play with
the relative alignment between organic molecules and metals, as in Chap. 5) we have
used the scissor operator. If ;) (|v;)) are the empty (occupied) molecular orbitals
of the isolated, but deformed, molecule (with the actual geometry of the molecule
on the surface) then the scissor operator read as:

015 =" (e + M) (il + (e = A)lvi)(vi] (2.97)

i Vi

where A acts on a different way on the occupied (empty) molecular states, and
therefore changes the value of the energy gap, and ¢ move all molecular orbitals in
the same direction. This scissor operator allow us not only to include SIC in the gas
phase molecule, but also to tune the gap and the relative alignment between metal
and molecular levels in the case of a molecule interacting with a surface.

The case of a molecule over a surface deserves some comments. Although |u;)
(Jvi)) are defined for the isolated molecule and we shouldn’t use them when it is
interacting with the metal, we obtain that this approximation works very well (see
Chaps. 4 and 5) as long as the deformed molecule geometry (instead of the gas phase
one) is used.

We can rewrite it in the fireball atomic basis, in order to introduce it in our
hamiltonian. Equation (2.97) reads then:


http://dx.doi.org/10.1007/978-3-642-30907-6_3
http://dx.doi.org/10.1007/978-3-642-30907-6_4
http://dx.doi.org/10.1007/978-3-642-30907-6_5
http://dx.doi.org/10.1007/978-3-642-30907-6_4
http://dx.doi.org/10.1007/978-3-642-30907-6_5
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Ol:vjcismr zAk W) (Wr| ) ZAk i ch1|l (Zczm(mml)
k m
= Z Akcklckm<i|l)(m|j)

k,l,m

O3 = " AkCkiCly Sit Smj (2.98)
k,l,m

where Ay = ¢ — A for k € occupied levels and Ay = ¢ + A for k € empty levels
and Wy are the eigenvectors of the energy eigenvalues.

2.8 Other Methods for Correcting the Gap

As we have said, the underestimation of the DFT gap is the most important prob-
lem for the systems that we are studying on this thesis. In the previous section, we
explained the methods used here to deal with this failure. For the sake of complete-
ness, a couple of state-of-the-art methods will be shown. Moreover, they can be
inspiring later for some approximations

2.8.1 GW Method

GW Form of Selfenergy

The GW method relies on many-body green functions and self-energy formalism
(Sect. A.2). It provides a way to calculate the self-energy in a reasonably amount of
time with good accuracy. The deduction of the form of the selfenergy can be found
on [82]. The form in time space and energy space is just.

W, v, 1) = ihGo(r, ¥, )W (r, ¥, T)

o0
iR -
2V, r, 0) = ;— / do'Go(r, Y, 0 + o YW(r, v, o)e'®" (2.99)
T

—00

where W (r, r’, ) is the screened coulomb interaction, in (2.20). The reason for the
name of the method is now clear. It is important to say that this is an improvement
with respect to the HF form of the self-energy 77 (r, ¥') = i hGo(r, ¥, 07) Veoutom
(r, '), because the screened potential W (r, r’, @) is considerably smaller than the
coulomb potential. Besides it introduces dynamic effects since it is energy dependent.
To sum up GW selfenergy takes into account exchange and a part of the correlation
trough the screening potential.
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Fig. 2.6 Comparison of characteristic direct and indirect LDA, GW and experimental gap for a
big variety of semiconductors. The numbers after the chemical symbols are the references for those
values in [83]. Reprinted from [83], Copyright (2000) with permission from Elsevier (Color figure
online)

Practical Implementation

It can be demonstrated [83] that the quasiparticles energy in the GW approximation
can be calculated using formula:

1

eV = efS 4 — ([ IZY @) — VieldfF) where
1

192W (wf5)

Zi=1- (" |z ——

6°) (2.100)
where we have assumed that the self-energy correction to the Kohn—Sham potential
SW(r, v, w) — Vxc(r)8(r — r') is small and we can use first-order perturbation
theory. Moreover, we have considered that a)iG W wiK S = 81-G Wih— eiK S /R is small
so we can perform a Taylor expansion around a)lK S, This approximation means that
we don’t need to compute explicitly the temporal dependence of W,

So in practice, we first have to know the dielectric function e~ l(r, 1", w). We can
calculate it using polarization matrix and random phase approximation (RPA) [84,
85], thatis accurate but very expensive computationally, or calculate is using plasmon
models [83, 86, 87]. Moreover, the exchange and correlation parts of W are
separated (the screened potential W is rewritten as W = Veouiomb + (W — Veouiomsb)),
because the exchange part can be calculated analytically.
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As can be seen in Fig.2.6, GW approximation leads to really good results if we
compare gap energies calculated using this method with the experimental results, or,
at least it gives better results than LDA. The main problem of this method is that
it is much more costly computationally than DFT, even if approximations for the
dielectric function are used.

2.8.2 LDA+U Method

The origin of this method is to try to improve standard LDA functional for band sys-
tems where coulomb repulsion on localized orbitals introduces an important source
of correlation, such as transition metal oxides, where we have delocalized electrons
in s and p bands (where LDA works pretty well) and electrons localized in metal d
bands, where the electron-electron repulsion U is important.

The LDA+U method is introduced as a functional that treats delocalized electrons
correlation in a LDA fashion, and localized ones in a Hubbard-like way. If we take
the standard Hubbard hamiltonian (A.8), the underlying idea of LDA+U is simple.

. . g o o
H = Zg()nia - Zl(CiJrlaCia + ¢y Citlo) + Z Uniyniy
i i i

delocalized, one electron localized,correlation

Elpm)] = ELPA[p@)] + EY[{nigo.ipo 1] (2.101)

Note that EV is a functional of the occupation numbers instead of density. This is
because this is the natural language in a Hubbard-like approach to localized electrons.
We also need to include a double counting term that takes out the electron correlation
already taken into account in LDA.

We are going to summarize here the basic formulas of the method. For a complete
description of the method see references [88, 89]. Consider a transition metal with d
orbitals where we have imposed spherical symmetry, then the simplest EY repulsive
term one can write is EV = %U eff > L’ T’ where m, m’ are the magnetic
numbers of the d electrons, U%/ is calculated as in (2.49), but using the screened
coulomb potential W (2.20) instead of the unscreened one. The double counting
term E9¢, that takes out the interaction taken into account in LDA can be written as
E4 = LU/ N(N —1)/2 (where N = 3, n;. So this simplified LDA+U functional
can be written as:

E = ELDA L U _ pde — pLDA 4 Lyers > gy — erffN(N —1)/2
2 iz 2
(2.102)
The atomic energies are now (using Janak’s theorem [90]):
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IE 1
SLDATU _ _ grﬁDA + Ueff(E — 1) (2.103)

" on,y,

This means that the LDA eigenvalues are shifted by —U¢// /2 if the level is filled
(nm = 1) and by +U*IT /2 if the level is empty (n, = 0).

This method is closely related to our LCAO-OO approach. First of all, a more
complete description of the method includes not only Hartree-like corrections but
also exchange-like ones, as well as non-diagonal occupations n,, ,+ [89]. The
simplified model explained here correspond to the particular case of [89] where

no =8, U= (m,m'|Ve|m,m') and the other (m, m"|V,.|m’, m") terms

are zero. Moreover, the matrix elements involved in EV calculation in [89] are noth-
ing but the ones in (2.49), and the form of the functional can be derived using a
mean-field approximation of the LCAO-OO Hamiltonian (2.50) (approximating all
the operators 71,4, by its mean values 1,4 ).

A point of caution with the LCAO-OO method analogy has to be taken. In this
case the electron-electron potential V,, is not the bare one but the screened one (so
fiao 18 not needed anymore to take into account correlation). This converts LDA+U
in a post-HF theory. This screened potential relates the LDA+U method with the
GW one. The relationship between this method and GW and HF ones is extensively
studied in [91].

In Sect. 3.6 the ideas of Cococcioni et al. [92] are used to extend this method from
metal transition oxides to organic molecules over metal surfaces.
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Chapter 3
Further Developments in IDIS Model

3.1 Introduction

All electronic circuits that rely on the use of semiconductors (the vast majority in the
last 50 years) need to deal with a physical challenging system: metal/semiconductor
interfaces. Its technological importance led to an extensive research and nowadays,
the properties of interfaces between metal and inorganic semiconductors are well
understood (band bending, interface states, Bardeen model, IDIS model...). A small
review of inorganic interfaces will be given in Sect. 3.2.

In the last decade, organic semiconductors have received a lot of attention both
from pure research and industry. As shown in Sect. 1.3, electronic gadgets based on
organic semiconductors have already appeared in the market. On the other side, a lot
of research papers, reviews and books have been written about this topic [1-5].

The challenge of organic semiconductors is because of their different nature from
their inorganic counterparts (the former are molecular solids while the latter are
covalent/partial ionic solids). Inorganic semiconductor theoretical tools does not
work properly for them (Fig. 3.1).

To get a good performance in semiconductor electronic devices (both in organic
and inorganic) the so called electron injection barrier (see Fig. 3.2) must be as small as
possible. This means that level alignment at the interface is very important. This align-
ment appeared simple, but in fact is a complex problem. It has been found to be much
more complex than it was thought. The naive Schottky—Mott rule has been widely
disproved [2, 6, 7] since some effects that invalidate this rule appear at interfaces:
chemical reactions, creation of interface states [7-9], metal-organic charge transfer
leading to an interface dipole, orientation of intrinsic molecular dipoles [10, 11],
induced Pauli exclusion (pillow) dipoles [12—15], etc. These effects will be briefly
introduced in Sect. 3.3.

After the introduction of metal/organic and inorganic semiconductor interfaces,
we will present in Sect. 3.4 an extensive description of the IDIS model for metal
organic interfaces [4, 15-18]. Then, we will focus on two metal organic interfaces
with very different screening: Ceo/Au(111) and CeHe/Au(111). We will show how

E. Abad, Energy Level Alignment and Electron Transport Through 63
Metal/Organic Contacts, Springer Theses, DOI: 10.1007/978-3-642-30907-6_3,
© Springer-Verlag Berlin Heidelberg 2013
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Fig. 3.1 (Color online) a Geometry (unit cell is highlighted) and density of states of silicon as an
example of a prototypical inorganic semiconductor. b Geometry (upper and side view, unit cell is
highlighted) and density of states of PTCDA as an example of a prototypical organic semiconductor

the deficiencies of standard DFT-LDA lead to quantitative disagreement with exper-
imental evidence. A method for correcting this will be highlighted at the end of the
chapter.
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3.2 Brief Introduction to Metal/Inorganic Semiconductor
Interfaces

The series of physical changes that take place when a metal/inorganic semiconductor
(M/1S) interface is created have been one of the main topics of surface physics, due to
its great interest both for science and industry [21]. The first studies of this interfaces
come back from late nineteenth century [19].

As stated before, the most important quantity at the interface is the barrier
height @;. It is the minimum energy needed for an electron on the metal to penetrate
in the conduction band of the semiconductor (or for a hole to penetrate in the valence
band, see Figs. 3.2 and 3.3).

3.2.1 Schottky—Mott Limit

Before the statement of the Schottky—Mott rule, it is necessary to say a few words
about the concept of work function. It is the energy necessary for an electron at the
Fermi Level to reach vacuum at rest. It has two contributions, the bulk contribution
(due to the periodic potential inside the solid) and the surface contribution (because
of the presence of dipole layer due to the asymmetric electron distribution at the
surface [20], as shown in Fig. 3.4).

The work function is well defined in metals, where Fermi Level lies within con-
duction band, and is uniquely determined. However, semiconductor work function
seems ill defined because the Fermi Level can be located at any value within the
gap, but it must be remembered that the work function is a statistical concept: the
weighted average of the energies necessary to remove an electron from the valence
and conduction bands, respectively [21].

Now, consider a metal and a semiconductor with different work functions (usual
case). When they are connected electrically, both Fermi levels have to be the same.
That implies a charge transfer from the semiconductor to the metal (or the other way
around). A net charge will appear in both systems (equal but of opposite sign). This
charge will be placed at the surface in the case of a metal (it is a good conductor)
but in the case of the semiconductor, since the charge carriers density is orders of
magnitude lower, it will be in an extensive zone, of the order of nanometers, called
the depletion area. This is the origin of band bending. Also an electric field appears
at the region between metal and semiconductors whose value is £ = V /3. When
the distance between both materials goes to zero (i.e. the contact is formed), that
potential tends to zero in order to keep & finite, so the barrier height is:

Dp =Dy — X5 (3.1

(see Fig. 3.3). This equation is the naive Schottky—Mott rule [22]. It consider implic-
itly three important assumptions: that the surface contributions to @, and x s remain
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Fig. 3.3 Different stages on the formation of a Schottky M/IS barrier. a Isolated materials. b Con-
nection of both systems. A potential V; is established between both. ¢ As both materials approach,
band bending in the depletion region appears. d When the contact is established the barrier height
is @, = @y — xs, as stated in Eq. 3.1

unchanged when both materials are brought into contact, that there are no surface
states at the semiconductor and perfect contact between the metal and the semicon-
ductor is established. However, it implies a dipole at the surface, contrary to what
sometimes is stated. Since Schottky—Mott rule does not work in practice, it is clear
that one or more of the assumptions is wrong.
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Fig. 3.4 (Color online) Scheme of the charge distribution around a surface in a jellium model. The
uncompensated charges creates a dipole pointing to the surface that enlarge the work function (i.e.
make it more negative)
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3.2.2 Bardeen Limit

This model can be consider as the opposite limit of the Schottky—Mott model. It was
stated by Bardeen [23], based on the fact that the barrier height, @, is not too much
sensitive to the metal work function, @ ;.

Suppose that there is a continuous distribution of surface states within the gap
at the interface filled up to @ (see Fig. 3.5), if the density of surface states is high
enough @9 >~ Er , and the barrier height will be given by:

P, = E, — Py (3.2)

In this case the barrier height is insensitive of the metal work function.

3.2.3 Intermediate Case

Real M/IS interfaces are between both Schottky—Mott and Bardeen limits. We are
going to consider here the Bardeen model when surface states DOS is not very high.
Figure 3.6 shows an schematic view of the interface under study (usually, between
metal and semiconductor an insulator layer is placed, instead of vacuum, but this
does not change the conclusions of the model).

There are three sources of charge in that system, Q,,, the charge on the metal,
that is on the surface, O, is the charge in the depletion region, that induces band
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Fig. 3.6 a Metal-semiconductor interface with an arbitrary bias. b Flat band case

bending; and the third one, Qys, is the charge in the semiconductor surface due to
surface (or interface) states. Due to charge neutrality: O, + Qg + Qg5 = 0.

Although a complete analysis of the problem will involve a lot of tedious algebra,
it can be greatly simplified assuming flat band situation (and the main physics is
retained).! In that case Q4 = 0. We will also assume zero temperature on electrons
(that is a good approximation as long as the DOS does not change too much over an
interval of k7' /e). In that case:

Qss = _eDs(Eg — @ — Do) (3.3)

where e is the electron charge, D; is the surface DOS (per unit area, per unit energy),
assumed constant and @, P, E are the quantities defined in Fig. 3.6b. There is not
electric field neither on the metal (it is a good conductor) nor in the semiconductor
(we are assuming flat band) so the electric field £o& = Qg5 = —Q,y, (if we have an
insulator instead of vacuum between surfaces we should change ¢g by &; = ¢,&¢ the
permittivity of the insulator). The potential drop across the layer is:

b
V=E5= Qssd (3.4)
£0

Is clear from Fig. 3.6b that:
QSS 8

&0

Py=V+xs+Pp=Pp=Py — x5 — (3.5)

and using Eq. (3.3) we get

eDgS
(Eg—Pp— D) = Pp = S(Py — xs5) +(1—=8)(Eg — Do)

0]
(3.6)

Py =Dy —xs+

! Flat band can be achieved applying enough bias to the semiconductor so that the depletion region
disappear. An study of the barrier height without considering band flat situation can be found in
([21], Sects. 1.4.3 and 1.4.4).
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where
1

S=——"—— 3.7
14+ eDs§/¢eo G-

is the screening parameter and measures the strength of the pinning at the interface,
and is a key parameter of the IDIS model of MO interfaces. Equation (3.6) was first
derived by Cowley and Sze [24]. It can be observed that @}, tends to the Schottky—Mott
limit when Dy — O (no interface states) and to the Bardeen limit when Dy — o0
(high density of surface states). Also note that Schottky—Mott and Bardeen limit
corresponds to values of S = 1 and S = 0 respectively.

We have to note that here, as in the Schottky—Mott rule, we have assumed that
the surface contributions to @, and xs remain unchanged when both materials are
brought into contact.

3.2.4 Origin of Interface States

In all these models, the role of interface states is very important for the energy level
alignment, so here we will say a few words about them.

Induced Density of Interface States (IDIS)

Heine [25] was the first one to notice that intrinsic semiconductor surface states
within the gap resonate with metallic Bloch waves when M/IS interface is formed,
leading to resonant gap surface states that is the source of the gap states that appears
in Bardeen model and intermediate case by Cowley and Sze. These states are metal
conduction band wavefunctions on the metallic side of the interface and penetrate
into the semiconductor with an attenuation length of the order of a few angstroms.
Based on that assumption, other groups tried to characterize this induced density of
interface states [26, 27]

Although the ideas of Heine turned out to be correct, Tejedor and Flores [28] were
the ones that obtained quantitative values from theoretical calculations of semicon-
ductors from highly covalent (Si) to the highly ionic limit (ZnS), and Cohen and
Louie [29-31] obtained DFT values for those interfaces.

However, as pointed out by Tejedor and Flores [28]; the states induced in the
bottom (top) of the gap are accompanied with a reduction of the DOS in the valence
(conduction) bands. Since no new states can be created when the interface is formed,
we can conclude that the semiconductor (and not the metal) DOS is rearranged at
interface formation, so interface states come from valence and conduction semicon-
ductor bands.
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Unified Defect Model

This model was proposed by Spicer et al. [32]. They consider that interface states,
instead of coming from metal wavefunctions that decay into the semiconductor come
from defects in semiconductor surface. Defects, such as vacancies, steps or anti-site
defects (change of cation on anion sites, in III-V or II-VI semiconductors) lead
to localized states that can lie in the semiconductor band gap. This is validated by
experiments, that have shown that intimate metal-semiconductor interfaces are not
perfect, and chemical reactions and interdiffusion are common occurrences [21].
However, for high metallic coverages, the screening of these defects implies that
the density of defects needed for pinning the Fermi level should be very high. Nowa-
days, it is considered that the unified defect model explains the Fermi level pinning
in low metallic coverage interfaces (~1 ML, where very small DOS is induced in the
semiconductor due to metal interaction), and the IDIS model in higher coverages.

3.3 Brief Introduction to Metal/Organic Interfaces

As stated before, organic semiconductors are very different from inorganic ones.
Due to such small interactions between molecules (compared with the strong
covalent interactions in inorganic semiconductors), it was initially thought that
Schottky—Mott rule was valid for these semiconductors, since weak vdW interac-
tion between metal and molecules could be excepted, which is unable to induce
DOS in the organic gap. However, it has been shown that this rule is disproved for
most metal/organic interfaces [2, 6, 7]: a dipole layer appears at the interface. How-
ever, although in M/IS interfaces the junction effect is extended over the depletion
area, in organic semiconductors this effect is reduced mainly to the first organic layer
(see Fig. 3.7 and [33]).

It is worth commenting that this disapproval of the Schottky—Mott rule has been
found even for organic insulators (where the HOMO-LUMO gap is very wide).
We can expect here very small chemical interaction; however studies of a 9 eV gap
long-chain alkane n-C44Hgg (TTC) on various interfaces have shown work function
changes between —0.3 and —0.7 eV [34, 35].

Several effects have been proposed as the origin of this dipole, and some of them
can be acting at the same time (Fig.3.9). This is a brief summary of these effects.

3.3.1 Charge Transfer and Chemical Reactions

Some molecules that form organic semiconductors are chemisorbed on metals
(i.e. strong chemical interaction and bond formation is established between surface
metallic atoms and molecules). This effect is restricted to the first organic layer, so
it is enough to study a monolayer of molecules on metals.



3.3 Brief Introduction to Metal/Organic Interfaces 71

Fig. 3.7 Change of the energy of the vacuum level relative to the Fermi level of the metal substrate
(eF ., analogous to @ — V on inorganic semiconductors (see Fig. 3.6b) at the deposition of TPD on
five metals of various work functions @,;. The two abscissas correspond to the TPD film thickness
and the work function of the metal substrate, while the ordinate denotes &£ .. It can be seen clearly
how the potential drop relies in the first layer of organic molecules, and there is no depletion region,

as in M/IS interfaces. Reprinted from [33] Copyright (2001) from Elsevier

Table 3.1 Abbreviations and actual names of the organic molecules mentioned in this thesis (the
chemical structure is in Fig. 3.8)

Abbreviation Name

TPD N,N’ -diphenil-N,N’-(3-methylphenyl)-1,1’-biphenyl-4,4’-diamine
Alqs tris(8-hydroxiquinolino)aluminium

DP-NTCI N,N’-diphenyl-1,4,5,8-naphthyltetracarboxylimide

TTC tetratetracontane

a-NPD N.N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine
PTCDA 3,4:9,10-Perylenetetracarboxylic dianhydryde

TTF tetrathiofulvalene

TCNQ tetracyanoquinodimethane

PFO poly(9,9-dioctylfluorene)

P3HT poly(3-hexylthiophene)

Work function change has been reported for a lot of chemisorbed molecules
on metals. Two electrostatic effects contribute to that: First of all, charge transfer
between metal and molecule, that creates a dipole layer between both systems, leading
to a work function change (the work function is smaller, in absolute value, when
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Fig. 3.8 Chemical structures of the compounds mentioned in Table 3.1.a TPD, b Alqs, ¢ DP-NTCI,
d TTC, e «-NPD, f PTCDA, g TTF, h TCNQ, i PFO, j P3HT

charge transfer is from chemisorbed molecule to metal and greater in the opposite
case). The other effect is charge redistribution due to bond formation.

Charge transfer from the metal to the molecule has been reported on TCNQ/Au,

DP-NTCI/Al [8] and PTCDA/Mg,In,Sn [7]. And from the molecule to the metal,
TPD/Au [8] and «-NPD/Au [7] are good examples. An example of possible charge
rearrangement by bond formation is the case of Alqs/Al system, where a mid-gap
state, due to strong chemical interaction at the interface has been reported [9].
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Fig. 3.9 Possible origins of the formation of dipole on M/O interfaces. Chemical effects a, b dipole
formation due to a net charge transfer from the molecule (metal) to the metal (molecule); ¢ charge
rearrangement due to bond formation. d Formation of an interface state. Physical effects e “Pillow”
effect due to Pauli exclusion principle between metal and organic electrons. f Redistribution of the
electron cloud due to image effect. g Permanent dipole

3.3.2 Image Effect and Surface Charge Rearrangement: “Pillow”
Dipole

These effects are present always in organic deposition on metals, but are more
important in physisorption with no charge transfer of non-polar molecules, due to it
is the unique effect that leads to work function change.

The image effect is closely related to the origin of Van der Waals forces. When
we have a non-polar molecule (or a noble gas atom); although it does not have an
intrinsic dipole, at a certain moment, a net dipole on the molecule can appear because
of quantum fluctuations. The metal react to this dipole creating an image dipole. The
interaction of these dipoles gives rise to Van der Waals forces.

However, this interaction of the net dipole with the screening charge can give
rise to a net displacement of the electron distribution in the adsorbate and create a
potential drop at the interface. This effect has been studied (at the DFT-LDA level)
in a Xe/jellium system [36, 37], showing that its contribution to the dipole at the
interface is not negligible.

Other source of dipole is the “pillow” dipole (sometimes called “cushion” dipole,
push-back dipole or exchange dipole). It is due to a pure quantum mechanical effect
(as the image effect dipole): the Pauli exclusion principle.

When a molecule is placed on a metallic surface, wave functions of both the metal
and the molecular atoms overlap. When we orthogonalize both wave functions, the
electron metal tails are pushed back into the metal. This charge rearrangement reduce
the surface dipole (as can be deduced from Figs. 3.4 and 3.9). This reduction of the
surface dipole means that work function will be reduced whenever a molecule is
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Fig. 3.10 a Image of overlap between metal and organic wave functions when both systems are
brought together. b After orthogonalization, a charge rearrangement appears that creates a net dipole
DPlow that lower the metal work function

placed on a metal surface, no matter if the molecule is an electron donor or acceptor,
so in the case of an electron acceptor the “pillow” dipole and the charge transfer
dipole compete with each other. This effect should be more important in cases where
the surface contribution to work function dipole is more important (i.e. transition
metals), as has been shown experimentally [38].

3.3.3 Intrinsic Molecular Dipole

Some molecules have a net dipole (for example, Alqsz, benzene-thiol). When they
are adsorbed on a metallic surface, sometimes they have a non negligible component
on the direction perpendicular to the surface. This dipole orientation gives rise to a
potential drop at the interface (see Fig.3.9) [10, 11].

3.3.4 Effects on Real Devices

In the case of production of real devices, a few things has to be taken into account
that can change the energy level alignment [3]. A few words of these effects will be
given.

The first one is the effect of air exposure of the interfaces. The oxygen present in the
atmosphere can penetrate into the interface and oxidize the metal surface, changing
the work function of the metal and the energy level alignment [6]. This tend to reduce
the dipole at the interface, probably due to reduction of the interaction between
the metal and the organic molecule due to the surface oxidation or contamination
(Fig. 3.11) [33].

Other effect is the order of deposition. In most of the experimental works on MO
interfaces, the organic layer is deposited over the metal surfaces, but in real devices
is necessary also to deposit metal atoms over organic surfaces. It has been shown
that the order of deposition can be important because metal atoms tend to penetrate
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Fig. 3.11 Left Relationship between @) and r, derived from the jellium model, including the
observed values of the work functions of typical metals. With decreasing r, the surface contribu-
tion (®g) becomes dominant. Right Reported work function changes for monolayer or saturation
coverage of Xe on various metals. For low r, metals (the surface contribution to the work function
increase) the change on @), becomes more important. Reprinted from [38] Copyright (1984) by
the American Physical Society

and diffuse on organic surfaces, forming diffuse interfaces, where reaction between
organic material and metal is enhanced [39, 40].

3.3.5 The Integer Charge Transfer Model

Finally, before a complete study of the IDIS model is presented, we are going to com-
ment briefly another model, designed for weakly interacting MO interfaces involving
luminescent polymers [41-45].

This materials have the characteristic that they are very soft (with a very strong
electron-phonon interaction), and creating an electron (or a hole) in the molecule
will induce a geometric relaxation that leads to the formation of polaronic states. An
example of these polymers are PFO and P3HT.

This model relies on the fact that energy level alignment is governed by these
states. If the work function lies between polaronic levels (Epy < —|®@y| < Ep_)
no charge transfer and no dipole formation is shown, so vacuum level alignment is
observed; but when the work function reaches one of these levels (—|®y/| > Ep_ or
—|® | < Ep4+)then a full electron is transferred and the Fermi Level is completely
pinned to these levels—see Fig. 3.12—(although the interaction of these molecules
with the metal surface is weak). That means that the organic DOS has sharp peaks
at the polaronic states and is practically zero between them.
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Fig.3.12 Left HOMO and LUMO levels, as well as the polaronic states E p and E p_, of an electro-
luminescent polymer. Right Dependence of work function of polymer coated substrate @ pr/su B
with the work function of bare substrate, @ gy p, for four materials studied in [41], namely P3HT,
TFB, P10AF and PFO. Reprinted with permission from [41] Copyright IOP publishing 2007

As we will see later, this is complementary to the IDIS model, with a screening
parameter S = 1 between Epy and Ep_ and S =0 at Ep4, Ep_ levels.

3.4 IDIS Model for Metal/Organic Semiconductor Interfaces

The IDIS model, originally created for metal/inorganic semiconductor interfaces
[28, 46], was extended for metal/organic ones in the thesis of Hector Vizquez
[16-18]. It has been extended to include pillow dipole and intrinsic molecular dipoles
[15] in the Unified-IDIS model. In this section we are going to carefully explain the
ideas it is based on.

Before that, we will say some words about our notation. First of all, we will use
atomic units (A = ¢ = 1/4mweg = 1) in all formulas. Second, we are going to avoid
the usage of terms like work functions of the interface and “clean” work functions,
that is common in literature and can be sometimes confusing. Instead, here we use
the following terms: initial Fermi level (that will be designated by @,y), that is the
metal Fermi level before the contact is established, and coincides (apart from a minus
sign) with the “clean” metal work function, as long as the origin of energies is placed
at the vacuum level; and the final Fermi level of the interface (designated by Er)
that is the Fermi level of the interacting metal and organic system.

3.4.1 Interface States and the Charge Neutrality Level

The main idea of this model is that the physical/chemical interaction between the first
layers of the organic material and the last layers of the metal, induces a non-negligible
DOS at the semiconducting gap. This DOS can appear because of the formation of
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Fig. 3.13 Metal/organic
interface before charge trans-
fer. HOMO and LUMO peaks
have been broadened due to <4 CNL
interaction between with the
metallic surface. The molecu-
lar DOS is filled up to CNL

<+ o,

hybrid metal/organic states at the gap due to strong chemical interaction between
both materials at the interface (connecting with the ideas at [12, 47]); or due to the
broadening of HOMO and LUMO levels due to interaction with the metal. Zangwill
[48] and Newns [49] provide a way to estimate this broadening [16], although in
this thesis it has been computed from first principles. This induced DOS allow us to
define the main parameter of this model, the Charge Neutrality Level (CNL).

The CNL can be seen as a kind of effective Fermi level of the organic molecule.
It can be calculated as the integral of the DOS projected on the inferacting organic
molecule up to charge neutrality conditions. As explained above, due to the interac-
tion with the metal substrate, the peak-like DOS of the molecule is transformed in a
continuum DOS, allowing us to integrate it (as shown in Fig. 3.13).

CNL
N = / Pimeracting(E)dE (3.8)

—00

The CNL can be seen as some kind of effective electronegativity of the molecule
in the sense that the relative position of the metal work function (@) with respect to
the organic CNL determines the direction of charge transfer (neglecting the effect of
pillow dipole and intrinsic molecular dipole). If CNL > @), then the electrons will
flow from the organic layer to the metal, on the contrary, when CNL < @), electron
transfer from the metal to the molecule will take place.

It needs to be taken into account that although intuitively the CNL should be at the
middle of the HOMO and LUMO levels [12, 50], this is not true. Usually the DOS is
higher around the HOMO than around the LUMO [17, 51-53]. This is obvious for
the Cgp since the HOMO is five times degenerated while the LUMO is three times,
(without including spin). This pushes the CNL upwards in the gap, but is also true
(although less intuitive) for molecules like benzene, PTCDA and TTF (where the
HOMO degeneration is not greater than the LUMO one).
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Fig.3.14 (Color online) Metal/organic interface when charge transfer is allowed. It creates a dipole
at the interface that tends to align the metal work-function with the charge neutrality level

3.4.2 Level Alignment and Screening Parameter

Now that we have the induced interface states characterized, and the position of CNL
and @,y; let us allow charge transfer between the metal and organic material. As said
before, the direction of charge transfer depends on the relative position of CNL with
respect to @j;. These charge transfer creates a dipole as shown in Fig. 3.14. This
dipole induces a potential drop at the interface, as can be seen using pure classical
electrostatic arguments.> The effect of this dipole is to move the final Fermi level
and tends to pin it to the CNL (Fig. 3.14). This pinning of the Fermi level to the CNL
has been observed experimentally in PTCDA [7] and is also strong in Cgg [54] and
DP-NTCI [55]. The potential drop that changes the interface Fermi level from @,
to EF can be related with the electrostatic dipole through the formula:

47 D
A= —— 3.9
" (3.9)

where D is the electrostatic dipole, A the potential drop at the interface and A is the
surface area that belongs to each molecule (i.e. A = total area covered/total number
of molecules).

This pinning of the Fermi level is governed by the screening parameter, S, that has
appeared in the study of M/IS interfaces between the Schottky—Mott and Bardeen
limits [Eq. (3.7)], and its meaning is just the same. If we consider that the CNL is
always fixed with respect to the vacuum, and the level movement due to the dipole
is only on metallic levels, the screening parameter can be written as:

CNL - FE
- (3.10)
CNL — @y
or equivalently:
(CNL — EF) = S(CNL — @) (3.11)

2 See for example J. D. Jackson Classical Electrodynamics (3rd Ed.), Sect. 1.6
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So the S parameter can be seen as the value that controls the reduction of the
(CNL — @) distance to (CNL — Er). So the lower the S parameter is, the greater
the pinning of the final Fermi level to the CNL. This implies a higher screening. Note
that, as we consider CNL a fixed level, we can also consider S as:

SEF

= — 3.12
300 (3.12)

That is, S control the changes in Er when we change the metal work function.
Now we can write the potential due to charge transfer (from now on it will be
called IDIS potential A’P!5) as a function of IDIS parameters:

AIPIS — o @y = (1 — S)(CNL — &) (3.13)

3.4.3 Pillow Dipole

In previous section, charge transfer as the unique source of interface dipole has
been considered. However there are more sources, although smaller than the charge
transfer dipole, and not important for self-consistently results of the calculations,
that have to be considered as a second order effect. They are the pillow dipole and
the surface dipole.

The first one was explained in Sect. 3.3.2. As said there this effect raises the metal
work function. It can be taken into account in our model if we define an effective
metal work-function:

_ 47TDpillow
Oy =Py + A (Ag’ = T) (3.14)

And the equivalence of (3.11) is:
(CNL — EF) = S(CNL — 5M) = S(CNL — &y) — SAg (3.15)

And the total potential at the interface:

A — Ep @y = Ep — &y + AL = (1 — S)(CNL — &y) + AL (3.16)

This can be seen in two different ways. From one side, you can argue that the
net potential is the sum of the pillow potential (the second term) and the potential
due to the charge transfer (the first term), that can be considered as some kind of
pseudo-IDIS potential for the effective work function @7. On the other hand it can
be seen as:
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Fig. 3.15 Metal (left) and organic (right) orbitals separated by a distance d. The probe electronic
density A is considered a point charge, eliminating the integration over r, and we expand the distance
|r —r’|, placing the origin of integration in r’ at the midpoint between orbitals 1 and ’, as discussed
in the text

A1l —(1 — §)(CNL — @y — AL )+ AL =(1—=8)(CNL—@ )+ S AL =ATPIS L AP
(3.17)

In this case, the total potential is the sum of the IDIS potential due to charge
transfer neglecting the pillow effect plus a screened pillow potential A” = § Ag .

In FIREBALL, the “pillow” dipole is not explicitly included. When we calculate
Hartree potential, we use a density of the form (2.25). As we said in Sect. 2.4.2,
this is an approximation, and, since the Hartree potential is calculated using fireball
(non-orthogonal) orbitals, the effect of orthogonalization of both organic and metal
orbitals are not correctly taken into account. One can ask if we can trust in charge
selfconsistency if this effect is not taken into account, but as we will see later in this
thesis this dipole is a small second order correction, so we should not be worried
about this. On the other hand, this allow us to separate contributions of the pure
charge transfer and “pillow” part from the interface potential.

In order to calculate numerically the pillow dipole, we are going to follow the
ideas of Vazquez and coworkers [15]. Consider the “probe orbital” ¢; , that is located
far away from a couple of metal ¢, and organic ¢, orbitals. We consider that in
both subsystems (metallic and organic) orbitals are orthogonal, but there is an overlap
between orbitals of both subsystems. We want to know how the intersite coulomb
interaction Jy , [see Eq. (2.49)] changes when metal and organic orbitals overlap.
First of all the value of J), ;, when no overlap is taken into account is:

1
r —r'|

A#:/meﬁm 7 (r) (3.18)

where orbitals are considered to be real, as fireball orbitals are real.
Now we are going to orthogonalize the orbitals. Following the Lowdin scheme
O = (S_l/z)ﬂ,idn. Since S, is small we can expand it up to second order in S:

1 3
Pu = P — 5 Z Sy b + g Z Sy Sy vbo (3.19)
W 8%
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where 1, v runs over metallic orbitals and u’ over organic ones. We can introduce
this expansion in (3.18) and, after that, expand |r —r’| around |r —ro| (see Fig. 3.15).
Taking into account that potential created in A is Jj ,n,s we conclude that the
overlaps between orbitals give rise to a dipole D/ The value of this dipole is:

d
Do = (po+1u6) S / d3r/Ar/¢M(r/)¢u/(r/)—i—(nu/a—n,w)Sﬁ’M,Z (3.20)

where D/, can be seen as a “bond” dipole between the metal orbital ¢, (r) and
the organic orbital ¢,/ (r) (see Fig. 3.15), d is the distance between both atoms and
Ar’ = r’ —r( connects the integration variable r’ with the midpoint between organic
and metal atom rg (reference [15] has the detailed mathematical calculations).

This result would be correct if no effect of selfconsistency was included in the
occupations {n,, }. However, this is not true, because, as stated in Sect.2.4.2, the
occupations in FIREBALL are obtained by projecting the wavefunction in the ortho-
normal Léwdin orbitals n,, = > % [(y,]¢,,)|*. This makes that the second term
in (3.20) is already included in our calculations. So we only need to consider the
following off-diagonal contribution.

Do = (nys +nﬂ/g)Su,M//d3r/Ar/¢M(r’)¢M/(r/) (3.21)

Finally the total dipole is calculated as DPIow — >
potential is A} = 47 DPillow /A,

o D, v . The interface

3.4.4 Intrinsic Molecular Dipole

This case can be treated just like the previous case, considering that this dipole create
apotential drop Aé‘” that can be added to @), (it should be subtracted from the organic
part, but this is indifferent, due to we care only on relative alignment of levels of both
interfaces). Like the previous case it can be seen in two different ways:

Al — Ep — @y = Ep — &y 4+ AN = (1 — S)(CNL — &y + AY
Al = (1 — $)(CNL — @py) + SAM = AIPIS 1AM
(3.22)

3.4.5 Surface Dipole

The “surface dipole” is the other source of dipole at the interface that is not considered
by our FIREBALL code. It is a part of the IDIS dipole that needs to be added explicitly.
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The form of the input density in (2.25), the form of the output charges (2.26),
together with the fact that we are using Harris functional, neglects off-diagonal
dipole terms (as said in 2.4.2). They are of the form.

DI = S Dy = 3 miagp [ Pro s G2

ia,jp ia, jp

where nigo, jpo = (61166 o) as defined in Sect. 2.5.1. Due to surface symmetry,

only D7 =4198 £ (. Although the effect of this dipole is small (the change in A/P!S
is less than 0.1 eV) it is important due to it varies linearly with charge transfer (due
to it is part of the IDIS dipole) and need to be taken into account when calculating
U (see Sect. 4.2.2). In our calculations we only have taken into account the most
important contribution i = j (i.e. the intraatomic dipole).

3.5 Mind the Gap: Cgp/Au(111) and Benzene/Au(111) Interfaces

In this section we are going to apply the ideas of the IDIS model to analyze the
electronic structure of two interfaces: Ceo/Au(111) and benzene/Au(111). They were
chosen because significant difference of screening should appear between them. We
start studying these interfaces within the LDA approximation. At the end of this
section, we will show how calculations change when a realistic gap, obtained from
experimental values, is used. The results have been published in Applied Physics A
[53] (Copyright 2009, Springer) and Journal of Vacuum Science and Technology B
[56] (Copyright 2009, AVS), and here we present some excerpts from them. Other
authors have studied these systems theoretically. In the case of Cgg, a complete study
of geometry, energy and dipole formation at the interface has been made by Wang
and coworkers [57] (they also studied the Cgp/Cu(111) interface in [58]). Sau and
coworkers [59] have focused on the calculation of the transport energy gap using
Janak’s theorem and a simple energy functional for non-integer number of electrons.
Later in this thesis, we have also taken care of the transport gap: our results will be
presented in Chap. 5. Regarding the benzene/Au(111) interface, Bagus and coworkers
[14] have used the constrained space orbital variation method, while Morikawa and
coworkers [60] have followed a DFT-GGA approach.

3.5.1 Geometry

The relaxed geometry of these interfaces has been calculated with the FIREBALL code
(Sect. 2.4). For the Cgp/Au(111) interface, we use the experimental 24/3 x 24/3R30°
structure that a monolayer of Cg takes when deposited on the Au(111) surface
[61] (see Fig. 3.16). For the sake of simplicity, we have used, for benzene/Au(111),
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Fig. 3.16 (Color online) Cgo/Au(11 1)-24/3 x 2+4/3 structure used in our calculations (unit cell is
highlighted). Upper and side view. For clarity reason, in the side view we only represent the first
molecular row. Reprinted from [53] (Copyright 2009, Springer). This and other images of atomic
geometries have been created with Jmol [62]

a 5 x 5 periodicity, with 4 molecules per unit cell (Fig. 3.17); in this geometry,
the adsorbate hexagonal lattice is the same and the distance between molecules is
similar to the one found experimentally in the ~/52 x /52 structure [63] (7.3 A
versus experimental value of 6.95 A), so that the main difference is that our coverage
is slightly smaller (~10 %) than the experimental monolayer. Regarding the Au
surface, we have used in both cases a film of six layers. Since vdW interaction
is very important in the benzene/Au interface, we cannot trust in molecule/metal
distances provided by LDA calculations, so it has been deduced indirectly from
the available experimental information. In particular, Koch et al. [64] have found
for pentacene/Cu(111) a molecule surface distance of 2.34 A; on the other hand,
Duhm et al. [65] have found that for PTCDA/Au(111) the molecule/metal distance
is 0.61 A larger than the one for PTCDA/Cu(111). Since the benzene/Au distance
should be similar to the pentacene/Au distance, these results suggest that a reasonable
benzene/Au(111) distance is 2.95 A, extrapolations for Cgo gives a MO distance of
225 A

In order to calculate the electronic structure we have used Au double basis set
of numerical atomic orbitals (NAOs) for Au sp>d>s*d*>, with the following cutoff
radii (in aw): s = 6,5 = 6, p = 7Tandd = 5, d* = 5; optimized s = 4.5,
p =4.5(C); and s = 4.1 (H) [66]. These basis gives the following bond distances:
C—C nearest neighbors distance in benzene of 1.40 A (to be compared with the
experimental value of 1.392 A [67]) and C-C distance of 1.40 and 1.47 of Cgg (to
be compared with 1.39 and 1.44 obtained in DFT in a plane wave basis [57] and
experimental values 1.40, 1.45 A [68]), and a bulk gold lattice parameter of 4.16 A
(versus an experimental value of 4.07 A [69]). Some deficiencies appear because we
are not using a converged basis set; mainly, the molecular and metal levels are not
correctly aligned at the experimental value (the experimental Au work function is
5.1 eV, and the Cgo and benzene midgaps are 5.4 and 4.05 eV below the vacuum
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Fig. 3.17 (Color online) Model structure used for the benzene/Au(111)-interface (unit cell is high-
lighted). Upper and side view. Reprinted from [53] (Copyright 2009, Springer)

level respectively. Moreover, our HOMO-LUMO gap is 2.2 eV in Cgg and 6.2 eV in
benzene (instead of the plane wave converged values of 1.6 eV [59] and 4.7 eV [60]
respectively). In order to have these levels correctly aligned and the correct LDA
gap, we use the scissor operator (shown in Sect. 2.7.5) that allow us to shift by ¢ the
molecular levels, and close the gap 2A where A is a (negative) quantity that closes
the gap to the converged LDA gap. This way, direct comparison with plane wave DFT
results is possible [57] It has been considered that the Cgp mid gap coincides initially
with the metal work function [61], while in benzene the mid gap is around 0.4 eV
above @), [14, 70]; in both cases, the initial HOMO-level is located with respect to
the metal work function by correcting its experimental position at the interface by
the measured interface potential). This has been achieved using the scissor operator.

3.5.2 Interface Potential with LDA Gap Calculations

IDIS Potential

Figure 3.18 shows our calculated DOS for the Cgo/Au(111) interface, projected
onto the atomic orbitals of Cgg. It has been calculated using the one electron Green
function of our hamiltonian, together with Eq. (A.24). In order to avoid numerical
instabilities we have chosen a finite  of 0.01 eV in order to calculate the Green
function [see (A.21)] In this figure we show the HOMO and LUMO levels, yielding
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Fig. 3.18 (Color online) DOS per spin projected onto the Cgp molecule for the Cgp/Au(111)
interface. HOMO, LUMO, CNL, @, and EF are explicitly shown
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Fig. 3.19 (Color online) Averaged DOS per spin projected onto the benzene molecule for the
benzene/Au(111) interface. HOMO, LUMO, CNL, @), and E are explicitly shown

an energy gap of 1.8 eV; the initial Fermi level, @, which is located at the midgap;
the final interface Fermi level, which is 0.50 eV above @, because of the induced
interface potential A’P!S = 0.50 eV; and the CNL, which is calculated using (3.8).
This CNL for Cg is found to be located 0.3 eV below the LUMO-level.

As the IDIS-potential, A/P'S s related to the screening parameter, S, by the Eq.
(3.10) we deduce that S = 0.08, which represents a case with a rather large screening
(consistent with the experimental results [54]).

In Fig. 3.19, we present our results for benzene/Au(111); the molecule DOS is
an average upon the four molecules of the unit cell. The energy gap is 4.5 eV, and
the initial Fermi level, @y, is located 0.4 eV below the midgap [14, 70]. In our
calculations, the CNL is located 0.4 eV below the LUMO level, and the interface
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Fermilevelis 2.0 eV above @ ;. Notice that the HOMO level is much more broadened
by the metal than the LUMO. From Eq. (3.10), we obtain the following screening
parameter for benzene/Au(111), S = 0.10, which represents an interface with smaller
screening than Cgo/Au(111) but still important.

Total Dipole

The Pauli repulsion, not included in the previous calculations, is going to be described
by the “pillow” potential, A(‘)D , as mentioned in Sect. 3.4.3. We have obtained the
following values for these interfaces:

Ag (Cgo/Au(111)) =3.3 eV and Ag(benzene/Au(lll)) =1.0eV.
Using these values and the results given above we get the following total potentials:
AT (Ceo/Au(111)) =SAE + ATPIS = 0.26 eV 4 0.50 eV = 0.76 eV.

AT(benzene/Au(111)) = SAL + ATPIS = 0.1eV 4+ 2.0eV = 2.1 eV. which
should be compared with the experimental evidence. In the case of the Cgp/Au(111),
AT (Cgo/Au(111) experimental) = 0.6V [61] in good agreement with our theoretical
analysis; for benzene/Au(111), AT(benzene/Au(l 11) experimental) = 1.1 eV [14].
So our calculations give an overestimated value of the interface dipole.

We should comment that it is very satisfactory that the case Cgo/Au(111) presents
such good agreement: for this interface the LDA gap approximation is not such bad.
The benzene/Au(111) is different: first of all, the molecule/metal distance we have
used in our calculations was an educated guess. We have explored how the total
potential changes with the benzene/metal distance. For instance, for 3.25 A (the
distance we obtain with an accurate ab-initio calculation, see 5.3), our results yield,
S = 0.29, the CNL at the same position (a very robust level), and AP =04 eV, so
that AT = 1.50 eV (IDIS) + 0.12 eV (pillow) = 1.62 eV, closer to the experimental
evidence [14], but still too large. The main point here is the great underestimation of
the actual gap, that accurate calculations indicate thatitis between 7.0-7.7eV [52, 71]
(that means, an underestimation of more than 3 eV), that reduces the potential A’
around 50 %.

3.5.3 C¢o/Au(111) Interface with a Larger Gap

As it has been previously addressed, the HOMO-LUMO gap obtained in LDA is a
poor approximation to the actual one, since it is systematically underestimated.

A deep look at the literature confirm us this fact. Direct measurement of the
transport gap in Cgp by STS made by Lu et al. [72] (see Fig. 3.20) show us that
the actual gap is 2.7 £ 0.3 eV, in agreement with theoretical calculations [59]. We
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Fig.3.20 d1I/dV spectraof a single Cgp molecule on Au(111) at 7 = 7 K. Spectra 1-9 were taken
at indicated spots on the inset image and are shifted vertically for clarity. Tunneling parameters
were V = 2.0 V, I = 1.0 nA before taking the spectra. The dashed spectrum was obtained from
the bare Au(111) surface. (Image scale is ~20 x 20 A). Reprinted from [72] Copyright (2004) by
the American Physical Society

have repeated the calculations of the DOS and IDIS potential for a gap E, = 2.5eV
(using the scissor operator to tune it). The Cgo-metal distance is taken to be 2.5 A
[57] and the work function is located 0.15 eV above the midgap.

Figure 3.21 shows our calculated DOS for the Cgo/Au(111) interface, projected
onto the atomic orbitals of the organic molecule. In this figure we show the HOMO
and LUMO levels, the initial (@) and the final Fermi levels (£ r). The IDIS potential
(the difference between @), and Ef) is A'P!S = 0.61 eV; and the organic CNL is
located 0.45 eV from the LUMO-level so that, CNL — Er = 0.04 eV.

The screening parameter S can be obtained changing fictitiously the initial Fermi
level and calculating the corresponding change in the interface Fermi energy using
(3.12), which is found to be 0.07, very similar to the case obtained using Eq. (3.10).
Regarding the “pillow” potential, it yields A(I; = 1.9¢eV; so we get AY = SA(I)J =
0.14 eV and AT = 0.75 eV. Note that these values are a different from the values
obtained for the LDA gap.
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Fig. 3.21 (Color online) DOS per spin projected onto the Cgo molecule for the Cgp/Au(111)
interface with a gap of 2.5 eV. HOMO, LUMO, CNL, @, and E are explicitly shown

3.5.4 Discussion

Despite our results are in reasonable agreement with experiments (at least for Cg),
some details of the calculation can be improved. There is a list of some of them.

1. First of all, in previous section we showed that the correct value of the gap is
critical to have a realistic interface potential. If we compare results for a Cgg
molecule with a gap of 1.8 and 2.5 (only 0.7 eV increment) we see that the IDIS
potential changes from 0.50 to 0.61 (despite the Cgp/metal distance is larger),
and the LUMO-CNL distance also increases from 0.25 to 0.45 eV. As we will
see in Sect. 5.3, for the benzene case, the difference is dramatic. The potential
reduces from 1.50 to 0.85 eV, and the LUMO-CNL distance is increased from
0.40 to 1.25 eV, showing that a LDA calculation in this case does not give correct
quantitative results.

2. Wehave used an extended gold basis set in order to obtain a realistic pillow dipole.
However, it is in the frontier of the valid basis for the FIREBALL method, the form
of the output charge (2.26) relies on the assumption that the overlap is small
enough to use the approximation (gpfjwd[n = d)ifal reba”) in the Hartree potential.

This is the reason why the basis is not suitable for geometry calculations, due to

forces are more sensitive to this fact. However, electronic structure calculations

with more simple sp3d? basis of cut-off radii (ina.u.) s = 4.5, p = 4.9,d = 4.3,

show us that the difference in the total dipole is around 10 % , within the error bar

of our calculations and we can be sure that FIREBALL approximations work well

for a basis set of this size. However, the screening parameter is greater, due to a

smaller interaction between the metal and the molecule (because metal orbitals

have smaller cutoff radius).
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3. Calculation of the screening parameter S using (3.10) although gives good
results, can be calculated more accurately using the definition in (3.12), as done
in3.5.3

4. Reliable distances have been obtained extrapolating other experimental or
theoretical results. A fully ab-initio calculation of the distance is desirable.

The most important of this list is the first one. All along this thesis we will try to
correct the deficiencies explained here.

3.6 The Gap Problem

Although in the previous section we have addressed the importance of a reliable
gap for the Cgp/Au(111) interface, we still do not have a systematic way to obtain
realistic values for it without using techniques really expensive computationally. In
this section we are going to point out the main ideas we have followed in order to
correct it. In next chapter we will apply these ideas in the framework of the IDIS
model in order to obtain in practice a realistic gap.

We can see the underestimation of the LDA gap using two complementary points
of view. The first one is more physical, and has been introduced in the thesis in Sect.
2.7.2, the other one is based on mathematical properties of the energy functional in
DFT. As explainedin Sect. 2.7.4,in LDA, selfinteraction correction, due to interaction
of an extra electron with the others, is not taken into account and the ionization
potential and electron affinity are under and overestimated respectively. This allow
us to write the gap in terms of the charging energy U that arises from Coulomb
repulsion between two electrons in the molecule.

E, = E[P* +U° (3.24)

In this case we have not only SIC, but also image potential: our molecules are
deposited over a metal, so the charging energy of the molecule is reduced (because
of the interaction of the image charge, that weakens the interaction of the “real”
charge). This can be taken into account by substituting U by an effective image
charge U < U°.

Mathematically, the underestimation of the LDA gap is related with the derivative
discontinuities in non-integer DFT. The exact value of the ground state energy should
be piecewise linear with respect to the number of electrons [73], however, in standard
local approximations it is not the case. So the derivative discontinuity A, defined as:

Ey = EgVEPA 4 KaE“) - (aE’“) ]=E§S’LDA+AXC
IN J N=n+o+ IN ) N=n—0+

(3.25)
is zero in LDA [74]. Sau et al., within the spirit of the LDA+U method, suggested
the following correction to the LDA functional.
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U
E[N + 6n] ~ EXPAIN + sn] + 7i|5n|(1 — |18n)) (3.26)

where dn is the fractional charge of the system (0 < én < 1) and Uy for n > 0 and
U_ for §n < 0 (that are closely related to the charging energy U ). The quadratic term
corrects the piecewise linearity of LDA, and allow us to obtain for integer values
E[N +0,1] ~ ELPAIN 40, 1]. If we apply Janak’s theorem to this functional for
the HOMO and LUMO levels of a molecule we get:

( 0E ) LDA UHOMO
n<0

oE LDA ULUMO
+ — (3.27)
(M&”)&»o FLUMO 2

We canrelate Upomo,Lumo (equivalent to U_ 4 respectively) with the charging
energy U as U = 1/2(Ugomo + UrLumo)- Note that these results are equivalent
to the Eq. (2.103) obtained at Sect. 2.8.2, but for the molecular levels instead of the
atomic ones.

Taking the second derivative 3 (6 )
(since the total energy is piecewise linear with respect to the occupancy) we get:

= when 6n — 0, and realizing that it is zero

9D

U = 30m) (3.28)

for i =HOMO, LUMO and én < 0, > 0 respectively.

If we find an easy way to calculate the change on the molecular spectra due to the
molecule charging, we will get U using this equation and we will be able to correct
the LDA gap. As we will see in the next chapter this is straightforward within the
IDIS model.
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Chapter 4
The IDIS Model at the Molecular Limit

4.1 Introduction

In the previous chapter we have shown that the IDIS model is a simple yet accurate
model for predicting and studying energy level alignment at metal-organic inter-
faces, that appear in new organic electronic devices like OLEDs. However there are
other systems where metal-organic interaction takes place, but are not an infinite
metal-organic interface. This is the case of molecular electronics devices (where an
organic molecule is attached to two metallic electrodes) [1-5], or individual mole-
cules deposited over surfaces at extremely low coverage [6]. It should be desirable
to extend our model to those kind of systems.

This extension is only valid if the physical interactions governing these systems
have the same physical origin than in MO interfaces. This means that the induced
interface states can occur locally, that is, there can be non extended states inside
the organic gap. This is true if we consider them as states coming mainly from
hybridization of metallic and organic states (an effect that can take place at the
molecular limit). We will show that the lack of extended surface states does not
affect our model.

When going from monolayer to molecular limit, a word of caution should be
said. At molecular limit, the change on work function (the potential drop at the
surface, considering it as a macroscopic quantity) is different than the potential that
the molecule suffers due to MO interaction. Figure 4.1 shows schematically the
difference between both. In the case of the IDIS model, the IDIS potential is the
potential that a molecule suffers. The “macroscopic” work function is just the value
given by formula (3.9) where the dipole is the total one (charge transfer 4 pillow +
surface + intrinsic). The difference between both is clearly seen at extremely low
coverage. The change of the macroscopic work function of the surface is negligible
(we only have a few molecules over the metal surface); however, the molecule does
suffer a potential drop due to the local dipole that appears between the metal and
the molecule. In order to distinguish both quantities, from now on, we are going to
consider A the change in macroscopic work function and V the local potential drop

E. Abad, Energy Level Alignment and Electron Transport Through 95
Metal/Organic Contacts, Springer Theses, DOI: 10.1007/978-3-642-30907-6_4,
© Springer-Verlag Berlin Heidelberg 2013
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Fig. 4.1 Left Scheme of the difference between the rise in metal work function and the potential
that the molecule suffers. The former is the measurement of the potential far away from the surface
(when it is essentially flat, and makes sense talk about work function rise), while the latter is the
potential that the molecule sees, that is not flat and can be very different from the former. At high
coverages, potential curves tend to flatten very quickly and both quantities are essentially the same.
Right Dependence on the average potential over a plane for different coverages. At high coverages,
the potential does not depend on distance to the surface, and the origin of V is the interface dipole
layer. For lower coverages, V > A and there is a distance dependence of the potential. At the limit
of low coverages A = 0 (since there is no dipole layer over the whole surface)

at the molecule. At high coverages, as the cases studied in previous chapter, both
quantities are almost the same (A >~ V).

In the next section we are going to focus on a Cgp molecule over Au(111) surface
(where experimental results are available) and show that the IDIS model remains
valid even if only one molecule is involved. In Sect. 5.2 we will see that this case can
be considered as a limit of the IDIS model for low coverages. These results are an
extended version of the work published in Physica Status Solidi A [16] (Copyright
2012 by WILEY-VCH Verlag).

4.2 Cgo Molecule Over a Au(111) Surface

The adsorption of a Cgp molecule over a Au(111) surface has been simulated with a
8 x 8 Au cluster with no periodicity and 4 layers. The cluster size has been checked
to be high enough to avoid border effects. All Cgg atoms and surface atoms (apart
from the boundary gold atoms, and the last layer) have been allowed to relax. The
adsorption distance has found to be 2.4 A (a complete discussion about the role of
vdW interaction in this interface will be given in Sect.5.2.1). In this case, we have
used both for the geometric relaxation and for the electronic structure calculations
an Au sp>d’ basis with the following cut-off radii (in a.u.): s = 4.5, p = 4.9,
d = 4.3, that gives a lattice parameter of 4.12 A (compared with experimental value
of 4.07 A [7]). The reason for this choice is to improve the accuracy/speed ratio of
our calculations (not so important here, but critical for comparison with other results
in Sect.5.2.3). We have checked that our results are independent of basis choice
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Fig. 4.2 Geometry of the

8 x 8 cluster without periodic-
ity used for simulating a single
molecule adsorbed over a gold
surface (upper and side view)

Fig. 4.3 DOS projected on
the Cgp orbitals for the case of
an isolated Cgp overa Au(111)
surface. Molecular levels of
the isolated (but deformed)
molecule are indicated by red
lines. Right inset enlarged
image for the area around
the Fermi level, showing
HOMO, LUMO and CNL

of the molecule, @), and the
Fermi level (E r) of the system

DOS (eV")

ok ]
-30 -25 -20 -15 -10 -5 0 5
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changing the Au, C basis (see Sect.5.3.5). The C basis set is the same as in previous
calculations in Sect. 3.5. Regarding the gap, we have calculated an accurate value
taking into account SIC and image potential, using the ideas presented in 4.2.1,
obtaining E!, = 3.1€V. This will be carefully explained in next section. Geometry
has been shown in Fig. 4.2 and DOS in Fig. 4.3.

In this case, although the same formulas as in 3.5.2, (A.20) and (A.21), are used
in order to calculate the DOS, a n = 0.1eV for Au orbitals is introduced in order to
correctly mimic the continuous DOS of the surface; and a n = 0.001 for C orbitals
in order to get the peak-like DOS of the molecules. That is:

nj =0.1if jeAu

o 4.1
nj =0.001 if jeC

G (E)=Hjj — E+in; [

by this way, we obtain a more realistic DOS, and we avoid artifacts that appear when
we take a 7 too high.

We are tempted to interpret the DOS in terms of the IDIS model, placing the
CNL, @y and IDIS potential (V’ DIS remember the difference between V and
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Fig.4.4 Values of CNL—Efr VIDPIS and 8n versus the initial Fermi level for the Cgp molecule over
Au surface. Linear behavior support our assumption that the IDIS model is valid at the molecular
limit

A), and calculating the screening parameter, obtaining S = 0.53. However, is this
interpretation valid? We can check the validity of the IDIS model calculating S
using not only Eq. (3.10) but also (3.12). If the movement of the Fermi level with
respect to the work function behaves linearly, and the value of S coincides with the
one calculated previously, the suitability of the IDIS model to describe this kind of
metal/organic contact will be strongly validated.

Figure 4.4 shows perfect linearity, and the slope value is S = 0.53 too. So, IDIS
model for low coverages can be considered valid. In Sect. 5.2 we will see a few more
facts that strength the validity of the IDIS model at the molecular limit).

4.2.1 IDIS Based Calculation of Charging Energy

In Sect. 3.6 we presented the formula:
LDA
de;

= B3(An)

; 4.2)
obtained by Sau and coworkers [8] based on a LDA + U correction of the linearity of
energy functional in DFT for non-integer numbers. It allows to calculate the charging
energy if we calculate the movement of the HOMO and LUMO levels when we add
or subtract some charge dn to the molecule. How can we do it when the molecule is
not isolated but placed over a surface?

The answer is very simple if we think on the IDIS model. In this model naturally
occurs an addition or subtraction of charge dn to the molecule (due to the charge
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Fig. 4.5 Value of SIC using Koopmans’ theorem, see Eq. (2.96), to the DFT level of isolated Cgg
as a function to the molecular level. It can be seen that all values are around +1.4eV

transfer). On the other hand, there is also a natural movement of the HOMO and
LUMO levels (the potential drop due to the IDIS dipole), so in our case we can
define:

IDIS
U= (SV— 4.3)
én

So using only IDIS parameters we can deal with the underestimation of the LDA
gap and give a good approximation to the exact one without expensive methods
like GW (that for long molecules such as PTCDA/Au(111) with 208 atoms or low
coverage interfaces, such as Ceo/Au(111) 54/3 x 5+/3R30°, with 360 atoms) would
be completely prohibitive.

Some words of caution need to be addressed here. First of all, in actual geometries
there is no charge transfer from/to the HOMO/LUMO, but to the interface states
that are around the CNL. That means that we are neither calculating U HOMO por
ULUMO put a mixture of both. However, these charging energies should be very
similar. Calculations of Koopmans’ correction, using (2.96) show that this correction
(that is actually the charging energy U°) for free molecule in Cgp and benzene is
more or less the same for all levels (other molecules, such as PTCDA were calculated
in [9, 10]). That means that although we are taking interface states, that are mainly
a mixture of HOMO and LUMO levels, we will obtain good results.

4.2.2 Practical Implementation

The formula can be written in a more practical way. If we consider that the density
of states is more or less constant between the Fermi level and the CNL, that is what
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actually happens (see Fig. 4.3); we can consider that én = D(CNL — E); where
D is the average DOS. With this and (3.11) and (3.13) we obtain:

1
S = =
1+UD

(4.4)

In this equation, U D plays the same role that the term 47 e’d D /A does in the
elementary theory of Schottky barriers (d is the effective distance between the pos-
itive and negative charge transferred between the metal and the molecule, and A
the area per molecule). So, with the screening parameter and the average DOS at
the Fermi Level we can obtain easily the charging energy. This formula is better for
practical use in systems with small S and large broadening of the HOMO/LUMO
levels because we can calculate S and D more exactly than V/P!5_Note that S and
D should change with the size of the gap: the larger the gap, the smaller the DOS
at the Fermi Level (HOMO and LUMO broadened levels are farther to the Fermi
level), and the larger the value of S (the screening is lower because the insulator
character is higher). In our calculations, we have opened the gap with the scissor
operator (Eq.2.97) and recalculated S, D and U until we get a selfconsistent U.

Up to now we did not care about the metal “U” since it should be zero. However,
the surface has been simulated using a cluster (so it is not longer a true metal but
a very narrow gap semiconductor; so a small spurious “U™¢*” will appear. In
the 8 x 8 cluster, U™e' ~(.2¢eV. This has to be taken into account. For example
“VWILZZIS”z U™etal sy is around 0.04 eV, so in order to calculate S or U this small
spurious contribution has to be neglected (otherwise S will be 0.49, too small and
U = 1.8 too high).

We have considered this by calculating (CNL — EF) for different initial Fermi
levels, let’s say @y and @), + A. By virtue of Eq. (3.12) the screening parameter
should be:

_ (CNL — EF)oy+a = (CNL — EF)oy,
(Pu+A) — Py
_ (CNL — EF)py+4 — (CNL — EF)o,,
A

S

(4.5)

but as U@ = 0 there is an spurious “IDIS potential” in the metal Vrflgflls =

snU™ee that has to be subtracted. The corrected screening parameter S is then
calculated via:
_ (CNL - EF)oy+a — (CNL — Ep)q,,

A _ yIDIS

metal

S (4.6)

Last but not least, the surface potential (mentioned in Sect. 3.4.5) tends to reduce
the gap, and this effect is not taken into account in our fireball code. So we need to
calculate it using formula (3.23) and see how it changes with charge transfer. The
actual value of U is U = UJireball _ yyoff—diag| here yoff—diag ig:
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ff—di
yors—diag _ OV V”g = @7
n

When all this considerations are taken into account, we get for the isolated Cgg
molecule over a gold “surface” (actually a cluster, as stated before) a value of 1.5eV.

The discussion of the calculation of U for a finite coverage will be given in
Sect.5.2.

4.2.3 Calculation of Pillow and Surface Potential at Low Coverages

In previous sections we have seen that the interaction of a Cgo molecule with a gold
surface can be understood in terms of the IDIS model, obtaining an IDIS potential
VIDIS — (1 —8)(CNL—®,,). However, to obtain a good picture of the interface not
only the IDIS potential but also the pillow and the surface ones need to be calculated.
There is no problem in calculating DP"/°" and D%/ =414 put, what is the potential
drop induced in the molecule due to these dipoles? In order to calculate that, we
will guide us by the behavior of the IDIS potential. The difference on the pillow
and surface potential (AF-0ff=diag) for hi§h coverages and molecular limit can be
calculated by taking into account that I/T_l is the induced potential drop at the
interface by one electron transferred from the molecule to the surface (see Eq.3.7).
So the difference between potential drops for high coverages and the molecular limit,
is, in a first approximation:

P.off—di
Vmolgff e _ (1/Smot — )Duyr

Abolf=diag = (1/Sy1 — 1) Doy

(4.8)

(D is the DOS at the Fermi Level). Applying this to the pillow potential we have
obtained VOP 0.07¢eV for the isolated molecule. The surface potential acts on the
opposite way (tends to reduce @y — Er) and is 0.03 eV for the molecule. Although
these values are very small, V*// ~41% play a significant role in calculating the actual

mol
gap of the system (see previous subsection).

4.2.4 Ceo/Au(111) Gap Calculation: Summary and Conclusions

We are going to give a brief review of the contents of this section and how we have
applied it to our system.

1. First of all we take the isolated nlolecge over the surface and calculate S cor-
recting the effect of U™etal and D as D = én/(CNL — Ef).
2. With S and D we obtain U using (4.4).
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3. We use the scissor operator to open the gap from ELP4 to EL = ELPA + U.

After that we recalculate S, D and U

4. We repeat steps 2 and 3 several times until we get an selfconsistent gap (i. e. we
have a gap E; = EéDA + U and with formula (4.4) we obtain Uy = U;

5. We calculate the surface-potential Vo/f—diag and yeoff—diag via Egs. (3.23),
(4.7) and (4.8). The final U is U = U fireball _ yoff—diag|,

If we compare our predicted gap (3.1eV) with other theoretical and experimental
results, we get good agreement. Lu et al. [6] found an experimental value of 2.7eV
using STS (see Fig. 3.20); and Sau et al. [8] calculated a gap of 2.5 eV obtained using
a similar approach as the one exposed here combined with a GW-like self-energy.

The advantage of this method is the much lower computational cost, as compared
with standard approaches based on GW or other beyond-HF techniques. It has some
details (the spurious Vrigéf , the fact that we are not calculating U°//~4148) but we
obtain reasonably good gaps (slightly overestimated). We need to say that, as we
will see in Sect. 5.6, the use of an hybrid potential reduces the obtained gap due to

exchange hole delocalization.

4.3 Application of the IDIS Model at the Molecular Level: Cgg
Between Two Tips

In this section we are going to apply our IDIS model to a Cgy molecule between two
gold tips. This section is adapted from the article published in Organic Electronics
(Copyright 2010 by Elsevier). This work has been made with help and advice from
César Gonzdlez [11].

Some work has also been addressed to understand the quantum dot formed by
an isolated Cgp-molecule located between two metallic tips [12—14], but in these
references many-body corrections have been neglected. In our case we combine a
DFT calculation at the LDA level of the geometry during the approach the two tips
to the Cgp molecule, with an electronic structure analysis in terms of the IDIS model.
Also, an study of the charging energy of the molecule U and its changes during the
tips-Ceo approach have been done, applying the ideas presented in Sect. 4.2.1.

4.3.1 Mechanical Study

In our DFT simulations, the Au-tips consist of pyramidal-shape clusters of 46 Au
atomsina (111) geometry, with 3, 6, 10 and 27 atoms in the first, second, third and last
layer respectively [15] (see Fig. 4.6). The basis set used is the same as in previous
calculations of Sect. 4.2. The contact formation is analyzed by approaching each
Au-tip in steps of 0.1 A; after each step the atoms are relaxed to their corresponding
minimum energy positions, except the atoms in the last Au-layer of both tips, which
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Fig. 4.6 Geometry of the tip/Ceo/tip system for different values of the distance d between the fixed
Au-layers. The arrow in case (b) suggests how the molecule rotates. Reprinted from [11]. Copyright
(2010) from Elsevier

are fixed. We have also calculated electrical conductance of the system at each step
of the deformation process using the Keldysh—Green’s function formalism explained
in Sect. 2.6, for a molecule between two electrodes, together with the first-principles
hamiltonian obtained after the relaxation.

Figure 4.6 shows the calculated geometry of the tip/Cgp/tip contact as a function
of the distance, d, measured between the fixed Au-layers of both tips. Initially (Fig.
4.6a), Cqp is attracted by the tips, its diameter increasing along the tip-tip direction
(see Fig. 4.7b). The buckyball suffers, however, a slight rotation (Fig. 4.6b) in the
attractive region between distances d = 23.7 and 26.4 A where the molecule jumps
between different minima in such a way that the force cannot be calculated as the
derivative of the energy (in Fig. 4.7a this is represented by a dashed line for the force
which is only a guide to the eye, calculated smoothing the energy curve). When the
force is ~0, the Cgq returns to its original orientation, and after that, the molecule
starts to be compressed (Fig. 4.6¢), shortening its diameter along the tip-tip direction.
Eventually, the tips starts to break (Fig. 4.6d). Notice also that the maximum attractive
energy for one interface is 2.2 eV, and that the maximum attractive force is (probably)
in the order of 3.8 nN; as expected, this force is around twice the one calculated for
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a tip/nanotube contact of the same diameter [15]. Van der Waals forces are found to
be small (see discussion in [16] and Sect. 5.2.1).

The conductance at the Fermi level of the tip/Cgo/tip contact (Fig. 4.7b) shows a
maximum of 1.8G( in the compressive region, while it is ~0.8G for the equilib-
rium position. For long distances, d > 25.7 A, 3 channels contribute equally to the
conductance, as corresponds to the three orbitals of the LUMO level while, due to
the symmetry breaking of that level, only two channels contribute at short distances.
At intermediate distances only one channel dominates the conductance due to the
rotation of the molecule.

We should comment here that the conductance has been calculated with the cor-
rected hamiltonian (with the scissor operator) so the molecular gap is the realistic one:
calculations without this correction lead to a maximum value of 2G (the difference
ratio is larger when the distance between tips increase).
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4.3.2 Electronic Analysis: Unified IDIS Model
and Self-Interaction Correction

Figure 4.8 shows the density of states projected on the Cgq orbitals for the cases a, b
and c of Fig. 4.6. For each case, the HOMO and LUMO levels, the molecule CNL,
the initial (@j;) and final (EF) Fermi levels are shown. As in the case of a single
Ceo molecule adsorbed on a gold surface, the tip/Cgp/tip contact reacts creating a
mean potential, V!, between the tips and the molecule that tries to align the organic
CNL and the metal work-function. In case a, since the “pillow” dipole is negligible,
that potential is created only by the charge transfer between the two materials that
iS, Vi = VIDIS'
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In Fig. 4.8a, CNL — ®); = 1.1eV and V/PIS = 0.34eV, so that § = 0.7.
As in other cases, we have checked that the screening parameter is the same using
Egs. (3.10) and (3.12). We have calculated the transport energy gap by means of
the method exposed in Sect. 4.2.1, using Eq. (4.4). In this case U = 2.0eV, so
the transport energy gap has been fitted to 3.6eV by means of the scissor operator
presented on 2.7.5. Moreover, using this scissor operator, the Au work function has
been placed 0.3 eV above the midgap.

Note that this gap differs from the gap of 3.1 eV found for a molecule over a metal
surface. This means that the gap of the molecule depends on the geometric details
of the structure; the gap over a metal surface is different than the gap between two
metal tips.

In cases b and c the distance (CNL—@,,) = 0.82 (b),0.75 (c)eV has been reduced
to (CNL — Efr) = 0.21 (b) and 0.18 (c) eV, so the IDIS potential is 0.61 (b) and 0.57
(c)eV and the screening parameter S = 0.26 (b) and 0.24 (¢), indicating that in these
two cases, for small tip-Cgq distances the interface screening is much more effective
than in case a, saturating around the energy minimum. Moreover our selfconsistent
calculations yield the following values of U: 1.6 (b) and 1.3 (c) eV, and the following
transport energy gaps: 3.2eV (b) and 2.9eV (c), as can be approximately appreciated
from the strongly broadened HOMO and LUMO levels of those figures.

Regarding the pillow potential, in these cases it is not so small, so the total potential
has pillow contribution too. The corresponding values of ng for cases b and c are 0.45
and 0.96eV respectively, that are screened to SVOP =V" =0.12 eV (b), 0.23eV
(c). Note that in this last case, the pillow potential is able to change the charge
transfer direction (in Sect. 5.2.6 we suggest that this mechanism can be present also
in Cgo/Au(111) monolayer).

Finally, a word of caution about U off—diag should be addressed here. We are
now dealing with a tip instead of with a complete surface so the change in U due
to the off-diagonal surface potential will be smaller. Since we know that in the
whole surface case the change in U is not bigger than 10 %, we can expect here that
yeoff=diag - (.1eV and and we did not include it.

4.3.3 Conclusions

We have applied the IDIS model, that was originally applied to metal/semiconductor
interfaces (organic and inorganic) to a complete different field: molecular electronics.
We have shown that the IDIS model help to interpret the electronic structure of the
system, and allow us to calculate a realistic gap where both the SIC and the image
potential are taken into account. Note that here, a semi-classical calculation of the
image potential! is not an easy task. Also is important to note that, the gap of the
molecule depends on the tip-molecule distance. Moreover, the Au geometry also
influences the gap size. This will be explicitly pointed out in next section but these

I As for example in [17], Sect.5.8.2.
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results suggest the same: note that we obtain the same U for a Cep/tip distance of
~2 A than for a Cgo/surface distance of ~2.4 A, that suggests that the image potential
in the surface case is higher for the same Cgp/Au distance.

In conclusion, our method allow us to correct the gap in molecular electronic
systems (very important, for example, to calculate a realistic conductance of the
device) without too much computational cost (our system has 152 atoms; a number
of atoms that makes other methods, like GW, prohibitively expensive).

4.4 Barrier Formation for a Tip/Cgo/Au(111) Configuration

In this section we will study another nanogap organic molecular junction formed
by a Cgp molecule in-between a Au-tip and a Au(111)-surface. As in the previous
case, we first calculate the atomic geometry of the tip/Ceo/Au(111) nanocontact as a
function of the tip-surface distance, but for different molecule adsorption sites. The
electronic structure, barrier height formation and charging energy are analyzed using
the IDIS model. Our results are shown to be in good agreement with the experimental
evidence. This work has been published in Journal of Physics: Condensed Matter
in collaboration with Dr. José Ignacio Martinez [18]; and this section is an adapted
version of it (Copyright 2010 by IOP publishing).

4.4.1 Geometry Calculations

The Au tip is the same as considered in Sect.4.3 and the surface is simulated using
the 8 x 8 cluster mentioned before. The basis set is the same as the one used from 2
tips/Ceo and Cgp/surface calculations. As in previous sections, all atoms are free to
relax apart from the cluster boundaries and the first tip layer.

Figs.4.9 and4.10 show the calculated geometries of the tip/Cgp/Au(111) contact
for different tip/metal distances. Figure 4.9 shows three cases (a, b and c) for a long
tip/metal distance (26.2 A), with the molecule adsorbed on the tip, on the Au surface,
or located in the mid-point between the tip and the surface. In our calculations, the
adsorption on the tip is the most favorable one with an adsorption energy of around
1.3eV, while on the surface the molecule is only bound by 0.3eV, and in case (c)
by 1.0eV. These values for the adsorption energies cannot be expected to be very
accurate, because of the minimal basis used in the calculations; moreover, for an
accurate calculation of the adsorption energies, one should include vdW energy that
have not been analyzed in this paper [15, 16]. However, vdW forces will not change
the geometries very much as will be shown in 5.2.1.

Figure 4.10 shows cases (d—f): two of them (d and e) correspond to an intermediate
tip/metal distance (25.4 A) and the last one (f) to the shortest distance (24.6 A). For
the intermediate distance, the molecule has been assumed to be adsorbed either on the
tip or the surface, the adsorption on the tip being again energetically more favorable,
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Fig. 4.9 Relaxed geometries, and adsorption energies, for a Cgp molecule in-between a Au-tip and
a Au(111)-surface: configurations (a—c). In these three cases the distance between the Au-tip upper
layer and the Au(111) lower layer is 26.16 A. Reprinted with permission from [18]. Copyright IOP
publishing 2010
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Fig. 4.10 Relaxed geometries, and absorption energies, for a Cgy molecule in-between a Au tip
and a Au(111) surface: configurations (d—f). In configurations (d, e) the distance between the Au-tip
upper layer and the Au(111) lower layer is 25.36 A while it is 24.56 A for case (f). Reprinted with
permission from [18]. Copyright IOP publishing 2010

while for the shortest distance only one case is possible with the molecule touching
simultaneously the tip and the surface. After obtaining the desired geometries, we
analyze the barrier height formation and the charging energy for the cases a—f. As in
the tip/Cegp/tip configuration, the work function is placed 0.3 eV above the gas-phase
Ceo midgap (both for the tip and for the surface).
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Fig. 4.11 DOS (per spin) projected on the Cg( orbitals for the geometry b of Fig.4.9 (left inset).
Molecular levels of the isolated (but deformed) molecule are indicated by green shaded region.
Right inset: enlarged image for the area around the Fermi level, showing HOMO, LUMO and CNL
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40—
@)y SRS

™
1
35 1
r lo.25
o5 [CNE
@y : UMO
1
h ! "

30

25 [

DOS (eV'™)

-30 -25 -20 -15 -10 -5 0 5
Energy (eV)

Fig. 4.12 As Fig. 4.11 for the geometry (d) of Fig. 4.10 (left inset)

4.4.2 Barrier Formation and Charging Energy

Figures4.11,4.12 and4.13 show the DOS projected on the Cgq orbitals for the
cases b, d and fof Figs.4.9 and 4.10, for the molecule adsorbed either on the surface or
on the tip (DOS of cases a and e are similar to d and b). At this stage we have neglected
the “pillow” potential. In a further step (to be discussed later), we have analyzed how
this “pillow” potential changes the interface Fermi level and the junction barrier
height.
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Fig. 4.13 As Fig. 4.11 for the geometry (f) of Fig. 4.10 (left inset)

Table 4.1 Screening parameter, S (dimensionless), difference between the charge neutrality level
and the Fermi energy, CNL—EF (in eV), and U (in eV) for all the configurations analyzed in this
study (cases a—f)

Quantity / case (a) (b) (c) (d) (e) (f)

S 0.36 0.43 0.56 0.30 0.33 0.26
CNL — Ef (eV) 0.28 0.32 0.54 0.25 0.26 0.21
U (eV) 1.66 1.47 1.67 1.61 1.46 1.39

The right insets of Figs.4.11, 4.12 and 4.13 show for each case the DOS around
the energy gap, the initial Fermi level, &), (which is taken to be the same for the tip
and the surface), the LUMO and HOMO levels, as well as the CNL, and the Fermi
energy Er (dashed lines) as obtained from our DFT-calculations (with the corrected
gap Ej, = EéfDA + 0).

As in previous cases, we are going to deal with this system using the IDIS model,
that has been proved to be valid at the molecular limit. Table4.1 shows our results
for § and (CNL — EF), for the different structures of Figs.4.9 and4.10. In our
calculations, the strongest screening (S = 0.26) appears for case f, when the molecule
is encapsulated between the tip and the surface. This is expected: in this case the
interaction is the highest one. S increases for larger tip-metal distances (smaller
screening) and, for the same tip-metal distance, the smallest screening appears with
the molecule on the surface (case b versus case a), or in between the tip and the
metal (case ¢ versus cases a and b). The values of CNL— E r follow a similar trend,
with CNL—EF smaller for larger screening (S smaller); in all these calculations,
CNL—-®, is around 0.8eV, except for case ¢ where CNL—®y; = 0.95¢eV a little
larger, probably because of a slight molecule stretching. Notice also that in all the
DOS the LUMO level is about 0.6eV above the CNL.
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Table 4.2 « parameter (dimensionless), Vopillow (ineV), SV()pi”gw and CNL — Ef (ineV) for all
the configurations analyzed in this study (cases a-f)

Quantity / case (a) (b) (c) (d) (e) ®)
o 0.51 027 0.95 0.43 0.51 0.36
v ev) 0.83 0.43 0.05 0.61 0.49 0.94
sV (@ev) 030 0.18 0.03 0.18 0.16 0.25
CNL — Er (eV) —0.01 0.14 0.51 0.07 0.09 —0.04

We should stress that, in these calculations, the transport energy gap (the HOMO-
LUMO energy difference) has been fitted selfconsistently with theory presented
in4.2.1.

4.4.3 Pillow Potential

Up to this point, we have neglected the “pillow” potential. For a symmetric case,
with similar interfaces on both sides of the molecule (like the case of Cgy between
two symmetrical tips), the analysis of the “pillow” effect is simple, tending to move
upwards by the same amount the initial Fermi levels of both tips.

In a non-symmetric junction, the “pillow” potentials of both interfaces, say
Vop low=1ip and VOP illow=surf , tend to shift differently the tip and metal Fermi levels.
In a DFT-calculation, we have to move the Fermi levels accordingly and recalcu-
late how the barrier height has changed. Our results can be interpreted in terms of

vy illow=1ip and vy iltow=surf "introducing an “average” pillow potential, vy ittow.
which we define by:
Voplllaw _ (O[V()pzllowftlp (1 — a)VOplllowf,\‘urf). (4.9)

Using this effective pillow potential, we can use the standard Eq. (3.17) to calculate
how the pillow effect changes the barrier height, or equivalently, CNL— E r. We stress
that the parameter o can only be obtained by means of a first-principles calculation.

In Table4.2 we include the values of SV illow for the different geometries of
Figs.4.9 and4.10. CNL— Er are reduced to the values indicated in Table 4.2 Notice
that in our case (b), the LUMO level is located around 0.75eV above the corrected
EF;in Lu et al. [6] (the experimental realization of this case) LUMO—EF is about
0.95 4+ 0.2¢eV in reasonable agreement with our results.

4.4.4 Conclusions

We have presented here DFT calculations of a tip/Cgo/Au(111) system that simulates
the STM/STS measurement of a buckyball molecule on a Au surface. This system
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can also be considered as a particular representation of a quantum dot, whereby an
organic molecule is encapsulated between two electrodes. We have calculated the
absorption geometries and energies of the system, finding that the Cgg molecule
prefers to attach to the tip rather than to the surface. We have also analyzed in detail
the metal/organic barrier formation, the molecule charging energy and the DOS of
the molecule at the interface. In particular, using the IDIS model, we have calculated
the screening parameter, S, the induced potential VP15, the “pillow” potential and
the charging energy, U, as a function of the distance between the Cgp molecule and
the tip and/or surface, and of the absorption site. This charging energy allow us to
correctly calculate the molecule transport energy gap and its DOS. Note that for
the same distance, the gap is smaller when molecule is attached to the surface than
when it is attached to the tip. Our results are shown to be in good agreement with the
experimental evidence.

4.5 Conclusions

In the first part of this chapter we have shown that the IDIS model for metal/organic
interfaces is valid not only at the monolayer limit but also at the molecular limit.

Moreover, the IDIS model allow us to correct the underestimation of the LDA gap.
‘We consider that the actual transport energy gap is £ ; =F éD A+ U, where U is the
charging energy of our system. We can obtain the charging energy as the change on
the molecular levels position due to the change in the molecular charge. In the IDIS
model, this change on molecular levels position is because of the IDIS potential
VIPIS and the charge change is the charge transfer, so in a first approximation
U =38VIPIS/sp,

Finally we show some examples of the use of the IDIS model at the molecular
level. The first one, a Cgp molecule over a Au(111) surface, illustrates the validity
of the IDIS model at this limit and its usefulness to obtain reliable values of the
charging energy. In the second one we study two Au tips approaching to a Cgg
molecule, calculating the relaxed geometry and the change on the IDIS parameters
when the Cgo/tips distance changes. We see, as expected, that the IDIS and pillow
potentials increase when we decrease the distance. Also the gap decrease when we
decrease the distance, due to the image potential is stronger for shorter distances.
In the last one, we present a tip/Cgo/surface, and calculate the IDIS parameters for
different tip/surface distances and for different adsorption sites (the Cgo adsorbed on
the tip or on the surface). We see that the molecule prefers to be attached at the tip,
and that the screening and the molecular gap are higher when it is attached to it.
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Chapter 5
Results for Various Interfaces: Cgp, Benzene,

TTF, TCNQ and Pentacene over Au(111)

5.1 Introduction

In the previous chapter, we have extended the IDIS model to the molecular limit:
we have shown how, applying the ideas exposed in Sect. 3.6 to the IDIS model we
can correct the underestimation of the LDA gap and get a realistic value for an
organic molecule over a metal surface, where both the SIC and the image potential
contribute to the size of the gap. We have also employed all these ideas for two
systems of technological and scientific interest: a Cgg molecule between two gold
tips (as an example of the application of this method to molecular electronics) and a
tip/Cgo/surface (as a typical STM-like configuration).

Now we want to extend these ideas and correct the molecular gap in MO inter-
faces in order to obtain realistic values for the electron and hole injection barriers.
Moreover, the correction of the LDA hamiltonian will allow us to obtain realistic
STM images (like the TTF over gold surface one in Sect.5.4).

In the following section we will revisit the Cgo/Au(111) interface for various
coverages, and show the variation of the IDIS parameters when going from the
monolayer to the molecular limit, strongly supporting the validity of this model for
all coverages. Then, these findings will be applied to other interfaces: benzene, TTF,
TCNQ and pentacene over Au(111).

5.2 Cgo/Au(111) Interface at Various Coverages

The Cgo/Au(111) interface has been studied both at the monolayer limit (with a
LDA gap) in Sect.3.5.2 and at the molecular limit in Sect.4.2. Now we are going to
recalculate the monolayer with the gap obtained in Sect.4.2. We will study not only
the 24/3 x 24/3R30° monolayer, but also lower coverages. This will allow us to see
how the IDIS parameters (screening parameter and IDIS potential) behaves when we
change the interface coverage, and compare the molecular case with the limit of low

E. Abad, Energy Level Alignment and Electron Transport Through 115
Metal/Organic Contacts, Springer Theses, DOI: 10.1007/978-3-642-30907-6_5,
© Springer-Verlag Berlin Heidelberg 2013
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coverages. This section is an adapted and extended version of the article published
in Physica Status Solidi A [1] (Copyright 2012 WILEY-VCH Verlag).

5.2.1 Geometry

Regarding the Cgo/Au geometry we are going to consider the effect of vdW interac-
tions that were neglected in the systems of Chap.4. Definitely it plays an important
role in adsorption energy calculations: the Cgp molecule is very big, and the interac-
tion energy from the carbon atoms located far away the gold surface is not accurately
obtained in standard LDA. However, the forces that govern the Cgo/Au distance are
not supposed to be too much affected by the inclusion of vdW forces (the Au—C cova-
lent distance is 2.1 A, and the adsorption distance is 2.4 A). In order to measure the
effect of the vdW forces we have calculated the relaxed geometries and the Cgo/Au
distance using both the standard LDA approach and the weak chemical interaction
(WCI) energy described in Sect.2.7.1.

Figure 5.1 shows our results for the adsorption energy of a Cgp ML on Au(111):
the black line represents our DFT-LDA energy, while the blue line corresponds to
the WCI result. These two curves can be considered as two limiting cases for the
short-range Cgo—Au interaction (basically the interaction of Au and the six nearest
C atoms of Cgp): the WCI corresponds to weakly interacting systems, and the LDA
to covalently bonded systems. In order to obtain the total adsorption energy we must
add the long-range vdW interactions to this short-range energy. The Cep—Au vdW
interaction [calculated via Eq. (2.83)] is the result of many distant C—Au atom—atom
interactions (the damping function fp(R) eliminates the contributions for C—Au
atom pairs at closer distances). The purple and red curves in Fig. 5.1 show the energies
calculated adding the vdW energy to both short-range curves. The Cg coefficients
for the C—Au pair of atoms have been calculated using London theory as a guide to
extrapolate the coefficient as calculated for the C—C interaction on graphitic materials
[2]. This approximation for the C¢ coefficient has already been used successfully in
other systems [3] where a value Cq = 36eV - A% is obtained. The damping factor is
chosen as fp(R) = 1/(1 +exp(—d(R/Ryaw) — 1)) and Rygw (Au-C) =4.1 A and
Ryqw(C-C) = 3.8A following the ideas of [4]. The minimum energy for the LDA
+ vdW result (purple curve) is located at a distance z (between the upper Au-layer
and lower C-atoms of Cgp) of ~2.3A, and at ~2.6 A for the WCI + vdW one (red
curve). The adsorption energy is 2.2eV and 1.9 eV, respectively; for comparison, the
experimental valueis 1.87 eV [5]. This good agreement is probably fortuitous because
of the minimal basis set used in our calculations; in particular, our LDA-adsorption
energy is around 0.8eV smaller than the one calculated using a LDA plane-wave
converged basis [6], while a LDA-approach yields adsorption energies typically a
few tenths of eVs larger than a GGA-calculation. Moreover, taking R,qw(Au-C) =
3.3A and Ryaw(Au-C) = 29A [7] in the long range vdW damping factor yields
7~ 22A (LDA + vdW) and ~24A (WCI + vdW), with adsorption energies of
2.9 and 2.5V, respectively. Notice that the adsorption energies change significantly
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Fig. 5.1 Adsorption energy for a Cgp monolayer on Au(111) as a function of the distance between
both subsystems, for several approximations. Black line standard LDA-FIREBALL. Blue line WCI-
FIREBALL calculation. Green line vdW correction. Purple line LDA Fireball + vdW correction
(good approximation at small distances). Red line WCI + vdW correction (good approximation at
large distances) (Color figure online)

when changing the value of R,;w, while the equilibrium distance is much less
affected. This suggests that the actual Cggp—Au(111) equilibrium distance should be
in between the z values obtained in the LDA + vdW and WCI + vdW calculations. We
conclude that 2.4 A (the initial LDA guess) is a good guess to the distance between
Ceo and Au(111).

The Cgo—Cgp interaction is a constant that we calculate from reference [8], includ-
ing the damping factor fp (R) (with Ryqw (C—C)=2.9A [7]or3.8 A [4],and d = 20).

5.2.2 The 2+/3 x 24/3R30° Monolayer

Figure 5.2 shows the molecular local DOS for the 2+/3 x 2+/3R30° geometry and
the location of @,;, Er, CNL and the HOMO and LUMO levels. The basis set is the
same as Sect. 4.2 and the gap is also 3.1 eV, since Cg9—Cgq interaction (the difference
between both cases) does not change the gap size. Notice that the few peaks below
the HOMO level are in good agreement with the ones observed in angle-resolved
valence-band photoemission spectroscopy for a monolayer of Cgp on Au(111) [5].
Itis important to notice that the quantity (CNL — @) is the same for the molecular
and monolayer limit (0.8 eV). However (CNL— E ) is different, because S changes
(S = 0.19). It is significantly smaller than in the case of the single molecule on
the surface. This is related to the interaction between Cgg molecules, that enhances
screening. Another point of view is that, as CNL and @, are “fixed” parameters,
and as CNL-EF increases, charge transfer increases (since charge transfer 6n =
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Fig. 5.2 DOS projected on the Cgo orbitals for the case of the 23 x 24/3R30° Ceo/Au(111)
monolayer. Molecular levels of the isolated (but deformed) molecule are indicated by red lines.
Right inset enlarged image for the area around the Fermi level, showing HOMO, LUMO and CNL
of the molecule, @), and the Fermi level (£ ) of the system. Left inset Experimental angle-resolved
valence-band photoemission spectra from a Au(111), b annealed 1 ML of Cgp on Au(111) and ¢ 3
ML of Cgp on Au(111), from [5] (Copyright 2000 by the American Physical Society). Features 1
and 2 stand for HOMO and HOMO—1, respectively, for the 3 ML film

D (CNL—EF)), that means that for molecular case, where we don’t have depolarizing
effect (whose origin is parallel dipole—dipole interaction), dipoles are higher, that
implies greater charge transfer, and bigger CNL-Er distance, so S is greater, by
virtue of Eq.(3.10). Then, IDIS potential also decreases. Moreover, if we compare
this S with the one obtained in Sect.3.5.3 we realize that it is bigger. It can be
explained by three differences between both calculations. The first one is that the
gap is higher in this case (3.1 compared with 2.5), the second one is the use of a
different basis (in Sect.3.5.3 the gold basis was an extended sp3d®s*d*> one), and
finally, the way of calculating DOS is different: instead of using a global n = 0.01,
we use different n for the molecule and the surface Eq.(4.1) and the CNL position
slightly changes.

5.2.3 IDIS Parameters for Various Coverages

In Cgp/Au(111) we have calculated not only the IDIS parameters for a monolayer,
but also for other lower coverages. In this section we are going to study the m~/3 x
m~/3R30° interfaces for m = 3,4, 5 (for the sake of comparison we include m = 2
case, studied above). We want to see how the IDIS parameters change when we
change the coverage. We can expect that S will increase monotonically, and the IDIS
potential decreases, linking the monolayer and molecular cases.
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3vV3 x 3V3

Fig. 5.3 Geometry of different coverages used in this work (Color figure online)

In Fig. 5.4 we show the DOS projected on Cgo around Fermi level for this cover-
ages. As we expect, the value of CNL-EF increases monotonically with decreasing
coverage. The same occurs with § (increases as coverage decreases, that means, the
screening is lower) that has values of 0.19, 0.23, 0.29 and 0.31 form = 2, 3,4, 5. In
Fig.5.5 we can see the tendency of S with Cg—Cgq distance (i.e. with coverage). It
is worth to mention that, the CNL position is practically the same, 0.8 eV, above the
initial metal Fermi level (—5.2eV), in all coverages, with an error bar of £0.02¢eV.

From Fig.5.5 we can expect a S = 0.39 for the limit of extremely low coverage
(that means, an isolated molecule). Direct calculations gave us S = 0.53, not too far.
Moreover, a look insight in our prediction model (explained in Sect.5.2.4) show that
a better extrapolation gives S = 0.50, much similar to the computed S = 0.53, that
enhances the idea that the molecular MO interaction can be seen as a limit for low
coverages of the IDIS model.

As we did on the molecular limit, we have calculated S using Eq. (3.12) to check
that the change of CNL-E r with respect to CNL—@, is linear and compares well
with calculations using Eq. (3.10). Figure 5.6 shows perfect linearity, and the slope
values are the same as obtained in the other way. Moreover, in all cases CNL= Er
at approximately —@,s = 4.4eV (that is, shifting the initial Fermi level 0.8 eV with
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Fig. 5.4 DOS projected on the Cgy near Fermi level (Ef) for the m+/3 x m+/3R30° coverages
(m = 2, 3,4, 5) discussed in the text. HOMO, LUMO, Fermi Level, CNL and @, are shown.
Molecular levels of the isolated (but deformed) molecule are indicated by red shaded region

0,36

0,32

0,2

4V3x4V3

3v3%3v3

5v3x5v3

20
Distance (A)

Fig. 5.5 Screening parameter versus distance between centers of nearest Cg for different cover-
ages. The straight line corresponds to a theoretical fitting (see Sect.5.2.4 and Fig.5.8). S fora6 x 6
interface has also been calculated to obtain a better fitting
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Fig. 5.6 Values of (CNL-EF), VIDIS and §n versus the initial Fermi level, for the different
interfaces analyzed. The values of CNL-E ¢ and VIDIS have an error bar of +0.03 eV; for 81 the
error bar is +0.003

respect to the gold one). This agrees very good with the CNL—®, distance of 0.8eV
that appears in Fig. 5.4. This shows the validity of the IDIS models for all coverages,
including the molecular limit.

5.2.4 Charging Energy for High Coverages

When we want to calculate the charging energy in a periodic system we need to be
cautious. In the case of a layer of molecules, the formula Eq.(4.3) does not give
the real charging energy of the molecule, but an effective one (U¢//) that cannot
be used to correct the gap. The physical meaning of U¢// is how the HOMO and
LUMO levels change due to charge transfer from the Au to the Cgg monolayer. The
difference is that, while the correct U of a molecule on a periodic system should be
calculated by transferring charge from (to) the metal to (from) one molecule, what
we have when we use Eq. (4.3) is that the transfer of charge is from (to) the metal to
(from) the whole layer. That means that other effects, like dipole—dipole interaction
between different molecules, are included (although they shouldn’t). Somehow, in
a OO (Hubbard) language U¢/ = U + >"; Ji where J; is the coulomb interaction
between different molecules. An scheme is shown in Fig. 5.7. The value of U/ for
different m+/3 x m+/3R30° structures withm = 2, 3, 4and 5is U¢// = 4.8,3.3,2.7
and 2.35 eV, (U°//—4ia8 jg not taken into account). After the introduction of this effect
they are reduced to Ueff =4.4,3.0,2.4and 2.1eV.

We can also calculate U¢// as a function of Ceo—Ce distance. We expect U eff =
U + C/d> (due to J; is mainly a dipole—dipole interaction), or U¢/f = U + A/d> +
B/d* if we want to include more multipole terms. In Fig.5.8 we represent this
dependence of U¢/7 .
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Fig. 5.7 Scheme of the difference between U, the change in molecular levels due to the charge
transfer from one molecule (the one in the left side), and U eff . The latter includes change in
molecular levels due to the interaction with the dipole formed in adjacent molecules created by the
charge transfer to those molecules (Color figure online)
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Fig. 5.8 Corrected U eff values versus distance between centers of nearest Cg for different cover-
ages. The values have been adjusted to a A/d> + B/d* curve suggested by the multipole electrostatic
interaction between molecules; a fitting including only a d 3 term has also been shown. A 6 x 6
geometry has been added in order to get a better fitting of the curve

We have made some internal checks to our model. First of all, we have plotted
U¢'7 versus Cgp—Cgp distance, and adjustittoa U eff = U+ AJd> + B/d* curve,
obtaining good agreement (we have checked that the B/d* term is more critical if the
molecule-metal and molecule-molecule distance is smaller). Comparing the value
of charging energy calculated for an isolated molecule over the surface in Sect.4.2.2
(U = 1.5eV) and the value obtained by U eff versus distance fitting (U = 1.6eV)
we check that the calculation of U¢/7 is consistent with our assumptions. In practice,
for the other molecules studied in the thesis, we obtain U at the molecular level,
since a complete study of U¢// at different coverages in order to fit the value of U
demands too much time and computational resources.
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From this behavior of U¢// we can predict also the value of the screening para-
meter for different coverages. As stated before, we can calculate it from Eq. (4.3)
80 syIDIS 1

vt = = S=—
sn 1+ U D

(5.1)

and, as shown in Fig.5.8, U¢/f ~ U + A/d®> + B/d*. Using U = 1.6¢eV, A =
1.1 x 10*eV-A3, B = —8.1 x 10* eV-A*, obtained by least square fitting, we
obtain the curve predicted by this model, shown in Fig.5.5, also with actual values.
We can see that the fitting is quite good.

However, the molecular limit is underestimated. Direct calculation gives S = 0.5§
while curve prediction is § = 0.39. Both results can reconcile if we realize that D
is more than 30 % lower in the isolated molecule (probably because we only use I”
point for this calculation). If we take this into account we obtain a value of S = 0.50,
much closer to the direct calculation.

To sum up, the IDIS model is valid at all big and small coverages limits. Moreover,
our calculation of the behavior U/ and its relationship with U agrees with some
simple physical arguments.

5.2.5 Extrapolation to the C¢y/Ag(111) and Cgo/Cu(111) Interfaces

We can extrapolate the results of this work to Cgg/Ag(111) and Cgp/Cu(111) inter-
faces. Taking into account that @,s(Ag) =4.46eV and @);(Cu)=4.9eV, Fig.5.6
suggests that A’P1S(Ag)=0.03eV and A/P!S(Cu)=0.23¢V, far from the experi-
mental values —0.13eV for Ag [6] and 0.10eV for Cu [9]. Moreover, if we include
the pillow potential, the calculated potentials deviate even more from experiments.

In order to get a good extrapolation, once again, we have to mind the gap. In Ag
and Cu, the metal, molecule distance is smaller (0.1 A smaller for Ag[6] and 0.5 A
for Cu [10]) We can estimate the gap semiclassically taking into account that the
image plane position increases for Ag and Cu (see [11]). This give us a gap around
2.5eV for Ag and 1.9¢V for Cu.

The change in the gap implies a change in S. If we assume that S change with
the energy gap as S = 1/[1 + (a/Eg)z], we get that for Ag S = 0.13 and for Cu
S = 0.08. Regarding the pillow potential, with values calculated along this thesis
we can assume an exponential dependence e~*¢ where d is the metal/molecule
distance and o ~ 3.4 A~!. This gives an estimation of Ag = 0.60eV for Ag and
Al =2.15¢eV for Cu.

All these values yield the following results:

Ag/Ceo

For this interface, (CNL—®,;) = —0.14eV and A/PIS = —0.12eV (0.15eV
smaller than estimation based on Fig.5.6), so that this potential brings the Fermi
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Fig.5.9 Schematic view of the different parameters in the Cgp/Ag(111) and Cgo/Cu(111) interfaces
(Color figure online)

level to 0.02eV above the CNL. On the other hand: A” = 0.07eV. Combining
these two dipoles we find that Er is 0.09eV above the CNL, and the total dipole
is —0.12eV + 0.07 eV = —0.05eV, in good agreement with other independent
DFT-calculations [6].

Notice the change in the dipole sign, which is mainly the result of having the
initial metal work-function 0.14eV above the CNL. This is due to the small metal
workfunction of Ag (4.46eV) and to the reduction of Cgo energy gap.

Cu/Cgo

Inthis case, (CNL—@y;) = +0.13eVand (1—-S)(CNL—-®j,) = 0.11eV. Moreover,
AP = 0.16 eV; then, the total potential is +0.27eV (closer to the experimental
evidence, 0.08eV [9], than the previous value: 0.23 + 0.16 = 0.39eV) and the
interface Fermi level is 0.04eV above the CNL (see Fig.5.9). Notice that in this
case, the combination of the metal workfunction (4.9eV) and the molecule energy
gap (1.9eV) yields a metal workfunction very close to the organic CNL. In this case
the pillow contribution is larger than the IDIS one.
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5.2.6 Conclusions

In this section we have studied the Cgp/Au(111) metal/organic interface formation
for different coverages: m~/3 x m~/3R30° where m = 2 (experimental monolayer),
3,4, 5, that corresponds to coverages 6 = 1,4/9, 1/4 and 4/25. We have taken care
of the dependence of the IDIS parameters with coverage, including the molecular
case, seen as the low coverage limit.

As excepted we obtain that the IDIS potential monotonically decreases, and the
screening parameter increases when the coverage decreases. Regarding the molecular
gap, we have used £, = 3.1€V, calculated in Sect.4.2. We point out that for finite
coverage S and U are related through: S = 1/(14U*// 'D) where U¢/7 accounts not
only for molecule charging energy but also for Cgo—Cgo dipolar interaction U/ =
U+ Zi Ji. Where J; « 1/d 3 +multipolar terms. The values obtained for U eff (4.4,
3.0, 2.4 and 2.1eV for m~/3 x m/3R30°, m = 2, 3, 4, 5) can be used to calculate
J;i and thus obtain an effective many-body Hamiltonian for the adlayers [12].

Finally, we have extrapolated our results to a Cgp monolayer over Ag(111) and
Cu(111) surfaces. The prediction for the IDIS potential given by Fig.5.6 are in
disagreement with experimental evidence. The reason for this is the different Cgo/
surface distances for these metals, that change the size of the gap (and the value of
S). When we consider this, we obtain results in better agreement with experiments.

We make a final comment about the atomic orbital basis set used in our cal-
culations. The point to stress is that our basis set is not a converged one; this is
reflected in two deficiencies of our calculations: one is about the initial alignment of
the metal/organic levels (that was pointed out in Sect.3.5, early in this thesis); the
second one is related to our calculated energy gap which is a little too large (2.1eV
instead of 1.6eV). Both have been corrected using the scissor operator. We have still
explored the corrections introduced in our calculations by a more extended basis set,
by using for C a basis set of sp3d5 atomic orbitals with cutoff radii: 4.0 (s), 4.5 (p),
5.4 (d) (in atomic units). Obviously, using this basis set, the molecular levels are
significantly shifted, but the scissor operator allow us to fit the molecular energy gap
and its energy position to the experimental values. These corrections finally make our
new calculation of the interface potential and the value of U reasonably insensitive to
the details of the new basis set (larger V/P!S when larger cutoff radii are employed);
however, our pillow potentials are increased in the new basis set by about 20 %, so
that S eVOP takes now the values: 0.08 eV for the molecule, 0.10eV for the m = 2
adlayer case, and 0.08 eV for m = 3, 4 and 5. Results with the extended sp3d5 s*d*S
basis set for Au used in Sect. 3.5 suggest that the pillow potential can increase up
to 0.2 for the monolayer case, and 0.16 for the isolated molecule. Notice that for
the full monolayer case (m = 2), this potential can reverse the sign of (CNL—EF),
changing the direction in which charge is flowing between Ceo and Au. This, how-
ever does not affect to our main conclusions: here we have consider the point of view
suggested by Eq.(3.17), and the IDIS potential sign does not depend on the final
charge transfer direction when the pillow potential is taken into account. If we would
have considered the point of view of Eq.(3.16), the term (1 — $)(CNL—@ ) had
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changed its sign with charge transfer direction, but at the end we will have get the
same result for V' (since in this case, the total potential remains positive due to the
large positive value of the bare pillow part).

5.3 Benzene/Au(111) Revisited: Realistic Gap and Benzene/Au
Distance

We have improved the previous calculations of the benzene/Au(111) interface, cor-
recting the main deficiencies discussed in Sect.3.5.4. First of all, using the WCI +
vdW technique we have obtained a realistic first principles benzene/Au distance.
Then, the ab initio gap has been calculated at the molecular limit. After that, the gap
is applied to the full monolayer, and the IDIS potential and the screening parameter
are calculated. We have used the spd° basis for Au (as in previous section) and the
C, H basis are the same as in first benzene/Au calculations in Sect.3.5. This inter-
face can be considered as a typical interface with small screening (opposite to the
Ceo/Au(111) case). These results have been published in Journal of Chemical Physics
[13], in collaboration with Dr. Yannick Dappe and Dr. José Ignacio Martinez. This
section is an adapted and extended version of this article (Copyright 2011 American
Institute of Physics).

5.3.1 Interaction Energy and Van der Waals Forces

We have calculated both the standard LDA and WCI energy versus distance curves.
Due to the Au—C covalent distance is 2.1 A and the LDA adsorption one is around
3.0A we can expect that the LDA does not work properly at this distance. So we
are going to add to the WCI (that has no exchange—correlation interaction between
metal and molecule) the vdW interaction.

We have used the standard Eq.(2.83) for the vdW interaction, with C¢ =
36eV-A° for the Au—C interaction and no Au—H interaction has been included
(the Cg coefficient is much lower than the Au-C one). The factor fp(R) elim-
inates the vdW contribution for short distances [2, 7]. We are going to use two
different damping factors in order to check the reliability of our results. The
first one has the form fp(R) = 1 — exp(—(x(R/Rc)S) Following references
[2, 3], we take ¢ = 7.5 x 10, and R, =23 A. The second one has the form
fp(R) =1/(1 +exp(—d(R/Ryaw) — 1)) [7] where d = 20 and Ry 4w is the sum
of vdW radii of the elements under consideration, that is around 3.3 A [7]. The last
one was also employed in Ceo/Au(111).

The results of these calculations for a benzene monolayer on Au(111) are pre-
sented in Fig.5.10. We have plotted the benzene/Au(111) interaction energy versus
the benzene—surface distance for standard LDA (black curve, FB-LDA) and WClI cal-
culations (blue curve, WCI). The FIREBALL LDA calculation gives a binding energy
of around 0.20 eV, too small. In a second step, we have added to the WCI energy the
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Fig. 5.10 Energy versus distance for the benzene/Au(111) interaction. Black line standard LDA-
FIREBALL calculation. Thin blue line WCI-FIREBALL calculation. Thin green and red lines two
different parameterizations of the vdW interaction (vdW{ [2] and vdW, [7]). Thick green and red
lines total benzene—Au interaction (WCI + vdW 1, WCI + vdW,). Reprinted from [13] Copyright
2011 American Institute of Physics (Color figure online)

vdW interaction (the thin green and red curves) with Ortmann et al. [2] and Grimme
[7] parameterizations for the damping factor fp(R), obtaining the thick green and
red lines: the binding energy of the system for both parameterizations. In this way, we
obtain an equilibrium distance of around 3.25 A. The binding energy per molecule
for this distance, which depends on the damping factor fp(R) used, is 0.30eV using
the parameterization by Ortmann et al. [2] and 0.60eV for the parameterization by
Grimme [7]. The second energy is in good agreement with the experimental evidence
[14], and the Au/benzene distance is similar to the one found in other calculations
[15]. We should point out that, although different parameterizations gives different
energy adsorptions, the critical factor for the study of the interface dipole is the ben-
zene/Au distance, which is independent of the choice of fp(R). Now, considering
this equilibrium geometry, we analyze in the next sections the charging energy, the
interface dipole potentials and the charge transfer at this interface.

5.3.2 Molecular Limit: U and §U

In order to obtain an accurate gap value of benzene over Au(111), we have calculated
the adsorption of a benzene molecule over the 8 x 8 cluster with 4 layers. The
benzene—Au distance is the same as in the monolayer case (see Fig.5.11).
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Fig. 5.11 Geometry of the 8 x 8 cluster without periodicity used to simulate a single molecule
adsorbed over a gold surface (upper and side view) (Color figure online)

In this case, we get U = 4.8¢V. Instead of calculating the transport gap as
E 2, =F gL DA 1 U, we make here a different approach. First of all, we have calculated
in our basis set the transport gap of the gas phase molecule using E 2 = E[N +
1]+ E[N — 1] — 2E[N], that gives a value of 13.2¢V, larger than the experimental
10.3eV [16, 17]. The theoretical gap overestimation is because of the minimal basis
set used. The LDA gap is also overestimated (6.1 as compared to converged plane
wave calculations, that yield 4.7eV [15]). So in the gas phase molecule we get
with FIREBALL U° = E}, — ELPA = 7.1eV instead of the value of U® = 5.6eV
(taking the experimental gap and the plane wave LDA gap). So, instead of adding
our U = 4.8¢eV to our gap of 6.1¢eV (that would give E’ = 10.9 larger than the
gas phase molecule gap), we have considered the reduction U of the gap between
the gas phase molecule and the molecule over the surface. In this case we obtain
SU = 2.3eV so we get a gap of E! = 8.0eV. After insertion of U%/f~di48 it is
finally reduced to E* = 7.7 V. This reduction §U is the effect of the image potential
on the molecular gap.

Itis important to mention that this also happened in Cgp molecule. Accurate values
of the transport gap of the gas phase molecule and the LDA gap are 4.9 and 1.6eV
respectively [18], so U = 3.3 eV for the gas phase molecule. However, results of E;,
for the gas phase molecule and the LDA gap with our basis set give a value of 5.4
and 2.1eV respectively, so U = 3.3eV for the gas phase molecule (the same as the
more accurate one). That is the reason why the calculation of §U was not necessary
in Cgp.

‘We have checked that the benzene gap calculation is independent of the basis set.
For this reason, we have used a sp3d° basis set for C. For this basis, the LDA and the
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Fig. 5.12 DOS for a single benzene molecule on Au(111); the initial molecular levels are shown
by the blue lines (with a broadening of n = 0.1eV). The right inset shows an energy window
around the HOMO and LUMO levels indicating the initial work-function, @, and the CNL. The
left inset shows an energy diagram of the benzene/Au interface. Reprinted from [13] Copyright
2011 American Institute of Physics (Color figure online)

transport gap are 4.8 and 11.0eV respectively so U = 6.2eV (closer to the accurate
UY than the previous basis set). The reduction of the gap U is 1.8eV if we don’t
include U%/f =418 and 2.6 if we do so. The final gap for this basis is 7.8eV, 0.1eV
larger, and within the error of our calculations (that are estimated to be around 10 %).

Finally, a full study of electronic structure of a single benzene molecule over a
gold surface has been done (see Fig. 5.12). The total induced potential has been found
to be V/PIS = .32, associated with a charge transfer of ~0.07 electrons from the
molecule to the surface and its corresponding dipole of 1.19 D. This induced interface
potential is the one on the molecule due to the charge transfer. As in Cgy, it is smaller
than the monolayer limit (see next section), and also the screening (thatis S = 0.91
in this case, a case of rather low screening). We have also checked that the screening
parameter calculated as Eq. (3.10) and as Eq. (3.12) coincide, showing also that for a
benzene molecule the Fermi level, and the IDIS potential, change linearly when we
change the initial metal Fermi level, using the scissor operator. However, due to the
low DOS within the gap, the calculation of CNL is not accurate enough for obtaining
areliable screening parameter value (let alone U) so in this case we have considered
the LUMO level (a level that is well defined in this case, not as in Cgp: Fig.5.12 vs.
Fig.4.3) as the reference level, and we have studied variation of LUMO-EF as a
function of the fictitious changes on the initial metal Fermi level (shown in Fig. 4.3).
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Fig. 5.13 As Fig.5.12 for a benzene monolayer on Au(111). Reprinted from [13] Copyright 2011
American Institute of Physics (Color figure online)

5.3.3 Benzene Monolayer Interface Dipole

Density of States and IDIS Potential

Figure 5.13 shows our calculated DOS for the monolayer relaxed geometry obtained
in previous section. The final Fermi level position in this case is located 0.85 eV above
the initial one. For this particular case we find, S = 0.79. Figure5.14 shows also
linearity in LUMO-EF and IDIS potential versus initial Fermi level (as in molecular
case) with slopes S and (1 — S) respectively. The gap is 7.7eV as calculated in
previous section.

Figure 5.14 shows also that for a monolayer the interface Fermi level, the interface
dipole potential V /P15 and the charge transfer, change linearly with the initial Fermi
level. Regarding the charge transfer from the benzene monolayer to the metal surface,
it is now ~0.06 electrons per molecule (a dipole D of 0.99 D per molecule). This
charge transfer is smaller than in the case of a single benzene molecule on Au(111),
reflecting the depolarizing effect due to the other benzene molecules. This charge
transfer can be used to obtain an average interface dipole potential of A =0.81¢eV,
using the relation Eq. (3.9). Notice that A is quite close the value V/P1S = 0.85¢eV,
that corresponds to the potential on each benzene molecule. The relation Eq. (3.9) has
been used to extrapolate the results of cluster calculations to e.g. the monolayer case,
assuming that the dipole per molecule D is the same in both cases (i.e. neglecting the
depolarizing effect for the monolayer). Using the D values obtained in our cluster
calculation we obtain A = 0.97eV for our 5 x 5 monolayer, and A = 1.05¢eV for the
V/52 x /52 experimental monolayer, values that are very different from the induced
interface potential VP15 = 0.32 eV obtained for the cluster calculation. Finally,
assuming that the dipole per molecule is the same in the 5 x 5 and V52 x £/52
structures, yields a dipole potential A = 0.88eV for the /52 x /52 case. This
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Fig.5.14 (LUM O—EF) (upper panel), y1DIS (center panel) and transfer of charge (lower panel)
as a function of the initial metal Fermi level. The fictitious change in the initial metal Fermi level
tries to simulate how the interface properties depend on the different metals: this issue is shown in
the figure by superimposing the initial metal Fermi levels of Al, Ag, Cu and Au for comparison.
Reprinted from [13] Copyright 2011 American Institute of Physics (Color figure online)

reinforces the ideas of Sect.4.1 that at the monolayer limit V >~ A. The higher
difference has been found when using the cluster dipole for calculate the monolayer
A; showing the importance of the depolarizing effect (that is a physical phenomena
completely unrelated with the difference between V and A).

Pillow and ‘‘Surface Metal” Dipole Corrections

The pillow potential A = § Ag is 0.04eV (very small due to the long absorption
distance, that makes this effect a minor correction).

In an opposite way, Er — @)y is reduced by 0.1 eV due to the off-diagonal surface
potential, so the net effect of those potentials is a reduction of the total potential of
0.06eV (appreciable, but very small). However, as we have seen, the contribution
of this effect to the gap size calculation is not such small (it reduces the gap around
0.3eV, and the gap without taking into account this effect is 8.0eV, definitely too
large). This effect is higher in a more complete sp>d> C basis (the gap is reduced by
0.8eV).

5.3.4 Extrapolation to Benzene/Ag, Cu Interfaces

We are going to use these results to estimate the energy level alignment in ben-
zene/Ag (Bz/Ag) and benzene/Cu (Bz/Cu) interfaces. If we use Fig.5.14 in order to
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estimate the IDIS potential we obtain the following interface potentials: 0.85eV for
Bz/Au(111); 0.69¢eV for Bz/Ag(111) and 0.78eV for Bz/Cu(111). Morikawa and
coworkers [15] have calculated 1.14eV for Bz/Au(111); 0.76eV for Bz/Ag(111)
and 1.06eV for Bz/Cu(111). The experimental values [19] are the following:
Bz/Au(111)=1.10eV; Bz/Ag(111)= 0.70eV and Bz/Cu(111)= 1.05eV. Morikawa
et al.’s results are in excellent agreement with the experiments but the equilibrium
Bz/metal distances (3.1 A(Au); 3.3 A(Ag) and 2.9 A(Cu)) were basically fitted to
reproduce these potentials. Our interface potentials show the same trend than the
experimental data, with a minimum value for the Ag case and a maximum one for
Au, although our absolute values seem to be a little too small: as commented above
this can be due to the “pillow” potentials that are underestimated in our calculations,
and also to the different molecule—metal distances for Ag and Cu (and its effect on
gap size, see Sect.5.2.5). Comparing the experimental evidence and our theoretical
results we can consider that: V' (Au)=0.25eV; V ”(Ag)=0.01eV and V *(Cu)=0.27
eV, in agreement with the Bz/metal distances found by Morikawa et al.: larger for
Ag and smaller for Cu. The benzene/metal distance, and the size of the gap (should
be larger in the benzene/Ag than in benzene/Au because of its larger distance to the
image plane) can also play a role (as they played in Cgp/noble metals interface).

5.3.5 Discussion

We have presented fully abinitio corrected DFT calculations for benzene on Au(111)
in two limits: an isolated molecule and a full monolayer. A first principles gap of
7.7eV has been used, calculated in Sect.5.3.2. A correct value of this energy gap is
important in order to analyze the interface potential induced between benzene and
Au(111). In particular, this effect partially explains the big differences found between
the results presented now and the ones presented in Sect. 3.5, where we assumed the
transport energy gap to be much smaller, around 4.8 eV. Moreover, we assumed the
metal/benzene distance to be smaller too, 2.95 A, an effect that tends to decrease S
and enhances the amount of charge transfer between the molecule and the metal. In
this case, the benzene/Au distance has been computed properly taking into account
vdW interactions.

Using these energy gap and distance, we have calculated the case of a benzene-
monolayer and have found that the final Fermi level is 0.85eV above its initial
position. This value compares well with the experimental one of 1.1eV, as given
by Bagus and coworkers [19], although part of the discrepancy might come from
some overestimation of the energy gap. To check this point, we have also calculated
the monolayer case taking an energy gap of 7.0eV for the benzene molecule. This
value still can be considered compatible with our previous calculation for E, taking
into account the error bar of 10% appearing in the calculations due to numerical
uncertainties, related to the small induced DOS at the gap. This value is also suggested
by extrapolating the data in [20] and by semiclassical image potential calculations.
Figure 5.15 shows for this case our calculated DOS projected onto the molecule and
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Fig. 5.15 DOS for a benzene monolayer on Au(111), with a molecule transport energy gap of
7.0eV; the initial molecular levels are shown by the blue lines . The right inset shows an energy
window around the HOMO and LUMO levels, indicating the initial work-function, @, and the
CNL. The left inset shows an energy diagram of the Au/benzene interface. Reprinted from [13]
Copyright 2011 American Institute of Physics (Color figure online)

the interface barrier; the point to realize is that with this transport energy gap, the
interface potential has slightly increased to 0.9¢eV.

Itis also important to discuss the issue of the convergence of our calculations with
the basis set. We have studied this convergence by analyzing how our results depend
on a more extended basis set; in particular, we have used sp3d5s*d*5 numerical
atomic orbitals for Au, sp3d® for C and ss* for H. These Au and C basis have
been used in Sects. 3.5 and 5.2.2 respectively. If we fit the molecule energy gap and
position, our new calculation is reasonably insensitive to the details of the new basis
set.

As in the Cgp/Au interface, an exception is the calculation of the “pillow” poten-
tial: using this more extended basis increases this potential to 0.15eV (similar to the
value obtained in Sect. 3.5 with the same basis set). We conclude that the small differ-
ence between our calculated interface potential (for a full monolayer), 0.85eV, and
the experimental one, 1.1¢eV, is probably due to this underestimation of the “pillow”
potential and the confinement of orbitals.

The estimation of the IDIS potential for other noble metals lead to the following
values: 0.85eV for Bz/Au(111);0.69eV for Bz/Ag(111)and 0.78 eV for Bz/Cu(111).
Independently, Bagus and coworkers [19] using a wave-function-based ab initio
method and a cluster model have obtained 0.87eV for Bz/Au(111); 0.77eV for
Bz/Ag(111) and 1.08eV for Bz/Cu(111), in good agreement with our results. It is
worth commenting that, based on a Constrained Space Orbital Variation (CSOV)
analysis of these calculations, these authors conclude that the observed interface
dipole is largely due to the exchange (or Pauli) repulsion between electrons in the
metal and in the organic [19], an observation that seems to be in contradiction with
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the findings of our work, that indicate that the main mechanism behind the interface
dipole formation is the charge transfer between the metal and the organic. A deeper
analysis shows, however, that there is no contradiction between these two points of
view. Firstly, notice that in a DFT calculation the different wavefunctions are orthog-
onalized to each other, including in this way the effect of the Pauli repulsion in the
interface barrier formation, an effect that automatically leads to a significant charge
transfer at the interface; consequently, our DFT FIREBALL calculation includes the
“exchange repulsion” effect discussed by Bagus et al., except for the small con-
tribution analyzed above in the “pillow effect” section. Secondly, notice that in the
frozen-orbital step in the COSV analysis, the (Pauli exclusion principle) requirement
of orthogonalization of the wavefunctions in the metal and in the molecule already
leads to a “major net motion of charge from the adsorbate toward the substrate” [21],
which will appear in our analysis as a charge transfer between the two media.

5.3.6 Conclusions

To sum up, we have corrected the DFT calculation of the interface properties of
the benzene/Au(111) interface presented in Sect. 3.5, introducing a self-consistent
analysis of the molecule charging energy and its transport energy gap. From our
calculations we have also analyzed other noble metals by changing fictitiously the
initial Fermi level while keeping the Au electronic properties. This allows to mimic
other metals with different workfunction, because the value of the initial Fermi level
coincides in absolute value with the metal workfunction when the vacuum level is the
origin of energies. Our results have been favorably compared with other theoretical
and experimental data, lending strong support to our interpretation of the formation
of bz/noble metal interfaces as due to the charge transfer between the metal and the
molecule, as described in the IDIS-model.

5.4 TTF/Au(111) Interface

Another interesting MO interface is the tetrathiofulvalene (TTF) over Au(111). TTF
is a prototypical electron donor, and a potential material for molecular electronics
[22, 23]. As in previous sections, we calculate the interface barrier evolution when
going from the isolated molecule to the full monolayer case, and calculate the charg-
ing energy, and consequently, the molecule energy gap.

As in benzene, vdW forces are important; not only for energy calculations but also
to obtain a reliable TTF/Au distance (very important, as we saw in Sect. 3.5.4). More-
over, a reliable description of the TTF geometry at the interface cannot be accurately
achieved neither using conventional DFT-calculations nor other techniques involving
semiempirically vdW forces. For this reason, we have analyzed the TTF geometry
by combining experimental STM-images [24] with a detailed calculation of the
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Fig. 5.16 TTF coverages on the Au(111) surface: a cluster model; b dilute structure (a = b =
17.56 A, ab = 60°); ¢ herringbone structure (a = 17.56 A and b = 8.78 A ab = 60°); and d side
view of a TTF molecule on the Au(111) surface. For b and ¢, the solid lines denote the surface
unit cells used in the calculations. Reprinted from [25], Copyright 2012 by Elsevier (Color figure
online)

tunneling currents using the formalism explained in Sect.2.6; in this approach we
obtain the TTF geometry by fitting the theoretical calculations to the experimental
image. Once we obtain the molecule geometry we analyze the molecule DOS, the
charge transfer, the interface dipole and other properties related to the TTF/Au inter-
face. This work has been done in close collaboration with Dr. José Ignacio Martinez
and Dr. César Gonzalez. This section is adapted from the paper published in Organic
Electronics [25] (Copyright 2012 by Elsevier).

5.4.1 Calculation Details

Figure 5.16 shows the systems and geometries we are interested in: an isolated TTF
molecule deposited on a 7 x 7 Au(111) cluster (Fig.5.16a); and two different TTF
coverages on a Au(111) surface. We have considered the 6 x 6 [22] (Fig.5.16b) and
the herringbone (HB) 6 x 3 geometries [23] (Fig.5.16c¢); this approach will allow us
to analyze how the interface properties depend on the layer coverage.

The basis set used in our calculations consist on the sp>d> Au basis used in
previous calculations; sp3d5 C basis used in Cgo and benzene to check basis con-
vergence; s H basis used in benzene/Au, and sp3 d® for S with cut-off radii s = 4.2,
p =4.7,d =5.5 (in a. u.). For the TTF molecule this calculational approach yields
C—C nearest neighbors distances of 1.40 and 1.47 A—to be compared with 1.39 and
1.44 obtained in DFT in a plane wave basis [22], and experimental values of 1.40,
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1.45 A [26]—(no available data for the C—H and S—C experimental bond lengths),
and a LDA gap of 3.3 ¢V, to be compared with 2.6eV for converged basis set LDA
or GGA calculations [22]. It is also worth mentioning that a calculation of the affin-
ity/ionization gap for TTF yields a value of 6.3eV carried out by the real-space
OCTOPUS code [27] (by using an accurate hybrid GGA-PBEOQ exchange-correlation
functional [28]); using FIREBALL E, = E[N + 1]+ E[N — 1] — 2E[N] is found to
be 8.19eV.

In order to accurately determine the equilibrium distance of TTF adsorbed on a
gold surface, we have used here the WCI + vdW method used for Cgg and benzene on
Au(111) and explained in Sect.2.7.1. The Cg parameter in vdW Eq. (2.83) has been
taken Cg = 36eV - A° in for Au-C, C¢ = 0 for Au—H (as in previous calculations)
and Cg = 57eV - A° for Au-S. We have used both Ortmann et al. [2] and Grimme [7]
parametrization for fp(R).Inboth cases, the TTF/Au distance obtained is 3.10£0.05
A. Using only LDA we obtain a distance of 3.2 A (larger than the vdW one).

5.4.2 STM Images and TTF Geometry

As mentioned above, we have determined the TTF molecule geometry by analyzing
the STM-image and looking for the configuration yielding the best agreement with
the available experimental evidence [24]. In our calculations we have assumed to
have a W-(100) tip formed by 5 atoms, one of them in the apex, joined to a W crystal.
Tunneling currents and STM images are calculated using the ideas of Sect.2.6 and
reference [29].

Figure 5.17 shows our calculated STM-images for three different TTF geome-
tries calculated with different approximations: configurations I, IT and III have been
obtained using different codes; I: VASP(LDA) [30, 31]; II: DACAPO(GGA) [32] and
IIT: vASP(GGA) [24], respectively. W-tip height from TTF monolayer and surface
voltage, V;, take the typical values of 4.5 A and —1 V (below the E ), respectively, in
order to mimic experimental STM signal [24]. It is worth to stress that the variation
of the W-tip height between 4 and 4.5 A does not reveal any significant change in
the STM signal. These images do not seem to agree with the experimental image
shown on the top-right part of the figure. Then we have explored more than 200
different geometries and Fig.5.17 (bottom-right) shows the one found yielding the
best agreement with the experimental image (see top-right image). In this geometry,
the molecule is rather flat, being located 3.05 A from the surface. A side view of the
theoretically STM-engineered structure is also shown in Fig.5.17.

In order to calculate the TTF/Au for various coverages, we deposit the TTF geom-
etry from our previous STM engineering and vdW considerations over different
Au(111) surfaces. In the isolated molecule case, a 7 x 7 cluster arrangement (see
Fig.5.16a) with no periodicity has been used. It has been checked that this cluster
size is enough to avoid border effects. The dilute geometry (see Fig. 5.16b) was taken
as a low coverage case with 6 x 6 periodicity. The geometry used in our calculations
for the herringbone monolayer case (see Fig.5.16c) has been constructed in base to
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Fig. 5.17 a Theoretical STM images of TTF on Au(111) surface for three different configurations
(explained in the text); and b comparison between experimental [24] and theoretical STM images. A
side view of the optimized TTF on Au (111) surface is also shown. Reprinted from [25], Copyright
2012 by Elsevier (Color figure online)

a recent STM experiment by HuiJuan and coworkers [23], and it has been modeled
as a 6 x 3 periodicity lattice with two TTF molecules (as obtained in our STM cal-
culations) per unit cell. After that, we have relaxed our system with no significant
variations on the final structure with respect to the starting one. All the calculations
were performed for slabs of 4 and 6 Au layers where the last 2 and 3 layers were
fixed; in particular we found that 4 Au-layers are enough to obtain converged results
for the electronic structure. We have used 8 special k-points for the Brillouin zone
sampling. The TTF/Au(111) geometries were first relaxed at the LDA level keeping
the 2(3) lower Au layers fixed, while the first 2(3) layers were allowed to relax,
respectively for the cases with 4(6) slabs considered.

5.4.3 Interface Properties

Once we have obtained the interface geometry, we calculate the interface electronic
properties of: (a) the single molecule; and (b) the other TTF-layers, as well as the
corresponding charging energy effects.
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Fig. 5.18 DOS profile for
a single TTF molecule on
Au(111) (cluster model); the
initial molecular levels are
shown by the red shaded
region (with a broadening
of n=0.05eV). The metal
work-function, and the Fermi,
HOMO and LUMO levels
are also indicated on the
figure. The left inset shows
an energy diagram for the
system. Reprinted from [25],
Copyright 2012 by Elsevier
(Color figure online)
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TTF Molecule on Au(111)

Figure 5.18 shows the electron density of states (DOS) projected on the TTF orbitals
for the case of a single molecule adsorbed on Au(111) (Fig.5.16a). In the same figure
we also show the molecule energy levels of the isolated (but deformed) molecule;
the energy window around the energy gap is enlarged in the inset. The initial Fermi
level, @y, the interface Fermi energy, E r, the HOMO and LUMO levels, as well as
the CNL, are shown.

We have calculated the screening parameter S by changing in our calculations
@y fictitiously (see Fig.5.19), just like in Sects.4.2 and 5.3.2, obtaining S = 0.70.
We have calculated also a charge transfer of 0.43 electrons, a surface dipole of 6.3
debyes, and a charging energy U = 3.2eV (if we include the off-diagonal surface
dipole we obtain U = 2.95eV). Regarding the pillow potential, we obtain a value
of VOP = 0.03eV for the isolated molecule that is reduced to 0.02 eV when it is
screened to SV, .

Monolayer (HB) and Fraction of Monolayer Cases

Figure 5.21 shows the molecule local DOS for the HB-geometry (the monolayer
case). As in previous cases we obtain a higher IDIS potential (i.e. an smaller screening
parameter) than in the molecular case. In the case of the HB structure S = 0.47. This
case is also analyzed in Fig.5.19. For the 6 x 6 geometry (see Fig.5.20) we find
an interface behavior similar to the single molecule case, indicating that for this
second adlayer the molecule—molecule interaction is very small. Notice also that in
our results we find that the TTF-CNL is located around 0.1eV from the LUMO
level of the interacting molecule, namely, 0.8 eV from vacuum, which corresponds
(as expected) to a case having a strong donor character.

In Figs.5.20 and 5.21 we have also shown the IDIS potential, V/P!5 induced
in the molecule by the charge transfer; in our calculations, this charge transfer per
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Fig. 5.20 As in Fig.5.18 for the dilute geometry (see Fig.5.16). Reprinted from [25], Copyright
2012 by Elsevier (Color figure online)

molecule is 0.37 and 0.31 electrons for the 6 x 6-geometry and the HB-structure,
respectively, with the corresponding surface dipoles: 5.4 (6 x 6) and 4.5 (HB) debyes,
and VIPIS — 161 (6 x 6) and 2.63 (HB)eV. From our calculations we obtain
the following value of U¢// for the HB-case: U®//=6.7¢eV. Regarding the pillow
potential, we obtain VOP = 0.1eV for the HB monolayer and 0.03 for the 6 x 6
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Fig.5.21 AsinFig.5.18 for the herringbone geometry (see Fig. 5.16). Reprinted from [25], Copy-
right 2012 by Elsevier (Color figure online)

structure, that are screened to 0.05 and 0.02eV via VOP . These “pillow” potentials
tend to increase slightly the interface dipoles calculated above.

5.4.4 Discussion and Conclusions

Other theoretical calculations for the TTF/Au(111) interface have already been
reported by Fernandez-Torrente et al. [24] and Hofmann et al. [22]. In Refs. [24]
and [22], 6 x 4 and 6 x 5 unit cells have been considered, respectively. In both stud-
ies a DFT-GGA code has been used, although it has been agreed that probably “the
actual equilibrium distance between the organic adsorbate and the metal surface lies
in between the two extreme cases provided by GGA and LDA formalisms” [22].

In our approach we took advantage of looking for the best TTF geometry, by
comparing the STM images reported by reference [24] with the theoretical ones
calculated for more than 200 geometries. The geometry obtained in this way is shown
in Fig.5.17; the calculated STM-image for the best candidate fits considerably well
with the experimental one and improves a lot the images calculated for the geometries
provided by conventional LDA or GGA calculations. That new geometry is rather
flat, parallel to the Au-surface, and located at 3.05 A from it.

This adsorption distance has been calculated using the WCI + vdW method
explained in Sect.2.7.1. This calculation yields a minimum energy for a distance
of 3.05 A between the molecule and Au. The adsorption energy seems to depend,
however, on the approximations introduced in the damping factor for the vdW energy
as in benzene and Cg, with difference around 100 % for Grimme’s and Ortmann’s
parametrization for fp(R).

TTF has a strong donor character, which is shown in the present study by the
position of the CNL for all the considered system models, located at 0.8 below
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the vacuum, and by the electron charge transfer from TTF to Au, which for the
isolated molecule is 0.43 electrons, and 0.37 and 0.31 electrons for the 6 x 6 and
HB structures, respectively. Our calculations yield induced dipoles per molecule
of 6.3 (isolated cluster), 5.4 (6 x 6 geometry) and 4.5 (HB structure) debyes. It is
interesting to remark that these values do not differ significantly from those found
by Ferndndez-Torrente et al. [24]: 5 debyes for a 6 x 4 unit cell, and Hofmann et al.:
4.5 debyes for a 5 x 3+/3 unit cell, showing that the charge transfer mechanism is
not altered too much by the molecule geometries.

Regarding the organic energy gap and charging energy, we have obtained U =
2.9eV, and E, = 4.4¢eV; notice that the TTF “exact” transport energy gap is 6.3 €V,
indicating that image potential effects has reduced this gap by around §U = 1.9eV.
This value corresponds to an effective distance of 3.8 A between the TTF induced
charge and its image (notice that the molecule size is around 7 A). DFT-GGA cal-
culations [24] yield and energy gap of 2.2eV, one half of the one obtained self
consistently within our formalism; although the HOMO and LUMO level positions
(as determined by the transport energy gap) change dramatically the barrier heights
for electrons or holes, our calculations indicate, in this particular interface, that the
amount of charge transferred from TTF to Au does not seem to vary to much for
having either E, = 4.4 or 2.2¢eV.

We have obtained, as usual, that our results are rather insensitive to a basis set
change. However, as in previous cases, the pillow dipole is substantially increased
using a more extended basis. In particular, the “pillow” dipole, S Vop , of 0.05eV
found (for the HB structure) with the minimal basis set is increased to 0.30eV for
the extended basis; for the isolated molecule and the 6 x 6 structure the new value of
S VO‘" is set in 0.12eV. We conclude that in the calculations presented in Figs.5.18,
5.20 and 5.21, because of the minimum basis set used in the calculations, Fermi level
should be shifted towards the CNL by 0.10, 0.10 and 0.25, respectively.

5.5 TCNQ/Au(111) Interface: Molecular Dipole

In previous section we have studied the adsorption of TTF over Au, an electron
donor molecule. Now we are going to focus in a prototype electron acceptor, that has
attracted a lot of attention: tetracyanoquinodimethane (TCNQ). A strong tendency to
bond to transition metal atoms, mainly due to its strong electrophilic character [33],
makes the TCNQ a perfect candidate to be used in the formation of charge transfer
compounds, as a p-dopant in organic semiconductors [34], and in novel nanoelec-
tronic metal/organic devices. Additionally, an unpaired electron added to TCNQ via
metal/organic interaction reveals an interesting magnetic behavior with promising
applications in the synthesis of organic magnetic materials [35, 36]. Recently, STM
and STS experiments [37] have demonstrated isolated TCNQ molecules absorbed
on Au(111) surface to form highly ordered molecular assemblies due to strong ten-
dency of the TCNQ molecules to form N- - - H intermolecular bonds. This work has
been done in close collaboration with Dr. José Ignacio Martinez. This section is an
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Fig. 5.22 TCNQ/Au(111) systems analyzed: a dilute structure e (a = b = 20.494, ab = 60. 0°);
b self-assembled structure [37] (a = 16. 21A,b = 15704, ab = 93. 0°); ¢ single molecule on
Au(111) (cluster model); for all the three geometries a side view of a TCNQ molecule on the
Au(111) surfaces is shown. For a and b the dashed lines denote the surface unit cells used in the
calculations. Adapted from Physica Status Solidi B [38] Copyright 2011 Wiley-VCH (Color figure
online)

adapted version of the article published in Physica Status Solidi B (Copyright 2011
WILEY-VCH Verlag) [38].

5.5.1 Calculation Details and Geometry

The adsorption geometry has been calculated using the FIREBALL code with the
standard sp3d® Au and s H basis set, the C sp3d° basis set used in TTF/Au(111)
calculations. For N an sp3d? with the following cutoff radii has been chosen: s = 3.6,
p=4landd =52 (au).

As for TTF, we analyze an isolated molecule over the Au(111) surface, a dilute
periodic geometry and a monolayer similar to the self-assembled geometry observed
experimentally [37] (see Fig.5.22). As starting geometries for the dynamical relax-
ations we have taken TCNQ molecules perfectly flat, for different parallel positions
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lying on the Au(111) surface. Case a represents a dilute geometry, using a (7 x 7)
periodic unit cell with 49 metal atoms per layer, and containing one TCNQ mole-
cule per unit cell. The final optimized structure reveals the TCNQ lying bent on the
Au surface with the center of the molecule on a surface “hollow” site, the higher
atoms located at around 3 A, and the lower ones (the edge nitrogens) at around 2.4 A
above the gold surface. Case b represents the experimental self-assembled geometry
[37], where the TCNQ molecules form a close-packed monolayer. In this case, the
final geometrical distortions of the molecule are slightly different than in the dilute
geometry, with a rather flat profile of the central part of the molecules on the metal
(located at 2.9 A above the gold), and with the edge N atoms in closer positions with
respect to the surface, showing a covalent-like bonding. The unit cell for this case
has (5 x 5)-like periodicity, with 34 metal atoms per layer in the Au substrate, and
containing two TCNQ molecules per unit cell. The center of one of the molecules
is located on a surface “bridge” site and the other on a “top” site, which make the
molecules slightly non-equivalent electronically. Since the N atoms form bonds with
the surface, we can neglect vdW forces: the driving adsorption force is the chemical
force on the Au—N bond.

Although the distance between neighboring TCNQ molecules in case a is large
(>10A), some depolarization effects may appear due to long-range electrostatic
interactions. (In 5+/3 x 54/3R30° Ceo/Au(111) layer this interaction was important,
although the distance between molecules was more than 15 A). In order to eliminate
this effect, we also analyze a single molecule adsorption simulating the interface
via a (9 x 9) cluster with 81 metal atoms per layer (large enough to avoid border
effects), with no periodicity and the same final adsorption geometry than case a
(see Fig.5.22c). This configuration allow us to properly calculate U, as in the other
interfaces. In all cases, the Au(111) surface is simulated with 4 layers. We have
checked that 6 layers yield results very similar to the 4 layers case.

Regarding the LDA gap, for TCNQ with this basis set it has a value of 1.65¢eV,
to be compared with 2.14 eV for converged LDA basis set or GGA calculations. The
transport gap between ionization and affinity levels of the gas-phase TCNQ molecule
is around 5.3 eV (see below). As in TTF/Au, we have calculated the exact value of the
transport gap calculating ionization and affinity levels using the OCTOPUS simulation
package [27] and the GGA-PBEQ hybrid functional [28]. From this calculation we
obtain that U for the gas-phase TCNQ is U = 3.7eV.

5.5.2 Theoretical STM Images

Theoretical STM calculations have been performed for the TCNQ/Au(111) self-
assembled structure (Fig.5.22b) in order to make a detailed comparison with the
experimental evidence [37]. The STM images are obtained using the Green-Keldysh
function approach mentioned in Sect.2.6, as in the TTF/Au interface. We have
assumed to have the same W tip as in TTF/Au.
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Fig. 5.23 a Experimental STM image of the self-organized TCNQ on Au(111) structure [37]
(constant tip-height, Vi = 0.3 V). Experimental image from Fernandez-Torrente and coworkers
[37]; and b theoretical STM image for the geometry of Fig.5.22b (constant tip-height, V; = 0.5
V). Reprinted from Physica Status Solidi B [38] Copyright 2011 Wiley-VCH (Color figure online)

Figure 5.23b shows our calculated STM images for the TCNQ/Au(111) self-
assembled structure (Fig.5.23b). W-tip height from TCNQ monolayer and surface
voltage, V;, take the typical values of 4.5 A and 0.5 V (above the Fermi level), in order
to mimic experimental STM signal [37]. It is worth to stress that the variation of the
W-tip height between 4 and 5 A does not reveal any significant change in the STM
image. Experimentally it is observed that TCNQ molecules absorbed on Au(111)
surface form highly ordered molecular assemblies [37]. As shown in Fig.5.23, our
theoretical STM image for the relaxed structure of Fig.5.22b is in very good agree-
ment with the experimental STM image for the self-assembled structure. The theoret-
ical STM images also show some N- - - H intermolecular bonding between adjacent
molecules; this bonding has been proposed to be responsible for the self-assembling
of the TCNQ molecules [37]. Also, due to the slight non-equivalence between TCNQ
molecules in the same unit cell of our calculations, small differences can be appreci-
ated for alternating TCNQ molecules. Note that, although at first glance experimental
STM images suggest that the organic molecule lies flat on the gold surface, our results
with a bent geometry reproduce quite well the experimental STM image. Finally we
also mention that theoretical STM images for a flat adsorption geometry (not shown)
do not agree so well with experimental evidence.

5.5.3 Electronic Structure and Interface Potential

‘We analyze in this section the interface barrier formation. Upon adsorption of TCNQ,
the relative position of the Fermi level with respect to the molecular levels changes
due to the total potential induced on the molecule V' = VIPIS 4 VOM . Note
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of the initial Fermi level. The initial Fermi levels of Al, Ag, Cu and Au are shown for comparison.
Reprinted from Physica Status Solidi B [38] Copyright 2011 Wiley-VCH (Color figure online)

that now we have a new term that adds to the standard IDIS potential. It is the
“intrinsic” molecular dipole. It was introduced in Sect.3.4, but it is the first case
where it appears in practice in our thesis. The fact that a symmetric molecule like
TCNQ can have an “intrinsic” dipole can be shocking; but as we said previously, the
molecule is substantially deformed upon adsorption. The N atoms are closer to the
Au surface, and they are negatively charged. On the contrary, the aromatic C ring,
that is above the N atoms is positively charged, giving rise to a nonzero dipole along
the z direction (that comes purely from charge reorganization in the TCNQ, not from
charge transfer with surface), that certainly affects the interface potential. The value
of VOM can be easily obtained as the total potential just for zero charge transfer. From
Fig.5.24, VM = 1.37¢V. Note that in this case §n = 0 implies V/P7S = 0 but
yior = VOM # 0 as opposed to the other interfaces of this work where zero charge
transfer implied zero potential (if we neglect the pillow potential). The value of VOM
for the single molecule case and the dilute geometry is 0.20 and 0.53 eV, respectively
(see Fig.5.24).

Note that also, in Fig. 5.24, when @), = —5.2¢eV (the initial Fermi level of gold),
dn = 0. This is in good agreement with the experimental evidence [37], where TCNQ
is detected to be neutral on the Au(111) surface. Also, a very good linear scaling is
observed for all the cases as @, varies.

Figure 5.25¢ shows the DOS projected onto the molecular orbitals for the case
of a single TCNQ on Au(111) (levels of a non-interacting molecule are also shown
for comparison). For this case we obtain S = 0.16. Notice the visible level broad-
ening associated with the TCNQ/metal interaction. Regarding the charging energy
calculation for this molecular case, we obtain that U = 2.2eV and the transport
gap is E ; = 3.1eV (the effect of the “metal surface” dipole has been taken into
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Fig. 5.25 DOS projected on
the TCNQ orbitals for the
geometries of Fig.5.22 (case a
dilute geometry; case b mono-
layer self-assembled structure;
and case ¢ single molecule on
the surface). CNL, HOMO,
LUMO and final Fermi (E )
levels of the system are also
shown. Molecular levels of
the isolated TCNQ molecule
are indicated by a red-shaded
profile (y-scaled x1/3). Right
inset enlarged image for the
area around Efr. Left inset
interface levels scheme for
each case, showing V%,
The vacuum level defines the
energy zero. Reprinted from
Physica Status Solidi B [38]
Copyright 2011 Wiley-VCH
(Color figure online)
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account). The potential induced in the molecule is V'? = 0.97eV. Figure5.25a
shows our calculated DOS for the geometry of Fig. 5.22a; these results are similar to
those presented for the single molecule, except for the Fermi level position, which in
this case is located 1.09eV above the initial metal Fermi level. This reflects a larger
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surface screening due to the interaction between different molecules: for this partic-
ular case we find a value for the screening parameter of S = 0.14. The results for the
monolayer geometry (Fig.5.22b) are shown in Fig.5.25b. The DOS profile for this
case is similar to the ones found in previous cases, but in this case the Fermi level
coincides with CNL. As previously mentioned, we find a large interface potential
of 1.37eV, and a really small screening parameter of S = 0.05. This small value of
S reflects the large screening associated with this compact geometry; more tightly
packed geometries increase the molecule-molecule interaction, an effect that also
increases V' and the interface surface screening. Notice that in the left insets of
Fig.5.25a and b we have also shown the Helmholtz dipole potential layer A using
the Eq. (3.9), with values of 0.31 and 0.61 eV for the dilute and monolayer structures,
respectively (A = 0 for the molecule over Au surface).

Regarding the pillow and “metal-surface” dipole, we find that both effects tend to
cancel each other; nevertheless, the “metal-surface” dipole still slightly affects the
value of U reducing it 0.2eV, which reduces the transport energy gap by the same
amount to the final value of 3.1eV.

5.5.4 Conclusions

In summary, we have analyzed the organic-molecule/metal interface TCNQ/Au(111)
using the formalism developed in this thesis. We find that the N atoms of the molecule
bond to the surface, resulting in a bent geometry for the adsorbed TCNQ molecules,
and practically no charge transfer between the metal and the molecules. Our the-
oretical STM images for the monolayer case are in very good agreement with the
experimental STM images for the self-assembled geometry. Finally, we have ana-
lyzed the interface barrier formation and energy level alignment in terms of the
IDIS model, showing the importance in this case of the “intrinsic” molecular dipole
appearing on the TCNQ molecules on the Au(111) surface due to its bent geometry,
that in this case leads the main contribution to the interface dipole.

5.6 Pentacene/Au(111) Interface: Hybrid Method in Practice

Finally we are going to consider the pentacene/Au interaction. Pentacene is one of
the most widely used organic semiconductors both in research and industry, because
of its high field-effect mobility. In this case, the molecular gap has been calculated
using the standard scissor technique used in the previous interfaces and the hybrid
HF-LDA functional explained in Sect.2.7.3. As mentioned there, the 8 parameter,
that controls the amount of exact and LDA exchange is chosen in order to obtain
E, = E gDA + U; where U has been calculated using formula Eq.(4.3), as in
previous interfaces. This work has been done in close collaboration with Dr. Barbara
Pieczyrak, and has been published in Journal of Chemical Physics [39]. This section
is an adapted version of that paper (Copyright 2011 American Institute of Physics).
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Fig. 5.26 Pentacene on the Au(111) surface: a 2 x V39 structure; b 6 x J7 structure; ¢ cluster
model; and d side view of a pentacene molecule on the Au(111) surface (Z¢ = 3.2 A). Foraandb
the dashed lines denote the surface unit cells used in the calculations. Reprinted from [39] Copyright
2011 American Institute of Physics (Color figure online)

This interface has also been analyzed theoretically by Toyoda et al. [40]; but at the
DFT-GGA (+semiempirical vdW) level of theory. We have reconsider the interface
in order to accurately describe the barrier height formation, with a realistic organic
transport energy gap.

5.6.1 Geometry

As in the other cases, we are going to analyze the pentacene/Au(111) barrier height
for a single molecule and a full monolayer (see Fig. 5.26); in our calculations, we have
assumed to have one of four predominant experimental unit cells: 2 x /39 structure
(Fig.5.26a); we use this one because at lower coverages pentacene molecules tend
to have larger spacings between the rows of molecules such as in the chosen type
[41]. For the sake of comparison with the work of Toyoda et al., we also have taken
into account the 6 x /7 geometry they used in their research [40] (Fig.5.26b).

The basis set used in our calculations is the same as in the benzene/Au interface.
This yields a range of values between 1.36 and 1.47 A for the C—C nearest neighbors
distance in pentacene, to be compared with the experimental values of 1.35-1.45 A
[42] (in GGA-DFT these distances are 1.38-1.46 A) [43].

In order to accurately determine the equilibrium distance of pentacene adsorbed on
a gold surface, we have used here the WCI + vdW method used for Cgo and benzene
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on Au(111) and explained in Sect.2.7.1. The C¢ parameter in vdW Eq. (2.83) has been
taken Cg = 36eV - A® in for Au-C, Ce¢ = 0 for Au—H (as in previous calculations).

Regarding fp(R) we have used Grimme [7] parametrization obtaining a pen-
tacene/Au distance of 3.2 A, to be compared with LDA distance (3.1 10\), the WCI
(without vdW) distance (3.3 A) and the distance obtained by Toyoda et al. (3.2 A),
see Fig.5.27.

5.6.2 Density of States, Interface Dipole and Charging Energy

Hybrid Potential Results

First of all we are going to present calculations for pentacene/Au(111) using the
hybrid potential. Figure 5.28 shows our calculated DOS projected on the molecu-
lar orbitals for the three cases we have considered: a single molecule (c); the 6 x
ﬁ—adlayer (b); and the 2 x «/3—9—monolayer (a) (see Fig.5.26).

In these figures we also represent the molecular levels of the isolated molecule
(in green). The energy gap has been calculated selfconsistently using the standard
method explained in Sect.4.2. This time, however, is the parameter § the one that
has been fitted in order to have a selfconsistent gap. The transport gap obtained is
E' = 3.1eV, for a value of B8 = 0.31. The metal surface dipole effect in the gap
(a reduction of 0.2eV) has already been included.

Notice that this energy gap is a little larger than the peak-to-peak gap obtained
from the calculated DOS; in particular, E! = 2.65, 2.8 and 2.9¢V for cases a, b,
and c, respectively. The usual levels, HOMO, LUMO, CNL and Er, are shown. The
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Fig. 5.28 DOS (obtained with the hybrid potential) projected on the pentacene orbitals for the
geometries of Fig.5.26 (case a 2 x V39 structure; case b 6 x V71 structure; and case ¢ cluster
model). CN L of the molecule, metal work-function and Fermi level of the system are also shown.
Molecular levels of the isolated molecule, calculated with the same hybrid potential, are indicated
in green. Right inset enlarged image for the area around the HOMO and LUMO levels. Left inset
interface levels scheme. All values are given ineV. Reprinted from [39] Copyright 2011 American
Institute of Physics (Color figure online)
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Fig. 5.29 V!PIS and Sn-charge transfer from the molecule to the metal (obtained with the hybrid
potential) as a function of the initial Fermi Level (that can be seen as the absolute value of the
metal work function). This change in the initial Fermi level. Reprinted from [39] Copyright 2011
American Institute of Physics (Color figure online)

CNL is located around ~0.2 eV from the LUMO peak (fluctuations around this value
are probably related to the precision of our calculations). The IDIS potential takes
the values: V/P1S = 1.15eV (a); 1.09¢eV (b); and 0.79 ¢V (c). As in other interfaces,
it decreases from the compact monolayer to the single molecule interfaces.

Figure 5.29 shows, for the cases a, b and c, VIDIS and the charge transfer, dn, as
a function of the initial Fermi level, that can be seen as a “fictitious” metal work-
function, which is introduced by means of the scissor operator with A = 0 (see
Eq.2.97). As the cases when we use the scissor operator, V/?!S and 8n depend
linearly on @y, and V/P!S ~ 0 when 8n = 0. This shows that our IDIS model is
valid when using a hybrid functional to correct the gap, and confirms that the general
behavior predicted by the IDIS model does not depend on the method used to obtain
an accurate value of the gap.

From Fig.5.29 we find: § = 0.52 (a); 0.57 (b) and 0.69 (c), indicating that in the
compact structure screening effects are the largest, and in the single molecule the
smallest, like in the other interfaces studied previously.

Regarding the “pillow” dipole, we find it negligible in the minimal basis set used
in our calculations. We have found, however, that using the more extended basis
set (sp3d5s*d*5 for Au, sp3d5 for C and ss* for H; used in previous interfaces)
yields a bare pillow dipole potential, VOP , of 0.5eV for the 2 x /39 monolayer.
Screening effects reduce this potential to VX = § VOP = 0.25eV. Regarding the
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metal surface dipole correction, we find that in the tight-packed 2 x +/39 monolayer,
(EF — @u) is reduced by 0.15¢eV, this effect compensating to a large extent the
potential, V¥, created by the “pillow” effect. For the single molecule case, we find
that this compensation is even better; this metal surface dipole correction reduces,
however, U and the transport energy gap by 0.2 eV, as stated before.

LDA with a Scissor Operator

‘We have also calculated the pentacene/Au(111) interface using the scissor operator to
correct the transport gap, in order to compare both approaches and see the difference
that this simpler approximation introduces in the band alignment and in the molecule
energy gap. Figure 5.30 shows the DOS projected on the molecular orbitals for the
same cases shown in Fig.5.28; notice that the calculated DOS using the scissor
operator is very similar to the one obtained with the hybrid potential. There are,
however, some relevant differences, because although V/P!S is the same in both
cases for all geometries, we find an important change in the molecule energy gap:
while for the hybrid potential case we find for the isolated molecule EY = 3.1eV,
using the scissor operator yields E’ = 3.4¢V, so that the peak-to-peak energy gap
is: E' = 3.05 (a), 3.2 (b) and 3.15¢V (c). The important point to realize about these
results is that the calculated energy gap for the molecule, using the hybrid potential,
is 0.3 eV smaller than the one calculated using the scissor operator.

We believe this difference is due to the delocalization of the intra-molecular
exchange hole over the metal: for the isolated molecule, one can think of the SIC
(or the charging energy, Up) as being created by the exchange hole that eliminates
the interaction of the molecular charge with itself (see Sect. 2.7.2); the metal-organic
interaction delocalizes that hole and reduces, in our Hartree—Fock calculation, the
SIC. We have found that, due to this pentacene/Au interaction, around 8 % of the
molecular exchange hole is delocalized into the metal.

Figure 5.31 shows V/P!5 and 8n as a function of the fictitious metal work-
function. The behavior is very similar, but the slopes (i.e. the screening parameter)
are different. The values for the screening parameter are S = 0.52, 0.57, 0.69 for the
geometries a, b, c, respectively.

Regarding the “pillow” dipole and the metal-surface dipole corrections, we find
that our results are very similar to the ones calculated using the hybrid potential
approach.

5.6.3 Discussion and Conclusions

We have applied the hybrid-DFT calculation for pentacene on Au(111) considering
the following cases: a single molecule, a 6 x /7—adlayer and a 2 x ~/39—monolayer.
The hybrid potential is introduced to fix the transport energy gap, E’, instead of
the scissor operator used in previous interfaces. The accurate value of E' and U,
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Fig. 5.30 DOS (obtained with the scissor operator) projected on the pentacene orbitals for the
geometries of Fig.5.26 (case a 2 x /39 structure; case b 6 x /7 structure; and case ¢ cluster
model). CN L of the molecule, metal work-function and Fermi level of the system are also shown.
Molecular levels of the isolated molecule are indicated in green. Right inset enlarged image for the
area around the HOMO and LUMO levels. Left inset interface levels scheme. All values are given
in eV. Reprinted from [39] Copyright 2011 American Institute of Physics (Color figure online)
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Fig. 5.31 V!PIS and sn-charge transfer from the molecule to the metal (obtained with the scissor
operator) as a function of the initial Fermi Level (that can be seen as the absolute value of the metal
work function). Reprinted from [39] Copyright 2011 American Institute of Physics (Color figure
online)

has been obtained as in previous cases using Eq.(4.3). We have also analyzed the
pentacene/Au interface using the “scissor’” operator. It is interesting to stress that the
results of both approaches, the hybrid potential and the “scissor” operator, are similar,
showing that the interface barrier height is basically controlled by the charge transfer
between the two materials; the only significant difference is found for transport
energy gap, E’, that is around 0.35 ¢V smaller in the case of the hybrid potential. We
interpret that result as due to the delocalization in the metal of the exchange-hole
associated with the SIC. [44] The values found for E? in the 2 x /39 structure
are 2.65eV (hybrid potential) and 3.05eV (scissor operator); these quantities can be
compared with the experimental data of Amy et al. [45], who have measured E' =
2.88¢eV for a pentacene thickness of 20 A, in good agreement with our hybrid-DFT
calculations (one can expect E’ to be slightly smaller than 2.88€V for a pentacene
monolayer). [45].

Regarding the metal work-function change due to the pentacene deposition, we
have found in our calculations that the 6 x ﬁ and the 2 x «/@ structures yield
very similar results. In both cases, the interface electrostatic dipole A = 471%
Eq.(3.9), where d is the effective distance between the charges of the molecule,
coincides practically with V/P75: 1,09 and 1.15eV for the b and a structures, respec-
tively. The experimental evidence [41, 46, 47] indicates that this interface dipole
is 0.95eV, in good agreement with our results. Toyoda and coworkers [40] have
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calculated an interface dipole of 1.19eV for a 6 x NG pentacene/Au(111) structure
and a pentacene—Au distance of 3.2 A; the interface dipole and the metal/organic
distance are both in good agreement with our calculations.

As in previous cases, apart from the pillow dipole, our results does not depend

significantly on the basis set, provided that the initial molecular levels are correctly
aligned and the transport energy gap is set to the accurate value. This is also checked
independently by the good agreement found with the calculations of Toyoda et al.
[40].
In the case of the “pillow’ dipole; that we find to depend largely on the atomic
basis set; as discussed in other interfaces: for an extended basis set VOP for a full
monolayer is 0.25 eV, a value that is largely compensated by the surface dipole cor-
rection. This suggests that our calculated change of the metal work-function for the
6 x +/7 and the 2 x \/E structures has an error bar of 0.1eV.

In conclusion, both our hybrid HF and LDA + scissors results show a good
agreement with the experimental data for the transport energy gap and the metal
work-function change for a monolayer coverage, and with an independent theoreti-
cal calculation. This lends strong support to our interpretation of this metal/organic
level alignment as due to the charge transfer between the metal and pentacene, as
described in the IDIS-model.

5.7 Conclusions

In this chapter we have employed the ideas presented in previous chapter to
obtain a realistic gap and calculate the interface properties of a variety of MO
interfaces: Cgo/Au(111), benzene/Au(111), TTE/Au(111), TCNQ/Au(111) and pen-
tacene/Au(111). We see that obtaining an accurate gap size is usually critical in order
to obtain realistic interface dipoles (the paradigmatic case is benzene), although in
some cases is not that important (TTF). However, the electron and hole injection
barriers depends explicitly on the HOMO/LUMO position so a correction to the
Kohn—Sham levels is completely necessary for that case.

We have employed two different methods to address the gap correction: in both
we rely on the calculation of the charging energy (U) for an isolated molecule over
a metal surface. The formula Eq. (5.1) is not suitable to obtain the charging energy
in the case of high coverages, since intermolecular electrostatic dipole-dipole terms
are included. After that we open the gap both using a scissor operator or a hybrid HF
functional (where A or 8 parameters are chosen to reproduce the gap E 2, =FE gK S1U).

We have also included in the calculations the effect of vdW interactions, in order
to calculate a reliable molecule/metal distance. We have seen that they are necessary
to get a realistic distance in most of the interfaces (apart from the Cg( case). Although
our WCI + vdW approach does not give reliable energies, the distances are in good
agreement with independent calculations for benzene and pentacene [15, 40].
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Chapter 6
General Conclusions and Future Work

6.1 Conclusions

This thesis has been focused mainly on metal/organic interactions. Layers of organic
molecules over metal surfaces (of technological importance in organic electronic
devices); and molecules between metal electrodes (like the ones present molecular
electronic devices) have been analyzed using DFT (and introducing the appropriate
corrections). For these systems it is very important to have correctly characterized
the electron and hole injection barriers, in order to get realistic electrical conductance
through these devices.

The study of these interfaces is challenging from a theoretical point of view. First
of all, the vacuum level rule is disproved for most of them, indicating that a dipole
layer is created. This fact has led to an extensive study, and some effects have been
proposed to understand the origin of the dipole layer. These effects were summa-
rized in Sect.3.3. Special emphasis has been made on the IDIS model in Sect.3.4.
This model explains the origin of the dipole layer on metal/inorganic semiconductor
interfaces [1, 2], and metal-organic interfaces [3—5]. Also an extension to include
pillow dipole and intrinsic molecular dipoles has been made [6], called Unified-IDIS
model. We interpret the results of our ab initio DFT calculations in terms of the IDIS
model.

However, there is a fundamental problem when we make a theoretical ab ini-
tio approach to these interfaces. Standard DFT based techniques do not take into
account some effects critical to describe these systems. The first one is the long
range dispersive (vdW) forces, due to the locality (or semilocality) of the exchange-
correlation functionals used. These forces are necessary to obtain reliable molecule-
metal adsorption distances and energies. In this work an extension of the ideas of
the LCAO-S2+vdW formalism, previously developed for noble gases and graphitic
materials [7-9] has been applied, correcting the overbinding introduced in LDA.
After that we include the vdW forces by introducing the standard correction with
the form of Eq.(2.83). The idea of adding a semi-empirical vdW interaction to a
“corrected” DFT energy is similar to the one developed by Pernal et al. [10]. We
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have checked that this method gives reliable molecule-metal distances as compared
with other calculations [11, 12].

The other problem with DFT for these interfaces, is that it does not take into
account the SIC and the image potential effects. These effects are critical in order to
have a correct description of the gap of the molecule over the metal surface. Ignoring
these effects can lead to gaps underestimated by more than 50 % and an interface
dipole overestimation of the same amount. In order to correctly characterize these
effects the scientific community have focused on more accurate ab initio methods,
like GW or MP2 that have the disadvantage that the computational cost is orders of
magnitude larger than standard DFT. This forces to use very small clusters to simu-
late the surface, and some important effects, like the molecule-molecule interaction
will be missing (the importance of this interaction has been showed in Sect.5.2.3
and [13]).

In this thesis a method for correctly estimate the change on the gap size by the SIC
and the image potential effects has been developed. This method obtains gaps that
compare well with other theoretical and experimental results (within an error bar of
around 10 %); and it has the advantage that the correct gap can be calculated using
only the IDIS parameters obtained from an standard DFT calculation, as explained
in Sect.4.2.1, so no need of extensive computational resources are needed. Once the
correct gap is obtained, it is introduced in the hamiltonian in two different ways:
The first one is a scissor operator, whose implementation has been explained in
Sect.2.7.5. The other method is an hybrid DFT-HF method, also developed in this
thesis (see Sect.2.7.3 for details). Both approaches have been shown to give very
similar results. The first principles code where these corrections are implemented is
the FIREBALL code [14, 15].

In order to strength the importance of these effects to the calculation of the level
alignment on MO interfaces, we have compared the results of Cgp/Au(111) interfaces
and benzene/Au(111) interfaces using standard DFT-LDA techniques (Sect.3.5)
and using accurate molecule-metal distance and gap size (Sects.5.2 and 5.3). In
Ceo/Au(111) interface we clearly see how the increment of the energy gap from 1.8
to 3.1 also enlarge the interface barrier due to the IDIS dipole. However, the inclusion
of vdW energy does not change very much the molecule-metal distance, indicating
that the LDA geometry in this case is accurate enough for interface potential calcula-
tions. In benzene, both the vdW forces and the correction of the gap underestimation
are critical to obtain a reliable interface potential (otherwise errors of more than
100 % appear).

However, our method can be applied not only to MO interfaces but also to other
kind of MO contact: the molecule-electrode contact that appear in molecular elec-
tronic devices. In this thesis, in Sects.4.2 and 5.2.3, we have also shown how the
IDIS model can be applied at the molecular level. This allows us to interpret the
interface barriers that appear in molecular devices in terms of the IDIS model, and
to obtain reliable values of the organic gap (critical for obtaining a quantitative value
of the electrical conductance through the organic molecule). We have applied this to
the approach of two gold tips to a Cgp molecule (Sect.4.3) and to a Cgp molecule
between a gold tip and a Au(111) surface, with different adsorption sites (Sect.4.4).
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To sum up, in this thesis we have found a practical way to deal with vdW interac-
tions and the underestimation of the LDA gap in MO interfaces, in the framework of
DFT, and using the IDIS parameters, allowing realistic calculations with a computa-
tional effort of the order of magnitude of standard DFT calculations. We have applied
this method to MO interfaces (Cgg, benzene, TTF, TCNQ, pentacene on Au(111)). In
this work, we have shown that the main ideas of the IDIS model remains valid at the
molecular level; so we have employed this method in molecular electronic devices
(a Cgp molecule between two gold tips, and between a gold tip and a Au(111)
surface).

6.2 Future work

In this work, there are still some details that can be refined. First of all, the
“off-diagonal” and “pillow” potentials can be more accurately calculated. There is
an new option on the FIREBALL code still under testing process that allow us to solve
the Kohn-Sham equations in a real-space grid, introducing naturally the effect of
these dipoles. Second, the extreme dependence with the basis set of “pillow” dipole
is still not correctly understood, and although the dipole has been shown to be small,
it is desirable to have it correctly described.

Regarding the vdW forces, we are working on new efficient methods to obtain a
dispersionless exchange and correlation interaction, and its numerical implementa-
tion in FIREBALL. Moreover, we are working on more sophisticated calculations of
the vdW energy (beyond formula (2.83)), following the ideas of [7, 8].

We also want to extend these ideas to organic/organic interfaces. A semiquanti-
tative approach was developed in Hector Vazquez thesis [3]. However, we want to
calculate the interface properties using first principles FIREBALL code, and with a
realistic value for the organic gap. Nowadays, our research group is working on
typical organic/organic interfaces such as pentacene/Cgp and TTF/TCNQ.

Finally, our model allow us to calculate a full variety of metal/organic interfaces of
technological interest, that are being calculated or will be calculated in the following
months (TTF-TCNQ/Au, Cgp/Ag, Ceo/Cu...). This model, combined with a Green-
Keldysh calculation of transport properties [16] also allow us to calculate realistic
conductances and currents through organic molecules between two electrodes. Some
molecules of scientific interest (such as benzene-dithiol) can be calculated with this
method.
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Appendix A
Introduction to Second Quantization

A.1 Second Quantization

The so-called first quantization (quantum mechanics based on the idea of
wavefunctions), has the advantage of being reasonably intuitive and can take
advantage of all the mathematical tools of calculus and partial and ordinary
differential equations. However, it lacks of a natural way of introducing
symmetrization or antisymmetrization of wavefunctions when we are dealing
with many identical particles.

Second quantization offers a natural framework to take this into account, being
the appropriate tool for the study of many-body systems. It is inspired in the
algebraic resolution of a one dimensional particle in an harmonic potential, and
relies on the use of creation and annihilation operators.

A.1.1 Creation and Annihilation Operators

Let’s consider |0) as the vacuum state (a quantum state with no particles in it),

different from the zero vector. The bosonic (fermionic) creation operator &j (6})
acts in the vacuum state creating a boson (fermion) in the state Z, |i) (the i index
can include spin variables). In an analog way the bosonic (fermionic) annihilation
operator a; (¢;) destroys a boson (fermion) in the state i. That is:

iy = Aj|0>(f0r bosons)|i) = 6j|0>(f0r fermions)

(A1)
|0) = a;i)(for bosons)|0) = &]i)(for fermions)

The action of the annihilation operator in the vacuum state is the zero vector:

a;]0) = ¢;]0) = 0 (they are not the same!). The bosonic (fermionic) creation and

annihilation operators are mutually hermitian conjugate, and they have specific

commutation (anticommutation) properties:

E. Abad, Energy Level Alignment and Electron Transport Through 163
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lai,a)) =0 [al,al] =0 [aﬁ&ﬁ:ég

{Cl7cj}_0 {CjaA]]L}_O {Cl7 } :5ij

where the standard commutator (anticommutator) definitions [A, B] = AB — BA

(A.2)

({A B} = AB + BA) are used. An important operator is the number operator 7i; =

a a; (the same for fermions). It can be easily proved [1] that this operator gives the

number of particles of state i.

If we want to rewrite an operator &j

need only to notice that:

alj0) = |a) = Y _ilo)li) = Y (ilall0) = &, = ) (ilma] (A3)

1 l 1

in terms of other quantum indexes o, we

and the same for fermions.
From now on we are going to focus on fermionic operators (since electrons are

fermions). An important fact deduced from (A.2) is that: ¢ c = 0, that means that
there cannot be two fermions in the same quantum state i: the Pauli exclusion
principle. Note that in second quantization this principle appears naturally, instead
of being an ad-hoc assumption, showing the strength of this formalism.

Operators in Second Quantization

It is not difficult to rewrite the first quantization operators in second quantization
form. Let’s consider a one particle operator 0 (like the kinetic energy) that
operates in all particles (O = 3, O(I)). The result is:

0 =Y (oMlele (A4)
ij
For a two particle operator V = >V I (I,J) (like the electron-electron

interaction) we obtain:

V E V,Jk]C C clck where
ijkl

(A.5)
»wz/fmwwmwwwmwmmwm

note the positions of ¢ and & in the second quantized form of the operator.’

' A derivation of the one particle and two particle operator formula can be found in [2], Chap. 1
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A.1.3 Examples: Tight Binding and Hubbard Hamiltonians

We will show now a practical usage of second quantization formalism. Consider
the following one-dimensional tight-binding hamiltonian:

ZFO”J Z (818 + 250 (A.6)

Its physical interpretation is very easy. The first sum gives the energy of an
electron in the atomic orbital of site j (we are considering only one orbital per site),
and the second term annihilates an electron in site j and move it to the neighbor (or
annihilates a neighbor electron and create it in site j), that is, the hopping term.
Introducing ¢; = >, €*9¢; (where x; = aj, the position of site j) we get:

g ﬁj:E 6‘_;-[CJ E ek k"fc O = E 5kkfck,ck E ckck E g

Jikok kK
Z 6 = Ze R Zé’ s
JokK
H= Z (g0 — t(e ™ 4 %))y, = Z (g0 — 2t cos(ka))ri
k k

(A7)

that is, with this variable change we obtain a diagonal hamiltonian, where the
eigenvectors are plan waves and eigenenergies E = & — 2tcos(ka) that is the
typical band dispersion in tight binding hamiltonian.

But this hamiltonian is one-electron (the electron-electron interaction is not
taken into account). A simple hamiltonian that includes electron-electron
interaction is the Hubbard hamiltonian.

Z Eolig — Z (&)1 10810 + Eloivia) + Z Uiy (A.8)

i,o

where the explicit spin dependence has been shown. The extra term accounts for
the coulomb repulsion of two electrons on the same site. Although this seems a
very simple hamiltonian, trying to diagonalize it is far from simple. It has been
done only for a certain number of dimensions, and new mathematical tools (like
the renormalization group and quantum simulators) are necessary for
diagonalizing it (when it is possible). On the other hand, the physics of this
model is incredibly rich. The parameters governing this hamiltonian are U/t and
the mean occupation n = 1/2(>"_7;,) (we can get rid of g with a redefinition of
the origin of energies). Ferromagnetism, antiferromagnetism and super-
conductivity appears depending on the values of U/t and n. More realist
hamiltonians include the coulomb interaction between sites » ..., Jyfl;s7ier. This is

the basis of the LCAO-OO hamiltonian shown in Sect. 2.5.

ijoa’
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A.1.4 Schriodinger and Heisenberg Pictures

In second quantization is usual to use the Heisenberg picture instead of the
Schrodinger one (more usual in first quantization). The main difference between
both is that in the Heisenberg picture the temporal evolution of the system lie on

the operators, instead of the states of the system (51{ = 5H(t);
[P (1)) =|¥(0)),). It is easy to change between both pictures using the

evolution operator 0@) — e iHI/h.

W(0)s = UW|P)y;  Oult) = UN(1)OsU (1) (A.9)
And the equation of motion for the operators:

d ~

i Oy(1) = [Op(1), H] (A.10)

A.2 Green Functions

The (causal) Green function of a system is defined (in the Heisenberg picture) as:
i . R
Goo (v, 1,0, 1) = =& (PolT[erq(t)Eh (1] Po) (A.11)

where |¥y) is the ground state of the system and T is the time ordering operator,
that ensures that the operators are placed in chronological order. That means:

—i/h(Polero(t)ch ()W) if 1>7
+i/T(Wolch (F)ers(D)|Wo) if 1<l

r',o

Goo (r,t,7,1) = { (A.12)

Green functions can be expressed not only in terms of the position r but also in
terms of a general quantum state i. In this case its definition will be:

L i . an
Gli,t.j.f) =~ (PolT[e: (el (V)] o) (A.13)
We can define also retarded and advanced Green functions:

G i1, 1) = = 500 = )P {E()e] (1)} 7o) s

Gl 15,1) = + 5 0/ = 1Pl {&(0)e] (1)} 7o)

Rewriting the green function G(i,t,j,¢') using the quantum states o, f§
(G(o, 1, B,1)) is easy if we use the formula (A.3). From now on, in order to
simplify the notation we are going to work in units where /# = 1
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A.2.1 One Electron Green Functions

In order to understand better the physical meaning of the Green function, we are
going to consider that we are dealing with a simple one-electron time-independent
hamiltonian. If we take the index j to run over the eigenstates of the Hamiltonian,
we can calculate easily the sandwiches of retarded green function (remember we
are on the Heisenberg picture). This way we get, for the first part of
anticommutator:

<lPo|ethé/'€iH([Lt)£‘}e‘7thl|'I/()> _ eiEOr<lP()‘6f/'eiH(lLt>6‘;| IPO> _ eiEorefi(sﬂLEo)r — o it

(A.15)

where 1 =17 — ¢ and we have supposed that level j is occupied (otherwise the
sandwich is zero). For the other part of the anticommutator, we get the same result
e~ '%" if the level j is empty (otherwise is zero), so the retarded green function is:

G'(j,7) = —il(t)e " (A.16)

no matter if state j is occupied or empty. If we make the time Fourier transform:

o0

[ i (ot 1
G (j,w) = / dre™ (—if(t)e ") = nlir(% dT(_iet(wfthrl‘Vl)f) = '111%1+ e tin o+ in
% 0
(A.17)

where # is a positive infinitesimal quantity necessary for the convergence of the
integral. In an analog way, the advanced green function in energy space:

G'(j,w) = im ——— (A.18)
or in other basis:

G™(a, p, ) = lim ZM (A.19)

0t~ w—¢gxi
n— 7 ' n
The green function can be rewritten as a matrix operator, using this definition

(0, B,0) = (UG (@)|f); where Gr(w) = 3 —IIL_

7 w—¢gxin

This is known as the spectral representation of the green function. The meaning of
Green function, and the connection with Green functions in classical physics can
be made just noting that G™“(w) can be written as:

G™(w) = [(w % in)l — H]™ (A.21)
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This is the usual definition of Green functions in classical theory: the “inverse” of
a differential operator, (in this case (w = in)I — H). This is the reason of the name
and definition of this function. Moreover, this definition can be useful for one-
electron problems. For instance, in the FIREBALL code, this is the way the green
function is defined.

Coming back to formula (A.20), we can use the Green matrix to calculate the
local density of states (very important in our MO interfaces). It is defined as:

= Z |<°‘U>|25(E — &) (A.22)

And introducing in (A.20) the mathematical relation:

. 1 1
nli%LEfej:l:in —P[E ] Find(E —¢) (A.23)

we get the following equality (P is the Cauchy principal value of the integral):

p,(E) = ¥ Im[G2 ()] (A24)

A.2.2 Many-Body Green Functions

If we are dealing with many-body electron interacting systems, properties of Green
functions are not as straightforward as the one-electron ones. However, we can
deduce some properties about them (that of course, apply for one-electron green
functions too). Let’s consider the energy space representation of Green functions.
For the retarded green function, the first part of the anticommutator is:

<lPO|einéieiH(z’—z)&;efth’|IP ZezE r 'Po|c H({ —t |‘PNH><‘I’NH|CT|‘P0>
= Z HET BT (| Y (P e )
(A.25)

where we have used the property I =" [PV (PNt This equation is not as
simple as (A.15), but some information can be taken from it. If we repeat a similar

argument for the second part of the anticommutator we get > e~ i(Ey —~Ep )t

<'1”0|6‘_,T|?’1,X NY(PN=11¢,|¥o). The temporal dependence of both equations is the

same as one-electron green function, so the Fourier transform is analog to (A.17)
and we get:
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(Wole:| ) (¥ 2] o) (ole) [y (¥ &l Po)

G(i. i _

(A.26)
and the causal Green function is:
(1) = 30 TR N GIT0) | OIS )7 16170
PO T T S BT B in & o— (Ey - EY)—in
(A.27)

This is know as Lehmann representation (or spectral representation). We can see
that the green function has not only information of our system, but also of the
system with N = 1 electrons. If we consider the thermodynamic limit N — oo,
then EN™' — E) — u (chemical potential), and w*' = EN*! — EN*1 are the
excited states of the system with an extra electron (hole). This way the Green
functions can be written as:

G, ) = Z <Wo|a,~|qf’;;“><q/f,{“|e}|lpo> N Z <%\é}|qfﬁfl><qfﬁ”\éi|sﬂo>
) o —p— N+t £ o—p+ o=l +in

m m

(A.28)

With this expression, there are some properties about Green Functions that can be
deduced easily. First of all, the pole structure: they have poles at quasiparticle
energies. Due to +#, the poles does not lie at real axis, but slightly displaced in
complex plane. Also the relationships between the Green matrices:

GY(w) = G"(w)
ey [G(w) if o>p (A.29)
Cilw) = {Ga(a)) if o<p

Another important property of diagonal Green functions, is the Hilbert transform
relationship between real and imaginary part of green functions, due to their pole
structure

Gra )

I
Re GJj*(o ;P/d'mw,

(A.30)

Re G5 () = T~ P/d  ImGile) senef = )
12 w — a)
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A.2.3 Equilibrium Perturbation Theory and Interaction Picture

Apart from historical Schrodinger and Heisenberg pictures (defined in A.1.4),
there is a third picture of quantum mechanics, very useful in perturbation theory:
the interaction picture. Consider that we have a hamiltonian of the form:

H=Hy+V (A31)

where Hy is a exactly solvable hamiltonian, and V a small perturbation of the
hamiltonian (that can depend on ¢, V= \7(t)). In this case we can use perturbation

theory, in order to have a series expansion whose terms are of the order V" (see
below). The states and operators are defined in interaction picture as:

Yt _ ei;-l\gt/h Yt — ei;-l\gt/he—i;-l\t/ﬁ '/
(), = &) P A

6,(t) _ eiHot/hase—iHor/h

Note that eifot/he=iHt/h o o=iVi/l que to [Hy, H] # 0 in general. The equations of
motion of the states and operators are on the form:

) = Voo nio0 =008 (A

In the interaction picture the temporal evolution operator is defined as
[P(1), = S(t, 10)|¥());, and has the following properties:

i~ S(t,to) = VS(t, ¢
ldt(ao) (70)

E(t, o) = ei;-l\ot/he—ig(t—to)/he—i/l-;oto/h (A.34)
|®)y = S(0,0)|P(t));;  On(r) =5(0,0)0;(1)S(1,0)

As said before, we can perform a series expansion of g(t, fo) using the first

equation in (A.34). If we start with :S\‘(t,to) =1 and solve iteratively the first
equation on (A.34); we get:

tt07]I+Z /dn /dr,,T V()

=T exp —i/dll‘/(ll) (A35)

fo

where T is the time ordering operator.
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Adiabatic hypothesis

Usually, in quantum mechanics, what we want to calculate is the mean value of an
observable O in the ground state, that is what can be measured experimentally. It
can be calculated (in Heisenberg picture) as:

(Wo.u|On (1) Pou)

0)(1) = (A.36)
that can be rewritten in interaction picture as:
¥ou[S(0,1)0:(1)S(1,0)| ¥
<0>(I) _ < 07H|S(07t)01(t)s(t70)| 0.,H> (A37)

(Vou|Pou)

Now we are going to make use of the adiabatic hypothesis. It consist on switching
on (and off) the perturbation very slowly, so the perturbation is practically constant
(and equal to the actual perturbation) during the time scale of the problem, but this
interaction does not exist in ¢t = —o0, +00. Mathematically, we introduce a time
dependence V(¢) = Ve "l where n — 0t. With this hypothesis we ensure that
the at + = —oo the ground state is the ground state of the unperturbed hamiltonian

(H 0): |'P()H>
(apart from a phase factor):

1), the ground state of the perturbed one is

|Wou) = S(0,—00)|¥5 ) (A.38)
Introducing this back in Eq. (A.37) we get:

(W0 4S(00,1)0,(1)S (1, —00)| ) ) (W0 uIT[04(1)S (00, —00)]| ¥} 1)

(0)(1) =

(#0418 (00, —00) [0 1) (¥o.41S (00, —00) [0 1)
(A.39)
where, due to temporal symmetry, the ground state at f = —oo and # = oo is the

same except for a phase factor, that is exactly canceled with the denominator. We
can introduce here the explicit value of § (A.35), and what we get is sandwiches of
the form (9 ,|T[01(r)V (11). ..V ()] o). And if we write O;(r) and V(1) in
terms of creation and anmhllatlon operators (using (A.4),(A.5) and remembering

that O;(1) = €' O ge~H' does not depend on the perturbed hamiltonian), we get
sandwiches of the form:

<T8H|T[éi(tl)AT(t2)-~-6i(t— el ()]|#5 11)
=3 (D)Wl T[] ()] 195 ) - (W | TIEx(tnm e (1)) W0 ) (A40)

where the sum is extended to all possible permutations of the operators, and ) is
the number of permutations. The previous equation is called Wick theorem and is
very important in many-body theory.
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It is necessary to note that, due to Wick theorem, we get terms of the form
<‘P87H|T[&,'(t)é}(t’ )]|¥0 ), that are precisely (apart from a factor) the causal green
function of the unperturbed system. Here relies one of the most important uses of
Green functions.

Dyson equation

If we take Oy (1) = 6‘,-(t)&;(t’) in (A.37), and realize that (O)(¢) = G°(i,t,j,1') we
can use the work of previous section to obtain a perturbative expansion of the
green function.

1
<II/8.H‘S(007 _00)“{/8,H>

(=)

n!

G(l~ tvj! t/) =

[ dnee [ antrnie v, V6 @l

—00 -0

x |G, t,j, 1) + i
n=1
(A.41)

Applying Wick theorem to Eq. (A.41) leads to a sum of terms that can be easily
understood in terms of Feynman diagrams (see for example [3] for a complete
discussion about Feynman diagrams). However we are not interested now about
diagrams. Just realize that in that expansion we will have always terms on the form

(‘1’8’ H|T[6i(t)6}f(t’ )]| Tg) ) (there are other terms, but they are zero, or are canceled

by the denominator). It can be proved [2] that expansion can be written in the
following form:

G(l7 taj? t,) = Go(i’ t7j7 t,) + Z / dtl / dtZGo(ia t ka l])Z](k, I, 17 tZ)GO(l7 t27ja t,)
ki —00 —00
(A.42)
or in energy space
G(ivja (D) - Go(iﬂja (’U) + Z Go(ia ka CU)Z[(k, la w)GO(l7j7 (,O) (A43)
k,l

or in matrix notation.

G(w) = G(w) + G (0)Z; ()G’ (w) (A.44)

where X is the improper selfenergy. It can be used to describe the effect of an
external potential or the electron-electron interaction. It is necessary to realize the
compactness of this equation, if it is compared with (A.41), due to all the effect of
the perturbation is included in 2.

In the case of an external potential, the meaning of X, can be easily understood
as the bare electron scattering an arbitrary number of times with the potential (the
series expansion term of order n of X; contains n scattering events). It can be
written in a different form, considering that the self energy contains only one
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scattering processes, but with the dressed electron instead of the bare one.
Mathematically that means:

Z(0)G%(w) = X (0)G(w) (A.45)

where 2 is the proper selfenergy (or just selfenergy). So we arrive to the important
Dyson equation

G(w) = G>w) + G ()X ()G (w) (A.46)
We can easily solve the equation for G(w):
G(w) = (ol —Hy — X (0)] (A.47)

This equation shows that the effect of selfinteraction is to renormalize dynamically
(it depends on ) the unperturbed hamiltonian.

In the case that the external potential V is a one-electron one we get:
G(w) = G*(w) 4+ G () VG(w) (A.48)

This can be derived without this complex many-body perturbation theory
formalism, just taking into account that G(w) = [wl — Hy — V]~ and G(w) =
[0l — Ho] ™" (Eq. (A.21)).

A.2.4 Non Equilibrium Perturbation Theory
and Keldysh Formalism

The formalism developed in previous section can be used for a full variety of
different situations as long as processes during adiabatic perturbation switching on
and off are reversible. The problem is that many processes of physical interest are
irreversible, so the hypothesis that the ground state at t = +oco only differs in a
phase factor is no longer true. A very important irreversible processes that has
been investigated during this thesis is the electron transport (current through
molecules or STM simulations). In this case, the perturbation generates an electron
flow form one electrode to the other that changes irreversibly the system.
Keldysh [4] considered the following argument. If we don’t know what the state

of the system at ¢t = +oo will be, let’s evolve our system back to t = —oo again,
so:

(0)(1) = (¥5 | (—00,1) O4(1) S(t, —00) [ ¥5 1) (A.49)
The denominator is not needed, because we evolve our state back to t = —oco. We

can use the property S(—o00,1) = §(—00, +00)S(+00, ).
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A 4
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® 0_;‘-

)-i—oo

A

Fig. A.1 Scheme of a system divided in three subsystems in order to calculate the electrical
conductance from 1 to 2

(0)(1) = (¥§ 4|8 (=00, +00) S (++00,1) 04 (1)S (£, —00) | ¥5 1)

= (P0IS(—00, +00)T[01(1)S(+00, —00)||¥E ) (A50)
In order to have a more compact expression the idea of temporal Keldysh
contour is introduced (see Fig. A.1). We go from —oo to +oo following the
“positive” chronological branch (denoted by the subindex +), and then come back
to —oo following the “negative” antichronological branch (denoted by the
subindex —), so the contour evolution operator S¢ follows :S\"’(—oo,, —004) =

S(—00, +00)8(+00, —00), and Eq. (A.50) can be rewritten as:

(0)(1) = (¥{ 4 |T[0s(1)S* (—00-, =00 )]|¥5 1) (A.51)

This is the analog to (A.39) for the non-equilibrium case. And, like in (A.39) we
can use Wick theorem to rewrite the expression in terms of Green functions.
However, now we have to realize that we have four different Green functions,
depending on which branch are times ¢ and ¢. These are:

G (ist,j1') = —=iWolTe[e(t4)e] ()] Wo) = =i Wo| T{ei(1)e] (1)) o)

G (i1, 1) = =i ol Te[ei(1-)2] (1)) Wo) = —i(Wo|T(e: (&) ()] Wo) (A52)
G'(ist,jt') = —i{WPolTe[ei(t4 )&l (1)]|Wo) = —i( Wol&] (£)e(1)| Po) '

G (i, 1) 1) = =il Te[ei(- )&l (7, )]|Wo) = —i( Wol&:(r)e] ()| o)

where T orders anti-chronologically the operators (in the negative branch). Further
details about this formalism and its relationship with conductance calculation can
be found in [5, 6].
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Appendix B
Different Approximations for a Simple
Benzene Model: Hybrid Functionals

B.1 Simple Hydrogen and Benzene Toy-Model

In Sect. 2.7, we presented some methods that allow us to correct the underesti-
mation of the LDA gap. In this section we will apply these approximations to
simple Hubbard-like benzene and hydrogen models, where we only consider one
electron per site. The simplicity of these models allow us to gain some insight on
the physical meaning of the different approximation used in this thesis, and try
more sophisticated ones. Moreover, as these hamiltonian are exactly solvable we
can compare the validity of the different approximations.

In benzene model we are going to consider only 6 m orbitals (that are the
orbitals that contribute to the HOMO and LUMO) and a S = 0 configuration.
First neighbors interact via a hopping ¢t = 2.54 eV. Electrons at the same site
experiment a coulomb repulsion characterized by U = 19.2 eV (see Sect. 2.5 and
A.1.3) that has been calculated using gcluster [1] for p, orbitals; and electrons at
different sites experiment a coulomb repulsion J that behaves with distance as
J & 1/d. In our case the proportionality constant is 12.56 eV-A. Simpler benzene
models also have been studied. The mathematical form of the hamiltonian is:

~ . . . 4 o 1 o
H = Z €0ig — Z 1(el g0 + Elyinie) + Z Uniphiy + > Z JijhioNje
i,o i,o i ij,0,0'
(B.1)
Using the finite basis set {|ni1,n1,...n61,76,)}, —o; We can write the
hamiltonian in a matrix form and diagonalize it. It is not very demanding because
2 2
. .. . (6 6 . .
of the matrix size is ( 3) X < 3> = 400 x 400; however, it is interesting to note
that this number increases as n! so, for instance, a 8 atom aromatic hydrocarbon

2 2
matrix size will be (i) X (i) = 4900 x 4900, or if we want to take into
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Fig. B.1 Schematic figure of

U
the idealized benzene that we t A\ /ﬁ\
are considering in our /

calculations

¥

N N

account all the valence electrons in benzene (including hydrogen s), we will need a

30\°_(30)
<15> x<15> = (2.4 x 10'%) x (2.4 x 10'®) matrix, that means, that if we

want to store it we will need 2 sextillion TB of RAM in single precision (let alone
diagonalize it!). That is the reason why we need approximations in any realistic
system, and only idealized systems can be analyzed exactly.

The hydrogen toy model is much simpler, because we only have a 4 x 4 matrix,
since we are going to consider only 1 s orbitals for each hydrogen, with a hopping
t between orbitals. Intraatomic (U) and interatomic (J) interaction are also
included. This model (without the J parameter) was solved analytically in the
thesis of Alvaro Martin-Rodero [2]. The hamiltonian is just:

H=2) (g +ing) =t (l,e2 +,e10)
(2 g
+ Uity + figriy)) + JZﬁIJﬁZU’ (B.2)

a0

B.2 “DFT” spectra

Let’s begin with the simplest approximation: the DFT-like approach. It is clear that
in such a mean-field like model, the ground state will have one electron at each
site, so n;; = 1/2. In this kind of approach the Hartree, exchange and correlation
potential will be (see Sect. 2.5.1).

(VE %) 00 Z Un; o + Z Jifti g
J 75!
-1 B.3
(V&%) igj0 = =T (5 - ”ia’) Oiyj (5

_ effy (1
(VE" %) ipjo = ~fiolU — 7 (2 - ”ml) dij

Note that, exchange and correlation potentials are just zero (because n;; = 1/2), so
what we get is that the Hartree and DFT quasiparticle spectra coincide (note that

the energies are different: EX = —1/25", J nis(1 — niz) # 0. The DFT solution

g1
is analytical both for the benzene and hydrogen cases.
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B.2.1 Hydrogen

In the case of hydrogen the hamiltonian is just a two level system, whose
eigenvalues are ¢ = ¢y + % +J % ¢t, and the gap is E, = 21.

B.2.2 Benzene

The benzene solution is:

U
E,, = & + 2tcos @, +§+ 210 +2J13+Jia

ot 20+ Y+ 20, +20154+J
{ 0 3 12 1,3 14 (B.S)

N 80:|:l‘+%+2.]1,2+2]113 +Ji4

So the gap in this simple model is just E, = 2¢ = 5.08 eV. As we have said before,
due to the exchange and correlation potentials are zero in this approximation, the
DFT solution is the same as the Hartree one.

B.3 Hartree-Fock Versus Exact Results

In this section we will compare the Hartree-Fock solution with the exact one. For
the benzene case, several approximations to the hamiltonian presented in B.1 will
be introduced in order to gain some insight in the comparison between Hartree-
Fock and exact results.

As stated in Sect. 2.7.3 the hamiltonian can be rewritten with a non-diagonal
potential of the form (Eq. 2.88):

(V&9 0 ie = —Jihicjo (B.6)

iojo
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B.3.1 Hydrogen

Exact solution
The hamiltonian eigenvalues of the full 4 x 4 matrix are (see [8]):

U+J 1
:2 _— —1
&4 & + > +2/
&g =26+ U
P (B.7)
& =2e+J
o — 0 JrUJrJil
1 = <& 3 27)
where y = /(U — J)* 4 1612. However, the gap is not E, = & — &1 = 55U + 19,

because we need to calculate the ground state of the system with 41 electrons.
When we do so we get:

& = & t
ForN—l{ 2 o+
=& — t
. :0 +U+2J+t¢ (B.8)
& = J¢&
ForN+14 72 7%
g1 =3¢+ U+2J—1t

The actual transport energy gap E, = E[N + 1] + E[N — 1] = 2E[N] =J +y — 21.
Note that y > 4¢ so this gap is always greater than the DFT gap, no matter the
value of J is. The same holds for benzene, as we will see.

Hartree-Fock approximation

For hydrogen we get thatnjo = cics =1/2and (V{F~99),, = —J/2,and
the Hartree-Fock hamiltonian is just the DFT one with an effective hopping —t —
—t — J/2 that gives the following spectra:

neocc.

& =2¢ +U+3J—|—t
2 =8t 5t
22 (B.9)
& =¢ —i—g—&-{—t
1=ét515

The gap in this case is E; = 27+ J that is greater than the DFT gap EY"" = 2r.
However, it is still smaller than the exact gap E;x““ =y — 2t + J (remember that

y=1/(U—J)* + 1612 > 41), so the gap is underestimated. Note that, when U =

J the Hartree-Fock and the exact gap coincide. This is because the correlation
depends on U — J (see Eq. 2.58, and the form of self-energy in (B.11)). In benzene
we also obtain this result.


http://dx.doi.org/10.1007/978-3-642-30907-6_2
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B.3.2 Benzene: J = 0 Case

For the shake of simplicity first we are going to consider a benzene hamiltonian
where J = 0 and the effect of J is taken into account in U4, that has the value
U = U — J' = 10.73 eV. The Hartree-Fock and the DFT hamiltonian coincide
(since J = 0) and we get the following Hartree-Fock spectra:

U
gy = 2t +

uer
2

The exact gap for this case is 7.12 eV, larger than the DFT (HF) one (5.08 eV).
However, the difference between the DFT and the exact gap is smaller, compared
with cases where J # 0. In Fig. B.2 we show the DOS for both the HF and the
exact hamiltonian. The DOS for the HF case has been calculated using the one-
electron green function formulas (A.21) and (A.24), and the exact DOS has been
calculated with the spectral representation of the many-body green function
(A.26). It can bee seen than the exact spectra contains much more features than the
approximate ones due to many-body interactions. This also makes the weight of
the HOMO and LUMO peaks smaller.

(B.10)

g Etr+

B.3.3 Benzene: All J Equal, But J # 0

Although this is not very physical, this system is simpler than the realistic case
where J o 1/d, because J;; = J for all i,j. It allow us to compare its results
directly with the more sophisticated approach including second order self-energy
where U = U — J.
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In the case of the benzene molecule, we obtain the values nj, = 1/3,n;3 =0,
and n; 4 = —1/6 that can be calculated using the eigenfunctions of (B.4). Note
that, although the HF hamiltonian is not the same as the DFT one (it has the non-
diagonal elements (V' 99),, = —
to the symmetry of the hamiltonian. The value for all J is 8.47 eV, obtained
through Eq. (2.57). The obtained gap is 13.55 eV, not far from the Hartree-Fock
gap calculated using all J different (see next section). On the other hand, the exact
gap, calculated with this set of parameters is 15.40, so Hartree-Fock give us an
underestimation of 1.85 eV, instead of the usual Hartree-Fock overestimation [3].

As in hydrogen, we analyze the special case J = U, that makes
U = U —J =0, and the second order selfenergy is zero. In this particular
case, as in hydrogen, the Hartree-Fock approximation gives the exact solution of
the system. Both gives the same DOS, with a gap of 24.28 eV.

Jn;;) the eigenfunctions remain the same, due

B.3.4 Benzene: All J Different

This is the most physical case. The exact gap that we get is 14.59 eV, larger than
the previous case. Note that this gap is far from the 10.38 eV experimental gap.
This is due to the extremely minimal basis set used. In Fig. B.4 there is a figure of
the DOS for the exact case.

In this case the HF gap is 12.55 eV, again smaller than the exact case, but much
closer to the exact gap than the DFT functional. In the next section we will go
beyond the Hartree-Fock approximation and try to get better results by including
self-energy terms.
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B.4 Beyond Hartree-Fock: Including Self Energy Terms

As stated in [2], a relatively simple Feynman diagram expansion of self energy, up
to second order gives us the following formula:

E 00 00
£ (0) (0)
(E E E
Z,(2)( o eﬂfz / dEz/dEg/dE4pl‘} -0 2):01,1 (;( 3)/)1,1+0( 4)

H o+ Ey,—E;—E4+in

Er Er (0) (0) (0)

o0
Pij—o(E2)Pij—_o(E3)p;j s o(E4)
U dE dE dE, L W, —0 LT
+( lJ) / 2/ 3/ 0)+E2 E3 E4—~—l]”
Er

—00 —00

(B.11)

where PE,(;,)fo— is the local, non-diagonal density of states for DFT and
Ufjf = U — J;;. Despite of the complicated structure of the selfenergy, all

integrals are analytical (both for benzene and hydrogen) because the non-diagonal
density of states consist on a sum of delta functions. By this way we can write an
effective hamiltonian (in the matrix form):

HY (0) = HF + 2 (0) = G? = G(0) = [wl — HS] ™! (B.12)
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B.4.1 Hydrogen

For the hydrogen, there is an analytical solution at this level. Using (B.11) and
p1(@) = prp(w) =1/20(w—e—U/2—J+1)+1/20(w— ey —U/2 —J —1),
pr(w)=py(w)=1/20(w—e—-U/2—JT+1)—1/20(w —e—U/2—J —1)
we obtain that:

(U-J)y? 1 N 1

8 w—e—-U/2—J-3t w-—g-U/2-J+3t
U—-0)? w-—e-U/2-J

4 (w—e—-U/2—0) -9

211((1)) = 222((1)) =

(B.13)
and for the non-diagonal self-energy:
(U —J)? 1 1
2z =X = —
2(0) = 22 (@) 8§ |o—e-U2—J—3 w—t_U/2—J+3
(U -J) t
4 (w—g—-U/2—T)? -9
(B.14)

Now we can construct the green function using (B.12) and calculate its poles; they
are the peaks at the density of states, and consequently, the quasiparticle spectra.
These values are:

U J\ 1 ) N’
e 2 A _ J B.15
o; 80+2+Jﬂ:(t 4)12\/(11 J) +(4t+2) (B.15)

The gap at this level is E, = J/2 + \/(U —J) + (4t 4 J/2) =21 (for J <4
Note that apart from the cases J =0, or U —J = 0 and J <4t second order X is
not able to get the exact gap; however it is a better approximation than HF alone
(it can be shown that the difference between the exact gap and the approximate gap
is always greater in HF than at this level). However for systems with big J

(J > 41), the gap is E, =2t —J/2 + \/(U —J)? + (4 +J/2)%, that is smaller
than the HF gap, so the value of the gap is worst in this case including the second
order self-energy than if we do not include it.

So, in strongly correlated systems (with large J), the second order selfenergy is
not able to improve the HF gap (actually it worsens it).
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B.4.2 Benzene

For the benzene, we are going to analyze the three different approximations made
in last section. First the case with U = U4 and J = 0, then the case where all
Jij =J and then all J different. Regarding the value of U< in (B.11), we have
chosen in all cases U = U — J.

In Fig. B.5 we have plotted the exact, HF and HF+X) DOS for the first case
(J = 0). We can see that this last approximation reproduces better the features of
the small peaks around the gap, and the gap is closer to the exact one (5.57 eV
versus 5.08 for the HF approximation and 7.12 of exact gap). Moreover, we have
tested the importance of off-diagonal elements of self-energy, by calculating the
DOS taking into account diagonal terms only (2};). Although the difference is not
that high (both reproduce the features of the DOS far from the gap due to
correlation, the gap itself is worse than the HF gap). The fact that the second order
selfenergy does not reproduce as well as hydrogen (with J = 0) second order
selfenergy can be related to the fact that X®) does not reproduce well the large U
limit.

Figure B.6 shows also the exact, HF, and HF+2® results for all J equal to
each other. With the inclusion of Z® we obtain a gap of 7.69 eV, that compares
worse with the exact gap (15.40 eV) than HF (13.55). Although it is able to
reproduce qualitatively the small features in the DOS due to the correlation. Due to
J = 3.3t we are dealing with a strong correlated system (for hydrogen, the second
order selfenergy failed to improve the gap for systems with J >4¢). In order to
improve these poor results we have considered HF density in formula (B.11)

(pgﬁi) (E;) instead of PE,(,)‘,)U(Ei))- This implies that Dirac deltas are placed at the HF
eigenvalues. This slightly improves the pure HF case (the gap is 13.66 eV,
compared with pure HF 13.55 eV). We can consider this sigma as a dressed sigma

with the HF results.
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Finally, we have calculated the same as the previous case for all J different, that
is shown in Fig. B.7. We see again that HF+X® worsens the gap (7.12 eV
compared with exact 14.59 and HF 12.55), and again, if we calculate a dressed
selfenergy, the gap is slightly improved (12.73 eV) compared with the HF case.

So, the inclusion of the second order selfenergy is a better approximation for the
HF gap for systems without strong correlation, but fails to reproduce systems with
strong correlation. In that case we can calculate a dressed selfenergy using the HF
non-diagonal density of states, instead of the DFT one.

B.5 Koopmans’ Correction

Finally, we are going to calculate the energy spectra using the Koopmans’
correction exposed in Sect. 2.7.4 and comparing it to the exact values for the
benzene and hydrogen cases.
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B.5.1 Hydrogen

Using formula 2.96 and taking into account that for hydrogen J% = J and on; =
on} = 1/2 we get that the Koopmans’ gap is:

1
Koop. __
B =240 + 2 f(U =) (B.16)
where f is the fraction of the exchange hole that is taken back to the atomic level

due to correlation. We can obtain the value of f by just comparing the Koopmans’
gap with the exact one. Then we get:

2
f=2 1+( 4 > —Ugt (B.17)

Uu—-J —-J

Note that f — 0 when U — J — 0 (as should be excepted) but f — 2 when U —
J — oo that makes no sense (0<f<1). That show us that the Koopmans’
correction has only physical meaning in systems where correlation is not very
high.

B.5.2 Benzene

For benzene, the simplest case (/ = 0) enlarges the gap in i fU. The value of f that
makes the Koopmans’ and the exact gap coincide is f = 0.76, that show us that
correlation effects are not negligible in benzene.

If J # 0 but all J = J¢ then the gap ranges from 13.55 to 16.22 (depending on
the value of f chosen), the Koopmans’ shift and the exact gap coincide when
f=0.69.If U = J, the gap coincides with the HF one so f = 0 (again, there is no
correlation when U = J).

If all J are different, the gap ranges from 11.85 to 14.53, so f ~ 1. Note that in
all cases, correlation is important (f is not far from unity), and that the Koopmans’
shift allow us to improve our results (compared with the second-order selfenergy)
as long as a suitable choice of f is obtained, or, if we cannot estimate the value, a
relatively narrow window (as long as we are not dealing with high correlated
systems, where this approximation fails. For example, in benzene, very good
results are obtained if we consider f ~ (.75 in all cases.


http://dx.doi.org/10.1007/978-3-642-30907-6_2
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Appendix C
Spin Dependent Extension of McWEDA
and Hybrid Functionals

C.1 Generalization of McWEDA for LSDA Functionals

C.1.1 Introduction

Density functional theory consider implicitly that there is no spin polarization and
p'(r) = p'(r) = 1/2p(r). However, there is an extension of density functional
theory that allows to handle spin polarized density (see [1-4] and references
therein). There are also functionals that takes into account this polarization [1, 5].
The analogue for the widely used LDA is the local spin density approximation
(LSDA), that is the one that we will consider for McWEDA extension to spin

polarized density.

We are going to work in the (p', p!) scheme. However, in literature is also

common the (p, p,) one. The relationship between both is:

{p=p“rpl
p,=p' —p!

We need to calculate the following matrix elements:

{ (o, T lexe (P, Yo 1), (o | fee (T, pY) oty 1), (o, 1|V (T, p1) B, 1),
(o, LIVE(T, pY)IB, 1), (o, T IV (T, pH)IB, 1), (o, L V(0T pY)1B, 1)

From now on, we will simplify the notation using ¢ =T, |.

E. Abad, Energy Level Alignment and Electron Transport Through
Metal/Organic Contacts, Springer Theses, DOI: 10.1007/978-3-642-30907-6,
© Springer-Verlag Berlin Heidelberg 2013

(C.1)

(C2)

(C.3)
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C.1.2 Energy Matrix Elements

We will begin with the energy matrix elements (o, ¢|e..(p', pt)|o, o) using the
same ideas as the McWEDA approximation:

<°‘7 O-|8xc‘(pT7 pl)|a7 ‘7> = <O" U|8x6(pTa pl)|°‘7 G)GSN
+ (<O(7 0|8xc(p;7 p})'“ﬁ G> - <OC, O-|8xc(p;7 pll)|<x? O->GSN)
(C4)

where the GSN matrix element:

<°‘7 O-|8xc‘(pT7 pl)|a7 G>GSN = SXC(W‘W m)
0xc(Pa1s Pay.
N (Poys Pa))
op!
4 68}66(@7 M)
op!

(<O‘7 O'|pT|O(7 O-> - WT)
(2. alp'|e,0) =p,7)  (C5)

and the term (2, olex.(p}, p})|a, o) is calculated as:

(o, 0lexe(p), p1)|ot, @) = (o0, 0lewc (0}, p1°) |at, &)
agxc(pjov p}o)

I 0
+ (o, 0 P — Py ), o
(10 L) (] )
agxc pTO’plO
(o L) (L oy oy (co)

op!

Since in literature, it is common to calculate the exchange-correlation energy as a
function of p,p,, we need to calculate the derivatives Og,./0p° instead of
Otxe/Op(y)- We can overcome this problem easily using the chain rule:

Oéyxe Oéyxe 6/’ Oty aps _ Otxe | Oty

dp! ~ 3p dp! " Bp,0p1  0p ' Op,
Oty Oy Oty

opt op O,

(C.7)

And if we take p}o = p,i0 = p;/2 (i.e. neutral charges has no spin polarization),
then e, (p, pf, = 0)/0p, = 0 (since &, is an even function of p,). Note that, in
that case there is not spin dependence in the formula (since O¢,./dp! = de,./Opl).
So if we want to have spin dependence we have to choose different p}’o foro =1,
(i.e. consider a small initial polarization).
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C.1.3 Potential Matrix Elements

Now we take care of the potentials:

Ap(r)ec(p!, 0)) _ 2p(r)ecl!,p)
A (€3)

V)Ic(pTapl) =

That are easily related with the chain rule to V,.(p, p,), V:.(p, p,):

? T xe

V(o' pt) = Vae(ps py) + Vi, py)
Vl (pT p ) VXL’(p7ps) - V;c(pa pY)

Now we calculate the general V7. term

(o, 0|V (p", p))IB o) = (2, 01VE(p, PV IB, 0)sn
+ (o, 0| VY, Pnpl>|ﬁ7 o) — (o, o|Vy (P17P1)|B7 )Gsn)

(C.10)
The GSN approximation for the potential is:
(o, 0|V;(PT7P1)|57 ) osv = Vie(Pop s Pop)Sop
+ SlPPbD) (4 o191, ) ~ o
+ SlPL Pt (5 o191, ) ~ o
(C.11)

As in standard McWEDA, the correction to the GSN term varies if o, § are orbitals
of the same atom or not.
The on-site term (c, § are in the same atom):

(0, 0|Ve(p', p")|B,0) = (x, 6|VL.(p}, p1)IB, 0)
ovy (Pl aPl )
op!

oo LD ) o) (1

+ (2, 0] (o1 = 01", 0)
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The off-site term (a, § are in different atoms):
(o, 0|V (p] + p) o1 + P1)IB,0) = (o, 0| Ve (0} + 0}, 01 + 0)°)) o)

v (pl’ + p) ,p}“ + /)
op!

(ot — pi° + o) = p))|B, )

ove(p)’ +p) 0’ + p)°)
op!

(pi = p1”+ 0y = p)")IB. o) (C.13)

+ (2, 0]

+ (2, 0]

C.2 Notes on HF-Like Spin-Dependent Case

C.2.1 The Molecular Case

In the LCAO-OO Hartree-Fock approximation n;; is given by:

occ.

j = 22 chel = ZZF [een (C.14)

where the factor 2 is due to the spin degeneracy, N is the number of eigenvalues,
Cy is the coefficient j of the eigenstate u (|u) = ZjN:1 Ci|$;)) and F(i) is the
occupation function. In an even electron molecule

1 ifu< HOMO

. (C.15)
0 ify> LUMO

P = {

Now, what happens when we have a molecule with an odd number of electrons?
There will be a level half occupied the Single Occupied Molecular Orbital

(SOMO). So now we need now n and n that can be defined this way:
occ.] T
LA *;t g
E GG E F'( G

ou,.l

=S cre =S e
n=1 u=1

In this case, let’s suppose that F1(u) = F!(u) if u # SOMO and F'(SOMO) = 1;
FL(SOMO) = 0. The equation can be rewritten in this way:

(C.16)
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1 al / U U 1 *SOMO ~SOMO
j =52 Fwc"c +5¢5M0¢

n.. —
l";l 1 (C.17)
l ! * L L +*SOMO ~SOMO
anZF(u)Ci Cf =5 CPoMec;
=

In this case F'(i) is defined as:

2  if u< HOMO
F'(uy=<1 ifu= SOMO (C.18)
0 ifu> LUMO
Is very easy to see that the summation in (C.17) is the non-spin dependent
definition of n;. If we do the following definition:
o _ 1 wsomo ~somo
onj; = EC[ G (C.19)

This way Eq. (C.16) can be easily written as:

1_ o

n; = sn;+ on,
2 ! (C.20)

L 1 - onC

Mij = 5 hij = Oy

C.2.2 Failures of this Model

This model offers an easy way to introduce spin-dependent properties in our
system. However, it has several important drawbacks that limit its reliability. First
of all, it is not true that the coefficients Cj’-‘ are not spin independent (electrons with

spin up and down suffer different potentials on the LSDA approximation). Second,

the occupations n; (that are used by standard FIREBALL) are not changed at this

!

moment, so the sum rule only works in n;; = an] + nj;. Moreover nl #+ ni # n;.

C.2.3 Molecule Over a Surface

In the case of a molecule over a surface, we don’t have pure molecular states, so
this approach is not suitable a priori. We can, however, consider in a first
approximation that 5n;§ does not change when the molecule is deposited over the

surface, and introduce the 5ng calculated for the isolated molecule and obtain njjl
using (C.20). This method has the advantage that we will obtain a good value for
nyj = n]j + nt since the contribution of 5ng in njj and n,lj cancel each other.
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