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ABSTRACT 

In this thesis, I present a comprehensive study of the interfacial electronic structure and 

thin film growth of two types of dipolar organic semiconductors on noble metals by employing a 

surface science approach, which underlines the critical role of surface electronic states in 

determining the interfacial electronic structure and self-assembly of organic semiconductors.  I 

show that the electronic structure at organic/metal interfaces is complex and depends on 

important factors such as molecular adsorption configuration, surface/molecule coupling 

strength, reactivity of the substrate, molecular electrostatics, and local film structure.  I 

demonstrate the fundamental capability of the image potential states and resonances in probing 

the local film environment, especially in systems consisting of nonhomogeneous film structure.  

I also show that the presence of adsorbates on a surface allows one to investigate quantum 

mechanical interference effects otherwise not accessible on the bare surface. 

The dipolar organic semiconductors studied here are vanadyl naphthalocyanine (VONc) 

and chloroboron-subphthalocyanine (ClB-SubPc).  The single crystals of gold and copper with 

hexagonal surface symmetry (111) were used to investigate the interfacial properties of VONc 

and ClB-SubPc, respectively.  The fundamental understanding of self-assembly of large π-

conjugated organic semiconductors on metals is a crucial step in controlling fabrication of 

supramolecular structures.  Here, I provide a first step in this direction with a detailed and 

quantitative analysis of molecular nearest-neighbor distances that unravels the fundamental 

intermolecular interactions of organic semiconductors on transition metal surfaces.  I additionally 

investigated the interfacial electronic structure of these organic semiconductors to examine the 

relation between molecular adsorption orientation and charge transfer across the interface.  
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1. INTRODUCTION 

1.1. Motivation 

The self-assembly properties of metal adsorbates have received significant 

attention  [1,2], as have a large variety of strategies to create complex supramolecular 

assemblies  [3]. A deeper understanding of the interactions that govern interfacial thin film 

structure of large π-conjugated organic semiconductors and the means to control their self-

assembly is however still missing.  Organic semiconductors are complex materials due to the 

interplay of weak intermolecular forces and the effects of delocalization in the electronic π-

system.  As the active component in organic thin film devices, they offer great promise in novel 

solar energy conversion technologies, spintronics, light-emitting diodes, thin film transistors and 

sensors  [4].  Owing to the inherently strong exciton binding energy  [5], critical processes such 

as carrier generation and charge-extraction are fundamentally driven by interfacial processes  [6].  

As a result, a precise understanding of the forces that govern the formation of organic 

semiconductor thin films, and hence the interfacial electronic structure is essential. 

Organic/metal interfaces have been extensively studied for over two decades by a wide 

range of surface-sensitive techniques and theoretical methods, both at the fundamental level and 

in device applications.  The interfacial properties of organic/metal systems have demonstrated 

the significant role of the electrostatics and multipoles of organic semiconductors in controlling 

the surface/molecule interactions and the energy level alignment  [7].  The reactivity of the 

substrate and its surface morphology has also been shown to strongly influence the adsorption 

configuration of the organic semiconductors and hence the interfacial electronic structure.  The 

electronic band structure of noble metals, e.g. Cu(111), has been extensively investigated and 
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characterized by a series of experimental and theoretical approaches.  In particular, the surface 

electronic properties of single crystals of noble metals have been investigated in detail and thus 

offer great advantage as model systems for fundamental studies of organic/metal systems. 

1.2. Surface Electronic Structure of Noble Metals 

The first prediction of electronic states confined between a surface potential barrier and a 

completely reflecting periodic potential in the bulk was made by Tamm [8] in 1932.  In this one-

dimensional model, the wavefunctions of surface electronic states are localized at the surface and 

decay exponentially into both bulk and vacuum  [9].  The extension to three dimensions was later 

made by Schrödinger in 1939  [10], describing the surface state to be dispersive parallel to the 

surface plane.  The first experimental evidence of a surface state on a metal was demonstrated in 

1967  [11,12].  Soon after, Forstmann and coworkers  [13,14] predicted the presence of surface 

states on transition metals in different types of band gaps.  In 1975, Gartland and Slagsvold  [15] 

observed a Shockley-type surface state in the sp-band gap of Cu(111).  High resolution 

photoemission studies near Γ� on Cu(111) showed evidence of temperature-dependence of the 

Shockley surface state, which had a binding energy of ~ − 0.4 eV near room temperature  [16].  

The presence of “Tamm”-type surface states which exist at the top of the bulk d-bands, but are 

located in a non-hybridizational gap of the projected bulk band structure  [17], was also shown 

experimentally for various transition noble metals.  The d-like “Tamm” surface states of Cu(111) 

were measured at all six M�  points of the surface Brillouin zone with an initial state energy of 

(−1.932 ± 0.005) eV  [18]. 

An additional class of surface electronic states on noble metal surfaces is found in the 

energy range between 𝐸𝐸𝐹 and the vacuum level.  These states are formed due to a Coulombic 
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potential established between an electron above the surface and its image charge in the solid 

crystal.  In this potential well, a series of Rydberg-like image potential states (IPSs) are formed, 

with corresponding principal quantum number 𝑛 = 1, 2, 3, …..  These states are similar to 

Shockley-type surface states in that they are also dispersive in the surface plane.  However, IPSs 

are unoccupied states and cannot be experimentally accessed by conventional photoelectron 

spectroscopy methods, making techniques such as inverse photoemission (IPES) and two-photon 

photoemission (2PPE) crucial in studying the interfacial electronic structure of surfaces  [19]. 

Image potential states are generally located inside the sp-band gap of noble metals and 

are expected thus to have long lifetimes (50 – 500 fs)  [20].  Moreover, since they are located in 

front of the surface, there is little overlap with bulk electron wavefunctions.  Adsorption of atoms 

and molecules tends to increase these lifetimes even more, particularly if the adsorbate has a 

negative electron affinity  [21].  In time-resolved 2PPE measurements, lifetimes of the electrons 

in the 𝑛 = 1 and 𝑛 = 2 IPSs of Cu(111) have been shown to increase upon adsorption of a 

monolayer of xenon  [22].  In the case where the image potential manifold is located above the 

upper band-edge, IPSs behave like continuum resonances and the wavefunctions penetrate into 

the bulk continuum and decay much faster (< 50 fs)  [20].  The immediate consequence of such 

short time decay of image potential resonances on Au(111) were extensively investigated and 

analyzed as part of this thesis for the case of VONc/Au(111), and results are shown and 

discussed in Chapter 6. 

Adsorption of organic molecules on surfaces gives rise to many different interfacial 

phenomena.  It is worth mentioning that the ionization energy and the electron affinity of 

molecules in solids are different from those in the gas phase due to electronic polarization by the 

neighboring molecules and the substrate  [23].  In a solid, the molecular ion is stabilized by a 
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lowering of the ionization energy and an increase in the electron affinity  [24].  In the case of a 

weakly interacting surface and molecule, known as physisorption, the interfacial electronic 

structure tends to be influenced mainly by the formation of an interface dipole and molecular 

electrostatics and multipoles.  The interfacial electronic properties of a dipolar organic 

semiconductor, chloroalumino-phthalocyanine (ClAl-Pc) on Au(111) was found to strongly 

depend on molecular orientation, as revealed by UV photoelectron spectroscopy (UPS) and 

scanning tunneling microscopy (STM) experiments  [25].  Orientational ordering of the 

molecular dipole was also found to influence the work function evolution in bilayers of vanadyl 

naphthalocyanine (VONc) on highly ordered pyrolytic graphite (HOPG) [26].  When there is a 

strong interaction between the surface and the molecule, additional interfacial phenomena may 

arise, such as mixing/hybridization of the surface and molecule wavefunctions, formation of 

interface states, charge transfer across the interface, and chemical bonding.  High resolution 

photoemission studies show evidence of charge transfer from surface to molecule and formation 

of an interface state in the HOMO-LUMO gap in C60/Cu(111)  [27].  A partially filled molecular 

state was detected for copper-phthalocyanine (CuPc) on Cu(111) near the Fermi level indicating 

a chemical interaction between the molecule and the surface  [28].  Interfacial charge transfer 

was also observed in PTCDA/Ag(110)  [29], F16CoPc/Ag(111)  [30], and PTCDA/Ag(111) 

and/Cu(111)  [31].  UPS measurements of pentacene films on Cu(110) show evidence of 

formation of a delocalized interface state  [32]. 

1.3. Interaction of Surface State Electrons and Adsorbates 

When molecules are adsorbed onto a surface, they experience an electronic potential 

induced by the surface density of states, which may result in a significant change to the energy 

level alignment of the molecular states with respect to the substrate.  An interface dipole is 
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formed as the global vacuum level of the system shifts in the presence of adsorbed molecules.  

Some important factors contributing to the formation of an interface dipole are charge transfer 

across the interface, Pauli push-back of the surface electronic density, chemical interaction, 

formation of a hybrid/interface state, permanent molecular dipole, and charge rearrangement at 

the interface  [24].  In order to achieve an electronic equilibrium, the Fermi level of a thick 

molecular film must align itself to the substrate Fermi level, resulting in charge redistribution in 

the organic layer, also known as band bending.  Such energy level alignment depends on the 

built-in potential, the dielectric constant of the medium, and the spatial distribution of the 

available donor or acceptor level.  Band bending occurs only when sufficient numbers of mobile 

carriers are available, i.e. in a rather thick organic layer or in organic layers with good 

semiconducting character, e.g. extrinsically doped polymers  [24]. 

The surface electronic states of substrates are also influenced to some degree by the 

presence of an adsorbate film.  The Shockley surface state of Cu(111) is pushed to higher 

energies by the adsorption of C60 molecules  [27].  Characteristic shifts in the binding energy of 

the Shockley surface state of Ag(111) and Cu(111) have also been detected in the presence of 

monolayers of rare gases  [33].  Similar results were also obtained for monolayers of rare gases 

on Au(111)  [34] and in well-ordered molecular monolayer of pentacene on Cu(110)  [35]. The 

adsorbate induced shift of the Shockley surface state binding energy can be modeled for 

quantitative determination of physisorption (adsorption) energies of organic 

semiconductors  [36,37].   

As the atomic and molecular adsorbates tend to modify the binding energies and the 

dispersion behavior of the Shockley surface state, the surface two-dimensional electron gas 

(2DEG) of noble metals has also been shown to mediate self-organization of atoms and 
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molecules under favorable conditions.  Self-assembly into ordered structures and superstructures 

are important because it leads to the emergence of novel phenomena such as confinement in 

quantum corrals  [38], the suppression of phases in two dimensions  [39] and the formation of 

highly defined supramolecular structures  [40].  The latter is highly desirable in controlling the 

interfacial electronic structure of organic/metals, in particular in fabrication of organic-based 

electronic devices. 

Standing wave patterns in the surface density of states of Cu(111) were directly observed 

for the first time by STM measurements  [41].  These spatial oscillations are formed due to 

quantum-mechanical interference of the scattered surface 2DEG by surface defects and step 

edges.  Long-range preferred lateral interatomic distances due to impurity scattering on bare 

Cu(111) were later identified by a quantitative analysis of STM images  [42].  The interatomic 

distances of surface impurities indicated adatom positions at multiples of half the Fermi 

wavelength from one other.  A similar oscillatory interaction between adatoms had been 

observed earlier by field-ion microscope kinetic and equilibrium experiments  [43].  An 

evaluation of the oscillatory part of indirect interaction between two adatoms on a metal surface 

was also performed by Lau and Kohn  [44] in 1978.  These interactions were modeled by a 

jellium and a tight-binding model. 

The indirect-interatomic interactions mediated by the surface 2DEG was modeled by 

Hyldgaard and Persson in 2000  [45], where the interaction potential was defined as a function of 

both the surface electronic properties and the adatom scattering parameters.  According to this 

scattering model, the indirect interatomic interactions are oscillatory with a periodicity of half the 

Fermi wavelength and decay as 1/𝑑𝑑2, where d is the interatomic distance.  This model was first 

applied in the quantitative analysis of substrate-mediated long-range oscillatory interactions 
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between Cu adatoms on Cu(111), and the results were in good agreement with the experimental 

data  [46].  The role of the oscillatory surface electronic density in the long-range interactions 

and self-organization of adatoms has been demonstrated for several other systems.  

Macroscopically ordered hexagonal arrays of cerium adatoms covering the entire Ag(111) 

surface were revealed by low temperature STM  [47].  The interatomic interactions between 

cerium atoms were shown to be mediated by the surface two-dimensional electron gas.  Beyond 

adatoms, long-range ordering of pentacene molecules into a regular pattern of molecular wires 

on Cu(110) has also been observed  [48] and interpreted in this framework.  The self-assembly 

mechanism in these nano-wires was explained by an oscillatory modulation of the adsorption 

energy of pentacene due to charge-density waves of a surface state. 

Substrate-mediated interactions are not limited to those caused by surface standing 

waves.  Ordered arrays of silver and iron nanostructures have been fabricated on substrates with 

periodic patterns defined by dislocations that form to relieve strain  [49].  Moreover, surface-

mediated interactions between adatoms by elastic distortion of the substrate have been calculated 

and results show the interaction energy to be isotropic for a substrate with hexagonal symmetry 

and anisotropic on the (100) face of cubic crystals  [50].  A comprehensive review of surface-

mediated interactions for systems ranging from weak adsorption to chemisorption can be found 

in Ref.  [51]. 

1.4. Probing the Interfacial Electronic Structure 

We investigated the interfacial electronic structure of VONc/Au(111) and ClB-

SubPc/Cu(111) and examined the interaction strength between the surface and the molecule, 

energy level alignment, evolution of the surface electronic states (Shockley surface state and 
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image potential states) upon molecular adsorption, and the role of the molecular permanent 

dipole moment.  Two types of surface-sensitive techniques were employed in the 

characterization of the electronic structure at these interfaces: UV-photoelectron spectroscopy 

and two-photon photoemission. 

UV-Photoelectron spectroscopy (UPS) is a surface sensitive technique that gives 

information about the valence band electronic structure of a system.  The method is based on the 

absorption of a photon by a system under study, resulting in emission of electrons with kinetic 

energies containing information about the initial and final states involved in the transition.  In 

UPS, only electrons below the Fermi energy (from occupied states) can be excited to energies 

above the vacuum level, and their kinetic energy is given by 

𝐸𝐸𝑘𝑖𝑛 = ℎ𝜈 −𝑊𝐹 − 𝐸𝐸𝐵  , eq. 1-1 

where ℎ𝜈 is the photon energy,  𝑊𝐹 is the global work function of the surface, and 𝐸𝐸𝐵 is the 

binding energy of the initial state.  All binding energies are referenced to the Fermi energy, 

which is determined from the kinetic energy of the fastest electrons.  The work function of the 

surface corresponds to electrons with zero kinetic energy and is obtained from the secondary 

edge of the spectrum, as shown in Figure 1-1: 

𝑊𝐹 =  ℎ𝜈 − (𝐸𝐸𝐹𝑒𝑟𝑚𝑖 − 𝐸𝐸𝑆𝐸𝐶𝑂)  , eq. 1-2 

where 𝐸𝐸𝑆𝐸𝐶𝑂 is the energy of the slowest electrons observed in a UPS spectrum.  A sample bias 

is generally applied to increase the intensity of the secondary edge and overcome the work 

function of the analyzer, and its value is subtracted when determining the work function and the 

binding energies of the system. 
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Figure 1-1.  An illustration of the measurement of the density of states of a system and its 

relevant electronic properties by UV–photoelectron spectroscopy. 

 

In bulk state transitions, within the one-electron picture, the photoemission process can 

be described by the interaction of an electron with a time-dependent electromagnetic field  [9].  

The non-relativistic Schrödinger equation within this formalism is given as 
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+ 𝑉𝑉(𝑃𝑃)�𝜓𝜓(𝑃𝑃, 𝑡) = 𝐻 𝜓𝜓(𝑃𝑃, 𝑡)  . eq. 1-3 

Here, 𝐴(𝑃𝑃, 𝑡) is the electromagnetic vector potential, 𝜓𝜓(𝑃𝑃, 𝑡) is the electronic wavefunction, and 

𝑉𝑉(𝑃𝑃) is the unperturbed potential in the solid.  The Hamiltonian for the photoemission process 

can be separated into the unperturbed part 𝐻0 of the solid and the Hamiltonian due to interaction 

with the field, 𝐻𝑖𝑛𝑡: 
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𝐻0 𝜓𝜓 = − ℏ2

2𝑚
∆𝜓𝜓 + 𝑉𝑉(𝑃𝑃) 𝜓𝜓 , eq. 1-4 

𝐻𝑖𝑛𝑡 𝜓𝜓 = 1
2𝑚

�−2 𝑒ℏ
𝑖𝑐
𝐴 ∙ ∇𝜓𝜓 − 𝑒ℏ

𝑖𝑐
�𝑑𝑑𝑖𝑣 𝐴� ∙ 𝜓𝜓 + 𝑒2

𝑐2
�𝐴�

2
 𝜓𝜓�  eq. 1-5 

In 𝐻𝑖𝑛𝑡, the second term is small inside the crystal because 𝐴 varies slowly in bulk (long 

wavelength or dipole approximation).  However, this term is no longer negligible at the surface 

because the translational symmetry is broken by the surface potential, a point that will be 

discussed later in more detail.  The last (third) term in 𝐻𝑖𝑛𝑡 becomes important only when high-

intensity laser pulses are employed in the photoemission process, and thus can also be neglected 

in bulk transitions.  The transition rate between an initial state |𝑖⟩ and a final state ⟨𝑓| within first 

order time-dependent perturbation theory is given by Fermi’s golden rule: 

𝑤𝑓𝑖 ∝
2𝜋
ℏ

|⟨𝑓|𝐻𝑖𝑛𝑡′ |𝑖⟩|2𝛿�𝐸𝐸𝑓 − 𝐸𝐸𝑖 − ℏ𝜔�  , eq. 1-6 

𝐻𝑖𝑛𝑡′ = − 𝑒ℏ
𝑖𝑚𝑐

𝐴 ∙ ∇ = 𝐴 ∙ �⃗�  , eq. 1-7 

where 𝐻𝑖𝑛𝑡′  contains only the first term in the interaction Hamiltonian of eq. 1-5, 𝐸𝐸𝑖 and 𝐸𝐸𝑓 are 

the initial and final state eigenvalues of 𝐻0, and ℏ𝜔 represents the photon energy.  𝐴 ∙ �⃗� is the 

regular transition dipole moment term.  For a perturbation acting on a system for a finite time 

with the condition 𝑡 ≫ 2𝜋𝜋 𝜔⁄ , the transition rate is given by 

𝑤𝑓𝑖 = 2𝜋
ℏ

|⟨𝑓|𝐻𝑖𝑛𝑡′ |𝑖⟩|2𝜌𝜌𝑓 = �𝑀𝑀𝑓𝑖�
2
𝜌𝜌𝑓  , eq. 1-8 

where 𝜌𝜌𝑓 is the density of states at 𝐸𝐸𝑓 and �𝑀𝑀𝑓𝑖�
2
is simply referred to as the transition matrix 

element, which also accounts for the conservation of wave vectors in the photoemission process.  

The wave vector of the final state is given by 
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𝑘𝑘�⃗ 𝑓 = 𝑘𝑘�⃗ 𝑖 + 𝑘𝑘�⃗ 𝑝ℎ𝑜𝑡𝑜𝑛 + �⃗�𝐺  . eq. 1-9 

Here, 𝑘𝑘�⃗ 𝑖 and 𝑘𝑘�⃗ 𝑓 are the initial and final state wave vectors, 𝑘𝑘�⃗ 𝑝ℎ𝑜𝑡𝑜𝑛 represents the wave vector of 

the photon, and �⃗�𝐺 indicates a reciprocal lattice vector of the bulk lattice.  In the UPS regime, 

�𝑘𝑘�⃗ 𝑝ℎ𝑜𝑡𝑜𝑛� is generally negligible under the assumption of a spatially constant vector potential 𝐴.  

The transition matrix element �𝑀𝑀𝑓𝑖�
2
 then simplifies to 

�𝑀𝑀𝑓𝑖�
2

= 2𝜋𝑒2

ℏ𝑚2𝑐2
�𝐴 ∙ ⟨𝑓|�⃗�|𝑖⟩�

2
= 2𝜋𝑒2

ℏ𝑚2𝑐2
�𝐴 ∙ 𝑃𝑃�⃗𝑓𝑖�

2
  , eq. 1-10 

where 𝑃𝑃�⃗𝑓𝑖 is referred to as the so-called momentum matrix element  [52,53].  The conservation of 

the wave vector can be taken out of the matrix element to give 𝑀𝑀�𝑓𝑖 , which is then related to the 

photoemission intensity inside the crystal as 

𝐼𝐼�𝐸𝐸𝑓� ∝ ∑ �𝑀𝑀�𝑓𝑖�
2

𝑖,𝑓,�⃗� ∙ 𝛿�𝐸𝐸𝑓 − 𝐸𝐸𝑖 − ℏ𝜔� ∙ 𝛿�𝑘𝑘�⃗ 𝑓 − 𝑘𝑘�⃗ 𝑖 − �⃗�𝐺�  . eq. 1-11 

Only the parallel component of the final state wave vector 𝑘𝑘�⃗ 𝑓|| is conserved upon 

transition of an electron through the surface: 

𝑘𝑘�⃗ 𝑣|| = 𝑘𝑘�⃗ 𝑓|| + �⃗�||  . eq. 1-12 

Here, 𝑘𝑘�⃗ 𝑣|| is measured in vacuum (i.e. outside the crystal) and �⃗�|| is a wave vector of the surface 

reciprocal lattice.  𝑘𝑘�⃗ 𝑣|| is related to the electron emission angle 𝜃𝜃 with respect to the surface 

normal by 

�𝑘𝑘𝑣||� = √2𝑚
ℏ �𝐸𝐸𝑘𝑖𝑛 𝑠𝑖𝑛𝜃𝜃  , eq. 1-13 
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where 𝐸𝐸𝑘𝑖𝑛 is the kinetic energy of the photoelectron measured in UPS experiments.  The 

photoemission intensity within this one-particle picture that is measured at the detector is then 

expressed by 

𝐼𝐼𝑣�𝐸𝐸𝑘𝑖𝑛,𝑘𝑘𝑣||� ∝ ∑ �𝑀𝑀�𝑓𝑖�𝑘𝑘�⃗ 𝑓 ,𝑘𝑘�⃗ 𝑖��
2

𝑖,𝑓,�⃗�,𝑔�⃗ || ∙ 𝛿�𝐸𝐸𝑓 − 𝐸𝐸𝑖 − ℏ𝜔� ∙ 𝛿�𝑘𝑘�⃗ 𝑓 − 𝑘𝑘�⃗ 𝑖 − �⃗�𝐺�  eq. 1-14 

∙ 𝛿�𝐸𝐸𝑘𝑖𝑛 − 𝐸𝐸𝑓 + 𝜙𝜙� ∙ 𝛿�𝑘𝑘�⃗ 𝑣|| − 𝑘𝑘�⃗ 𝑓|| − �⃗�||� . 

The finite coherence time of the radiation is captured by the second term in eq. 1-14, followed by 

a term accounting for the conservation of the wave vectors.  The energy and angle-resolved 

detection are included in the last two terms, respectively.  The Kronecker δ symbols indicate the 

conservation of the various contributions and need to be replaced in practice by the relevant 

distribution functions. 

The single-particle picture discussed so far does not take into account the interaction of 

an electron with the remainder of the system.  In order to describe the photoemission processes 

in solids, the many-body physics of the full system must be considered  [9].  This includes the 

introduction of quasiparticle states for the screened and decaying hole left behind, and for the 

photoelectrons.  The quasiparticle wavefunctions satisfy the single particle Schrödinger equation 

containing the complex and energy dependent self-energy term, 𝛴.  The electron and hole 

screening effects are captured in the real part of 𝛴, and the decay and inelastic scattering 

processes are described by the imaginary part of 𝛴. 

The spectral function of the photohole 𝐴ℎ(𝐸𝐸), representing the hole associated with the 

initial state, the spectral distribution of the light source, 𝐴ℏ𝜔, and the uncertainty-limited 

Lorentzian distribution ℒ of bulk wave vectors perpendicular to the surface, 𝑘𝑘⊥ , around the 
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wave vector 𝑘𝑘𝑓⊥°  of the undamped final state, replace the second and third components in eq. 

1-14 to describe the life time decay of the photohole and 𝑘𝑘⊥, respectively: 

𝐼𝐼𝑣�𝐸𝐸𝑘𝑖𝑛,𝑘𝑘𝑣||
° � ∝ ∑  �𝑀𝑀�𝑓𝑖�𝑘𝑘�⃗ 𝑓 ,𝑘𝑘�⃗ 𝑖��

2
𝑖,𝑓,�⃗�,𝑔�⃗ ||

∙ (𝐴ℏ𝜔 ∗ 𝐴ℎ)�𝐸𝐸𝑓 − 𝐸𝐸𝑖 − ℏ𝜔� eq. 1-15 

∙ ℒ�𝑘𝑘𝑓⊥ − 𝑘𝑘𝑖⊥ − 𝐺𝐺⊥� ∙ 𝛿�𝑘𝑘�⃗ 𝑓|| − 𝑘𝑘�⃗ 𝑖|| − 𝐺𝐺||� 

∙ 𝒟𝐸�𝐸𝐸𝑘𝑖𝑛 − 𝐸𝐸𝑓 + 𝜙𝜙� ∙ 𝒟𝑘�𝑘𝑘�⃗ 𝑣|| − 𝑘𝑘�⃗ 𝑓|| − �⃗�||� . 

𝐴ℏ𝜔 is only important if significant relative to the experimental resolution.  𝒟𝐸 indicates the 

analyzer resolution and 𝒟𝑘 represents the angular resolution function, which is related to the 

detector solid angle.  The conservation of the wave vector is split into the 𝑘𝑘⊥ and 𝑘𝑘|| components 

of 𝑘𝑘�⃗ 𝑓, 𝑘𝑘�⃗ 𝑖, and �⃗�𝐺, respectively.  The sum over discrete states can finally be rewritten for 

convenience as integrals in 𝐸𝐸 and 𝑘𝑘�⃗  over continuously dispersing states: 

𝐼𝐼𝑣�𝐸𝐸𝑘𝑖𝑛,𝑘𝑘𝑣||
° � ∝ ∑  ∫∫∫�𝑀𝑀�𝑓𝑖�𝑘𝑘�⃗ 𝑓 ,𝑘𝑘�⃗ 𝑖��

2
�⃗�,𝑔�⃗ ||

∙ (𝐴ℏ𝜔 ∗ 𝐴ℎ)�𝐸𝐸𝑓 − 𝐸𝐸𝑖 − ℏ𝜔� eq. 1-16 

∙ ℒ�𝑘𝑘𝑓⊥ − 𝑘𝑘𝑖⊥ − 𝐺𝐺⊥� ∙ 𝒟𝐸�𝐸𝐸𝑘𝑖𝑛 − 𝐸𝐸𝑓 + 𝜙𝜙� 

∙ 𝒟𝑘�𝑘𝑘�⃗ 𝑣|| − 𝑘𝑘�⃗ 𝑖|| − �⃗�𝐺|| − �⃗�||� ∙ 𝑑𝑑𝑘𝑘𝑓⊥𝑑𝑑𝑘𝑘�⃗ 𝑖||𝑑𝑑𝐸𝐸𝑓 . 

The above equation can be simplified further by assuming the matrix element to be independent 

of 𝑘𝑘�⃗  and the experimental resolution, and treating it as an experimental parameter. 

Photoemission processes with k-conservation are known as direct transitions.  In real 

solids, vibrations of the lattice lead to absorption or emission of phonons giving rise to inelastic 

scattering processes where the energy and wave vector of the phonon is transferred to the 
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electron.  Such processes are known as “indirect” transitions.  Indirect transitions are particularly 

important in analysis of spectral line-shapes, because they contribute to the photoemission line-

width as well as line asymmetry. 

So far, the photoemission processes have been discussed for bulk transitions.  However, 

in photoemission experiments, the spectral intensity is proportional to transition rates |𝑖⟩ to ⟨𝑓| 

from both the bulk and surface electronic states  [9]: 

𝐼𝐼 ∝ �𝑀𝑀𝑓𝑖
𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑀𝑀𝑓𝑖

𝑠𝑢𝑟𝑓�
2

  , eq. 1-17 

where 𝑀𝑀𝑓𝑖
𝑑𝑖𝑟𝑒𝑐𝑡is the bulk direct transition matrix element and 𝑀𝑀𝑓𝑖

𝑠𝑢𝑟𝑓 is the surface transition 

matrix element obtained from Fermi’s golden rule 

𝑤𝑓𝑖
𝑠𝑢𝑟𝑓 = �𝑀𝑀𝑓𝑖

𝑠𝑢𝑟𝑓�
2
𝜌𝜌𝑓  . eq. 1-18 

The Hamiltonian for surface transitions contains the 𝑑𝑑𝑖𝑣 𝐴 term neglected in bulk transitions: 

�𝑀𝑀𝑓𝑖
𝑠𝑢𝑟𝑓�

2
= 𝑒2ℏ𝜋

2𝑚2𝑐2
��𝑓�𝑑𝑑𝑖𝑣 𝐴�𝑖��

2
  . eq. 1-19 

The surface-component of the photoemission intensity also accounts for final state 

Umklapp processes, which result from the scattering of the photoelectrons by a reciprocal (super) 

lattice vector.  In the presence of ordered overlayers of adsorbates on surfaces, a new set of 

reciprocal surface lattice vectors may form.  Consequently, the incident electrons penetrating 

through the surface may be diffracted to new inequivalent points of the bulk Brillouin zone.  

Such Umklapp processes may give rise to additional features in the photoemission spectra and 

give the substrate electronic states the periodicity of the molecular overlayer  [27,54].  
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Adsorbate-induced surface Umklapp in inverse photoemission was first detected for sulfur and 

chlorine adsorbates on Ni(110)  [54]. 

The parallel component of the electron momentum, 𝑘𝑘||, which is conserved upon 

photoemission, allows one to measure the dispersion of the electronic states in the surface plane 

(see Figure 1-2).  Angle-resolved photoelectron spectroscopy (ARPES) measurements are 

performed to gain information about the band structure of solid surfaces and interfaces.  In 

ARPES measurements, the kinetic energy of the electron emitted at a particular take-off angle is 

related to its parallel momentum by 

E�k||� =
ħ2k||

2

2meffme
  , eq. 1-20 

ħk|| = �2me E�k||� sinθ  , eq. 1-21 

k|| = 2π
λ

  , eq. 1-22 

where me is the mass of a free electron, meff is the effective mass of the electron in the solid. 

The latter is defined for any band structure as  𝑚𝑚𝑒𝑓𝑓 ∙ 𝑚𝑚𝑒 = 1 𝜕2𝐸
𝜕2𝑘||
�  with 𝑚𝑚𝑒𝑓𝑓 = 1 

corresponding to a free electron.  𝜆𝜆 is the de Broglie wavelength of the electron and 𝜃𝜃 is the 

electron emission angle. 
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Figure 1-2.  A schematic of relevant coordinates and angles for an electron emitted at a given 

take-off angle with a momentum vector 𝒌𝒌 and kinetic energy 𝑬𝑬𝒌𝒌. 

 

ARPES additionally gives information about the growth structure of molecular thin films.  

For an ordered structure on the surface, the photoemission intensity shows strong angle 

dependence resulting from the photoemission selection rules (see eq. 1-10), as shown in a 

cartoon in Figure 1-3.  The molecular orientation in ordered films can be obtained by a 

quantitative treatment of the ARPES data within the independent-atomic-center approximation, 

invoking also modified neglect of diatomic overlap molecular orbital  [55].  The photoelectron 

angular distribution of molecular π-band (“HOMO”) intensity in monolayer films of CuPc on 

MoS2 has been quantitatively analyzed by single-scattering approximation theory combined with 

molecular orbital calculations  [56].  Results from these analyses gave quantitative information 

about the molecular orientation on the surface.  A similar approach has been employed for TiO-

Pc on a cleaved graphite surface to estimate the molecular orientation in a monolayer film  [25]. 

 

𝑘𝑘⊥ 

𝑘𝑘|| 
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Figure 1-3.  An illustration of ARPES measurement of an organic thin film on a surface.  The 

intensities of emitted electrons show angle-dependence for ordered films. 

 

The traditional photoelectron spectroscopy measurements can only give information 

about states below the Fermi level of a system.  In order to gain information about unoccupied 

states of a system and relevant dynamic processes, a technique capable of probing additional 

electronic levels originating from states above the Fermi energy and even the vacuum level is 

needed.  Inverse photoemission (IPES) combined with UPS gives quantitative information about 

the transport gap of organic films.  In particular, IPES measures the electronic states of a 

molecular anion.  However, two-photon photoemission (2PPE) has the advantage of measuring 

electronic states both above and below the Fermi level by two photon processes.  In 2PPE, the 

occupied states are photoionized by direct coherent absorption of two photons.  On the other 

hand, the unoccupied states of the molecular film are probed through two prominent 

mechanisms: the unoccupied states are populated by (i) intramolecular excitation forming an 

exciton, or (ii) photoinduced metal-to-molecule electron transfer resulting in a molecular anion.  

Absorption of the second photon then photoionizes these states.  Therefore, 2PPE measures the 
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excitonic or anionic states of the molecular film depending on the population mechanism of these 

states  [57]. 

2PPE utilizes an ultrafast laser system as an excitation source to generate photons in the 

range of infrared to ultraviolet wavelengths and is capable of measuring electronic dynamics.  A 

typical 2PPE spectrum contains information about the initial, intermediate, and final states of the 

photoionized electrons through a two-photon process.  However, unlike UP spectra, the kinetic 

energies measured are not directly converted into binding energies, because the 2PPE spectra are 

composed of electronic states both below and above the Fermi energy, and in some instances 

even above the vacuum level, all overlapping on the same kinetic energy axis.  One needs to 

decompose the 2PPE spectra by first determining the origin of each spectral feature.  Then, the 

kinetic energies measured are converted into final state energies, which contain information 

about the ground and excited state energies. 

Figure 1-4 shows different excitation pathways available in two-photon photoemission 

experiments.  The direct coherent process gives similar information as does a UPS spectrum, 

though with different cross-sections and selection rules.  In this process, the electron residing 

below the Fermi energy is photoemitted by coherent absorption of two photons.  If the energy of 

the photon is equal to the energy difference between an occupied state and an unoccupied state 

that are coupled together, an optical resonance (direct resonance) may appear, giving rise to a 

sharp spectral feature.  Alternatively, the unoccupied states can be populated indirectly, giving 

rise to indirect intermediate states.  Finally, if there is a discrete state above the vacuum level, a 

two-photon process can probe the energetic position of this final state as seen in Figure 1-4. 
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Figure 1-4.  Different excitation pathways shown for two-photon excitation processes in 2PPE 

experiments. 

 

The electronic states observed in 2PPE spectra show different behavior when a series of 

measurements are performed at different excitation energies.  The electrons below the Fermi 

level need to absorb two photons simultaneously in order to photoionize above the vacuum level.  

This is reflected in the 2PPE spectra as a two-photon dependence on intensity and in the spectral 

shift with excitation energy: The kinetic energy of the spectral feature shifts by 2 × (ℎ𝜈𝑖– ℎ𝜈𝑗), 

where ℎ𝜈𝑖 and ℎ𝜈𝑗 refer to photon energies used in measuring the two 2PPE spectra.  On the 

other hand, when unoccupied states above the Fermi level are populated by photoexcitation, only 

the absorption of the second photon results in photoionization.  The initial state of the electron 

that populates the unoccupied state is irrelevant here, hence, the photoemission process from 

unoccupied states exhibit one-photon dependence in intensity and in the spectral shift with 
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excitation energy: The kinetic energy shifts by 1 × (ℎ𝜈𝑖–ℎ𝜈𝑗).  In the case of final states 

(discrete states above the vacuum level), there is no photon energy dependence in 2PPE spectra, 

because the state is already above the vacuum level and hence in resonance with the continuum.  

It is important to note that these photon-dependence behaviors are not applicable for transitions 

involving bulk states in metals or ordered superlattices, because bulk state electrons have a non-

zero perpendicular component for their momentum vector, while in photoelectron spectroscopy 

only the parallel component is conserved. 

To identify the spectral origin of electronic states observed in 2PPE spectra, final state 

energies of each feature are plotted against the excitation energies (photon energies), as shown in 

Figure 1-5.  The slope of a linear fit to the experimental data indicates whether the state is 

occupied, unoccupied, or above the vacuum level. 

 

 

Figure 1-5.  Identification of the origin of the spectral features in 2PPE by plotting the final state 

energies against the excitation (photon) energies. 
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Angle-resolved 2PPE spectra (AR-2PPE) give similar information as in angle-resolved 

UV-photoelectron spectroscopy (ARUPS) measurements.  However, unlike ARUPS, the 

dispersion of image potential states and other unoccupied states can also be investigated by AR-

2PPE, with an example shown in Figure 1-6. 

 

 

Figure 1-6.  Band structure of Au(111) measured by AR-2PPE showing dispersion of the 

Shockley surface state (𝒏 = 𝟎) and the image potential states (𝒏 = 𝟏,𝟐).  UBE and LBE refer to 

the upper and the lower band-edges of the projected sp-band gap  [58]. 

 

1.5. Molecular Geometry and Electronic Structure 

The molecular geometry and electronic structure of VONc in the gas phase was 

additionally investigated by density functional theory (DFT) and compared to other metal-

naphthalocyanines.  Although the molecular properties in the gas phase are different than those 

Energy (eV) 

𝑘𝑘||(Å−1) 
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on metal surfaces due to surface/molecule interactions, such preliminary information about the 

molecule is important in analyzing and understanding the photoemission spectra.  Details of the 

DFT methods employed in calculations of VONc and other metal-Ncs will be presented in 

Chapter 2 of this thesis. 

1.6. Thin Film Growth 

The interfacial electronic structure of organic/metal systems contains important 

information about surface/molecule interactions, which are also closely related to the adsorption 

configuration and self-assembly of the molecules.  Therefore, in order to gain a full 

understanding of interfacial electronic structure and dynamics at organic/metal systems, one 

needs to correlate the observed electronic structure to relevant molecular film structure.  This is 

as yet a rare approach in this field, and this thesis is in part leading the way in this direction.  We 

investigated thin film structures of ClB-SubPc on Cu(111) by low temperature scanning 

tunneling microscopy (LT-STM) experiments under different surface preparation conditions.  

The fundamental forces involved in intermolecular interactions of ClB-SubPc on Cu(111) were 

investigated by quantitative analysis of STM images at very low surface coverage where two-

body interactions dominate.  Additionally, temperature dependent and coverage-dependent STM 

experiments were conducted to examine different phases of molecular film structure and the role 

of molecular orientation in molecular self-organization.  Submonolayer films of ClB-SubPc on 

Cu(111) were prepared at room temperature to complement the 2PPE results.  Combining the 

experimental findings from both STM and 2PPE experiments provide key information needed to 

relate the molecular film structure and adsorption orientation to the interfacial electronic 

structure.  Understanding the correlation between the two is crucial in controlling organic/metal 

interfaces for real-world applications in organic-based electronic devices. 
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1.7. Thesis Organization 

This thesis is organized as follows: In chapter 2 an introduction to the theory of DFT is 

presented.  The experimental details for UPS and 2PPE experiments as well as surface 

preparation methodologies are provided in chapter 3.  A theoretical description of scanning 

tunneling microscopy and the experimental setup is given in chapter 4. 

The theoretical results for DFT calculations of VONc and other metal-Ncs are presented 

in chapter 5 along with description of DFT methods employed in these calculations.  Here, I will 

show that the density of states calculated for the VONc in the gas phase complement the UPS 

spectra of a multilayer VONc film on highly ordered pyrolytic graphite (HOPG).  Systematic 

DFT calculations of VONc and other metal-Ncs also indicate that the energetic positions of the 

frontier molecular orbitals can be tuned by selecting the appropriate metal center for the 

naphthalocyanine backbone.  Chapter 5 ends with a proposed method to be used for future DFT 

calculations of similar systems. 

In Chapter 6, I discuss the interfacial electronic structure of VONc/Au(111) measured by 

2PPE and UPS experiments.  The two-dimensional (2D) image potential resonance (IPR) of one 

monolayer VONc/Au(111) remains electronically coupled to the bulk continuum giving rise to 

quantum interference effects.  This is indeed the first observation of a Fano resonance for a 

surface 2D state due to quantum interference of direct and indirect transition pathways.  The 

2PPE spectra also show evidence of indirect excitation of image potential resonances of 

VONc/Au(111) which clearly demonstrates the role of scattering and dephasing events in 

indirect electronic transitions.  The surface 2D states of Au(111) are shown here to be simple 

models that give information about quantum interference effect and indirect excitation pathways.  
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These are important events in organic electronics, because: (i) electronic coupling directly 

influences energy level alignment at the interface, and (ii) indirect excitation channels influence 

charge transfer rates across the interface. 

The remainder of this thesis is dedicated to experimental results and discussion of the 

ClB-SubPc/Cu(111) system.  In chapter 7, by performing quantitative analysis of STM images, I 

show that the intermolecular interactions of ClB-SubPc/Cu(111) are indirectly mediated by 

surface two-dimensional electron gas at low surface coverages.  Here, I also show that ClB-

SubPc exhibits two preferred adsorption orientation on the surface: “Cl-up” and “Cl-down”.  

These two adsorption geometries show different surface/molecule and molecule/molecule 

interactions, which directly influences molecular organization and self-assembly.  This is the first 

demonstration of quantitative analysis of orientation-dependent intermolecular interactions of 

molecules on a surface.  The two different molecular orientations are dominated by different 

intermolecular forces: attractive vs. repulsive at low surface coverages.  Results also indicate a 

net charge transfer to molecules of “Cl-up” orientation only. 

2PPE measurements of ClB-SubPc/Cu(111) in Chapter 8 show direct evidence of 

interfacial charge transfer from Cu to molecules.  At low surface coverages, a partially occupied 

molecular orbital is observed at the Fermi level, which is no longer detected at multilayer 

coverages.  This indicates that the charge-transfer state is interface-specific.  STM images of 

films prepared under similar conditions show inhomogeneous film growth, where ordered 

hexagonal islands coexist with some isolated molecules as well as three-dimensional molecular 

clusters.  The molecules found in hexagonal islands and in isolated form are dominated by the 

“Cl-up” orientation.  This supports the results from the quantitative analysis of STM images, 

which indicated charge-transfer to be orientation-selective: only “Cl-ups” act as electron 
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acceptors on Cu(111).  Here, molecular orientation dictates energy level alignment, directly 

influencing charge transfer at the interface.  This is significant, because energy level alignment 

and hence charge transfer processes across the interface in organic-based electronic devices 

directly control device efficiency.  2PPE measurements additionally show evidence of 

inhomogeneous local electronic environment, which is attributed to the inhomogeneous film 

growth, also observed by STM.  Here, I will show that the image potential states of Cu(111) are 

capable of probing local electronic environment and additionally give information about 

surface/molecule electronic coupling.  Inhomogeneous local electronic structure is in particular 

very important in characterization of the interfacial electronic structure of organic-based 

electronic devices.  The varying local vacuum level leads to different energy level alignments, 

which can give rise to active or inactive sites, and trap states. 

In Chapter 9, the molecular film structure of ClB-SubPc on Cu(111) at different surface 

coverages and temperatures are further explored and discussed.  Here, I will show that self-

assembly is also orientation-selective.  “Cl-up” molecules hexagonally pack in 2D islands even 

at low surface coverages.  On the other hand, “Cl-down” molecules experience repulsive forces 

when interacting with one another at low surface coverages.  Only at high surface coverages, i.e. 

50%, “Cl-downs” self-assemble.  However, unlike the “Cl-ups”, they form ordered bilayers by 

hexagonal stacking.  The thesis ends with (i) a final summary of the experimental findings for 

VONc/Au(111) and SubPc/Cu(111) systems (Chapter 10) and (ii) a future outlook (Chapter 11). 
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2. DENSITY FUNCTIONAL THEORY 

2.1. Introduction to Density Functional Theory 

In the 1960’s, P. Hohenberg and W. Kohn published a theorem in which the ground-state 

energy of a nondegenerate electronic system and the corresponding electronic properties were 

defined by its electron density [59].  In 1965, W Kohn and L. Sham  [60] developed a formalism 

that solves the Hohenberg-Kohn theorem for a set of interacting electrons.  They treated a virtual 

system of noninteracting electrons that have an overall ground-state density equal to the density 

of some real system where electrons interact with each other. 

In 1998, Walter Kohn was awarded the Nobel Prize in Chemistry for the development of 

density functional theory (DFT)  [61].  In this theory, electrons in a system are described by a 

single functional, known as the electron density functional.  This density functional 𝝆(𝒓�⃗ ) is 

defined as the integral over the spin-coordinates (𝜎) of all electrons and over all spatial variables 

(𝑃𝑃), except for one: (�⃗�𝑥 ≡ 𝑃𝑃;σ).  The probability of finding an electron within volume 𝑑𝑑𝑃𝑃 is 

𝜌𝜌(𝑃𝑃) = 𝑁 ∫…∫ |𝜓𝜓(�⃗�𝑥1, �⃗�𝑥2, … , �⃗�𝑥𝑁)|2𝑑𝑑𝜎1𝑑𝑑�⃗�𝑥2 … 𝑑𝑑�⃗�𝑥𝑁  eq. 2-1 

where 𝑁 is the total number of electrons.  DFT is thus a single-body problem with 𝑁 one-

electron wave functions (𝑁 𝜓𝜓1−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛), where both the ground state wave function 𝜓𝜓0 =

𝜓𝜓 [𝜌𝜌0(𝑃𝑃)] and the ground state energy 𝐸𝐸0 = 𝐸𝐸[𝜌𝜌0(𝑃𝑃)] are functions of an electron-density 

function, 𝜌𝜌0(𝑃𝑃).  DFT can successfully predict many chemical properties, such as bond lengths 

and angles, barrier heights, atomization energies, binding energies, ionization potentials, electron 

affinities, heats of formation, and other nonbonded interactions  [61,62].  Before going into the 

details of application of DFT in quantum mechanics calculations, a brief overview of the 
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Hartree-Fock Method is given in the following section as a reference point for the calculation of 

exact energies of a system. 

2.1.1. Hartree-Fock Approximation 

The Hartree-Fock method solves a many body problem with 𝜓𝜓𝑁−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠. The ground 

state wave function of a system is obtained from a single Slater determinant 

𝜓𝜓0 ≈ 𝜓𝜓𝐻𝐹
1
√𝑁!

�

𝜓𝜓1(�⃗�𝑥1) 𝜓𝜓2(�⃗�𝑥1) … 𝜓𝜓𝑁(�⃗�𝑥1)
𝜓𝜓1(�⃗�𝑥2) 𝜓𝜓2(�⃗�𝑥2) … 𝜓𝜓𝑁(�⃗�𝑥2)

⋮
𝜓𝜓1(�⃗�𝑥𝑁)

⋮
𝜓𝜓2(�⃗�𝑥𝑁)

…
…

⋮
𝜓𝜓1(�⃗�𝑥𝑁)

� . eq. 2-2 

Energies of a system are thus determined from 

𝐸𝐸𝐻𝐹 = �𝜓𝜓𝐻𝐹�𝐻��𝜓𝜓𝐻𝐹� = ∑ 𝐻𝑖 + 1
2
∑ �𝐽𝑖𝑗 − 𝐾𝑖𝑗�𝑁
𝑖,𝑗=1

𝑁
𝑖=1  , eq. 2-3 

where the diagonal Hamiltonian matrix element 𝐻𝑖 is defined as 

𝐻𝑖 ≡ ∫𝜓𝜓𝑖∗ (�⃗�𝑥) �− 1
2
∇2 − 𝑉𝑉𝑒𝑥𝑡(�⃗�𝑥)�𝜓𝜓𝑖(�⃗�𝑥)𝑑𝑑�⃗�𝑥  . eq. 2-4 

𝐽𝑖𝑗 and 𝐾𝑖𝑗 are the Coulomb and Exchange integrals and are defined as 

𝐽𝑖𝑗 = ∫∫𝜓𝜓𝑖(�⃗�𝑥1) 𝜓𝜓𝑖∗(�⃗�𝑥1) 1
𝑟12
𝜓𝜓𝑗∗(�⃗�𝑥2) 𝜓𝜓𝑗(�⃗�𝑥2) 𝑑𝑑�⃗�𝑥1𝑑𝑑�⃗�𝑥2 eq. 2-5 

𝐾𝑖𝑗 = ∫∫𝜓𝜓𝑖(�⃗�𝑥1) 𝜓𝜓𝑗∗(�⃗�𝑥1) 1
𝑟12
𝜓𝜓𝑖∗(�⃗�𝑥2) 𝜓𝜓𝑗(�⃗�𝑥2) 𝑑𝑑�⃗�𝑥1𝑑𝑑�⃗�𝑥2  . eq. 2-6 

𝐽𝑖𝑗 represents the Coulombic interaction between an electron in orbital i and an electron 

in orbital j.  Both 1
𝑟12

 and 𝜓𝜓2 are always positive, leading to a positive energy (destabilization) – 

Coulombic repulsion.  On the other hand, the Exchange Integral, 𝐾𝑖𝑗 does not have a classical 
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interpretation.  In this integral the two electrons exchange their positions from the left to right of 

the integrand to satisfy the generalized Pauli principle for Fermions. 

HF treats the electron-electron repulsion as the interactions between a particular electron 

and the average field created by all other electrons.  This approach allows electrons to get in each 

other’s way to a greater extent than they should, leading to an overestimation of electronic 

correlation effects. 

The Hartree Fock (HF) approach coupled with the LCAO approximation leads to a set of 

matrix equations, also known as Roothan-Hall equations: 

𝐹𝑐 =  𝜀 𝑆𝑐 , eq. 2-7 

where, 𝑐 are the unknown molecular orbital coefficients, 𝜀 are orbital energies, 𝑆 is the overlap 

matrix, and 𝐹 is the Fock matrix element, which is analogous to the Hamiltonian in the 

Schrödinger equation with an average potential by all electrons but one: 

𝐹𝑖𝑗 =  𝐻𝑖𝑗𝑐𝑜𝑟𝑒 +  𝐽𝑖𝑗 +  𝐾𝑖𝑗 , eq. 2-8 

𝐻𝑖𝑗𝑐𝑜𝑟𝑒 =  ⟨𝜓𝜓∗|𝑇𝑇 + 𝑉𝑉𝑒𝑥𝑡|𝜓𝜓⟩ . eq. 2-9 

In surface calculations, the implementation of Hartree-Fock approach becomes 

computationally challenging due to the important role of correlation effects and the large number 

of particles to be considered.  Slater, Kohn, and Sham introduced a new scheme to improve the 

accuracy of the HF approximation and reduce its computational complexities. 
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2.1.2. The Kohn-Sham Approach 

A major challenge of the initial DFT formalism was describing the kinetic energy of the 

system.  In the Kohn-Sham approach the kinetic energy functional of a system is split into two 

parts: (i) a part that can be exactly calculated for a system of noninteracting electrons, and (ii) a 

correction term that accounts for electron-electron interactions  [63]. 

Following the Kohn-Sham formalism, the electronic energy of the ground state of a 

system consisting of N electrons and n nuclei can be defined as 

𝐸𝐸[𝜌𝜌(𝑃𝑃)] = −1
2
∑ ∫𝜓𝜓𝑖∗(𝑃𝑃1)𝑁
𝑖=1 ∇2 𝜓𝜓𝑖(𝑃𝑃1) 𝑑𝑑𝑃𝑃𝑖 eq. 2-10 

−∑ ∫
𝑍𝑗
𝑟𝑗1
𝜌𝜌(𝑃𝑃1)𝑛

𝑗=1 𝑑𝑑𝑃𝑃1 + 1
2 ∫ ∫ �

𝜌(𝑟1)𝜌(𝑟2)
𝑟12

�  𝑑𝑑𝑃𝑃1  𝑑𝑑𝑃𝑃2 + 𝐸𝐸𝑋𝐶[𝜌𝜌(𝑃𝑃)] . 

The first term describes the kinetic energy of non-interacting electrons.  The second term 

describes the attractive Coulombic interaction between electrons and nuclei.  The third term 

corresponds to repulsive Coulombic interactions between electrons, expressed in terms of 

electron densities.  Finally, the last term is known as the exchange-correlation term, which 

represents the correction to the kinetic energy due to the interacting nature of the electrons, and 

all non-classical corrections due to exchange [63]. 

In the Kohn-Sham approach, the repulsive Coulomb integral is further defined as 

𝐽𝑖𝑗 = ∑ ∑ 2∑ 𝑐𝑚𝑘 𝑐𝑛𝑘
𝑜𝑐𝑐𝑢𝑝.  𝑀𝑂
𝑘

𝑏𝑎𝑠𝑖𝑠 𝑓𝑢𝑛𝑐𝑡.
𝑛𝑚   eq. 2-11 

× ∫ ∫ 𝜓𝜓𝑖(𝑃𝑃���⃗ 1) 𝜓𝜓𝑗(𝑃𝑃1)𝑛𝑚  1
𝑟12
𝜓𝜓𝑚(𝑃𝑃���⃗ 2) 𝜓𝜓𝑛(𝑃𝑃���⃗ 2) 𝑑𝑑𝑃𝑃1𝑑𝑑𝑃𝑃2  , 
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which can be computed from first principles, while 𝐸𝐸𝑋𝐶 is based on an approximation.  It is 

known as the Exchange-Correlational Functional, 𝐹𝑖𝑗𝑋𝐶 and depends on the density of electrons. 

The solutions obtained through this method are a set of matrix equations analogous to 

Roothan-Hall equations, and are obtained by minimizing energy with respect to the coefficients 

c: 

𝐹 𝑐 =  𝜀 𝑆 𝑐  . eq. 2-12 

In the above equation 𝑐 is the unknown MO coefficient, 𝐹 is Fock matrix, 𝜀 is energy, and 𝑆 is 

overlap matrix.  The exchange and correlation energies depend on the density of electrons, thus 

the energy of the system depends on the electron density function, 𝜌𝜌(𝑃𝑃) as in 

𝐸𝐸[𝜌𝜌(𝑃𝑃)] = ∫𝑣0(𝑃𝑃) 𝜌𝜌(𝑃𝑃)  𝑑𝑑𝑃𝑃 + 𝐹[𝜌𝜌(𝑃𝑃)]  ,  eq. 2-13 

𝐹[𝜌𝜌(𝑃𝑃)] = ⟨𝜓𝜓|𝑇𝑇 + 𝑈|𝜓𝜓⟩  ,  eq. 2-14 

where 𝑇𝑇 is electron kinetic energy and 𝑈 is the electronic Coulomb interaction in the 

Hamiltonian.  𝑣0(𝑃𝑃) is the external potential representing interactions of electrons with the 

positive so-called background charges, i.e. the nuclei.  Note that 𝐹[𝜌𝜌(𝑃𝑃)] is different than the 

Fock matrix element, 𝐹𝑖𝑗, in eq. 2-8. 

The ground-state electron density function 𝜌𝜌(𝑃𝑃) is constructed from the Kohn-Sham 

orbitals and has the form 

𝜌𝜌(𝑃𝑃) = ∑ |𝜓𝜓𝑖(𝑃𝑃)|2𝑁
𝑖=1   , eq. 2-15 

which is similar to eq. 2-1.  The Hamiltonian (ℎ�𝑖) and the Kohn – Sham orbital energies (𝝐𝒊) are 

given by 
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ℎ�𝑖𝜓𝜓𝑖(𝑃𝑃1) = 𝜖𝜖𝑖𝜓𝜓𝑖(𝑃𝑃1)  , eq. 2-16 

ℎ�𝑖 = − �1
2
∇12 − ∑ 𝑍𝑗

𝑟𝑗𝑖
𝑛
𝑗=1 + ∫ 𝜌(𝑟)

𝑟12
 𝑑𝑑𝑃𝑃2 + 𝑉𝑉𝑋𝐶(𝑃𝑃1)�  . eq. 2-17 

In the above equation 𝑉𝑉𝑋𝐶(𝑃𝑃1) is the functional derivative of the exchange-correlation energy 

and is defined as 

𝑉𝑉𝑋𝐶[𝜌𝜌(𝑃𝑃1)] = 𝛿𝐸𝑋𝐶[𝜌(𝑟1)]
𝛿𝜌(𝑟1)   . eq. 2-18 

The Kohn-Sham equations are solved in a self-consistent fashion.  A tentative charge density 

𝜌𝜌(𝑃𝑃) for a molecular system (initial guess) can simply be formed from the superposition of the 

atomic densities of the constituent atoms and an approximate form for the functional describing 

𝐸𝐸𝑋𝐶 is used to calculate 𝑉𝑉𝑋𝐶.  An initial set of Kohn-Sham orbitals are obtained from this 

procedure, which is then used to calculate an improved density from eq. 2-15.  The above 

process is repeated until the density and the exchange – correlation energy have met a certain 

convergence criterion.  Once this criterion is satisfied, the energy is calculated from eq. 2-10.  

Similar to the HF method, the choice of basis sets are greatly important.  However, the 

computational time used in DFT calculations scales as the third power of the number of basis 

functions, while HF scales as the fourth power. 

The exchange-correlation energy 𝐸𝐸𝑋𝐶 is usually separated into two parts, (i) exchange 

energy 𝐸𝐸𝑋 and (ii) correlation energy 𝐸𝐸𝐶 .  The exchange energy normally describes the 

interaction between electrons of the same spin, while the correlation energy generally 

corresponds to the energy of interacting electrons of opposite spins: 

𝐸𝐸𝑋𝐶[𝜌𝜌(𝑃𝑃)] = 𝐸𝐸𝑋[𝜌𝜌(𝑃𝑃)] + 𝐸𝐸𝐶[𝜌𝜌(𝑃𝑃)]  . eq. 2-19 
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Both 𝐸𝐸𝑋 and 𝐸𝐸𝐶  can be defined as either a local functional or a gradient corrected functional.  

The local functional depends only on the electron density (Local Density Functional, LDA), 

while the gradient corrected one (Generalized Gradient Approximation, GGA) depends on both 

the electron density function 𝜌𝜌(𝑃𝑃) and its gradient ∇𝜌𝜌(𝑃𝑃).  Both LDA and GGA methods will be 

discussed further in the following sections. 

2.1.3. Local Density Approximation (LDA) 

It was earlier mentioned that while the solution to the kinetic energy terms of a non-

interacting system is exactly known, the exchange-correlation effects in the total energy 

functional must be approximated.  Within the Kohn-Sham approach in DFT, LDA is the simplest 

approximation based on the exact exchange energy for a uniform electron gas.  This energy can 

be obtained from the Thomas-Fermi model (1927) [64,65], a statistical model that approximates 

the distribution of electrons in an atom.  According to this approach, electrons are distributed 

uniformly in phase space with two electrons in every ℎ3 of volume.  Fits to the correlation 

energy for a uniform electron gas are used to calculate the exact exchange energy.  P.A.M. Dirac 

proposed the first local density approximation to the exchange energy in 1930  [66], which was 

coupled with the Thomas-Fermi model  [65,67] to give the Thomas-Fermi-Dirac method: 

𝐸𝐸𝐿𝐷𝐴
𝑋,𝐷𝑖𝑟𝑎𝑐[𝜌𝜌(𝑃𝑃)] = −𝑐𝑋 ∫𝜌𝜌(𝑃𝑃)4 3⁄ 𝑑𝑑𝑃𝑃  , eq. 2-20 

where the 𝑐𝑋 constant is defined as 

𝑐𝑋 = −3
4
�3
𝜋
�
1 3⁄

  . eq. 2-21 
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The LDA approach gave extremely modest results.  The inaccuracies were found to be 

mainly due to the crude nature of the approximations made in the kinetic energy functional in the 

initial Thomas-Fermi model, and not because of the Dirac exchange functional itself.  The model 

was later improved significantly with the Thomas-Fermi-Dirac-Weizsäcker model by including 

gradient corrections to the kinetic energy functional. 

In the LDA method, the exchange correlation energy is obtained from 

𝐸𝐸𝐿𝐷𝐴𝑋𝐶 [𝜌𝜌(𝑃𝑃)] = ∫ 𝜖𝜖𝑋𝐶[𝜌𝜌(𝑃𝑃)]𝜌𝜌(𝑃𝑃) 𝑑𝑑𝑃𝑃  , eq. 2-22 

where 𝜖𝜖𝑋𝐶 is the exchange correlation energy per electron of a homogeneous electron liquid with 

constant density 𝜌𝜌(𝑃𝑃), which can be further split into separate exchange and correlation 

components: 

𝜖𝜖𝑋𝐶[𝜌𝜌(𝑃𝑃)] = 𝜖𝜖𝑋[𝜌𝜌(𝑃𝑃)] + 𝜖𝜖𝐶[𝜌𝜌(𝑃𝑃)]  . eq. 2-23 

In the LDA formalism, it is difficult to obtain the correlation energy per electron, 𝜖𝜖𝐶, 

separately from the exchange energy, 𝜖𝜖𝑋.  In general, a suitable interpolation formula is used 

starting from a set of values calculated for a number of different densities in a homogeneous 

electron gas.  Many formulations have been developed since then to improve the exchange-

correlation functional in LDA.  One common example is the Vosko-Wilk-Nusair or VWN  [68].  

This functional utilizes Monte Carlo results of Ceperley  [69] and of Ceperley and Alder  [70].  

The local correlation function of Perdew (PL)  [71] is another popular functional within the LDA 

formalism.  The LDA treatment of the exchange – correlation energy, in particular the VWN 

method, remains to-date very popular in the calculation of periodic surface structures of solid 

crystals owing to its simplicity and therefore lower and affordable computational costs. 
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LDA can determine ionization energies of atoms, dissociation energies of molecules and 

cohesive energies with a relative accuracy of 10-20%.  Calculated bond lengths in molecules and 

solids typically have accuracy within ~2%.  However, LDA fails quite dramatically in systems 

dominated by electron-electron effects. 

J. C. Slater proposed the local spin density approximation (LSDA), which is a more 

general application of LDA.  LSDA introduces spin dependence into the functional, solving 

various conceptual problems inherent to the early LDA approaches to systems subject to an 

external magnetic field, systems that are polarized, and systems where relativistic effects cannot 

be ignored.  In LSDA, the exchange functional is defined as 

𝐸𝐸𝐿𝑆𝐷𝐴𝑋 [𝜌𝜌(𝑃𝑃)] = −21 3⁄ 𝑐𝑋 ∫�𝜌𝜌𝛼(𝑃𝑃)4 3⁄ + 𝜌𝜌𝛽(𝑃𝑃)4 3⁄ � 𝑑𝑑𝑃𝑃  , eq. 2-24 

where 𝛼 and 𝛽 represent spin-up and spin-down densities.  For open-shell systems, an 

unrestricted DFT method is employed, where molecular orbitals in the form of 𝜓𝜓𝑖,𝜎 and the 

corresponding coefficients, 𝑐𝑖,𝜎 are obtained from self-consistent calculations.  In closed shell 

systems, 𝛼 and 𝛽 can be treated as equal in a restricted fashion to simplify the calculation, and 

thus LSDA becomes equal to LDA. 

2.1.4. Major Assumptions and Shortcomings of LDA 

A uniform electron gas with its density equal to that of the actual system at 𝜌𝜌(𝑃𝑃) 

describes the exchange-correlation potential, which is a valid approximation only if 𝜌𝜌(𝑃𝑃) varies 

slowly over the size of 𝑃𝑃𝑋𝐶 of the locally defined exchange-correlation hole.  However, in many 

real molecular systems, 𝜌𝜌(𝑃𝑃) varies rapidly by a factor of two or more over the distance 𝑃𝑃𝑋𝐶(𝑃𝑃0) 

about a given point (𝑃𝑃0).  Despite this rapid variation, the local density approximation still works 
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much better than one might expect due to error cancellations that occur during the total energy 

calculations  [61]. 

It is important to note that LDA does not give a true description of a quantum mechanical 

system, because it uses electron density functions instead of the true wave functions.  It also 

assumes the shape of the exchange-correlation hole to be a sphere, which is not the case in 

inhomogeneous systems.  In LDA formalism, the electron density function 𝜌𝜌(𝑃𝑃) varies slowly 

over the size 𝑃𝑃𝑋𝐶, which leads to underestimation of 𝑃𝑃𝑋𝐶 near the nucleus, giving too large a 

contribution to 𝐸𝐸𝑋𝐶 from this region.  On the other hand, for large 𝑃𝑃, 𝜌𝜌(𝑃𝑃) drops exponentially 

and 𝑃𝑃𝑋𝐶 grows exponentially, neither proportional to 𝑃𝑃, giving too small a contribution to 𝐸𝐸𝑋𝐶 

from this region.  And finally, the hole does not even have the right shape, as it is centered on the 

electron rather than the nucleus  [61]. 

The eigenvalues obtained from LDA cannot be used directly to interpret spectroscopic 

data, because for |𝑘𝑘| <  𝑘𝑘𝐹𝑒𝑟𝑚𝑖 (𝑘𝑘: momentum), the energy required to remove an electron is 

only equal to the LDA eigenvalue for the very highest occupied states.  Additionally, removal of 

an electron from the system results in a large potential due to the localized nature of the atomic 

orbitals.  This should give an energy of 𝐸𝐸𝑡𝑜𝑡(𝑛𝑖) − 𝐸𝐸𝑡𝑜𝑡(𝑛𝑖 − 1), however, LDA gives (𝜕𝐸𝐸𝑡𝑜𝑡/

𝜕𝑛𝑖)|𝑛𝑖; these are considerably different for localized states  [61]. 

Atomic ground-state energies and ionization energies are generally underestimated.  On 

the other hand, binding energies are normally overestimated.  Additionally, high spin-state 

structures are overly favored.  In general, LDA does worse in small molecules.  As the size of the 

system gets larger, LDA tends to improve.  Also, LDA works better with systems that have 

slowly varying densities.  Despite this, there have been instances where good results for systems 
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with relatively large density gradients have been obtained.  This is partly explained as due to 

systematic cancellation of errors, since LDA typically underestimates 𝐸𝐸𝑋, while it overestimates 

𝐸𝐸𝐶 , thus giving good 𝐸𝐸𝑋𝐶 values  [63]. 

2.1.5. General Gradient Approximation (GGA) 

The generalized gradient approximation methods (GGA) account for the inhomogeneity 

of electron density in molecular systems by including a term that describes the spatial variation 

of the density 𝜌𝜌(𝑃𝑃).  Thus, the spin-dependent exchange and correlation energies depend on both 

the density 𝜌𝜌(𝑃𝑃) and the gradient of the density ∇𝜌𝜌(𝑃𝑃)  [63]: 

𝐸𝐸𝐺𝐺𝐴𝑋𝐶 �𝜌𝜌𝛼 ,𝜌𝜌𝛽� = ∫ 𝑓�𝜌𝜌𝛼 ,𝜌𝜌𝛽 ,∇𝜌𝜌𝛼 ,∇𝜌𝜌𝛽� 𝑑𝑑𝑃𝑃  . eq. 2-25 

The exchange functionals of the GGA method fall into two main categories:  

(1) Empirical functionals, initially proposed by Becke  [72–77], are based on numerical 

fitting procedures involving large molecular training sets.  These functionals generate 

particularly accurate atomization energies and reaction barriers for molecules  [72,73].  

However, these functionals are not as successful in predicting some important properties 

in solid-state physics, such as the HOMO – LUMO gaps of thin films of organic 

semiconductors, intermolecular interactions, and the electronic structure in the excited 

states  [78].  Some examples for GGA empirical exchange functionals are Becke88 

(B)  [79], Perdew—Wang (PW)  [80], modified-Perdew—Wang (mPW)  [80,81], OptX 

(O)  [82], and X  [83]. 

(2) Rationale-based functionals, promoted by Perdew  [78,80,84–90], are derived from basic 

principles of quantum mechanics.  These principles include scaling relations, correct 



57 
 

limits for both high and low densities, correct LSDA limit for slowly varying densities, 

and fulfillment of exact relations on the exchange and correlation holes  [63].  The 

functionals are not as successful as the empirical functionals in prediction of atomization 

energies and reaction barriers for molecular reactions.  However, they give much better 

results for solid-state properties.  Some leading examples of these types of functionals are 

Becke86 (B86)  [86], Perdew 86 (P)  [86], Perdew—Berke—Ernzerhof (PBE)  [89], and 

modified-Perdew—Burke—Ernzerhof (mPBE)  [89,91]. 

Several different methods have been developed to describe the correlation functional. 

Examples of GGA correlation functionals include Becke 88 (B88)  [92], Perdew 86  [86], 

Perdew—Wang 91 (PW91)  [87], and Lee—Yang—Part (LYP)  [93].  The latter functional is 

one of the most widely used correlation functional. 

2.1.6. Comparison of GGA with LDA 

In general, GGA methods provide more accurate results compared to local methods.  For 

example, total energies  [94], atomization energies  [79,94,95], structural energy differences, and 

energy barriers  [73,96] are predicted better by GGA methods than by LDA.  GGA methods 

generally expand and soften bonds  [95], while LDA tends to overestimate bond strengths  [89].  

Covalent, ionic, metallic, and hydrogen bridge bonds can be reliably obtained from GGA 

methods.  However, van der Waals interactions are still poorly described by GGA  [79,97].  

GGA does not provide significantly better results than LDA for solid state properties (e.g. 

HOMO – LUMO gaps), ionization potentials, electron affinities, and the excited state electronic 

structure  [95,98]. 
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2.1.7. Meta-GGA Methods 

Meta-GGA functionals are developed to improve GGA methods by including additional 

semi – local information beyond the first – order density gradient.  Higher order density 

gradients or densities involving derivatives of the occupied Kohn-Sham orbitals are explicitly 

employed in the derivation of these functionals.  Although significant improvements are 

achieved in determining some physical properties of molecular systems, the meta-GGA methods 

face some technical challenges, with several difficulties in terms of numerical stability  [63].  

Some examples of meta-GGA functionals are B95  [76], KCIS  [99], TPSS  [100], and 

VSXC  [101]. 

2.1.8. Hybrid Functionals 

A significant improvement to GGA methods is achieved by including a percentage of 

Hartree – Fock (or exact) exchange to exchange—correlation of a conventional GGA 

method  [63].  Typically, the correlation energy is about 10% of the exchange energy, which 

makes the accuracy of the exchange energy much more important.  The weight factor of each 

component and the choice of the functionals are determined largely empirically: 

𝐸𝐸ℎ𝑦𝑏𝑋𝐶 = 𝛼𝐸𝐸𝐻𝐹𝑋 + (1 − 𝛼)𝐸𝐸𝐺𝐺𝐴𝑋𝐶  , eq. 2-26 

where 𝐸𝐸𝐻𝐹𝑋  is the exact exchange and 𝛼 is a fitting parameter.  The Hartree – Fock exchange 

factor 𝛼 cannot be assigned from first principles alone, but it is fitted semi- empirically.  For 

example, a molecular training set is used to fit the coefficient of each component to experimental 

atomization energies, ionization potentials, proton affinities, total atomic energies, and other 

molecular properties  [102].  
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Hybrid functionals have become very popular in quantum chemistry due to their success 

in determining many molecular properties more accurately than the GGA methods.  In solid-state 

physics, computation of the Hartree-Fock exchange part within a plane-wave basis set remains 

difficult, thus making the implementation of hybrid functionals in this field challenging.  The 

explicit forms of the hybrid functionals used in calculating the molecular properties of vanadyl 

naphthalocyanine and several other metal-naphthalocyanines will be discussed later as part of 

theoretical results (see sections 5.2.1 and 5.2.2). 

In summary, the density functional theory provides users with computationally feasible 

and affordable methods to calculate the various physical properties of atoms, molecules, and 

solid-state systems with reasonable accuracy.  The quality and reliability of the computational 

results heavily depend on the proper choice of the exchange-correlation functional and the 

appropriate basis functions to construct the Kohn-Sham molecular orbitals.  Therefore, it is 

important to have a fundamental understanding of the numerous approaches employed by DFT 

in approximating the exchange-correlation energy in order to select the most appropriate method 

for a given system of interest.  Moreover, the DFT results should be carefully evaluated 

considering the limitations of the method used and its consequent implications. 
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3. EXPERIMENTAL 

3.1. Ultraviolet Photoelectron Spectroscopy 

A non-monochromatized SPECS UVS 10/35 He discharge lamp was used in UPS 

measurements to investigate the interfacial electronic structure of organic / metal interfaces.  

These systems were photoexcited by He Iα 21.218 eV photons with < 𝟐% contribution from the 

He Iβ (23.088 eV) satellite.  The emitted electrons are guided by an electrostatic lens and 

accelerated / retarded by a Herzog plate to the constant analyzer energy (CAE) of a 

hemispherical analyzer that allows electrons of a particular energy range to reach the detector 

(channeltron).  In photoelectron spectroscopy, the kinetic energy of photoejected electrons is 

plotted against their number (counts detected by the channeltron detector).  The kinetic energy 

information for each detected electron is obtained from the acceleration / retardation processes 

by the Herzog plate.  A schematic of the photoelectron spectrometer (ESCALAB MK II) utilized 

in studying the interfacial electronic structure of organic/metal systems in this thesis is shown in 

Figure 3-1. 

Angle-resolved UPS (ARUPS) spectra are measured by placing a 5 mm aperture at the 

entrance of the electrostatic lens, thus reducing the ±12.5° acceptance angle of the lens system 

and spectrometer to ±1.5°.  Measuring the number of photoelectrons emitted at different solid 

angles (so-called take-off angles) is then accomplished by tilting the substrate as shown in Figure 

3-1.  The energy resolution of the spectrometer is typically set to ± 89(8) meV. 
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Figure 3-1.  Schematic of a photoelectron spectrometer with a hemispherical analyzer and a 

channeltron as an electron detector. 
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3.2. Two-Photon Photoemission 

The 2PPE system used in this thesis is equipped with a modelocked Spectra Physics 

Tsunami Titanium Sapphire (Ti:Sapph) oscillator with pulse energies sufficient to drive 

nonlinear second order processes for frequency doubling and tripling across a broad spectral 

range.  The Ti:sapph oscillator is pumped by a 15 W Spectra Physics Millenia Nd:YVO4 laser 

and outputs an 80 MHz pulse train tunable in the range of 700–1000 nm and a pulse duration of 

~ 120 fs.  The output of the Ti:Sapph laser is doubled and tripled in frequency by second and 

third harmonic generation.  A MiniOptic Time–Plate Tripler is used to carry out the non-linear 

processes by utilizing BBO and LBO crystals, a time plate, and a wave plate.  The output from 

the MiniOptic Time–Plate Tripler is in the range of 350–500 nm for doubled and 233–333 nm 

for tripled frequencies. 

3.3. Sample Preparation 

The polished Cu(111) and Au(111) crystals were purchased from Princeton Scientific 

(99.999% purity) and cleaned by repeated cycles of Argon ion sputtering (~1 keV) and annealing 

(~550 °C) under ultra-high vacuum conditions (UHV).  In PES experiments, the cleanliness of 

the surface was verified by the emergence of narrow Tamm surface states in ARUPS (for 

Cu(111) at −𝟒𝟐° emission angle) and a narrow, dispersive Shockley surface state.  A work 

function of 5.50(1) eV and 4.89(1) eV was achieved for bare Au(111) and Cu(111), respectively.  

Figure 3-2 shows sample UPS spectra of bare Cu(111) prior to exposure to ClB-SubPc 

molecules.  In STM experiments, the quality of the cleanliness of the Cu(111) surface at atomic 

level was confirmed by observation of large copper terraces (> 𝟓𝟎𝟎 Å) with few defects. 
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Figure 3-2.  He(I) UPS of bare Cu(111) at (a) 𝟎° ± 𝟏𝟐.𝟓° (b) −𝟒𝟐° ± 𝟏.𝟓°, and (c) 𝟎° ± 𝟏.𝟓° 

emission angles. 

 

VONc was purchased from Sigma-Aldrich and used without additional purification.  

Prior to deposition, VONc was degassed under UHV conditions by slowly ramping the Knudsen 
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cell temperature to 470 °C.  In order to avoid potential thermal decomposition of VONc, 

exposure to excessive cell temperatures was kept to minimum.  Molecular surface coverage was 

measured by a commercial quartz crystal microbalance and monolayer equivalent thicknesses 

were calibrated against the global vacuum level shift of VONc on HOPG [26,103]. 

ClB-SubPc was purchased from Sigma-Aldrich and purified further by temperature 

gradient sublimation to achieve ultrahigh purity in thin film growth.  A glass column containing 

a small vial of the crude sample (~ 1 gram of ClB-SubPc) is partially inserted inside a custom-

built furnace (Figure 3-3).  The cold end of the glass column is attached to a small vacuum 

chamber with a background pressure of 10−7 − 10−5 Torr.  ClB-SubPc molecules were purified 

by gradually increasing the furnace temperature to above molecular sublimation temperature 

over the course of three days.  A single sublimation cycle was performed with near 25 % yield 

for ultrahigh purity large crystals of ClB-SubPc, which were collected in a separate vial from the 

remaining ClB-SubPc adsorbed onto the column in powdered crystal form.  Only the ClB-SubPc 

molecules grown into large crystals (ultrahigh purity) were used in all UPS, 2PPE, and STM 

experiments. 
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Figure 3-3.  Temperature gradient purification of ClB-SubPc: (a) A glass column is attached to a 

vacuum chamber equipped with a turbomolecular pump.  The column experiences a temperature 

gradient while remaining partially inserted inside a furnace equipped with a custom-built 

temperature control unit.  (b) – (d) ClB-SubPc molecules adsorbed onto the column after 

completion of a single cycle of thermal gradient sublimation are then collected, with large 

crystals indicating ultrahigh purity (e). 

 

A home-built Knudsen cell (Figure 3-4) was designed to incorporate water-cooling of the 

cell to maintain a background pressure of < 2 × 10−9 Torr during molecular deposition at 
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temperatures near 180 °C.  Purified crystals of ClB-SubPc were further degassed in the 

preparation chamber overnight under UHV condition and at temperatures slightly below 

sublimation temperature.  The film thicknesses were measured by a quartz crystal microbalance 

attached directly to the home-built Knudsen cell and the molecular coverage was calibrated 

against the molecular films analyzed statistically from the STM images.   

 

 

Figure 3-4.  Schematic of the water-cooling set-up for the home-built Knudsen cell.  A 10 MHz 

quartz crystal was attached to the cell to measure the molecular flux.  A resistively heated 

custom-built quartz crucible was used to degas and sublimate ClB-SubPc molecules. 

 

  



67 
 

4. SCANNING TUNNELING MICROSCOPY 

4.1. The Concept of Tunneling 

In classical mechanics, a particle can only be found in the classically allowed region.  For 

an energy of the particle smaller than the potential energy barrier, 𝐸𝐸 <  𝑈, the particle cannot 

penetrate, resulting in a classically forbidden region as shown in Figure 4-1a.  The wavefunction 

𝜓𝜓(𝑧𝑧) of the particle with mass m is defined in the classically allowed region as 

𝜓𝜓(𝑧𝑧) = 𝜓𝜓(0) 𝑒𝑒±𝑖𝑘𝑧  , eq. 4-1 

𝑘𝑘 = �2𝑚(𝐸−𝑈)
ħ

  , eq. 4-2 

𝑝 = ħ𝑘𝑘  , eq. 4-3 

where 𝑘𝑘 represents the wave vector of the momentum. 

In quantum mechanics, a particle can penetrate into the potential barrier, giving rise to so-

called tunneling and non-zero probability of penetrating the barrier (Figure 4-1b).  The 

wavefunction of the particle is defined inside the classically forbidden zone as 

𝜓𝜓(𝑧𝑧) = ψ (0)𝑒𝑒±𝜅𝑧  , eq. 4-4 

where κ is the decay of an electron penetrating through a barrier in the ±𝑧𝑧 direction: 

κ = �(2𝑚(𝑈−𝐸)
ħ

  . eq. 4-5 

The probability of penetrating the barrier is related to κ as 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∝  |𝜓𝜓 (0)|2𝑒𝑒−2𝜅𝑧 . eq. 4-6 
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Figure 4-1.  An illustration of (a) classically allowed and forbidden regions and (b) tunneling 

effect in quantum mechanics.  𝐸𝐸 and 𝑈 represent the particle energy and the potential barrier.  

Adapted from Ref.  [104]. 

 

The absolute value of tunneling conductance between two electrodes and across an 

insulating gap was first derived by Landauer  [105], based on a one-dimensional semi-classical 

model.  Two major assumptions are made in this model: (i) the electrodes are described by a one-

dimensional (1-D) free electron gas (square well potential) and (ii) current is a product of 

electron density and classical velocity.  Electron transmission between the two electrodes 

through the potential barrier is then defined as 

𝑇𝑇 = 𝐼𝑡
𝐼𝑖

  , eq. 4-7 
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where 𝐼𝐼𝑡 indicates the absolute value of the tunneling current and 𝐼𝐼𝑖 represents the net impinging 

current from electrode to tunneling barrier.  The electron density 𝜌𝜌(𝐸𝐸) and 𝐼𝐼𝑖 are calculated as 

𝜌𝜌(𝐸𝐸) = 2
𝑏
𝜕𝑛
𝜕𝐸

= 2
𝜋ℏ�

𝑚
2𝐸

= 2
𝜋ℏ𝑣

= 4
ℎ𝑣

  , eq. 4-8 

𝐼𝐼𝑖 = 1
2
𝑒𝑒𝑣 𝜌𝜌(𝐸𝐸𝐹)(𝐸𝐸𝐹𝐴 − 𝐸𝐸𝐹𝐵) = 1

2
𝑒𝑒𝑣 𝜌𝜌(𝐸𝐸𝐹)𝑉𝑉  , eq. 4-9 

where 𝑛 is the number of electrons, 𝑃𝑃 is the width of the electrode (Figure 4-2), 𝑚𝑚 and 𝑣 are the 

mass and the classical velocity of electrons.  The factor 1
2
 in eq. 4-9 indicates that on average, 

half of the electrons flow towards the barrier and half away from it.  The bias voltage 𝑉𝑉 creates a 

Fermi energy difference for the two electrodes (see Figure 4-2). 

 

Figure 4-2.  A one-dimensional (1-D) free electron gas model used to describe tunneling 

between two electrodes.  A bias voltage applied to one of the electrodes (𝐞𝐕) results in a 

potential difference across the two electrodes and tunneling through the barrier.  Adapted from 

Ref.  [104]. 

 

The absolute value of tunneling current, 𝑰𝒕, is obtained from equations (eq. 4-7) and (eq. 

4-9) as 
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𝐼𝐼𝑡 = 2𝑒2

ℎ
𝑉𝑉 𝑇𝑇  . eq. 4-10 

From equation (eq. 4-10), the expression for the tunneling conductance is then given as 

𝐺𝐺 = 𝐼𝑡
𝑉

= 𝑒2

𝜋ℏ
= 𝐺𝐺0𝑇𝑇  , eq. 4-11 

where 𝐺𝐺0is known as the conductance quantum.  The transmission of tunneling electrons, 𝑇𝑇, in 

the above equations is related to the tunneling decay constant 𝜅𝜅 in STM measurements by  

𝑇𝑇 = 𝐼(𝑧)
𝐼(0)

= 𝑒𝑒−2𝜅𝑧  , eq. 4-12 

𝜅𝜅 = �2𝑚𝜙
ħ

  , eq. 4-13 

where 𝐼𝐼(𝑧𝑧) represents the tunneling current at the STM tip and 𝐼𝐼(0) represents the tunneling 

current at 𝑧𝑧 = 0.  𝜙𝜙 is the average work function of the two electrodes and is much larger than 

the applied sample bias in STM measurements.  Some relevant constants are: 

G0 ~ 77.48 μS 

𝜅𝜅 = 5.1 �𝜙𝜙 (𝑒𝑒𝑉𝑉) nm-1  

Au 𝜅𝜅 = 11.9 nm-1 

Cu 𝜅𝜅 = 10.9 nm-1 

4.2. The Bardeen Theory of Tunneling 

Following the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity  [106], 

Gaiever performed tunneling spectroscopy experiments with metal-insulator-metal (MIM) 

tunneling junctions.  These experiments were direct measurements of the energy gaps in 
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superconductors, which gave evidence for BCS theory and led to many concepts on tunneling 

phenomena  [107–109].  Soon after these measurements, Bardeen developed a theory to model 

the metal-insulator-metal tunneling junctions by a time-dependent perturbation approach  [110].  

In his method, instead of solving the Schrödinger equation of the combined system, he 

considered two separate subsystems (two metal electrodes) and solved the stationary Schrödinger 

equation of each subsystem (Figure 4-3a).  Time-dependent perturbation theory was then used to 

calculate the transmission rate of electrons from one electrode to another, where the amplitude of 

electron transfer gives the tunneling matrix element, M.  Bardeen showed that the tunneling 

matrix element is determined by a surface integral of the unperturbed wave functions of two 

subsystems at a separation surface.  The tunneling current is then expressed as: 

𝐼𝐼 = 4𝜋𝑒2

ħ ∫ 𝜌𝜌𝐴(𝐸𝐸𝐹 − 𝑒𝑒𝑉𝑉 + 𝜖𝜖) 𝜌𝜌𝐵(𝐸𝐸𝐹 + 𝜖𝜖)|𝑀𝑀𝜇𝑣|2𝑑𝑑𝜖𝜖𝑒𝑉
0   , eq. 4-14 

where 𝜌𝜌𝐴and 𝜌𝜌𝐵 represent the density of states (DOS) at electrodes A and B as shown in Figure 

4-3b.  If 𝑀𝑀𝜇𝑣 remains nearly constant in the energy interval of interest (e.g. – 2 V, 2V), the 

tunneling current simplifies to the convolution of the DOS of the two electrodes:  

𝐼𝐼 ∝  ∫ 𝜌𝜌𝐴(𝐸𝐸𝐹 − 𝑒𝑒𝑉𝑉 + 𝜖𝜖) 𝜌𝜌𝐵(𝐸𝐸𝐹 + 𝜖𝜖)𝑑𝑑𝜖𝜖 .𝑒𝑉
0  eq. 4-15 

The physical meaning of the tunneling matrix element represents the interaction energy 

due to the overlap of the two unperturbed states: 

𝑀𝑀𝜇𝑣  = ħ2

2𝑚 ∫ [𝜓𝜓𝜇
𝜕𝜒𝑣∗

𝜕𝑧𝑧=𝑧0
− 𝜒𝜒𝑣∗

𝜕𝜓𝜇
𝜕𝑧

] 𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦  , eq. 4-16 

where 𝜒𝜒𝑣 and 𝜓𝜓𝜇 are the wave functions of the two separate subsystems (electrodes A and B).  

Bardeen’s theory in 1-D is symmetric with regards to both electrodes, a major assumption 
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implying that electrodes A and B are both interchangeable.  The condition of elastic tunneling 

was verified in classical tunneling junction experiments  [107–109].  If the DOS on both 

electrodes A and B remains constant near the Fermi level in the range of applied bias, the 

tunneling current is the defined as 

𝐼𝐼 = 4𝜋𝑒2

ħ
�𝑀𝑀𝜇𝑣�

2
𝜌𝜌𝐴(𝐸𝐸𝐹) 𝜌𝜌𝐵(𝐸𝐸𝐹) 𝑉𝑉  . eq. 4-17 

 

 

Figure 4-3.  Bardeen’s approach showing the treatment of a metal-insulator-metal junction as (a) 

the wavefunctions of two separate subsystems decaying into vacuum at the barrier and (b) 

density of states of two electrodes (A and B) with applied sample bias.  Adapted from 

Ref.  [104]. 
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Bardeen’s approach is related to the Landauer theory by comparing the tunneling 

conductance expressions derived by Landauer eq. 4-18 and Bardeen eq. 4-19, which gives the 

electron tunneling transmission, T, as a function of the tunneling decay constant, 𝜅𝜅: 

𝐺𝐺 = 𝐼𝑡
𝑉

= 𝐺𝐺0𝑇𝑇 = 𝐺𝐺0𝑒𝑒−2𝜅(𝑧−𝑧0) , eq. 4-18 

𝐺𝐺 = 2𝜋𝜋2𝐺𝐺0�𝑀𝑀𝜇𝑣�
2
𝜌𝜌𝐴(𝐸𝐸𝐹) 𝜌𝜌𝐵(𝐸𝐸𝐹) , eq. 4-19 

𝑇𝑇 = 2𝜋𝜋2�𝑀𝑀𝜇𝑣�
2
𝜌𝜌𝐴(𝐸𝐸𝐹) 𝜌𝜌𝐵(𝐸𝐸𝐹) = 𝑒𝑒−2𝜅(𝑧−𝑧0) . eq. 4-20 

4.3. Application of Bardeen’s Tunneling Theory to STM 

The tunneling current measured in STM experiments is described by eq. 4-15 with the 

following expression: 

𝐼𝐼 ∝ ∫ 𝜌𝜌𝑡𝑖𝑝(𝐸𝐸𝐹 − 𝑒𝑒𝑉𝑉 + 𝜖𝜖) 𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸𝐸𝐹 + 𝜖𝜖)𝑑𝑑𝜖𝜖  ,𝑒𝑉
0  eq. 4-21 

where 𝜌𝜌𝑡𝑖𝑝 and 𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒 indicate the DOS of the STM tip and the sample.  The bias applied in 

tunneling experiments corresponds to the sample bias with respect to the probing tip.  If the DOS 

on both the tip and the sample remain constant near the Fermi energy on the range of the applied 

bias, the tunneling conductance is obtained from eq. 4-19 as 

𝐺𝐺 = 2𝜋𝜋2𝐺𝐺0�𝑀𝑀𝜇𝑣�
2
𝜌𝜌𝑡𝑖𝑝(𝐸𝐸𝐹) 𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸𝐸𝐹) , eq. 4-22 

which is a function of the convolution of the tip and sample DOS.  Soon after the discovery of 

the scanning tunneling microscopy technique, Tersoff and Hamann developed a theory to 

quantitatively model the experimental measurements  [111].  Details of this model are given in 

the following section. 
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4.4. Tersoff-Hamann Model 

The Tersoff-Hamann model  [111] was designed to simplify the quantitative analysis of 

experimental measurements by taking out the tip properties.  The intrinsic property of the 

unperturbed surface alone is obtained by modeling the tip as a spherical geometrical point 

(Figure 4-4), giving extremely valuable information for features ≥  𝟏 nm.  The theory cannot 

explain atomic scale aspects observed in STM experiments due to the deviation of the 

experimental tip properties from the spherically symmetric tip. 

 

 

Figure 4-4.  The spherically symmetric tip used in the Tersoff-Hamann model to describe the 

intrinsic properties of the unperturbed surface.  𝒅 represents the distance between the tip and the 

surface, 𝒛𝟎 is the distance of the center of the spherical tip from the surface, 𝒓𝟎 and R indicate the 

center coordinates of the spherical tip and its radius.  Adapted from Ref.  [104]. 

 

In the vacuum region, the wavefunctions of the tip and the sample near the Fermi energy 

satisfy the Schrödinger equation, 
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− ħ2

2𝑚
𝛥𝛥𝜓𝜓(𝑃𝑃) = −𝜙𝜙 𝜓𝜓(𝑃𝑃)  . eq. 4-23 

In the Tersoff-Hamann model, this wavefunction can be expanded in a basis set of spherical 

harmonics, and for the spherically symmetric tip, all harmonics (𝑙𝑙 ≠ 0) except for 𝑙𝑙 = 0 are 

neglected. This results in a tunneling matrix element proportional to the square amplitude of the 

wavefunction at the center of the curvature, 𝑃𝑃0.  The tunneling current in this so called s-wave tip 

model is now proportional only to the DOS of the sample, 

𝐼𝐼 ∝ |𝜓𝜓(𝑃𝑃0���⃗ )|2𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸𝐸𝐹)𝑉𝑉  . eq. 4-24 

4.4.1. Implications of the s-wave Tip Model: 

(i)  For 𝑙𝑙 = 0, up to a constant, Bardeen’s matrix element, 𝑀𝑀𝜇𝑣, in eq. 4-16 simplifies to  

𝑀𝑀𝑠 ∝  𝜓𝜓𝑠𝑎𝑚𝑝𝑙𝑒(𝑃𝑃0)  , eq. 4-25 

𝑃𝑃2 = 𝑥𝑥2 + 𝑦𝑦2 + (𝑧𝑧 − 𝑧𝑧0)2, eq. 4-26 

𝑃𝑃0 = (0,0, 𝑧𝑧0)  . eq. 4-27 

(ii)  The solution of the Schrödinger equation in the Tersoff-Hamann limit for a 

spherically symmetric tip with respect to the center of curvature is 

𝜒𝜒(𝑃𝑃) = 1
𝑟
𝑒𝑒−𝜅𝑟 . eq. 4-28 

The effect of tips with 𝑙𝑙 ≠ 0 is proportional to z-derivatives of the tip wavefunction in eq. 4-28, 

which introduces an additional factor to M:  

𝑀𝑀 → �1 + 𝑞2

𝜅2
�
𝑙/2
𝑀𝑀  . eq. 4-29 
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Here 𝑞𝑞 is the inverse lattice constant.  Hence, the influence of tips with 𝑙𝑙 ≠ 0 can only be 

neglected for features 𝑎 >> 0.3 𝑛𝑚𝑚.  Assuming 𝜙𝜙 = 5 eV and κ ≈ 10 nm−1, good agreement 

with experiment is generally achieved for 𝑎 >  1 nm.  Consequently, the Tersoff-Hamann 

approach describes the electronic features of the surface, rather than the atomic structure.  High 

resolution STM images, e.g. atomic resolution, can only be explained by a “non-s-wave tip”, 

where the non-zero tip angular momentum plays a significant role in the enhancement of STM 

features and the observation of atomic resolution. 

4.4.2. Extension to Finite Bias Voltages: 

The dynamic tunneling conductance in the presence of an applied bias to the sample can 

be expressed as 

𝐺𝐺(𝑉𝑉) ≡ �𝑑𝐼
𝑑𝑈
�
𝑈=𝑉

∝ 𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒�𝐸𝐸𝐹 + 𝑒𝑒𝑉𝑉,  𝑃𝑃0�  . eq. 4-30 

The following conditions apply in the above equation: 

(i) The tip state is spherically symmetric, hence tips states with 𝑙𝑙 ≠ 0 are ignored and 

𝑀𝑀 ∝ 𝜓𝜓𝑠𝑎𝑚𝑝𝑙𝑒(𝑃𝑃0) 

(ii) M does not depend on the specific energy level and is treated as constant. 

(iii) The tip DOS remains constant over the energy interval of interest (this can be 

achieved, for example, with a copper tip). 

(iv) The sample density of states at the center of the spherical tip is defined as 

𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸𝐸, 𝑃𝑃0) ≡ |𝜓𝜓(𝑃𝑃0)|2𝜌𝜌𝑠𝑎𝑚𝑝𝑙𝑒(𝐸𝐸)  . eq. 4-31 
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4.4.3. Limitations of the Tersoff-Hamann Model: 

Atomic features of most materials are in the range of 0.20 – 0.25 nm, below the limitation 

of the s-wave model (𝑎 ≥  0.3 nm).  For a non-spherical tip, for example 𝑙𝑙 = 2, the 

enhancement of the tunneling matrix element is obtained from eq. eq. 4-29 as 

|𝑀𝑀|2 → (2.31)2|𝑀𝑀|2 ≈ 5.34|𝑀𝑀|2  . eq. 4-32 

resulting in a significantly larger tunneling conductance due to nonzero angular momentum of 

the tip state.  The observation of atomic resolution therefore can only be explained as due to 

𝑙𝑙 ≠ 0 tip states. 

4.5. Experimental Set-up – STM 

The scanning tunneling microscope was invented in 1981 by Binnig and Rohrer and 

implemented by Binnig, Rohrer, and Gerber in the same year  [112,113].  A typical set up for a 

scanning tunneling microscope is shown in Figure 4-5.  A bias is applied between the sample and 

the tip to induce a tunneling current.  The direction of the current depends on the polarity of the 

applied bias, e.g. negative bias generates current from sample to tip.  STM set ups are equipped 

with a piezo scanner made of quartz or ceramic material to move the tip.  An initial coarse 

adjustment is made to bring the tip near to the surface, followed by translation of the tip by a 

piezo scanner at atomic scale.  The tip scans across the surface by applying a voltage to x and y 

piezos.  The height of the tip is controlled by the z piezo, and it is maintained at a specific local 

height in the constant current STM measurements.  In general, a sample bias in the range of 

± 3 𝑒𝑒𝑉𝑉 and a tip-sample distance yielding a tunneling current of 0.1 –  30 nA is used.  

Electrochemically etched tungsten tips are the most widely used tips in STM measurements.  The 
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tip is further cleaned by sputter and anneal cycles in vacuum, followed by additional treatment, 

e.g. controlled crashing into a copper surface. 

 

 

Figure 4-5. A schematic of the scanning tunneling microscope:  The x and y piezos make the tip 

scan across the sample surface.  The z piezo is operated by a feedback system to maintain a 

constant tunneling current.  The voltage applied on the z piezo indicates the apparent local height 

of the surface topography.  A bias voltage is applied between the sample and the tip to induce 

tunneling current.  The current is amplified and recorded by a computer.  The system is isolated 

from vibrational motions.  Adapted from Ref.  [104]. 
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5. DFT CALCULATIONS OF VANADYL NAPHTHALOCYANINE 

& COMPARISON TO OTHER METAL-NAPHTHALOCYANINES 

5.1. Motivation & Background 

The interfacial electronic structure of thin films of vanadyl naphthalocyanine (VONc) on 

highly ordered pyrolytic graphite (HOPG) has been investigated extensively by photoelectron 

spectroscopy. HOPG has zero DOS at EF and no dangling bonds, resulting in an electronically 

fairly inert surface.  Therefore, only weak electronic interactions are expected between an 

adsorbate and the HOPG surface beyond image charge and polarization effects [26,103,114].  

UV-photoelectron spectroscopy  [26,103] and two-photon photoemission measurements  [114] 

of thin films of VONc on HOPG have given rich information about the growth structure of 

VONc and the interfacial electronic structure.  Figure 5-1 shows the interfacial electronic 

structure of VONc on HOPG measured by 2PPE, giving information about the energetic 

positions of the ground (“HOMO”) and excited (𝐿0) states of the VONc film  [26,114,115]. 

In order to study and evaluate the electronic states of the VONc/HOPG system from UPS 

and 2PPE measurements, it is important to have some reference energies for the ground state of 

VONc and its relevant physical properties, such as molecular dipole moment and the HOMO – 

LUMO gap.  The electronic structure, molecular dipole moment, and geometry of VONc have 

been calculated by Density Functional Theory in the gas phase.  The density of states obtained 

from DFT results is in reasonable agreement with the DOS of VONc on HOPG measured by 

UPS.  Such a comparison is appropriate assuming there is little electronic interaction between 

VONc and the HOPG surface, though the gap renormalization upon adsorption is obviously 

neglected. 
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Figure 5-1.  The interfacial electronic structure of a monolayer of VONc on HOPG determined 

from extensive analysis of 2PPE spectra showing the energetic positions of the HOMO, 

intermediate (𝐿0), and the image potential state (𝑛 = 1).  Adapted with permission from 

Ref.  [115]. 

 

5.2. DFT Results for Vanadyl Naphthalocyanine 

In this thesis, the molecular electronic structure, dipole moment, ionization energies, and 

geometry of VONc were calculated at the DFT level, using the NWChem code [26,116].  Two 

levels of calculations were carried out: First, low level calculations were performed on the Marin 

server  [117], supported by the University of Arizona’s High Performing Computing (HPC) 
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systems.  Second, in order to calculate the molecular electronic structure at higher levels of 

accuracy, one needs to represent the electronic density of the system with very large basis sets.  

Self-consistent energy optimizations with large basis sets require additional memory and 

processing power from the server, and therefore, high level calculations were carried out on the 

Chinook supercomputer supported by the Environmental Molecular Sciences Laboratory’s 

(EMSL) Molecular Science Computing (MSC) system  [118].  EMSL is located at Pacific 

Northwest National Laboratory (PNNL), one of the U.S. Department of Energy multiprogram 

national laboratories. 

5.2.1. Low Level DFT Results – Ground State of VONc 

Initial geometry optimizations were carried out by representing the molecular orbitals 

with very small basis sets.  These optimized geometries were then re-optimized with the next 

larger basis sets.  This procedure was repeated until the molecular geometry, dipole moment, and 

orbital energies were calculated with larger basis sets that also include polarization and diffuse 

functions. A description of the types of functionals and basis sets used in geometry optimization 

calculations will be discussed in section 5.2.2.  All DFT calculations were performed in 

unrestricted mode, because VONc is an open-shell system (multiplicity of 2). 

Appendix A shows an example of the geometry optimization procedure for vanadyl 

naphthalocyanine with B3LYP exchange-correlation functional.  The initial guess for the 

molecular geometry was obtained from a molecular mechanics optimization in GaussView while 

enforcing C4v symmetry.  These coordinates were then optimized in three steps: All atomic 

orbitals represented by (i) 3-21g basis sets, (ii) 6-31g* basis sets, and (iii) 6-31g** basis sets.  

Details of these basis sets will be discussed in section 5.2.2.  For every optimization procedure, 
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the point group of the molecule was locked to C4v. The final step, step (iv), (shown below) was 

carried out with a larger basis set for the vanadium atom: lanl2dz, a basis set containing an 

effective core potential.  Results of the geometry optimization of VONc are presented in the 

following Table 5-1. 
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Table 5-1 

Optimized geometry of vanadyl naphthalocyanine after seven iterative steps 
 
 
Output coordinates in angstroms (scale by 1.889725989 to convert to a.u.) 
  
  No.                      Charge                   X                   Y              Z 
 --------    ------------  ---------------- ----------------    ---------------- 
    1 C                     6.0000     -0.71098190     4.15865773    -0.04307163 
    2 C                     6.0000        0.71098190     4.15865773    -0.04307163 
    3 C                     6.0000      -1.11759832     2.76476107    -0.04420728 
    4 C                     6.0000        1.11759832     2.76476107    -0.04420728 
    5 V                   23.0000        0.00000000     0.00000000     0.60368357 
    6 C                     6.0000        1.11759832    -2.76476107    -0.04420728 
    7 C                     6.0000     -1.11759832    -2.76476107    -0.04420728 
    8 C                     6.0000    0.71098190    -4.15865773    -0.04307163 
    9 C                     6.0000   -0.71098190    -4.15865773    -0.04307163 
   10 C                     6.0000     -2.76476107    -1.11759832    -0.04420728 
   11 C                     6.0000   -2.76476107     1.11759832    -0.04420728 
   12 C                     6.0000   -4.15865773    -0.71098190    -0.04307163 
   13 C                     6.0000      2.76476107     1.11759832    -0.04420728 
   14 C                     6.0000      2.76476107    -1.11759832    -0.04420728 
   15 C                     6.0000      4.15865773     0.71098190    -0.04307163 
   16 C                     6.0000      4.15865773    -0.71098190    -0.04307163 
   17 O                    8.0000        0.00000000     0.00000000     2.19517588 
   18 N                    7.0000       0.00000000    -1.93834852    -0.05445217 
   19 N                    7.0000     1.93834852     0.00000000    -0.05445217 
   20 N                    7.0000     -1.93834852     0.00000000    -0.05445217 
   21 N                    7.0000      0.00000000     1.93834852    -0.05445217 
   22 N                    7.0000     -2.39164263     2.39164263    -0.04203971 
   23 N                    7.0000     -2.39164263    -2.39164263    -0.04203971 
   24 N                    7.0000      2.39164263    -2.39164263    -0.04203971 
   25 N                    7.0000      2.39164263     2.39164263    -0.04203971 
   26 C                    6.0000        5.33183908     1.43227558    -0.07306564 
   27 C                    6.0000      5.33183908    -1.43227558    -0.07306564 
   28 C                    6.0000      6.57791978    -0.72159882    -0.10694154 
   29 C                    6.0000      6.57791978     0.72159882    -0.10694154 
   30 H                    1.0000      5.32236460     2.51745519    -0.07387229 
   31 H                    1.0000      5.32236460    -2.51745519    -0.07387229 
   32 C                    6.0000     -4.15865773     0.71098190    -0.04307163 
   33 C                    6.0000     -1.43227558     5.33183908    -0.07306564 
   34 C                    6.0000     -0.72159882     6.57791978    -0.10694154 
   35 C                    6.0000      1.43227558     5.33183908    -0.07306564 
   36 C                    6.0000      0.72159882     6.57791978    -0.10694154 
   37 C                    6.0000     -5.33183908     1.43227558    -0.07306564 
   38 C                    6.0000     -6.57791978     0.72159882    -0.10694154 
   39 C                    6.0000     -5.33183908    -1.43227558    -0.07306564 
   40 C                    6.0000     -6.57791978    -0.72159882    -0.10694154 
   41 C                    6.0000     -1.43227558    -5.33183908    -0.07306564 
   42 C                    6.0000      1.43227558    -5.33183908    -0.07306564 
  43 C                     6.0000     -0.72159882    -6.57791978    -0.10694154 
   44 C                    6.0000     0.72159882    -6.57791978    -0.10694154 
   45 H                    1.0000     -2.51745519     5.32236460    -0.07387229 
   46 H                    1.0000      2.51745519     5.32236460    -0.07387229 
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Table 5-1 (Cont.) 

   47 H                    1.0000     -5.32236460     2.51745519    -0.07387229 
   48 H                    1.0000   -5.32236460    -2.51745519    -0.07387229 
   49 H                    1.0000        2.51745519    -5.32236460    -0.07387229 
   50 H                    1.0000     -2.51745519    -5.32236460    -0.07387229 
   51 C                    6.0000     -1.39910215     7.81314269    -0.13987132 
   52 C                    6.0000     -0.70002560     9.01810185    -0.16971655 
   53 H                    1.0000     -1.24361276     9.95782557    -0.19259311 
   54 C                    6.0000        1.39910215     7.81314269    -0.13987132 
   55 C                    6.0000        0.70002560     9.01810185    -0.16971655 
   56 H                    1.0000        1.24361276     9.95782557    -0.19259311 
   57 C                    6.0000        7.81314269     1.39910215    -0.13987132 
   58 C                    6.0000        7.81314269    -1.39910215    -0.13987132 
   59 C                    6.0000        9.01810185    -0.70002560    -0.16971655 
   60 H                    1.0000       9.95782557    -1.24361276    -0.19259311 
   61 C                    6.0000       9.01810185     0.70002560    -0.16971655 
   62 H                    1.0000      9.95782557     1.24361276    -0.19259311 
   63 C                    6.0000        1.39910215    -7.81314269    -0.13987132 
   64 C                    6.0000     -1.39910215    -7.81314269    -0.13987132 
   65 C                    6.0000     -0.70002560    -9.01810185    -0.16971655 
   66 H                    1.0000     -1.24361276    -9.95782557    -0.19259311 
   67 C                    6.0000       0.70002560    -9.01810185    -0.16971655 
   68 H                    1.0000      1.24361276    -9.95782557    -0.19259311 
   69 C                    6.0000     -7.81314269    -1.39910215    -0.13987132 
   70 C                    6.0000     -7.81314269     1.39910215    -0.13987132 
   71 C                    6.0000     -9.01810185     0.70002560    -0.16971655 
   72 H                    1.0000     -9.95782557     1.24361276    -0.19259311 
   73 C                    6.0000     -9.01810185    -0.70002560    -0.16971655 
   74 H                    1.0000     -9.95782557    -1.24361276    -0.19259311 
   75 H                    1.0000     -7.81357319    -2.48574501    -0.14015933 
   76 H                    1.0000      2.48574501    -7.81357319    -0.14015933 
   77 H                    1.0000     -2.48574501    -7.81357319    -0.14015933 
   78 H                    1.0000      7.81357319    -2.48574501    -0.14015933 
   79 H                    1.0000      7.81357319     2.48574501    -0.14015933 
   80 H                    1.0000     -7.81357319     2.48574501    -0.14015933 
   81 H                    1.0000     -2.48574501     7.81357319    -0.14015933 
   82 H                    1.0000       2.48574501     7.81357319    -0.14015933 
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5.2.2. High Level DFT Results – Ground State Electronic Structure of VONc 

The electronic structure of vanadyl naphthalocyanine was calculated in order to compare 

with experimental findings from UV photoemission measurements of thin films of vanadyl 

naphthalocyanine on HOPG.  Figure 5-2 illustrates the geometrical structure of vanadyl 

naphthalocyanine calculated with a hybrid functional, PBEh  [26].  The atomic orbitals of H, C, 

N, and O were constructed from Pople-type basis sets with a polarization function added.  The V 

atomic orbitals were represented by a Dunning-type augmented basis set that includes an 

effective core potential and added polarization and diffuse functions for valence orbitals.  All 

DFT calculations were performed in unrestricted mode, because VONc is an open-shell system 

(multiplicity of 2). The DFT method employed in both geometry and electronic structure 

determination will be discussed later in more detail. 
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Figure 5-2.  Gas phase molecular structure of VONc obtained by DFT at the PBEh level. 

Calculated dipole moment is 2.8 D, C4v symmetry point group. Basis sets: H, C, O, and N: 6-

31g**, V: Stuttgart RSC 1997 (SDD).  Adapted with permission from Ref.  [26]. 

 

Figure 5-3 shows the theoretical density of states (DOS) of vanadyl naphthalocyanine, in 

reasonable agreement with the experimental DOS of a 10 monolayer VONc film on HOPG and 

measured by UV photoelectron spectroscopy.  The highest occupied molecular orbital (HOMO) 

is clearly separated noticeably from the lower-lying molecular orbitals (MOs). 
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Figure 5-3.  Experimental UV photoelectron spectrum of 10 MLE VONc on HOPG 

(unannealed) and DOS from DFT results at PBEh level, convolved with a Gaussian of 0.4 eV 

width.  Adapted with permission from Ref.  [26]. 

 

PBEh: 0.25 HFexch  

The theoretical results shown in Figure 5-2 and Figure 5-3 were obtained with a hybrid 

functional containing 25% Hartree—Fock exchange energy.  Initial geometry optimizations were 

performed with smaller basis sets (see section 5.2.1).  Two types of basis sets were employed in 

the DFT calculations of vanadyl naphthalocyanine.  Below is a brief introduction to these basis 

sets and their selection criteria. 

Pople-type basis sets:  These are split-valence basis sets and typically found in the form 

of split-valence double-zeta (X-YZg) and split-valence triple-zeta (X-YZWg) basis sets.  X 

represents the number of primitive Gaussian functions describing each core atomic orbital. Y, Z, 

and W are the basis functions that describe the valence orbitals, each being a linear combination 
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of Y, Z, and W primitive Gaussian functions, respectively.  The addition of ** means that a 

polarization function is also added, which introduces an additional node.  ++ indicates inclusion 

of diffuse functions to represent the “tail” portion of the atomic orbitals more accurately.  Both 

polarization and diffuse functions are very important for long range interactions, such as van der 

Waals interactions  [119]. 

The Pople-type split valence double-zeta basis set 6-31g** was utilized to describe the 

atomic orbitals of H, C, N, and O atoms to obtain the above theoretical results.  The core atomic 

orbitals consist of six primitive Gaussian functions, and the valence orbitals involve linear 

combinations of three and one primitive Gaussian functions.  A polarization function (**) was 

added (1p for H, 1d for C, N, O) for additional flexibility which allows the molecular orbitals to 

be more asymmetric.  

Basis sets with an effective core potential:  In these basis sets, the core basis functions are 

replaced with an effective potential  [119].  These types of basis sets are particularly useful in 

describing atomic orbitals that consist of many electrons, such as e.g. transition metals.  

Two types of basis sets with an effective core potential were used in DFT calculations of 

vanadyl naphthalocyanine: lanl2dz and Stuttgart-Dresden.  In their theoretical calculations of 

various metallabenzene complexes, Iron et al. recommended the Stuttgart-Dresden basis set for 

transition metals.  This is an aug-SDB-cc-pVDZ basis set (correlation-consistent basis set 

developed by Dunning and coworkers) with an added f-type polarization exponent taken as the 

geometric average of two f-exponents  [120,121]. 

Marom et al. later performed DFT calculations of copper phthalocyanine (CuPc) by 

describing the copper atomic orbitals with an SDB-aug-cc-pVDZ basis set  [122].  They 



89 
 

presented a systematic DFT study of the electronic structure of CuPc using different (semi)local 

and hybrid functionals.  Comparison of the theoretical results with experimental photoemission 

data, measuring the transport levels, indicated that semilocal (LDA and GGA) functionals failed 

qualitatively because of underbinding of localized orbitals due to self-interaction errors.  The 

three hybrid functionals they evaluated in their DFT calculations were: B3LYP, PBEh (25% 

HFexch), and HSE (Heyd-Scuseria-Ernzerhof).  Although the theoretical outcome from B3LYP 

functional was in good agreement with experimental results, Marom et al. expressed their 

concern in the use of B3LYP because of its poor performance for some metals.  They proposed 

that both PBEh and HSE functionals yield better results for metals than B3LYP.  Due to its low 

additional computational cost for periodic systems, Marom et al. recommend HSE over PBEh 

for DFT calculations of CuPc / inorganic interfaces.  

The DFT results shown above were performed with PBEh (instead of HSE) for two 

reasons:  (1) PBEh is readily available in the NWChem package, and (2) HSE is recommended 

over PBEh due to its low cost for periodic systems.  However, in this work, only single molecule 

DFT calculations were carried out for VONc, making the choice of PBEh reasonable.  The 

Stuttgart RSC 1997 (SDD) basis set was obtained from the “Basis Set Exchange” database  [123] 

to describe the atomic orbitals of the vanadium atom in VONc calculations. 

The exchange-correlation functional is typically developed by some degree of 

parameterization.  Although the exchange and correlation parts don’t need to be separated, it is 

conventional to develop formally separate exchange and correlation functionals.  Perdew, Wang, 

and Ernzerhof derived a simple GGA functional (PBE), in which all parameters (other than those 

in local spin density) are fundamental constants (no parameterization)  [89].  In this method the 

GGA correlation energy is in the form of 
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𝐸𝐸𝐶𝐺𝐺𝐴[𝑛 ↑,𝑛 ↓] = ∫𝑛�𝜖𝜖𝐶
𝑢𝑛𝑖𝑓(𝑃𝑃𝑠, 𝜁) + 𝐻(𝑃𝑃𝑠, 𝜁, 𝑡)�𝑑𝑑3𝑃𝑃  . eq. 5-1 

Here, 𝑃𝑃𝑠 is the local Seitz radius (𝑛 =  3
4
𝜋𝜋𝑃𝑃𝑠3 = 𝑘𝑘𝐹3/3𝜋𝜋2) determined from the Fermi wave vector 

of a uniform electron gas, 𝜁 is the relative spin polarization (𝜁 = (𝑛↑ − 𝑛↓)/𝑛), and 𝑡 is a 

dimensionless density gradient (𝑡 = |∇𝑛|/2𝜙𝜙𝑘𝑘𝑠𝑛).  𝜙𝜙 is a spin-scaling factor and 𝑘𝑘𝑠 is the 

Thomas-Fermi screening wave number: 

𝜙𝜙(𝜁) = 1
2
� (1 + 𝜁)

2
3 + (1 − 𝜁)

2
3 � , eq. 5-2 

𝑘𝑘𝑠 = �4𝑘𝐹
𝜋𝑎0

      ,   𝑎0 = ħ2

2𝑚𝑒
  . eq. 5-3 

𝜖𝜖𝐶
𝑢𝑛𝑖𝑓 represents the correlation energy of electrons in a uniform gas and 𝐻 describes the gradient 

contribution.  𝐻 needs to meet three conditions:  (1) in the slowly varying limit (𝑡 → 0), H is 

given by its second-order gradient expansion, (2) in the rapidly varying limit (𝑡 → ∞) the 

correlation vanishes, and (3) under uniform scaling to the high-density limit, the correlation 

energy must scale to a constant.  These conditions give: 

𝐻 = �𝑒
2

𝑎0
� 𝛶𝜙𝜙3𝑙𝑙𝑛 �1 + 𝛽

𝛶
𝑡2 � 1+𝐴𝑡2

1+𝐴𝑡2+𝐴2𝑡4
��  , eq. 5-4 

𝐴 = 𝛽
𝛶
�𝑒𝑒𝑥𝑥𝑝 � −𝜖𝐶

𝑢𝑛𝑖𝑓

(𝛶𝜙3𝑒2 𝑎0⁄ )� − 1�
−1

  . eq. 5-5 

Here, 𝛶 is a weak function of 𝜁 [209] (𝛾 = 1−𝑙𝑛2
𝜋2

≅ 0.031091 for 𝜁 =  0 values) and 𝛽 ≌

 0.066725.  The 𝐸𝐸𝐶𝐺𝐺𝐴 expression is then given by 

𝐸𝐸𝐶𝐺𝐺𝐴[𝑛 ↑,𝑛 ↓] = − 𝑒2

𝑎0
∫ 𝑛𝛶𝜙𝜙3𝑙𝑙𝑛 �1 + 1

𝜒𝑠2 𝜙2⁄ +(𝜒𝑠2 𝜙2⁄ )2� 𝑑𝑑
3𝑃𝑃  , eq. 5-6 



91 
 

where 𝑠 is a dimensionless density gradient (𝑠 = |∇𝑛|
2𝑘𝐹𝑛

=  
(𝑟𝑠𝑎0

)1/2𝜙𝑡

𝑐
), 𝑐 = �3𝜋

2

16
�
1/3

≅ 1.2277, and 

𝜒𝜒 = 𝛽
𝛾
𝑐2𝑒𝑒𝑥𝑥𝑝−𝜔/𝛾 ≅ 0.72161. 

The exchange energy is constructed from four further conditions:  (1) Under the uniform 

density scaling described previously, the exchange energy must scale like 𝜆𝜆 and thus for 𝜁 =  0 

there is an exchange contribution, 𝐹𝑋(𝑠): 

𝐸𝐸𝑋𝐺𝐺𝐴 = ∫𝑛 𝜖𝜖𝑋
𝑢𝑛𝑖𝑓(𝑛) 𝐹𝑋(𝑠) 𝑑𝑑3𝑃𝑃  , eq. 5-7 

𝜖𝜖𝑋
𝑢𝑛𝑖𝑓 =  −3𝑒

2𝑘𝐹
4𝜋

  . eq. 5-8 

The condition of 𝐹𝑋 (𝜁 = 0) = 1 is met to recover the correct uniform gas limit.  (2) To obey the 

spin-scaling relationship: 

𝐸𝐸𝑋 [𝑛 ↑,𝑛 ↓] =
1
2

(𝐸𝐸𝑋[2𝑛 ↑] + 𝐸𝐸𝑋[2𝑛 ↓])   . 

(3) To recover the LSD linear response (for small density variations around the uniform density), 

as 𝑠 →  0,  

𝐹𝑋(𝑠) → 1 + 𝜇𝑠2  , 

where μ is the effective gradient coefficient for exchange (𝜇 = 𝛽(𝜋
2

3
) ≅ 0.21951).  (4) The Lieb-

Oxford bound  [124] will be satisfied if the spin-polarized enhancement factor, 𝐹𝑋(𝜁 =  1, 𝑠) 

grows gradually with 𝑠 to a maximum value less than or equal to 2.273. 

𝐸𝐸𝑋 [𝑛 ↑,𝑛 ↓] ≥ 𝐸𝐸𝑋𝐶 [𝑛 ↑,𝑛 ↓] ≥ −1.679𝑒𝑒2 ∫𝑛4 3⁄ 𝑑𝑑3𝑃𝑃  , eq. 5-9 
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𝐹𝑥(𝜁 = 1, 𝑠) = 2
1
3𝐹𝑋 �𝑠 2

1
3⁄ �  . eq. 5-10 

A simple exchange enhancement factor satisfying the above two conditions is 

𝐹𝑋(𝑠) = 1 + 𝜅𝜅 − 𝜅

1+𝜇𝑠
2
𝜅

   , eq. 5-11 

where 𝜅𝜅 =  0.804. The enhancement factor, 𝐹𝑋(𝑠), is defined over the local exchange as 

𝐸𝐸𝑋𝐶𝐺𝐺𝐴 = ∫𝑛 𝜖𝜖𝑋
𝑢𝑛𝑖𝑓(𝑛) 𝐹𝑋𝐶(𝑃𝑃𝑠, 𝜁, 𝑠) 𝑑𝑑3𝑃𝑃  . eq. 5-12 

The above equation represents any GGA exactly when 𝜁 does not depend on 𝑃𝑃.  The 

performance of the PBE exchange functional was evaluated by comparing atomization energies 

of a set of molecules to experimental values  [89].  DFT calculations were carried out at 

experimental geometries of these molecules.  Note that these test molecules do not include heavy 

atoms and / or transition metals.  The agreement between theory and experiment was reasonable, 

and much better than unrestricted HF and LSDA methods.  The performance of the PBE 

functional was further investigated by Ernzerhof et al.  [125] and the study showed that for 

atomization energies, the non-empirical PBE functional gives systematic errors larger than those 

of commonly used empirical functionals.  However, the ionization potentials, electron affinities, 

and bond lengths were calculated with similar accuracy as those obtained from empirical 

functionals.  Additionally, these authors tested the hybrid-PBE functional (PBEh) and found that 

for the G2 set (molecular training set) all properties calculated by PBEh had similar accuracy as 

those calculated by the popular empirical B3LYP functional. 

The PBEh functional offers therefore a reasonable choice in calculating the electronic 

structure of VONc, because unlike some of the most popular functionals, it is not parameterized 
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for a set of molecules and the inclusion of a percentage of exact exchange improves its 

performance significantly.  Table 5-2 contains a summary of frontier molecular orbital energies 

calculated by PBEh (25% HFexch) with the above-mentioned basis sets (Appendix B).  The 

molecular dipole moment (V-O) was found to be 2.8 Debye and a V-O bond length of 1.56131 Å 

was obtained.  The highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) are also shown in Figure 5-4. 
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Table 5-2: DFT frontier molecular orbitals of VONc: PBEh, 6-31g** for H, C, N, & O, Stuttgart 
RSC 1997 ECP for V 

 
 α-spin   β-spin 

 

 

Energy (eV
) 

O
ccupation  

Sym
m

etry 

 

Energy (eV
) 

O
ccupation  

Sym
m

etry 
 

 
-0.467539 0 e 

 
0.045796 0 e 

 
 

-0.467539 0 e 
 

-0.770643 0 b2 Singly Unoccupied MO 

 
-0.989065 0 b2 

 
-0.997582 0 b2 

 
 

-1.342482 0 e 
 

-1.336686 0 e 
 

 
-1.342482 0 e 

 
-1.336686 0 e 

 
 

-1.523245 0 a1 
 

-1.498428 0 a1 
 

 
-1.688715 0 b1 

 
-1.682238 0 b1 

 
Degenerate LUMO -2.811985 0 e 

 
-2.811631 0 e Degenerate LUMO 

-2.811985 0 e 
 

-2.811631 0 e 

                   HOMO -4.809626 1 a2 
 

-4.802034 1 a2     HOMO 

 
-6.334313 1 b2 

 
-6.334394 1 b2 

 
 

-6.376571 1 e 
 

-6.378014 1 e 
 

 
-6.376571 1 e 

 
-6.378014 1 e 

 Singly Occupied MO -6.847186 1 b2 
 

-6.964519 1 a2 
 

 
-6.967023 1 a2 

 
-7.020683 1 b1 

 
 

-7.015948 1 b1 
 

-7.050805 1 a1 
 

 
-7.040547 1 e 

 
-7.053962 1 e 

 
 

-7.040547 1 e 
 

-7.053962 1 e 
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Figure 5-4.  DFT HOMO-a2 (left) and LUMO-e (right) of VONc: PBEh, 6-31g** for H, C, N, 

& O, Stuttgart RSC 1997 for V; HOMO-LUMO gap = 1.99764 eV.  Adapted with permission 

from Ref.  [26]. 

 

PBEh: 0.25 vs. 0.18 HFexch 

Boese et al. addressed the importance of basis sets and their relevance to hybrid 

functionals, because the percentage of exact exchange in the functional depends on the basis set 

for which it was fit and parameterized  [126].  They found that in general hybrid functionals 

containing 28% HF exchange energy performed best with double-zeta basis functions, while for 

triple-zeta functions they recommended 18% HF exchange energy.  DFT calculations of VONc 

were further carried out at PBEh level with larger basis sets that include diffuse functions to 

describe H, C, N, and O atomic orbitals.  Two types of calculations were performed at this level: 

PBEh with (1) 25% exact exchange (Appendix C) and (2) 18% exact exchange.  The atomic 

orbitals of the V atom were represented with the same basis set: Stuttgart RSC 1997 with an 
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effective core potential.  A split valence triple-zeta basis set, 6-311+g(3d, 2p) was recommended 

by Boese et al. for hybrid functionals.  For VONc calculations, a larger split-valence triple-zeta 

basis set, 6-311+g(3df, 2pd) was selected to describe the atomic orbitals of H, C, N, and O with 

added diffuse functions:  two sets of p functions and one set of d functions on the H atom; three 

sets of d functions and one set of f functions on the C, N, and O atoms to describe the “tail” 

portion of the atomic orbitals more accurately, which is very important for long range 

interactions, such as van der Waals interactions. 

Table 5-3 shows a summary comparison of 18% vs. 25% HF exchange energy in the 

PBEh functional with split valence triple-zeta basis sets, and is further compared to the double-

zeta results above, i.e. PBEh containing 25% HF exchange energy and split-valence double-zeta 

basis sets for H, C, N, and O atoms.  The frontier orbitals calculated at 25% HF exchange 

(HFexch) level with both double-zeta and triple-zeta basis sets follow the same orbital order with 

similar HOMO-LUMO gaps and V-O bond lengths.  However, the molecular orbitals obtained 

with double-zeta basis functions have slightly higher energies (~ 100 – 200 meV) than those 

calculated with triple-zeta basis sets.  The unoccupied molecular orbitals calculated at PBEh 18% 

HFexch level have the lowest energies, while the energies of the occupied molecular orbitals are 

of the highest amongst the three methods, resulting in much smaller HOMO-LUMO gap than 

those obtained with 25% HF exchange energy.  Additionally, the singly occupied molecular 

orbital (SOMO) determined from 18% HF exchange has a different orbital order (HOMO-2).  

Similar electron densities for each molecular orbital were obtained per specific symmetry at all 

three levels of calculations (see Figure 5-5). 
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Table 5-3: Molecular orbital energies, V-O bond length, and HOMO-LUMO gap comparisons of 
VONc at PBEh level: 18% - triple-zeta, 25% - triple-zeta, and 25% - double-zeta basis functions. 

 

25%, double-zeta basis set 25%, triple zeta basis set 18%, triple-zeta basis set 

O
ccupation  

 α-spin  β-spin  α-spin  β-spin  α-spin  β-spin 

Energy (eV
) 

Sym
m

etry 

Energy (eV
) 

Sym
m

etry 

Energy (eV
) 

Sym
m

etry 

Energy (eV
) 

Sym
m

etry 

Energy (eV
) 

Sym
m

etry 

Energy (eV
) 

Sym
m

etry 

0 -0.4675 e 0.0458 e -0.5543 e -0.1055 e -0.9112 e -0.4406 e 
0 -0.4675 e -0.7706 b2 -0.5543 e -0.8410 b2 -0.9112 e -1.2475 b2 
0 -0.9891 b2 -0.9976 b2 -1.1664 b2 -1.1703 b2 -1.4052 b2 -1.4133 b2 
0 -1.3425 e -1.3367 e -1.5516 e -1.5466 e -1.7906 e -1.7849 e 
0 -1.3425 e -1.3367 e -1.5516 e -1.5466 e -1.7906 e -1.7849 e 
0 -1.5232 a1 -1.4984 a1 -1.7418 a1 -1.7175 a1 -1.9733 a1 -1.9499 a1 
0 -1.6887 b1 -1.6822 b1 -1.8661 b1 -1.8605 b1 -2.0936 b1 -2.0878 b1 
0 -2.8120 e -2.8116 e -2.9588 e -2.9582 e -3.1091 e -3.1075 e 
0 -2.8120 e -2.8116 e -2.9588 e -2.9582 e -3.1091 e -3.1075 e 
1 -4.8096 a2 -4.8020 a2 -4.9553 a2 -4.9474 a2 -4.8526 a2 -4.8459 a2 
1 -6.3343 b2 -6.3344 b2 -6.5191 b2 -6.5194 b2 -6.2671 b2 -6.2749 b2 
1 -6.3766 e -6.3780 e -6.5607 e -6.5622 e -6.3085 b2 -6.3165 e 
1 -6.3766 e -6.3780 e -6.5607 e -6.5622 e -6.3151 e -6.3165 e 
1 -6.8472 b2 -6.9645 a2 -6.9460 b2 -7.1414 a2 -6.3151 e -6.8853 a2 
1 -6.9670 a2 -7.0207 b1 -7.1439 a2 -7.1939 b1 -6.8876 a2 -6.9293 b1 
1 -7.0159 b1 -7.0508 a1 -7.1889 b1 -7.2313 e -6.9247 b1 -6.9637 e 
1 -7.0405 e -7.0540 e -7.2178 e -7.2313 e -6.9513 e -6.9637 e 
1 -7.0405 e -7.0540 e -7.2178 e -7.2419 a1 -6.9513 e -6.9889 a1 

H
O

M
O

-L
U

M
O

 g
ap

 (e
V

) 

1.9976   1.9904  1.9966   1.9891  1.7435   1.7385   

V
-O

 B
on

d 
Le

ng
th

 (Å
) 

1.5613 1.5599 1.5665 
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Figure 5-5.  Frontier molecular orbitals of VONc at PBEh level: 25% HF exchange energy; H, 

C, N, O: 6-311+g(3df, 2pd); V: Stuttgart RSC 1997 ECP.  SOMO and SUMO represent singly 

occupied and unoccupied molecular orbitals, respectively. 

  

HOMO a2 

HOMO-1 b2 

HOMO-2 e 

SOMO b2 

HOMO-4 a2 

SUMO b2 

LUMO+4 
 

LUMO+3 e 

LUMO+2 a1 

LUMO+1 
 

LUMO e 



99 
 

It was mentioned earlier that the exchange-correlation energy is dominated by the 

exchange component, which is why the introduction of a percentage of Hartree—Fock (or exact) 

exchange improves the accuracy of the GGA functionals significantly.  In the above DFT 

calculations of VONc, two hybrid forms of a GGA functional (PBE) were used and the results 

showed a clear difference in the energetics of the molecular orbitals.  While the GGA functionals 

are known to underestimate the HOMO-LUMO gap of organic molecules, the hybrid functionals 

can sometimes overestimate this gap.  Boese et al. emphasized the importance of basis sets in 

parameterization of these hybrid functionals to determine the optimum percentage of the exact 

exchange  [126].  For split valence triple-zeta basis sets, 18% HF exchange was recommended 

and the DFT results at PBEh level confirm this: a HOMO-LUMO gap of 1.99 eV was obtained 

with 25% exchange, much larger than the experimental optical gap of VONc, 1.5 eV in 

solution  [127].  The PBEh with 18% exact exchange gave a HOMO-LUMO gap of 1.74 eV, in 

much closer agreement with the experimental optical gap.  While evaluating DFT results in the 

gas phase, it is important to bear in mind that smaller HOMO-LUMO gaps are expected in 

solution and solids when compared to gas phase calculations. 

Although the PBE functional was developed without any parameterization (other than 

those in local spin density)  [89], the majority of GGA functionals and therefore the hybrid forms 

of these GGA functional are parameterized.  For example, B3LYP is one of the most successful 

and most popular hybrid functional, and is described in more detail below with calculated results 

for VONc. 
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B3LYP 

This hybrid exchange correlation functional (Becke, three-parameter, Lee-Yang-

Parr)  [75,128] is one of the most widely used functionals for calculating molecular properties.  

Becke proposed a semiempirical exchange-correlation functional that contains local-spin-

density, gradient, and exact-exchange terms  [75]: 

𝐸𝐸𝑋𝐶 = 𝐸𝐸𝑋𝐶𝐿𝑆𝐷𝐴 + 𝑎0(𝐸𝐸𝑋𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐸𝑋𝐿𝑆𝐷𝐴) + 𝑎𝑋∆𝐸𝐸𝑋𝐵88 + 𝑎𝐶∆𝐸𝐸𝐶𝑃𝑊91  , eq. 5-13 

where 𝑎0, 𝑎𝑋, and 𝑎𝐶 (the three parameters) are semiempirical coefficients determined from 

optimized fits to experimental data.  𝐸𝐸𝑋𝑒𝑥𝑎𝑐𝑡 is the exact exchange energy, 𝐸𝐸𝑋𝐵88 is Becke’s 1988 

gradient correction for exchange  [79,129], and 𝐸𝐸𝐶𝑃𝑊91 is the 1991 gradient correction for 

correlation of Perdew and Wang  [95,124].  Becke suggested coefficients 𝑎0 = 0.2, 𝑎𝑋 = 0.72, 

and 𝑎𝐶 = 0.81 based on fits to the experimental heat of formation of small molecules.  In the 

fitting process, only single-point energies were used and no molecular geometries or frequencies 

were involved  [75,128]. 

The above functional was tested on 56 atomization energies, 42 ionization potentials, 8 

proton affinities, and 10 total atomic energies of first- and second-row systems and results 

showed a significantly better performance by this new hybrid functional compared to GGA 

methods  [75].  The test systems, however, do not include molecules containing transition 

metals; therefore, one needs to be careful when evaluation calculated results for a system 

containing transition metal(s), e.g., vanadyl naphthalocyanine. 

The B3LYP functional uses the suggested values by Becke for the coefficients 𝑎0, 𝑎𝑋, 

and 𝑎𝐶, but incorporates Lee-Yang-Parr  [93] for the correlation functional.  LYP does not have a 
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local component that can easily be separated, thus the VWN  [68] local correlation expression 

has been employed to provide the different coefficients of local and gradient corrected 

correlation functionals  [128]: 

𝐸𝐸𝑋𝐶𝐵3𝐿𝑌𝑃 = (1 − 𝑎0)𝐸𝐸𝑋𝐿𝑆𝐷𝐴 + 𝑎0𝐸𝐸𝑋𝐻𝐹 + 𝑎𝑋∆𝐸𝐸𝑋𝐵88 + 𝑎𝐶𝐸𝐸𝐶𝐿𝑌𝑃 + (1 − 𝑎𝐶)𝐸𝐸𝐶𝑉𝑊𝑁  . eq. 5-14 

The LSDA exchange functional was described earlier in section 2.1.3. as 

𝐸𝐸𝑋𝐿𝑆𝐷𝐴[𝑛(𝑃𝑃)] = −21 3⁄ 𝐶𝑗 ∫�𝑛𝛼(𝑃𝑃)4 3⁄ + 𝑛𝛽(𝑃𝑃)4 3⁄ �𝑑𝑑𝑃𝑃  , eq. 5-15 

where 𝛼 and 𝛽 represent spin-up and spin-down densities.  In closed shell systems, 𝛼 and 𝛽 are 

equal, thus LSDA becomes equal to LDA  [63].  The exact exchange energy, 𝐸𝐸𝑋𝑒𝑥𝑎𝑐𝑡 is obtained 

from the Hartree-Fock exchange integral, as discussed earlier in section 2.1.1. 

The Becke88  [79] exchange energy functional contains only one parameter and fits the 

exact Hartree-Fock exchange energies of a wide variety of atomic systems with remarkable 

accuracy. 

𝐸𝐸𝑋𝐵88 = 𝐸𝐸𝑋𝐿𝐷𝐴 − 𝛽 ∑ ∫𝜌𝜌𝜎
4 3⁄ 𝑥𝜎2

(1+6𝛽𝑥𝜎𝑠𝑖𝑛ℎ−1𝑥𝜎)𝑑𝑑
3𝑃𝑃𝜎   , eq. 5-16 

𝑥𝑥𝜎 = |∇𝜌𝜎|

𝜌𝜎
4 3⁄   . eq. 5-17 

Here 𝜌𝜌𝜎 is the density of a uniform spin-polarized electron gas, 𝑥𝑥𝜎 is dimensionless, and 𝛽 is the 

fitting parameter.  The best-fit value of 𝛽 =  0.0042 𝑎.𝑢. was obtained from best fits of the 

exchange energies of the six noble gas atoms.  Table 5-4 compares the exact exchange energies 

of H, C, N, O, and V atoms to exchange energies obtained from the Becke88 functional. 

 



102 
 

Table 5-4: Exchange energies (a.u.)  [79] 

Exact  Becke88 
H -0.313  -0.310 
C -5.045  -5.032 
N -6.596  -6.589 
O -8.174  -8.169 
V -44.20  -44.22 

 

Lee, Yang, and Parr described the gradient corrected (second order gradient expansion) 

correlation energies  [93] of closed and open shell systems respectively, as 

𝐸𝐸𝑐 = −𝑎∫ 1
1+𝑑𝜌−1 3⁄ �𝜌𝜌 + 𝑃𝑃𝜌𝜌−2 3⁄ �𝐶𝐹𝜌𝜌5 3⁄ − 2𝑡𝑊 +

�1
9
𝑡𝑊 + 1

18
∇2𝜌𝜌�� 𝑒𝑒𝑐𝜌−1 3⁄ � 𝑑𝑑𝑃𝑃  , eq. 5-18 

and  

𝐸𝐸𝐶 = −𝑎∫ 𝛶(𝑟)
1+𝑑𝜌−1 3⁄ �𝜌𝜌 + 2𝑃𝑃𝜌𝜌−5 3⁄ �22 3⁄ 𝐶𝐹𝜌𝜌𝛼

8 3⁄ + 22 3⁄ 𝐶𝐹𝜌𝜌𝛽
8 3⁄ − 𝜌𝜌𝑡𝑊 +

1
9
�𝜌𝜌𝛼𝑡𝑊𝛼 + 𝜌𝜌𝛽𝑡𝑊

𝛽 � + 1
18
�𝜌𝜌𝛼∇2𝜌𝜌𝑎 + 𝜌𝜌𝛽∇2𝜌𝜌𝛽�� 𝑒𝑒−𝐶𝜌

−1 3⁄ � 𝑑𝑑𝑃𝑃  , eq. 5-19 

𝑡𝑊(𝑃𝑃) = 1
8

|∇𝜌(𝑟)|2

𝜌(𝑟) − 1
8
∇2𝜌𝜌  , eq. 5-20 

𝛶(𝑃𝑃) = 2 �1 −
𝜌𝛼2(𝑟)+𝜌𝛽

2(𝑟)

𝜌2(𝑟) �  . eq. 5-21 

In the above equations, 𝑎 =  0.049, 𝑃𝑃 =  0.132, 𝑐 =  0.2533, and 𝑑𝑑 =  0.349 are from the 

Colle-Salvetti formula, and their values are obtained by a fitting procedure using only the 

Hartree—Fock orbital for the He atom.   𝜌𝜌(𝑃𝑃) is the Hartree-Fock electron density, 𝑡𝑊 is a local 

“Weizsäcker” kinetic energy density, 𝛼 and 𝛽 represent two spin states, and 𝐶𝐹 is a term from the 

Thomas-Fermi kinetic energy density: 
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𝑡𝑇𝐹(𝑃𝑃) = 𝐶𝐹𝜌𝜌(𝑃𝑃)5 3⁄   , eq. 5-22 

𝐶𝐹 = 3
10

(3𝜋𝜋2)2 3⁄  eq. 5-23 

The Lee-Yang-Parr functional in numerical calculations of a number of atoms, positive 

ions, and molecules (both open and closed-shell type) gives correlation energies within a few 

percent  [93].  VWR  [68] is a local correlation functional (LSDA).  It calculates the correlation 

energy as a function of electron density and spin polarization. 

The electronic structure, molecular geometry, and dipole moment of vanadyl 

naphthalocyanine were calculated also with B3LYP:  First, the initial guess of the geometry (C4v 

point group) was optimized with small basis sets representing the atomic orbitals.  Multiple 

geometry optimization steps were taken, each with progressively increasing basis sets.  Table 5-5 

shows a summary of frontier orbital energies of VONc with the following basis set: 6-311+g(3df, 

2pd) for C, N, H, and O and Stuttgart RSC 1997 ECP for V atom.  The explicit form of the 

B3LYP (Becke’s 3-parameter hybrid functional) is: 

Hartree-Fock (Exact) Exchange: 0.20             (𝑎0 = 0.20) 

Slater Exchange Functional: 0.80 local        (1 − 𝑎0 = 0.80) 

Becke 1988 Exchange Functional: 0.72 non-local   (𝑎𝑋 = 0.72) 

Lee-Yang-Parr Correlation Functional: 0.81             (𝑎𝐶 = 0.81) 

VWN I RPA Correlation Functional: 0.19 local       (1–𝑎𝐶 = 0.19)  
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Table 5-5: DFT frontier molecular orbitals of VONc: B3LYP, 6-311+g(3df, 2pd) for H, C, N, & 
O, Stuttgart RSC 1997 ECP for V. 

 
 α-spin   β-spin 

 

 

Energy (eV
) 

O
ccupation  

Sym
m

etry 

 

Energy (eV
) 

O
ccupation  

Sym
m

etry 
 

 
-0.8891 0 e 

 
-0.4124 0 e 

 
 

-0.8891 0 e 
 

-1.2908 0 b2 Singly Unoccupied MO 

 
-1.3204 0 b2 

 
-1.3597 0 b2 

 
 

-1.6907 0 e 
 

-1.6845 0 e 
 

 
-1.6907 0 e 

 
-1.6845 0 e 

 
 

-1.8766 0 a1 
 

-1.8531 0 a1 
 

 
-1.9999 0 b1 

 
-1.9942 0 b1 

 
Degenerate LUMO -3.0372 0 e 

 
-3.0361 0 e Degenerate LUMO 

-3.0372 0 e 
 

-3.0361 0 e 
HOMO -4.8373 1 a2 

 
-4.8316 1 a2 HOMO 

 
-6.2977 1 b2 

 
-6.2983 1 b2 

 
 

-6.3384 1 e 
 

-6.3396 1 e 
 

 
-6.3384 1 e 

 
-6.3396 1 e 

 Singly Occupied MO -6.6319 1 b2 
 

-6.9044 1 a2 
 

 
-6.9063 1 a2 

 
-6.9369 1 b1 

 
 

-6.9330 1 b1 
 

-6.9733 1 e 
 

 
-6.9626 1 e 

 
-6.9733 1 e 

 
 

-6.9626 1 e 
 

-6.9910 1 a1 
  

 

The HOMO-LUMO gap of VONc obtained with B3LYP functional is 1.8 eV and the V-

O bond distance is 1.57299 Å.  The frontier molecular orbital structures for given symmetries are 

shown in Figure 5-6, which resemble those obtained from DFT calculations at the PBEh level.  A 

summary comparison of molecular orbital energies, HOMO-LUMO gaps, and V-O bond lengths 

obtained from B3LYP and other exchange-correlation functionals will be shown later in section 

5.2.3.  
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Figure 5-6.  Frontier molecular orbitals of VONc at B3LYP level: 6-311+g(3df, 2pd) for H, C, 

N, and O, and Stuttgart RSC 1997 ECP for V. 

 

The DFT results obtained from B3LYP functional are in very good agreement with those 

calculated at PBEh level.  However, one needs to be careful when using B3LYP in calculating 

HOMO a2 

HOMO-1 b2 

HOMO-2 e 

SOMO b2 

HOMO-4 a2 

LUMO+5 e 

LUMO+4 
 

LUMO+3 e 

LUMO+2 a1 

LUMO+1 
 

LUMO e 
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the electronic structure of molecules containing transition metals, because the three empirical 

parameters of the B3LYP functional were determined from fits to the experimental heat of 

formation of small molecules that did not contain any transition metals  [75,128].  A more 

appropriate hybrid functional for VONc would have empirical parameters obtained by fits to test 

molecules that also include transition metal complexes. 

Following the development of B3LYP, Becke continued his work on further improving 

the exchange-correlation functional  [77].  He pushed the GGA/exact-exchange framework to its 

limits of accuracy by systematic high-order fitting to a set of thermochemical data.  These 

experimental data, also known as the G2 test set  [130,131], are a compilation of highly accurate 

atomization energies, ionization potentials, and electron and proton affinities of more than a 

hundred first- and second-row atoms and molecules.  His methodology also accommodates new 

inputs as the G2 set grows and more accurate experimental data including those for transition 

metals become available.  This new functional, also known as Becke97 (B97), surpasses B3LYP 

and all other DFTs so far published by Becke.  Although this new functional depends on 10 fitted 

parameters (B3LYP has only 3 parameters), Becke emphasized that the fitted nature of this 

functional does not diminish its fundamental value.  In this work, Becke reached the conclusion 

that the limits of accuracy of the GGA/exact exchange framework have been reached and to gain 

further accuracy requires new basic insights and perhaps higher-order density derivatives.  

Since Becke97 was parameterized through a basis-set-free methodology, a basis-set dependent 

reparametrization is later carried out and discussed in more detail below.  
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Becke97-1 

Becke’s 10-parameter functional – Becke97—was optimized in a non-self-consistent 

fashion using only energetic data.  The functional is expressed as 

𝐸𝐸𝑋𝐶𝐵97 = 𝐸𝐸𝐺𝐺𝐴97 + 𝑐𝑋𝐸𝐸𝑋𝐻𝐹  , eq. 5-24 

where the GGA functional is the sum of exchange and correlation components.  The exchange 

functional is written as 

𝐸𝐸𝑋97 = ∑ ∫𝑒𝑒𝜒𝜎𝐿𝑆𝐷𝐴(𝜌𝜌𝜎)𝑔𝜒𝜎(𝑠𝜎2)𝑑𝑑r⃗   ,𝜎  eq. 5-25 

𝑔𝜒𝜎 = ∑ 𝑐𝜒𝜎,𝑖𝑢𝜒𝜎𝑖   ,𝑚
𝑖=0  eq. 5-26 

𝑢𝜒𝜎 = 𝛾𝜒𝜎𝑠𝜎2(1 + 𝛾𝜒𝜎𝑠𝜎2)−1   , eq. 5-27 

𝛾𝜒𝜎 = 0.004  , eq. 5-28 

and the correlation functional is defined as 

𝐸𝐸𝐶97 = ∑ 𝐸𝐸𝐶𝜎𝜎 + 𝐸𝐸𝐶𝛼𝛽𝜎   , eq. 5-29 

𝐸𝐸𝐶𝜎𝜎 = ∫ 𝑒𝑒𝐶𝜎𝜎𝐿𝑆𝐷𝐴 (𝜌𝜌𝜎)𝑔𝐶𝜎𝜎(𝑠𝜎2)𝑑𝑑r⃗  , eq. 5-30 

𝑔𝐶𝜎𝜎 = ∑ 𝑐𝐶𝜎𝜎,𝑖𝑢𝐶𝜎𝜎𝑖𝑚
𝑖=0   , eq. 5-31 

𝑢𝐶𝜎𝜎 = 𝛾𝐶𝜎𝜎𝑠𝜎2(1 + 𝛾𝐶𝜎𝜎𝑠𝜎2)−1  , eq. 5-32 

𝛾𝐶𝜎𝜎 = 0.2  , 

𝐸𝐸𝐶𝛼𝛽 = ∫ 𝑒𝑒𝐶𝛼𝛽
𝐿𝑆𝐷𝐴 �𝜌𝜌𝛼 ,𝜌𝜌𝛽�𝑔𝐶𝛼𝛽�𝑠𝑎𝑣𝑔2 �𝑑𝑑r⃗  , eq. 5-33 

𝑔𝐶𝛼𝛽 = ∑ 𝑐𝐶𝛼𝛽,𝑖𝑢𝐶𝛼𝛽
𝑖𝑚

𝑖=0   , eq. 5-34 
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𝑢𝐶𝛼𝛽 = 𝛾𝐶𝛼𝛽𝑠𝑎𝑣𝑔2 (1 + 𝛾𝐶𝛼𝛽𝑠𝑎𝑣𝑔2 )−1  , eq. 5-35 

𝛾𝐶𝛼𝛽 = 0.006  , 

𝑠𝜎2 = |∇𝜌𝜌𝜎|2𝜌𝜌𝜎
−8

3�   , eq. 5-36 

𝑠𝑎𝑣𝑔2 = 1 
2  �𝑠𝛼2 + 𝑠𝛽2� . eq. 5-37 

Both 𝑒𝑒𝐶𝛼𝛽
𝐿𝑆𝐷𝐴 and 𝑒𝑒𝐶𝜎𝜎𝐿𝑆𝐷𝐴 were derived from the Perdew-Wang  [88] parameterization of the 

LSDA correlation energy using the method employed by Stoll et al.  [132,133], 

𝑒𝑒𝐶𝛼𝛽
𝐿𝑆𝐷𝐴�𝜌𝜌𝛼,𝜌𝜌𝛽� = 𝑒𝑒𝐶𝐿𝑆𝐷𝐴�𝜌𝜌𝛼,𝜌𝜌𝛽� − 𝑒𝑒𝐶𝐿𝑆𝐷𝐴(𝜌𝜌𝛼, 0) − 𝑒𝑒𝐶𝐿𝑆𝐷𝐴�𝜌𝜌𝛽 , 0�  , eq. 5-38 

𝑒𝑒𝐶𝜎𝜎𝐿𝑆𝐷𝐴 = 𝑒𝑒𝐶𝐿𝑆𝐷𝐴(𝜌𝜌𝜎, 0)  . eq. 5-39 

Becke determined the optimum values of the empirical parameters in a non-self-

consistent procedure using LSDA densities and by fitting to 10 first-row atomic energies, 56 

atomization energies, 42 atomic and molecular ionization potentials, and 8 proton affinities.  He 

truncated the expansions at 𝑚𝑚 = 2 to avoid unphysical and overfitted functionals.  The B97 

functional was later re-parameterized in a self-consistent procedure and was denoted Becke97-

1  [134].  The optimum value of the exact exchange prefactor was found to be 𝑐𝑋 = 0.21.  The 

optimized values of Becke’s 10 parameters for the B97 functional are shown in Table 5-6 and 

compared to the values obtained for Becke97-1. 
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Table 5-6: Optimized parameters for B97 and B97-1 

 B97 B97-1 
𝒄𝝌𝝈,𝟎 + 0.80940e + 00 + 0.789518e + 00 
𝒄𝑪𝝈𝝈,𝟎 + 0.17370e + 00 + 0.820011e - 01 
𝒄𝑪𝜶𝜷,𝟎 + 0.94540e + 00 + 0.955689e + 00 
𝒄𝝌𝝈,𝟏 + 0.50730e + 00 + 0.573805e + 00 
𝒄𝑪𝝈𝝈,𝟏 + 0.23487e + 00 + 0.271681e + 01 
𝒄𝑪𝜶𝜷,𝟏 + 0.74710e + 00 + 0.788552e + 00 
𝒄𝝌𝝈,𝟐 + 0.74810e + 00 + 0.660975e + 00 
𝒄𝑪𝝈𝝈,𝟐 - 0.24868e + 01 - 0.287103e + 01 
𝒄𝑪𝜶𝜷,𝟐 - 0.45961e + 01 - 0.547869e + 01 
𝒄𝝌 + 0.19430e + 00 + 0.210000e + 00 

 

Optimized geometries for the subset of the G2 training set systems are very close to 

experimental findings.  The B97-1 absolute bond length error was found to be comparable to the 

B3LYP error of 0.008 Å.  Optimized structures obtained by B97-1 for transition metal containing 

compounds (Cr(CO)6, Fe(CO)5, Ni(CO)4, CrO2F2, CrO2Cl2, and Fe(C5H5)2) indicate slight 

improvement over B3LYP.  Bond dissociation energies for the removal of a single CO group 

determined by B97-1 did not yield improvement over the B3LYP method.  

Table 5-7 shows a summary of frontier orbital energies of VONc calculated with 

Becke97-1 functional and the following basis sets: 6-311+g(3df, 2pd) for C, N, H, and O and 

Stuttgart RSC 1997 ECP for V atom.  The explicit form of the Becke97-1 (Becke’s 10-parameter 

hybrid functional) is: 

Hartree-Fock (Exact) Exchange: 0.21 

Becke 1997-1 Exchange Functional: 1.0 

Becke 1997-1 Correlation Potential: 1.0  
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Table 5-7: DFT frontier molecular orbitals of VONc: Becke97-1, 6-311+g(3df, 2pd) for H, C, N, 
& O, Stuttgart RSC 1997 ECP for V. 

 
 α-spin   β-spin 

 

 

Energy (eV
) 

O
ccupation  

Sym
m

etry 

 

Energy (eV
) 

O
ccupation  

Sym
m

etry 

 
 

-0.6599 0 E 
 

-0.2408 0 e 
 

 
-0.6599 0 E 

 
-1.1554 0 b2 Singly Unoccupied MO 

 
-1.2226 0 b2 

 
-1.2407 0 b2 

 
 

-1.5973 0 E 
 

-1.5927 0 e 
 

 
-1.5973 0 E 

 
-1.5927 0 e 

 
 

-1.7777 0 a1 
 

-1.7590 0 a1 
 

 
-1.9064 0 b1 

 
-1.9022 0 b1 

 
Degenerate LUMO -2.9470 0 E 

 
-2.9459 0 e Degenerate LUMO 

-2.9470 0 E 
 

-2.9459 0 e 
HOMO -4.7857 1 a2 

 
-4.7799 1 a2  HOMO 

 
-6.2636 1 b2 

 
-6.2640 1 b2 

 
 

-6.3039 1 E 
 

-6.3050 1 e 
 

 
-6.3039 1 E 

 
-6.3050 1 e 

   Singly Occupied 
MO -6.6494 1 b2 

 
-6.8690 1 a2 

 
 

-6.8709 1 a2 
 

-6.9102 1 b1 
 

 
-6.9066 1 b1 

 
-6.9454 1 e 

 
 

-6.9352 1 E 
 

-6.9454 1 e 
 

 
-6.9352 1 E 

 
-6.9608 1 a1 

  

 

The frontier molecular orbitals of VONc determined by Becke97-1 qualitatively resemble 

those obtained by B3LYP.  The HOMO-LUMO gap of 1.84 eV is slightly greater than 1.80 eV 

obtained by B3LYP.  It was mentioned earlier that the experimental optical gap of VONc in 

solution is 1.5 eV  [127].  VONc is an open-shell system with a singly occupied molecular 

orbital, HOMO-3, b2 (Table 5-7).  The spin density of VONc is shown in Figure 5-7, followed 

by the frontier molecular orbital structures in Figure 5-8.  In section 5.2.3 the HOMO-LUMO 
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gaps, V-O bond lengths, and the molecular orbital energies will be directly compared for DFT 

results at PBEh, B3LYP, and Becke97-1 levels. 

 

 

Figure 5-7.  Spin density of VONc at Becke97-1 level: 6-311+g(3df, 2pd) for H, C, N, and O, 

and Stuttgart RSC 1997 ECP for V. 

 

 

Figure 5-8.  Frontier molecular orbitals of VONc at Becke97-1 level: 6-311+g(3df, 2pd) for H, 

C, N, and O, and Stuttgart RSC 1997 ECP for V.  
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5.2.3. Summary: Ground State of VONc 

The ground state electronic structure and molecular orbitals of VONc were determined by 

high level DFT calculations incorporating large basis sets that include diffuse functions.  The 

exchange and correlation energies in density functional theory are approximated by various 

methods, leading to large groups of exchange correlation functionals that fall under two 

categories:  (1) empirical functionals and (2) functionals derived from basic principles of 

quantum mechanics.  DFT calculations of VONc were carried out at both levels: two types of 

empirical functionals based on a method developed by Becke, and a non-empirical functional 

developed by Perdew, Berke, and Ernzerhof.  All three functionals include a fraction of Hartree-

Fock exchange energy which significantly improves the accuracy of calculations.  The cofactor 

for the exact exchange energy is evaluated at PBEh level, and results confirmed the suggested 

value of 0.18 for calculations with the Pople-type split valence triple-zeta basis sets.  Figure 5-9 

illustrates a direct comparison of frontier molecular orbital energies and HOMO-LUMO gaps 

obtained at B3LYP, Becke97-1, and PBEh (18% HF exchange) levels. 

A comparison of molecular orbital energies and structures shows that the occupied 

molecular orbitals determined by the three functionals correspond to very similar energies with 

exception of the SOMO (singly occupied molecular orbital) obtained by PBEh.  The unoccupied 

molecular orbital energies have the same qualitative features; however, the energies of these 

orbitals are slightly greater with empirical functionals.  The HOMO-LUMO gap given by the 

PBEh (18% HF) method is closest to its experimental value of optical gap of 1.5 eV in solution.  

For geometry optimization, both GGA and hybrid-GGA functionals give very similar results.  

Hybrid functionals perform better in determining electronic properties of molecules due to the 

inclusion of a fraction of exact exchange.  For electronic properties of organic semiconductors 
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containing transition metals, an empirical-free functional, PBEh, is found to give very similar 

results to Becke’s hybrid functionals, B3LYP and Becke97-1.  The fraction of exact exchange in 

PBEh results in a slightly different HOMO-LUMO gap.  For a given portion of exact exchange 

in the PBEh functional, both triple-zeta and double-zeta basis sets for the C, H, N, and O atoms 

gave very similar results for the electronic structure and HOMO-LUMO gap of VONc.  We thus 

recommend PBEh for DFT calculations of transition-metal containing organic molecules to 

avoid any complications arising from the semi-empirical parameters of the B3LYP and Becke97-

1 methods.  It is more time-efficient to perform these calculations with double-zeta basis sets for 

non-metal atoms based on our DFT results for VONc.  The fraction of the HF exchange energy 

should be selected wisely, since the 18% gave smaller HOMO-LUMO gap than the 25%. 
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Figure 5-9.  Comparison of molecular orbitals of VONc at PBEh (18% HF exchange), B3LYP, 

and Becke97-1 level. 6-311+g(3df, 2pd) for H, C, N, and O, and Stuttgart RSC 1997 ECP for V. 

  

PBEh (18% HF) B3LYP Becke97-1 



115 
 

5.2.4. DFT Electronic Structure of VONc Compared to Other Metal-Ncs 

Electronic structure calculations were also carried out for other metal naphthalocyanines 

to compare the molecular orbital energies and HOMO-LUMO gaps for different metal centers 

(Figure 5-10).  The optimized geometries for CuNc, CoNc, ZnNc, and MgNc have D4h 

symmetry, while both VONc and SnNc demonstrate C4v geometry when fully relaxed.  The 

calculations were performed at PBEh level (25% HF) with the Pople-type split valence triple-

zeta basis sets (6-31g**) representing the atomic orbitals of H, C, and N and Stuttgart RSC 1997 

ECP basis set for metal centers.  Molecular orbital energies were then compared with VONc 

results obtained at the same level.  The HOMOs of the calculated metal naphthalocyanines, 

except for the VONc, have nearly the same energies.  In general, all M-Ncs of the same 

symmetry point group have molecular orbitals of the same symmetry label and similar energetic 

order, and the HOMO-LUMO gaps are within 2.04 ± 0.08 eV.  Significant variations of 

molecular orbital energies are however observed for those orbitals below the HOMO and 

unoccupied orbitals above the LUMO.  Spin splitting energies for open-shell molecules (VONc, 

CuNc, and CoNc) are both qualitatively and quantitatively different.  Based on the DFT 

calculations alone, one could naively expect very similar interfacial electronic structure for these 

molecules on metals.  Although one would expect similar ionization energies and electron 

affinities for these molecules, surface/molecule interactions will play a dominant role in the 

formation of an interface dipole, which directly affects relative energetic positions of the 

molecular states with respect to the Fermi level.  Nevertheless, results from DFT allow 

predictions of the interfacial electronic structural and aid in the assignment of the observed 

spectral features. 
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In summary, the electronic structure of several metal naphthalocyanines shows similar 

HOMO-LUMO gaps with variation mainly due to the energetic positions of the LUMO.  Unlike 

the M-Ncs calculated here, the VONc molecule has a dipolar vanadium-oxygen bond, and its 

electronics structure is different predominantly due to the shift of both the HOMO and LUMO to 

lower energies.  The variation of the HOMO and LUMO energetic positions for different metal 

centers allows one to control the interfacial electronic structure and energy level alignment in 

organic/metal interfaces. 
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 VONc CuNc ZnNc CoNc MgNc SnNc 

 

Figure 5-10.  Comparison of molecular orbitals of various metal naphthalocyanines at PBEh 

(25% HF) level: 6-31g** for H, C, N, and O, and Stuttgart RSC 1997 ECP for the metal centers.  
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6. ELECTRONIC STRUCTURE AND DYNAMICS OF QUASI-2D 

STATES OF VANADYL NAPHTHALOCYANINE ON AU(111) 

6.1. Motivation and Background 

The electronic structure of vanadyl naphthalocyanine was determined by high level DFT 

calculations and results were compared to the calculated electronic structure of other metal 

naphthalocyanines at the same level.  In chapter 5 of this thesis, it was shown that the relative 

energetic positions of the HOMO and LUMO of VONc are sensitive to the choice of exchange-

correlation functional and were somewhat tunable by changing the metal center in the 

naphthalocyanine backbone.  The electronic density of states of VONc obtained from DFT 

results also show reasonable agreement with the experimental DOS of 10 monolayer VONc film 

on HOPG measured by UPS (Figure 5-3). 

HOPG is a conductive material with no surface density of states, hence surface / 

molecule interactions in VONc/HOPG system are weak, also demonstrated by UPS and 2PPE 

experiments  [26,103,114,135].  This means that VONc/HOPG enables the study of primarily the 

VONc film, with only subtle effects arising from interface formation with HOPG. Surface / 

molecule interactions in the case of VONc on a metal surface are expected to be stronger than in 

the VONc/HOPG system due to the coupling to surface electronic states present on metals, 

opening an avenue to investigate electronic interactions in 2D.  In this chapter, the evolution of 

the interfacial electronic structure and dynamics of thin films of VONc on Au(111) is discussed 

and analyzed.  All data presented in this chapter have been previously published  [58].  Using 

angle-resolved two-photon photoemission, a comprehensive coverage- and excitation-energy-

dependent characterization of the electronic structure and the resulting dynamics of short-lived 
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image potential resonances (IPRs) on Au(111) are presented.  The study of these quasi-two-

dimensional (quasi-2D) bands of Au (111) is enabled by molecular adsorption and reveals a 

significant lengthening of their lifetimes.  The resonances remain, however, significantly coupled 

to the continuum of bulk bands of Au(111) even in the presence of the organic adsorbate, giving 

rise to Fano-like quantum interference and ‘intensity switching’ effects.  This is the first 

experimental observation of a Fano resonance for an image potential resonance on a surface.  

Here, I will also show that coupling to the continuum is also responsible for providing excitation 

pathways to the image potential manifold above and below optical resonance with the Shockley 

surface state.  The organic semiconductor interface and quasi-2D bands investigated here provide 

a model for understanding the role of quantum effects in ultrafast dynamics of confined systems 

and at interfaces such as those that are relevant e.g. for interfacial charge-transfer processes in 

organic electronics. 

Two-dimensional (2D) surface states are excellent laboratories for quantum mechanics in 

reduced dimensionality.  The prototypical example is the Shockley surface state located in the L-

gap of the (111) faces of noble metals.  This state has been the subject of extensive experimental 

and theoretical investigations, allowing the study of hole dynamics in reduced dimensionality, 

effects of spin–orbit coupling in confined electron systems, and mediation of adsorbate 

interactions on a surface  [51,136–139].  With the advent of two-photon photoemission (2PPE) 

with exquisite energy, momentum and time resolution, it has become possible to extend these 

studies to excited 2D states such as image potential states  [19,140–143].  Such states arise from 

confinement of an excited electron between a potential barrier at the surface band gap and the 

long-range Coulomb potential established between the electron and its positive image charge.  

This gives rise to a hydrogenic Rydberg series (principal quantum number n) pinned to the 
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vacuum level  [144,145].  While bound normal to the surface, image potential states display free-

electron-like behavior in the plane of the surface. 

For Cu(111) and Ag(111), the lowest image potential state (𝑛 = 1) lies inside the surface 

gap at the origin of the Brillouin zone, leading to true confinement at the surface and thus, 

relatively long lifetimes  [146,147].  In contrast, for Au(111), image potential states are 

embedded inside the continuum above the L1-edge (see Figure 6-1), and mixing with this 

continuum properly identifies them as image potential resonances (IPRs).  Consequently, they 

have much shorter lifetimes and broader spectral widths, as also confirmed by recent many body 

calculations  [148].  Despite the fact that IPRs offer a well-defined model for a 2D state coupled 

to a 3D continuum, and despite the fact that questions of quantum dynamics in confined systems 

coupled to a continuum arise prominently also in studies of interfacial charge-transfer e.g. in 

solar photoconversion  [149], only a small number of experimental and theoretical reports on 

IPRs exist  [150–157]. 

Electronic structure and carrier dynamics in the image potential manifold may be 

investigated by 2PPE spectroscopy  [158,159].  Wavefunction overlap arguments suggest that 

due to their 2D character, image potential states can be directly optically excited from a Shockley 

surface state.  Naively, one might expect that for a given value of 𝑘𝑘|| (electron momentum in the 

plane of the surface), image potential states can only be excited with one specific photon energy 

from the Shockley surface state (Figure 6-1a).  This is in fact not the case, as has been 

demonstrated elegantly in the case of Cu(111)  [159]: quasi-elastic scattering by surface defects 

leads to simultaneous observation of both Shockley and 𝑛 = 1 image potential states even 

outside optically resonant excitation.  The extent to which this is still true in the case of an IPR, 

an image potential state embedded in a bulk continuum, is however not clear: the intrinsic 
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lifetime is shortened due to coupling to the continuum states, potentially becoming too short for 

scattering processes to play a role in populating 𝑛 = 1, and thus leaving resonant excitation from 

a specific combination of momentum and energy as the only option for exciting the IPR. 

 

 

Figure 6-1.  (a) Surface-projected band structure of Au(111) with lower band edge (LBE), upper 

band edge (UBE), n = 1, 2 IPRs and Shockley surface state (n = 0). Also shown in blue is the 

optically resonant excitation from the Shockley state to n = 1. VL: vacuum level. (b) Quantum 

interference for excitation and detection of via direct excitation from |0⟩ and indirectly via a 

coupled continuum of states |𝑈𝐵𝐸𝐸⟩. 

 

For IPRs, coupling to the continuum could lead to quantum interference effects in the 

excitation cross-section: as shown in Figure 6-1b, the IPR (|1⟩) may be simultaneously excited 

directly from the surface state (|0⟩) and via the continuum (|𝑈𝐵⟩), giving rise to a Fano 
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resonance.  Fano resonances on surfaces have indeed been observed for the first time very 

recently on Si(100) and in momentum-space maps of C60 on Au(111)  [160,161].  The IPR on 

Au(111) provides thus a model system to measure directly factors controlling the coupling of a 

confined quasi-2D quantum system to a continuum, the fingerprints of which are expected to 

appear in the 2PPE excitation spectra. 

An experimental investigation of IPRs on the paradigmatic bare Au(111) surface is 

however difficult to realize due to the high excitation energies required: Au(111) has a work 

function of 5.50(1) eV, requiring rather high photon energies to excite even the lowest of the 

IPRs, n = 1.  Moreover, the IPR feature is weak and broad, generally only detected in the 2PPE 

spectra as a small shoulder to the dominant Shockley state peak  [156].  This makes an analysis 

of the spectral evolution as a function of excitation energy challenging.  The vacuum level and 

IPR energies can however be lowered in the presence of an adsorbate layer.  This layer not only 

induces an interface dipole that lowers the vacuum level  [37,162] and IPR energies, but also 

affects the coupling strength and continuum density of states available for coupling.  In favorable 

cases, these changes can be controlled by varying the surface coverage of the adsorbate. Such 

effects are expected to be particularly prominent in the case of physisorbed π-conjugated organic 

adsorbates, opening thus the door for a detailed investigation of electronic structure and 

dynamics in such quasi-2D manifolds. 

As a first step in this direction, we present here a characterization of the interfacial 

electronic structure of the organic macrocycle vanadyl naphthalocyanine (VONc) on Au(111).  

As demonstrated in a recent combined experimental and computational study of the valence band 

structure of this interface, this molecule undergoes physisorption on Au(111)  [37].  Here, we use 

this fact to investigate in momentum (𝑘𝑘) and energy (𝐸𝐸) space the properties of IPRs as 
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paradigmatic quasi-2D bands.  Excitation energy- and coverage-dependent angle-resolved 2PPE 

(AR-2PPE) spectroscopy enables us to identify the main electronic states at this interface.  We 

show that in the range of excitation energies investigated here, VONc fulfils the role of a 

spectroscopically mostly silent control parameter of the electronic structure in the quasi-2D 

manifolds.  While adsorption of VONc substantially increases the lifetime of the IPRs, the 

residual coupling to the continuum plays nevertheless a major role in controlling their dynamics.  

In particular, we find evidence for energy-dependent intensity-switching and quantum 

interference, suggesting that molecular adsorption may be used to tailor dephasing and energy 

relaxation processes in reduced dimensions and at interfaces. 

This chapter is organized as follows: in section 6.2 the theory of Fano resonance is briefly 

presented.  In section 6.3, we detail the experimental and data analysis procedures.  Section 6.4 

shows the spectroscopic evidence for detection of the various interfacial electronic states at 

different VONc coverages.  Section 6.5 investigates the spectroscopic fingerprints of IPR 

coupling to the continuum, and we finish with a brief conclusion and outlook. 

6.2. The Theory of Fano Resonances 

The resonance line profiles of IPS of Au(111) are investigated to study the quantum 

interference effects arising due to resonant excitation of the image potential states (really IPRs) 

from the Shockley surface state and the continuum band above the upper band edge of Au(111).  

Such quantum interference effects were first observed in autoionizing states of atoms in UV 

absorption spectra.  The fundamental line shape of a resonance is typically described by a 

Lorentzian, usually as the result of Golden Rule considerations.  In 1961, Ugo Fano discovered a 

new type of resonance resulting from quantum interference effects in autoionizing states of 
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atoms  [163].  Fano extensively investigated the line profiles of high energy excitation levels in 

the far-UV absorption spectra of atoms and molecules and showed that the absorption lines 

embedded in the ionization continuum of atomic (and molecular) spectra are manifestations of 

quantum interference effects due to interactions between a discrete level and a broad continuum.  

Unlike the situation giving rise to a Lorentzian-shaped resonance, the Fano resonance has a 

distinctly asymmetric line shape, characteristic of interacting quantum systems  [164]. Since then 

and beyond, the Fano resonance has been observed in various quantum systems, such as quantum 

dots, nanowires, tunnel junctions, and plasmonic materials  [165–169]. 

The autoionization process is defined as the decay of discrete states into ionized 

(continuum) states of equal total energy.  Consequently, the absorption lines are broadened by 

the finite lifetime of autoionizing states.  The profile of lines broadened by autoionization 

contains information on interchannel interactions due to the presence of two excitation pathways 

(channels): (i) direct excitation from the ground state to the continuum and (ii) indirect excitation 

through resonant excitation of the discrete state decaying into the bulk continuum  [170].  The 

Fano theory calculates separate probability amplitudes for the direct and indirect transition 

processes. The absorption probably for each photon energy is determined from the square of the 

sum of separate amplitudes.  Within the Fano resonance formalism, the departure of the square 

of the sum amplitudes from the sum of their squares for the direct and indirect (auto-ionized) 

transitions (i.e. |∑ 𝜓𝜓𝑖𝑖 |2 ≠ ∑ |𝜓𝜓𝑖|2𝑖 ) indicates quantum interference between these transitions.  If 

there is no interference between the direct and indirect transitions, a symmetric line is observed 

on top of a smooth continuum.  The sign of the complex probability amplitude of the discrete 

excitation depends on the sign of the difference between the energy of the absorbed photons and 

the energy of the discrete state.  Therefore the probability amplitude has opposite values for 
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photon energies above and below the resonance resulting in constructive interference on one side 

of the line center and destructive on the other.  The total absorption falls below the level of the 

surrounding continuum for destructive interference, giving the line an asymmetric shape and a 

shifted maximum [163].  

The theory of the interference of a discrete autoionized state with a continuum is 

particularly applicable for Rydberg series of discrete levels; though originally developed for 

atomic and molecular Rydberg series, it is this correspondence that suggests the existence of 

Fano resonances for image potential manifolds as well.  A basic treatment of the autoionization 

of stationary states was performed earlier by Rice  [171].  Ugo Fano extended this work by 

analyzing the asymmetric peak of the of 2s2p autoionizing level in He, measured by Silverman 

and Lassettre  [172], and obtained line-shape parameters.  He developed the procedures needed 

for the quantitative analysis of experimental data and demonstrated the significance of the 

parameters obtained from analyzing the line shape profiles.  He reformulated the earlier 

theory  [173] of autoionization and brought out the connection with the theory of scattering in the 

proximity of a resonance  [174].  He further extended the theory to explain continuous spectra of 

different configurations with a single discrete autoionized level.  Additionally, the theory was 

also applied to describe the interaction of multiple discrete levels with one continuous spectrum.  

A brief summary of the theory of Fano resonance is given below for the configuration 

mixing of a single discrete autoionized state and a continuum spectrum.  The Fano profile 

parameters are related to transition matrix elements of the system; hence quantitative analysis of 

experimental data by Fano theory gives quantitative information about these matrix elements not 

directly accessible by experiment.  The image potential states of Au(111) are discrete states in 

resonance with the bulk continuum above the sp-band gap of Au(111) and analysis of the line 
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profile of these states will give information about quantum interference effects arising from 

autoionization of these Rydberg-like states. 

6.2.1. One Discrete State and One Continuum 

For a system with a number of zero-order states, labeled 𝜑 for the discrete configuration 

state and 𝜓𝜓𝐸  for the continuum of states, the following matrix elements constitute the portion of 

the energy matrix that needs to be diagonalized: 

⟨𝜑|𝐻|𝜑⟩ = 𝐸𝐸 , eq. 6-1 

⟨𝜓𝜓𝐸′|𝐻|𝜑⟩ = 𝑉𝑉𝐸′  , eq. 6-2 

⟨𝜓𝜓𝐸′′|𝐻|𝜓𝜓𝐸⟩ = 𝐸𝐸′𝛿(𝐸𝐸′′ − 𝐸𝐸′) . eq. 6-3 

Note that |𝑉𝑉𝐸|2 has units of energy due to normalization procedure for continuum states. 

The corresponding eigenvectors as a function of energy are obtained as 

|𝛹𝐸⟩ = 𝑎|𝜑⟩ + ∫𝑑𝑑𝐸𝐸′𝑃𝑃𝐸′|𝜓𝜓𝐸′⟩.  eq. 6-4 

𝑃𝑃𝐸′ =
|𝑉𝐸′|
𝜋𝑉𝐸

∗
𝑠𝑖𝑛∆
𝐸−𝐸′

− 𝑐𝑃𝑃𝑠∆ ∙ 𝛿(𝐸𝐸 − 𝐸𝐸′)   eq. 6-5 

∆= −𝑎𝑃𝑃𝑐𝑡𝑎𝑛 � 𝜋
𝑧(𝐸)�  .  eq. 6-6 

The amount that the pure state |𝜑⟩ contributes to the excited coherent superposition, 𝑎2, is given 

by a Lorentzian, as expected from Golden rule: 

𝑎 = 𝑠𝑖𝑛∆
𝜋𝑉𝐸

= 1
𝜋

1
2𝛤

(𝐸−𝐸0)2+�𝛤2�
2  , eq. 6-7 
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where 𝐸𝐸0 represent the center of the peak and 𝛤 is a the width of the distribution.  In eq. 6-6, ∆ 

represents the phase shift resulting from the configuration interaction of 𝜓𝜓𝐸  and 𝜑.  In semi-

classical scattering theory, one employs the special condition of 𝑧𝑧 = 𝑖𝜋𝜋.  In the theory of Fano 

resonance, 𝑧𝑧(𝐸𝐸) is instead taken as an energy-dependent real function and is expressed as 

𝑧𝑧(𝐸𝐸) = 𝐸−𝐸𝜑−𝐹(𝐸)
|𝑉𝐸|2   , eq. 6-8 

𝐸𝐸𝑟 = 𝐸𝐸𝜑 + 𝐹(𝐸𝐸) , eq. 6-9 

𝐹(𝐸𝐸) = 𝑃𝑃 ∫𝑑𝑑𝐸𝐸′
�𝑉𝐸′�

2

𝐸−𝐸′
  , eq. 6-10 

where 𝑃𝑃 indicates principal value.  𝐹(𝐸𝐸) represents a shift of the apparent resonance energy, 𝐸𝐸𝑟, 

with respect to 𝐸𝐸𝜑.  |𝑉𝑉𝐸′|2 is an indicator of strength of the configuration interaction. 

The probability of excitation of the true eigenstate |𝛹𝐸⟩ (see eq. 6-4) is the squared 

matrix element of a transition operator between an initial state |𝑖⟩ and the state |𝛹𝐸⟩.  This matrix 

element is related to the phase shift parameter ∆ and is expressed as 

⟨𝛹𝐸|𝑇𝑇|𝑖⟩ = 1
𝜋𝑉𝐸

∗ ⟨𝜙𝜙|𝑇𝑇|𝑖⟩ 𝑠𝑖𝑛∆ − ⟨𝜓𝜓𝐸|𝑇𝑇|𝑖⟩ 𝑐𝑃𝑃𝑠∆  , eq. 6-11 

where |𝜙𝜙⟩ is the discrete state modified by an admixture of states of the continuum: 

|𝜙𝜙⟩ = |𝜑⟩ + 𝑃𝑃 ∫𝑑𝑑𝐸𝐸′ 𝑉𝐸|𝜓𝐸⟩
𝐸−𝐸′

  . eq. 6-12 

Since 𝑠𝑖𝑛∆ is an even function and 𝑐𝑃𝑃𝑠∆ is an odd function of ∆, the excitation 

probability results from the interference of ⟨𝜙𝜙|𝑇𝑇|𝑖⟩ and ⟨𝜓𝜓𝐸|𝑇𝑇|𝑖⟩ with opposite phase on the two 

sides of the resonance.  Fano pointed out that the quantitative analysis of the experimental 
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measurements will give the resonance energy 𝐸𝐸𝑟 rather than the energy of the unperturbed 

discrete level, 𝐸𝐸𝜑.  Such analysis will also yield the matrix element ⟨𝜙𝜙|𝑇𝑇|𝑖⟩, which is the 

transition from initial state to the “modified” discrete state, instead of the transition to 

unperturbed state, ⟨𝜑|𝑇𝑇|𝑖⟩.  The ratio of the probability of excitation from the stationary initial 

state to the discrete final state |𝛹𝐸⟩, to the probability of excitation of the unperturbed continuum 

|𝜓𝜓𝐸′⟩, is expressed as 

|⟨𝛹𝐸|𝑇|𝑖⟩|2

|⟨𝜓𝐸′|𝑇|𝑖⟩|2
= (𝑞+𝜖)2

1+𝜖2
= 1 + 𝑞2−1+2𝑞𝜖

1+𝜖2
 , eq. 6-13 

where 𝜖𝜖 is the reduced energy and is defined as 

𝜖𝜖 = −𝑐𝑃𝑃𝑡∆= 𝐸−𝐸𝑟
𝜋|𝑉𝐸|2 = 𝐸−𝐸𝑟

1
2𝛤

 . eq. 6-14 

𝛤 is the spectral width of the autoionizing state, |𝜑⟩: 

𝛤 = 2𝜋𝜋|𝑉𝑉𝐸|2 , eq. 6-15 

𝑞𝑞 is the Fano parameter, which is defined as 

𝑞𝑞 = ⟨𝜙|𝑇|𝑖⟩
𝜋 𝑉𝐸

∗ |⟨𝜓𝐸|𝑇|𝑖⟩|
 = [⟨𝜑|𝑇𝑇|𝑖⟩] + 𝑃𝑃 ∫𝑑𝑑𝐸𝐸′

⟨𝜑|𝐻|𝜓𝐸′⟩ ⟨𝜓𝐸′|𝑇|𝑖⟩
𝐸−𝐸′

  eq. 6-16 

× 1
𝜋⟨𝜑|𝐻|𝜓𝐸⟩ ⟨𝜓𝐸|𝑇|𝑖⟩

  . 

Note that the probability of excitation of 𝜓𝜓𝐸  is proportional to the sum of squared matrix 

elements of a vectorial or tensorial set of operators 𝑇𝑇𝑞, representing the components of the dipole 

moment operator. 
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From eq. 6-16, a number of spectral parameters can be obtained directly.  The spectral 

width, 𝛤, depends on the interaction matrix element between the discrete autoionizing state |𝜑⟩ 

and the resonance continuum state ⟨𝜓𝜓𝐸′|, i.e. 

𝛤 = 2𝜋𝜋⟨𝜓𝜓𝐸′|𝐻|𝜑⟩2 = ℏ
𝜏
 , eq. 6-17 

where 𝜏 is the mean lifetime of the discrete state.  A Fano profile analysis can therefore directly 

yield the lifetime of an autoionizing state.  Further, the maximum fractional depth of the 

depression in the continuous absorption spectrum is the result of both repulsion and interference 

of two continuum states (i) 𝛹𝐸  (produced by autoionization) and (ii) 𝜓𝜓𝐸′ (generated by direct 

absorption from the ground state |𝑖⟩).  𝜌𝜌 is the overlap integral of 𝛹𝐸  and 𝜓𝜓𝐸′ and defined as: 

𝜌𝜌 = ⟨𝜓𝜓𝐸′|𝛹𝐸⟩  . eq. 6-18 

The magnitude of 𝜌𝜌 informs therefore on the relative strength of the two pathways. Each of the 

above processes (direct and indirect transitions) can take place through several alternative 

continuum channels.  Details of the interaction determine the resulting superposition of these 

channels.  For an orthogonal superposition, 𝜌𝜌 = 0, the direct photo-absorption spectrum remains 

unaffected (symmetric line profile). 

In his later work  [175], Fano extended his theory to describe the line profile of the 

ionizing continuum by the excitation cross section.  The total cross-section can be partitioned 

into two separate terms: (1) 𝜎𝑎 involves the interaction of autoionized state with the continuum, 

and (2) 𝜎𝑏 represents direct photoionization into the continuum in the absence of autoionization.  

𝜎𝑎 and 𝜎𝑏 are defined as 
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𝜎𝑎 = 4𝜋𝜋2  𝑒
2

ℏ𝑐
 𝐸𝐸 |⟨𝛹𝐸|𝑧𝑧|𝑖⟩|2  , eq. 6-19 

= 4𝜋𝜋2
𝑒𝑒2

ℏ𝑐
 𝐸𝐸 

[ ∑  ⟨𝜑|𝐻|𝜓𝜓𝐸′⟩ ⟨𝜓𝜓𝐸′|𝑧𝑧|𝑖⟩ 𝐸 ]2

∑  |⟨𝜑|𝐻|𝜓𝜓𝐸′⟩|2𝐸
  , 

and 

𝜎𝑏 = 4𝜋𝜋2  𝑒
2

ℏ𝑐
 𝐸𝐸 ∑  |⟨𝜓𝜓𝐸′|𝑧𝑧|𝑖⟩|2𝐸 − 𝜎𝑎 . eq. 6-20 

where 𝑧𝑧 represents the dipole moment operator.  The interaction between the continuum states 

and the discrete state causes 𝜎𝑎 to be multiplied by the ratio of the transition probability of 

autoionization to the probability of direct dipole transition as 

𝜎𝑎 × |⟨𝛹𝐸|𝑧|𝑖⟩|2

|⟨𝜓𝐸′|𝑧|𝑖⟩|2
= 𝜎𝑎

(𝑞+𝜖)2

1+𝜖2
  , eq. 6-21 

and thus the absorption profile in the ionization continuum of spectra is described simply by  

𝜎(𝜖𝜖) = 𝜎𝑎
(𝑞+𝜖)2

1+𝜖2
+ 𝜎𝑏  , eq. 6-22 

where 𝜖𝜖 is the reduced energy: 

𝜖𝜖 = 𝐸−𝐸𝑟
1
2𝛤

 .  eq. 6-23 

𝜎(𝜖𝜖) represents the absorption cross-section for photons of energy E.  𝑞𝑞, 𝛤, 𝜎𝑎, and 𝜎𝑏 are 

energy independent parameters in the proximity of the absorption line. 

Fano’s formalism  was used to characterize a large number of absorption lines in rare 

gases with widely varying line profiles, and compared to crude estimates of the matrix elements 

of energy and electric dipole moment  [176–179].  The results were found to be in general, 
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remarkably good agreement, indicating the general validity of the Fano formalism to investigate 

autoionizing states.  It is this validity that makes this formalism also relevant for quasi-2D 

surface states. 

6.3. Experimental Methods 

6.3.1. Sample Preparation 

The polished Au(111) crystal was purchased from Princeton Scientific (99.999% purity) 

and introduced into an ultrahigh vacuum (UHV) chamber pumped with a combination of 

turbomolecular, ion and sublimation pumps to a base pressure of 5 × 10−10 Torr.  Upon initial 

introduction into vacuum, the crystal was annealed overnight at 550◦C, followed by repeated 

sputtering with Ar+ (1.2 keV, 20 μA) and annealing.  The presence of a clean, ordered 22 × 

√𝟑 surface was established by the emergence of narrow Tamm surface states in angle-resolved 

ultraviolet photoelectron spectroscopy (AR-UPS), a work function of 5.50(1) eV and a narrow, 

dispersive Shockley surface state with an effective mass meff =0.22(1) (see below)  [37].  Work 

function and effective mass values agree well with values reported in the 

literature  [150,180,181]. 

VONc was purchased from Sigma-Aldrich and used without further purification.  Prior to 

evaporation, the Knudsen cell was slowly ramped to the deposition temperature (470◦C) in order 

to promote degassing without prolonged exposure to excessive cell temperatures that would risk 

thermal decomposition of VONc.  No signs of thermal decomposition were found in XPS, UPS 

or TPPE spectroscopy of VONc on highly oriented pyrolytic graphite (HOPG) or 

Au(111)  [26,37,103,135].  Sample deposition occurred at 0.4 Å /min, with 4 Å corresponding 

approximately to the equivalent of a monolayer.  The effective film thickness was measured 
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using a quartz crystal microbalance and calibrated against the known global vacuum level shift 

of VONc on HOPG  [26,103].  The samples were subsequently annealed overnight at 150◦C, 

resulting in a flat-lying orientation of the VONc molecules on the surface  [37]. 

6.3.2. Photoelectron Spectroscopy 

The sample was introduced into a photoelectron spectrometer (VG EscaLab MK II) 

equipped with an integrated sample heater, and all spectra were obtained at room temperature.  

Each film was first analyzed using He(I) UPS (SPECS UVS 10/35, 30◦ angle of incidence from 

normal) in order to determine the global vacuum level and the evolution of occupied levels at the 

VONc/Au(111) interface.  2PPE was initiated using the frequency-tripled output of a Ti:sapphire 

oscillator (80 MHz repetition rate, 100 fs pulse duration).  The ultrafast laser pulses were 

compressed in a prism pair and introduced into the UHV chamber through a fused silica 

viewport.  The laser beam was incident in p-polarization at an angle of 53◦ relative to the surface 

normal.  Pulse energy was kept at or below 350 pJ, and no evidence of space charging or laser-

induced sample damage was observed. 

2PPE spectra, recorded with both photons of the same energy and polarization, were 

obtained with a sample bias of −3 V in order to sharpen the secondary electron edge in the 

spectrum.  From the deconvolution of the Fermi edge, a spectral resolution of 89(8) meV was 

determined.  For fitting, the spectra were background-subtracted typically with a linear function; 

this empirical procedure introduces a minimal number of parameters and was found to represent 

the 2PPE spectra of both bare and covered Au surfaces well, leading to robust fits of spectra at 

all photon energies and angles investigated in this and our previous photoemission study of 

VONc/Au(111)  [37]. 
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6.3.3. Effective Mass Measurements 

In order to establish the dispersion of specific surface bands, the analyzer acceptance 

angle was restricted to ±1.5°.  The sample was rotated along an axis perpendicular to both the 

principal spectrometer axis and the laser beam.  Angular measurements extended typically from 

𝑘𝑘|| ≈ −0.15 Å−1 to 𝑘𝑘|| ≈ 0.15 Å−1 with a momentum resolution of 0.03 Å−1, where 𝑘𝑘|| is the 

momentum component parallel to the surface. 

The effective mass was determined by measuring the angular dependence of the 

photoelectron kinetic energy. Since 𝑘𝑘|| is conserved upon photoemission, its value can be 

obtained from 

𝑘𝑘|| = �2𝑚𝑒𝐸𝑘𝑖𝑛
ℏ

𝑠𝑖𝑛𝜃𝜃  , eq. 6-24 

where 𝑚𝑚𝑒 is the electron mass in vacuum, 𝐸𝐸𝑘𝑖𝑛 is the kinetic energy of the photoelectron and 𝜃𝜃 is 

the emission angle relative to the surface normal.  Using the values obtained for 𝑘𝑘|| in eq. 6-24 

and fitting the energy to a parabola affords the effective mass 𝑚𝑚𝑒𝑓𝑓. 

6.3.4. Reference Energy Levels 

While all spectra are initially recorded in terms of their kinetic energy 𝐸𝐸𝑘𝑖𝑛, 2PPE spectra 

will be reported here in terms of the final state energy 𝐸𝐸𝑓𝑖𝑛𝑎𝑙.  This energy measures the total 

energy above the Fermi level 𝐸𝐸𝐹 after light absorption: photoelectrons originating from occupied 

states with energy 𝐸𝐸𝑜𝑐𝑐 have a final state energy 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 = 𝐸𝐸𝑜𝑐𝑐 + 2ћω − 𝐸𝐸𝐹, with a slope of 2 

when plotting 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 against the photon energy ћω, while photoelectrons from unoccupied states 

with energy 𝐸𝐸𝑜𝑐𝑐 have a final state energy 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 = 𝐸𝐸𝑢𝑛𝑜𝑐𝑐 + 2ћω − 𝐸𝐸𝐹, with a slope of 1 in a 



134 
 

plot of 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 against the photon energy.  This procedure was thus used to assign the origin of the 

different features observed in the 2PPE spectra of VONc/Au(111).  For image potential states, 

the binding energy relative to the vacuum level is the relevant quantity, which can be obtained 

from the work function Φ and 𝐸𝐸𝑓𝑖𝑛𝑎𝑙.  For UPS, the conventional binding energy scale is used. 

6.3.5. Spectral Decomposition 

The UPS spectra are straightforward to analyze, providing principally the global work 

function and the binding energy of the Shockley surface state.  The evolution of the HOMO 

region (highest occupied molecular orbital) as a function of coverage reveals two separate 

features, identified as HOMO of the wetting layer and of the multilayer.  The latter dominates at 

coverages larger than 8 Å. 

The 2PPE spectra are significantly more congested, and only a careful iterative and 

global fitting approach including different coverages and photon energies together with 

dispersion measurements was able to yield a reliable assignment of the different features.  For 

this purpose, the known energies of the different HOMO (wetting- and multi-layer) and the 

Shockley surface state were used as guidance from UPS.  As discussed in more detail in Section 

3, the photon dependence and the energies of all detected features agree well with values 

expected from our previous studies on VONc and with signatures expected from occupied and 

unoccupied states  [135].  Note that on this surface, no evidence for excited molecular states was 

observed  [114,115]. 

Spectral features were fit with a Gaussian line shape except for the n = 1 IPR, where 

fitting with a Voigt profile due to the short lifetime yielded better results.  For each feature, the 

full width at half-maximum (FWHM) was kept tightly bound across all coverages and photon 
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energies in order to minimize issues of correlation of fitting parameters.  Where a spectral feature 

overlaps with the Fermi edge, a convolution of both profiles was used.  The higher uncertainty 

associated with such features was taken into account in the global analysis.  Finally, relative peak 

intensities vary considerably across spectra taken with different excitation energies, but only 

marginally between experimental data sets.  The fitted intensities represent therefore a 

reasonable measure of the variations in the excitation cross-sections of the different states. 

6.4. Results 

6.4.1. Identification and Overview of Spectra Features 

In order to arrive at a reliable identification of spectral features, we first discuss briefly 

the UP spectra, acquired in the AR-UPS setup.  Figure 6-2 shows the spectra for a range of 

coverages between 0 and 8 Å and for two different emission angles.  The thicknesses correspond 

nominally to a range of 0–2 monolayer equivalents. All spectra can be fit in a straightforward 

fashion by including the Fermi edge. 
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Figure 6-2. Coverage-dependent AR-UPS spectra and fits of VONc on Au(111) for (a) normal 

emission and (b) emission at a take-off angle of 26°. 

 

At normal emission, growth of two distinct features is observed: the peak at a binding 

energy 𝐸𝐸𝐵 = −0.62(2) eV and FWHM of 𝛤𝑊𝐿 = 0.24(2) eV dominates at low coverages and 

corresponds to the VONc HOMO in the wetting layer (HOMOWL).  This is in agreement with 

dispersion-corrected periodic calculations for this molecule and surface as well as previous 

measurements on graphite  [26,37].  Though already visible at the lowest coverages for normal 

emission, a second peak (𝐸𝐸𝐵 = −0.81(2) eV and FWHM of 𝛤𝑊𝐿 = 0.21(2) eV) increases with 

coverage and dominates at 8Å and beyond.  The observed dependence on film thickness and the 

known electronic structure of VONc allow assignment of this peak as the VONc multilayer 

HOMO (HOMOML).  Also clearly visible is the sharp Shockley surface state, already largely 

suppressed in AR-UPS at 2 Å. 
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The assignment of the molecular features is further corroborated by the AR-UPS spectra 

acquired at a polar emission angle of 26°. HOMOWL and HOMOML are non-dispersive, as 

expected for weakly interacting molecules growing in a somewhat disordered fashion on the 

Au(111) surface as observed by scanning tunneling microscopy (STM)  [182].  Due to the angle 

dependence of photoemission selection rules, the intensity of HOMOWL reaches a maximum at 

this angle, characteristic of VONc molecules lying flat on the substrate  [37,55,183,184].  This 

adsorption geometry is also in agreement with calculations and STM data at coverages below 

one monolayer  [37,182].  In contrast, the HOMOML appears at this photoemission angle only at 

somewhat higher coverages, suggesting a slightly different orientation in the film and a higher 

level of orientational disorder than in the wetting layer.  Indeed, the intensity of HOMOML is 

much less sensitive to emission angle than HOMOWL, as expected for a more disordered 

adsorption mode.  Note that at this angle, the Shockley surface state has crossed 𝑬𝑬𝑭 and can no 

longer be observed in UPS even for the thinnest coverages. 

Figure 6-3 shows the evolution of the work function with VONc coverage, resulting in a 

work function change 𝛷 = −0.75(2)eV at 4 Å.  Thus, adsorption of VONc lowers the vacuum 

level and IPRs pinned to it to energies that can be probed conveniently with the photon energies 

available from our laser system.  The work function change is characteristic of physisorption of 

oriented VONc, as confirmed in a recent computational and photoelectron spectroscopy study on 

this system  [37].  The work function continues to decrease slowly with coverage, saturating only 

at much higher coverages at tens of Å. 
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Figure 6-3.  Evolution of work function for VONc on Au(111) between 0 and 2 nominal 

monolayers.  Error bars are obtained as uncertainties from a fit of the secondary electron cut-off. 

 

From the AR-UPS data, we have thus identified three spectral features in the vicinity of 

𝐸𝐸𝐹, each with coverage-dependent intensity.  All three are expected to be observed in 2PPE. 

Additional features and transitions to excited states such as IPRs are anticipated as well, leading 

thus to much more heavily congested spectra.  Spectral decomposition was however possible by 

an iterative global fitting procedure of all 2PPE spectra acquired at different coverages and 

photon energies.  We discuss next the result of this procedure by starting with two exemplary 

photon energies, before showing the evolution with coverage and photon energy. 

Guidance as to the nature of observed features in the 2PPE spectra of VONc films on Au 

can be obtained by first inspecting the 2PPE spectrum of bare Au(111).  Such a spectrum is 

shown in Figure 6-4, acquired at a photon energy ℏω = 4.96 eV and 𝛤 , and is dominated by 

direct two-photon photoemission from the Shockley surface state.  With a binding energy of 
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0.80(2) eV vs. vacuum level (4.7 eV above 𝐸𝐸𝐹), the 𝑛 = 1 IPR is accessible at this excitation 

energy but is only visible as a weak shoulder at high final state energies.  The binding energy is 

in good agreement with results from angle-resolved inverse photoemission (IPES)  [185,186].  

The energy of the 𝑛 = 2 IPR is too high to be accessed with the available excitation energies.  

Also visible at lower 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 is a feature stemming from the continuum above the L1-edge, the 

upper band edge (UBE).  The UBE is located at 3.62(1) 𝑒𝑒𝑉𝑉 above 𝐸𝐸𝐹, in good agreement with 

previous measurements and calculations  [156,186,187]. 

 

 

Figure 6-4.  AR-2PPE spectrum of bare Au(111) at ℏω = 4.96 eV and 𝑘𝑘|| = 0 Å−1, showing the 

UBE, Shockley surface state (SS) and 𝑛 = 1 IPR. 

 

Figure 6-5 shows the 2PPE spectrum of a 4 Å film of VONc, acquired at 𝑘𝑘|| = 0 Å−1 and 

ℏ𝜔 = 4.96 𝑒𝑒𝑉𝑉, as well as the result of the global fitting routine and associated residuals.  The fit 
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contains a number of overlapping features and reproduces the spectrum well.  Even though 

adequate fits can be obtained containing fewer peaks for this or any one particular 2PPE 

spectrum, we emphasize that all spectral features are necessary in order to obtain reasonable fits 

for the entire set of spectra acquired across all coverages, photon energies and electron momenta. 

The Gaussian feature at 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 = 8.59(2) eV (dark green) corresponds to photoemission 

from the UBE.  With an energy of 𝐸𝐸𝑢𝑛𝑜𝑐𝑐 = 3.62(1) eV above 𝐸𝐸𝐹, it is, as expected, located at 

the same energy as in bare Au(111). At 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 =  8.84(1) eV (orange) we identify the 𝑛 = 1 

IPR.  A Voigt profile is necessary to fit this feature for all spectra, indicating that the lifetime of 

this IPR is short even when somewhat decoupled from the surface by the VONc ad-layer.  The 

resulting binding energy with respect to the vacuum level is 𝐸𝐸𝑛=1 = 0.89(1) eV, slightly larger 

than the 0.85 eV for a strictly hydrogenic progression with zero quantum defect and shifted to 

larger binding energy than for the bare surface  [145], indicating a weak coupling of the IPR to a 

molecular anion level  [115,135].  The next feature at slightly higher final state energy (navy) is 

assigned to direct photoemission from the lower band edge (LBE).  Arising from occupied 

levels, its energy is 𝐸𝐸𝑜𝑐𝑐 = −1.01(4) eV relative to 𝐸𝐸𝐹, which is in good agreement with the 

known projected band structure of Au(111)  [187].  Its unusually large intensity stems likely 

from near-resonant photoemission via IPR 𝑛 = 1, a fact whose implications will be discussed in 

more detail below.  In olive and red at final state energies of 9.13(2) eV and 9.32(2) eV, we find 

two occupied states that correspond to HOMOML and HOMOWL, with 𝐸𝐸𝑜𝑐𝑐 =  −0.81(4) eV and 

𝐸𝐸𝑜𝑐𝑐 = −0.59(3) eV, in excellent agreement with the AR-UPS results.  Clearly separated from 

all these peaks are two overlapping features at final state energies of 9.63(2) eV and 9.70(1) eV, 

belonging to the 𝑛 = 2 IPR (purple) and the Shockley surface state (pink).  The binding energy 

of the 𝑛 = 2 IPR relative to the vacuum level is 𝐸𝐸𝑛=2 = 0.08(3) eV, and unlike on the bare Au 
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surface, this state is now optically accessible due to the decreased vacuum level in the film.  As 

an occupied state, the Shockley surface state is located at a binding energy of 𝐸𝐸𝑜𝑐𝑐 =

 −0.25(3) eV, slightly higher than for the bare Au surface. 

 

 

Figure 6-5.  AR-2PPE spectrum of 4 Å VONc on Au (111) at 𝑘𝑘|| = 0 Å−1 and ℏω = 4.96 eV 

(open circles).  Also shown are spectral fit (solid black line) and residuals (lower panel) with 

features representing the UBE (dark green), 𝑛 = 1 (orange), LBE (navy), HOMOML and 

HOMOWL (olive and red), n = 2 (purple) and Shockley surface state (pink). The line in cyan 

represents the background (BG). 

 

To demonstrate the drastic changes of the 2PPE spectra with excitation energy, Figure 

6-6 shows the experimental spectrum, fit and residuals for the same 4 Å film obtained at 𝛤 but 

now acquired with a photon energy of ℏω = 4.33 eV.  Changes in the number of observed 
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spectral features and their photoemission cross-section lead to an overall dramatically different 

appearance of the 2PPE spectrum.  Moreover, the relative position of the spectral features has 

changed substantially, since 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 is determined by whether a level is occupied or unoccupied.  

This is seen e.g. by the fact that the UBE is now observed sandwiched between HOMOML and 

HOMOWL at the low-energy tail of the spectrum.  Moreover, at this relatively low photon energy, 

excitation of the LBE and 𝑛 = 2 IPR is no longer possible.  In contrast, the Shockley surface 

state (pink) appears much enhanced due to near-resonance with the 𝑛 = 1 IPR, as discussed in 

more detail in section 6.5.1.  The analysis of the spectra in the face of such complex spectral 

changes is thus only possible by taking into account all results from AR-UPS, AR-2PPE of bare 

Au, coverage, and photon energy dependence.  A summary of these results is given in Table 6-1 

and will be discussed in more detail in the following sections. 
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Figure 6-6.  AR-2PPE spectrum of 4 Å VONc on Au(111) at 𝑘𝑘|| = 0 Å−1 and ℏω = 4.33 eV 

(open circles).  Also shown are spectral fit (solid black line) and residuals (lower panel) with 

features representing the UBE (dark green), 𝑛 = 1 (orange), HOMOML and HOMOWL (olive and 

red) and Shockley surface state (pink).  The line in cyan represents the background (BG). 

 

6.4.2. Photon Energy Dependence 

Evidence for the correct identification of all these features is provided in part by studying 

the photon energy dependence of each feature.  As mentioned in section 6.3.4, the slope of the 

final state energy plotted against the photon energy ћ𝝎 is 2 for occupied levels and 1 for 

unoccupied levels.  We use this to verify the character of each of the fitted features, and the 
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results are shown in Table 6-1 and Figure 6-7 using the same color code as in Figure 6-6.  Each 

of the occupied levels, i.e. HOMOML, HOMOWL, Shockley surface state, and LBE, displays 

indeed a slope of∼ 2 where observed, while the two IPRs and UBE have a slope of ∼ 1, in 

excellent support of our assignment.  Strikingly, not all features are observable across the 

complete photon energy range investigated.  This is easily understood for the 𝑛 = 2 IPR:  this 

level is located at 𝐸𝐸𝑢𝑛𝑜𝑐𝑐 = 4.66(2) eV with respect to 𝐸𝐸𝐹 (see Table 6-1) and can thus no longer 

be accessed at photon energies below 4.65 eV.  We note further that photoemission from the 

LBE is no longer detected at photon energies below 4.6 𝑒𝑒𝑉𝑉, corresponding to the band-edge-to-

band- edge energy separation in the L-gap.  Photoemission with smaller photon energies would 

require excitation of a virtual state in the L-gap with a much smaller photoemission probability 

than at ℏω >  4.6 eV, where transitions from bulk state to bulk state are possible  [188].  

Interestingly, HOMOWL and HOMOML display similar behavior in that regard as the LBE:  once 

the photon energy is small enough to require transition via a virtual state inside the gap, their 

photoemission cross-section drops significantly, rendering them undetectable in our data.  While 

all these observations provide independent confirmation of our spectral assignment, they also 

suggest that the molecular wavefunction is noticeably coupled to the electronic states of 

Au(111):  photoemission from HOMOWL and HOMOML is enhanced as soon as the continuum 

states of Au above L1 are available.  This is rather different from VONc on HOPG, where the 

VONc HOMO could be observed in 2PPE irrespective of excitation energy  [115,135]. We 

return to this point in section 6.5.2 when investigating the optical properties of the IPRs. 

A final observation from the photon dependence of the spectral features concerns the 

occurrence of a number of optical resonances: at specific energies, the two IPRs can be 

resonantly excited at 𝜞 from the Shockley state, and LBE and HOMO features overlap with the 
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𝑛 = 1 IPR at specific excitation energies as well.  The VONc/Au(111) system presents thus an 

excellent opportunity to investigate resonance effects in the quasi-2D IPR manifolds. 

 

Table 6-1. Summary of energies, effective masses and photon-dependence of spectroscopic 
features for 4 Å VONc on Au(111). 

Feature Energy vs. 𝐸𝐸𝐹  (𝑒𝑒𝑉𝑉) Slope Effective mass 𝑚𝑚𝑒𝑓𝑓 

HOMOWL -0.82(2) 1.97(3) - 

HOMOML -0.59(2) 1.98(3) - 

Shockley -0.25(2) 1.98(2) 0.24(3) 

𝑛 = 1 3.89(1)* 1.00(1) 1.0(2) 

𝑛 = 2 4.66(2)** 1.09(4) 0.8(1)*** 

LBE -1.02(3) 1.93(8) - 

UBE 3.62(1) 1.01(1) - 

 

*    0.89(1) eV vs. vacuum level 
**   0.08(3) eV vs. vacuum level 

*** 𝑛 = 2 feature overlaps with Shockley surface state 

 

6.4.3. Coverage Dependence 

The interpretation of the spectra is also consistent with the coverage-dependent behavior 

of the identified peaks.  Figure 6-8 shows selected spectra at 0– 8 Å nominal coverage, acquired 

at ℏω =  4.96 eV and 𝑘𝑘|| =  0 Å−1.  As already seen in UPS, both HOMO features are present 

already at low coverages, with the HOMOWL dominating at low coverages.  Substantial growth 

of HOMOML is observed with increased coverage, in accordance with its identification as the 
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emerging bulk HOMO.  This indicates that VONc does not grow completely in a layer-by-layer 

fashion, as is consistent also with the continued detection of the UBE, LBE and Shockley state 

peaks even at coverages nominally exceeding one monolayer.  Note that compared to UPS, the 

significantly different photon energy and the two-photon nature of the HOMO peaks result in 

very different photoemission selection rules, rendering both easily observable also at 𝑘𝑘|| =

 0 Å−1. 

 

 

Figure 6-7.  Photon energy dependence of the final state energy of all spectral features for 4 Å 

VONc on Au(111).  A slope of Δhν indicates an unoccupied state, while a slope of 2Δhν 

represents photoemission from an occupied level. Error bars represent the instrumental 

resolution. 



147 
 

 

 

Figure 6-8.  Coverage-dependent experimental AR-2PPE spectra (open circles) and fits (solid 

lines) at 𝑘𝑘|| = 0 Å−1 and ℏω = 4.96 eV.  UBE (dark green), 𝑛 = 1 (orange), LBE (navy), 

HOMOML and HOMOWL (olive and red), 𝑛 = 2 (purple) and Shockley surface state (pink).  The 

line in cyan represents the background (BG).  The asterisk marks a spectral feature that appears 

only at thicker coverages and may derive from a molecular excitation. 
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As already seen in UPS, the deposition of VONc appears to quench the Shockley surface 

state partially.  This effect is however less dramatic in 2PPE, where the state can be observed for 

coverages up to 8 Å.  Complete quenching at coverages in excess of 𝟖 Å is however consistent 

with the behavior of a surface state.  Similar observations have already been reported in a few 

2PPE studies of organic molecules on Au(111)  [189,190].  The likely 3D-growth mode of 

VONc on Au(111) leaves parts of the Au surface free even at coverages nominally in excess of 

one monolayer, facilitating observation of features associated with the Au surface.  In addition, 

the scattering cross-section for electrons excited out of the Shockley state is strongly energy 

dependent and thus momentum dependent.  In contrast to the much higher kinetic energies and 

possible final state momentum accessible in AR-UPS, the low energy of electrons in AR-2PPE 

results in a lack of accessible final states to scatter into for the low momentum electrons created 

in 2PPE.  This leads to a higher escape probability of electrons in 2PPE than in UPS and 

suggests that the Shockley surface state is in fact not immediately quenched upon adsorption of 

VONc. 

Careful inspection of Figure 6-8 shows also that this state shifts to higher energies with 

coverage, starting at a binding energy of 𝐸𝐸𝑜𝑐𝑐 = −0.38(2) eV on bare Au(111) and reaching 

𝐸𝐸𝑜𝑐𝑐 =  −0.25(3) eV near a nominal coverage of one monolayer at 4Å.  This energy shift is due 

to compression of the wavefunction upon molecular adsorption and is typical for surface states at 

a variety of adsorbate-covered noble metal surfaces  [36,190].   As will be discussed in section 

6.5.1, considerations regarding the spectral intensity of the Shockley surface state are 

complicated by the presence of optical resonances with the 𝑛 = 1, 2 IPRs. 
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Finally, it can be seen that the spectral evolution of the IPRs is rather different from the 

remainder of the peaks.  The 𝑛 = 2 IPR is absent on bare Au(111) because it is energetically 

inaccessible at this photon energy and 𝑘𝑘||, but appears already at 2 Å due to the significant drop 

in work function.  The coverage dependence of both the 𝑛 = 1 and 𝑛 = 2 IPR features is 

characteristic of states pinned to the vacuum level, shifting towards lower final state energy with 

coverage.  This behavior is unlike all other occupied and unoccupied levels observed here and 

identifies them unequivocally as IPRs.  Note that even at 4 Å, 𝑛 = 1 and 𝑛 = 2 are still located 

above the L1-edge and thus qualify still as IPRs despite the much lower vacuum level. 

IPRs are pinned to the local vacuum level, potentially leading to the existence of multiple 

different IPRs in different physical environments: island growth e.g. would lead to at least two 

distinct local vacuum levels, above an island and above the bare surface, and consequently to 

two distinct 𝑛 = 1 IPRs pinned to these two vacuum levels  [191].  No evidence for such 

behavior is observed.  For low coverages, this is due in part to the short lifetime and low 

photoemission cross-section of the 𝑛 = 1 IPR on bare Au(111), lowering its detection 

probability.  The spectra and fits however also suggest that the growth does not involve 

formation of islands at low coverage but rather somewhat disordered adsorption with VONc 

molecules randomly spread over the surface.  This leads to a largely uniform local vacuum level 

already at a coverage of 2Å, and consequently, only a single 𝑛 = 1 and 𝑛 = 2 IPR feature is 

observed.  This is also consistent with STM data  [182]. 

At higher coverages, spectral congestion prohibits unequivocal assignment of features 

that might be attributed to additional IPRs pinned to the vacuum level of a two monolayer or 

thicker island. Instead, a reasonable spectral fit is obtained by retaining only the spectral features 
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assigned near nominally one monolayer (4 Å). This suggests that growth of the multilayer phase 

does not proceed in a layer-by-layer fashion, consistent with the AR-UPS data. 

6.4.4. Band Structure Measurements 

The final piece of evidence corroborating spectral decomposition and peak assignment 

stems from the momentum dispersion of the spectral features, observed at different excitation 

energies.  As noted earlier, HOMOWL and HOMOML show no dispersion, as expected for flat-

lying physisorbed and weakly interacting molecules.  We concentrate therefore in particular on 

the dispersion properties of the IPRs and the Shockley surface state. Pure image potential states 

are described by free-electron-like wavefunctions in the plane of the surface and are thus 

expected to show parabolic dispersion of the binding energy 𝐸𝐸𝑛: 

𝐸𝐸𝑛�𝑘𝑘||� = 𝐸𝐸𝑛(0) +
ℏ2𝑘||

2

2𝑚𝑒𝑓𝑓𝑚𝑒
  , eq. 6-25 

where 𝑚𝑚𝑒 is the electron mass in vacuum and 𝑚𝑚𝑒𝑓𝑓 ≈ 1 is the effective mass for a free-electron-

like state. At ℏω =  4.49 eV and for the 4 Å coverage, the dispersion of the 𝑛 = 1 IPR is 

displayed in Figure 6-9a, and a parabolic fit of the AR-2PPE spectra results in 𝑚𝑚𝑒𝑓𝑓
𝑛=1 = 1.0(2).  

Note that at this photon energy, the 𝑛 = 1 IPR does not yet overlap with the Fermi edge and 

cannot be excited directly either from the Shockley surface state or from the continuum below 

the LBE.  The effective mass represents therefore purely the dispersion behavior of the 𝑛 = 1 

IPR and is in excellent agreement with a state with image potential character, further confirming 

the spectral assignment. 

Low binding energy, low peak intensity, and resonance with the Shockley surface state 

make a definitive 𝑚𝑚𝑒𝑓𝑓 measurement for the 𝑛 = 2 IPR challenging.  The best estimate is 
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obtained at ℏω =  4.13 eV and a coverage of 3Å, resulting in 𝑚𝑚𝑒𝑓𝑓
𝑛=1 = 0.8(1).  While this is 

close to the expected free electron behavior, this value is somewhat smaller likely due to 

resonance with the Shockley surface state, which confounds the nature of the wavefunction 

sampled by AR-2PPE at this photon energy.  Finally, Figure 6-9b shows the dispersion of the 

surface state with a resulting effective mass of 𝑚𝑚𝑒𝑓𝑓
𝑆ℎ𝑜𝑐𝑘𝑙𝑒𝑦 = 0.23(1).  This effective mass is 

unchanged from that on bare Au(111) and agrees well with previous reports in the 

literature  [138]. 

The comprehensive analysis of the coverage-, excitation energy- and angle-dependent 

2PPE data yields thus a consistent assignment of spectroscopic features observed in this study.  

The characterization of this interface extends much beyond what can be determined by valence 

and core-level spectroscopies alone, and allows further study of the complex electronic structure 

at the VONc/Au(111) interface and the effect of large π-conjugated adsorbates on the electron 

dynamics in quasi-2D surface states. 
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Figure 6-9.  (a) Dispersion and parabolic fit of 𝑛 = 1 for 4 Å VONc/Au(111) measured at 

ℏω =  4.49 eV.  (b) Dispersion of the Shockley surface state measured by AR-2PPE for 3 Å 

VONc/Au(111), measured at ℏω =  4.14 eV.  Error bars reflect the instrumental resolution. 
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6.5. Discussion 

6.5.1. Resonant Excitation of IPRs from the Surface State 

In order to investigate the influence of VONc on the IPR and its coupling to the 

continuum, we investigate the evolution of the spectra with excitation energy more closely.  

Figure 6-10 and Figure 6-11 show the detailed spectral evolution and fits in the spectral regions 

where the 𝑛 = 1 and 𝑛 = 2 IPRs can be resonantly excited from the Shockley surface state (see 

also Figure 6-7), measured at 𝑘𝑘||  =  0 Å−1 and for the 4 Å coverage.  Note that in Figure 6-10, 

the 𝑛 = 1 IPR feature is slightly asymmetric due to overlap with the Fermi edge, modelled by 

convolution of a Fermi distribution with the peak envelope of 𝑛 = 1. 

Close inspection of Figure 6-10 and Figure 6-11 reveals a sharpening and intensity 

increase in the IPRs when they are excited resonantly from the Shockley surface state at 𝑘𝑘||  =

 0 Å−1 (ℏω =  4.14 eV for 𝑛 = 1, ℏω =  4.90 eV for 𝑛 = 2).  Since the Shockley surface state 

dominates the spectra at all excitation energies on bare Au(111), such an effect is much harder to 

observe on bare Au(111).  For 𝑛 = 1, a detailed analysis of the optical resonance is still 

somewhat impeded due to overlap with the Fermi edge at low excitation energies.  We therefore 

concentrate in the following on the properties of 𝑛 = 2. 
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Figure 6-10.  Energy-dependent AR-2PPE spectra and spectral fits in the region of the 𝑛 = 1 

and Shockley state optical resonance (4.14 eV), shown for 4 Å VONc/Au(111), measured at 

𝑘𝑘||  =  0 Å−1.  Opt R.: optical resonance. UBE (dark green), 𝑛 = 1 (orange), HOMOWL (red), 

Shockley surface state (pink) and background (cyan). 
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Figure 6-11.  Energy-dependent AR-2PPE spectra and spectral fits in the region of the 𝑛 = 2 

and Shockley state optical resonance (4.90 eV), shown for 4 Å VONc/Au(111), measured at 

𝑘𝑘||  =  0 Å−1.  UBE (dark green), 𝑛 = 1 (orange), LBE (navy), HOMOML and HOMOWL (olive 

and red), 𝑛 = 2 (purple), Shockley surface state (pink) and background (cyan). 
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A similar effect of narrowing and intensity increase upon optical resonance was reported 

by Wallauer et al. for image potential states on bare Cu(111) using narrow-bandwidth ns-laser 

pulses, later also treated theoretically  [143,159].  Neglecting the effect of the initial state hole in 

the Shockley state  [192], Wallauer and co-workers modelled the spectra as the product of two 

Lorentzian envelope functions representing the image potential and surface state, respectively.  

At energies far from resonant excitation, such a product decomposes approximately into the sum 

of two separate Lorentzians, while on resonance the net width of the product narrows. 

It is not a priori clear that this model can be extended to IPRs coupled to a continuum of 

bulk states.  The data in Figure 6-11 show however that at least in the case of a physisorbed 

molecular layer such as VONc/Au(111), the model is qualitatively correct even for IPRs: the 

intensity increases under conditions of optically resonant excitation and the width of the peak 

profile narrows in resonance.  We note that within the range of observed energies, 𝑛 = 1 follows 

the same trend as 𝑛 = 2 when excited resonantly from the Shockley surface state (Figure 6-10).  

We suggest that coupling to the continuum at this physisorption interface such that it largely 

preserves the optical properties known from image potential states. 

6.5.2. IPR Excitation Profile 

Coupling to the continuum above L1 may potentially lead to quantum interference effects 

in the excitation profile: the IPR can be excited directly or via the bulk continuum, and the two 

transition moment amplitudes interfere, with the relative phase controlled by the excitation 

energy (Figure 6-1b).  This is the case of a Fano resonance, giving rise to asymmetric excitation 

profiles.  Inspecting once more the optical resonance in the 𝑛 = 2 IPR manifold in Figure 6-11, 

we find that as a function of excitation energy the intensities of the Shockley state and the 𝑛 = 2 
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IPR experience ‘intensity switching’ upon crossing the resonance: below resonance the IPR 

generally dominates, while above resonance the Shockley surface state carries most of the 

excitation cross-section.  This is reminiscent of the asymmetric intensity distributions for the 

image potential states on Si(100) and for C60/Au(111) in k-space, where the observation of 

quantum interference was reported  [158,160,161]. 

In order to investigate the presence of interference more quantitatively, we determined 

the normalized peak intensity of the 𝑛 = 2 IPR as a function of excitation energy (Figure 6-12) 

from the same 4 Å film data shown in Figure 6-11.  The intensity profile shows a clear peak at 

resonance; most strikingly, it is rather asymmetric with an envelope that is far from Lorentzian.  

Note that the peak area undergoes a similar evolution with excitation energy.  Such asymmetric 

envelopes, 𝜎(𝐸𝐸), are a hallmark of quantum interference effects, consistent with the observed 

‘intensity switching’, and can be fit by the Fano expression  [163], 

𝜎(𝐸𝐸) = 𝜎𝑎
(𝑞+𝜀)2

1+𝜀2
+ 𝜎𝑏  , eq. 6-26 

where 𝜎𝑎 is the excitation cross-section for bulk states coupled to 𝑛 = 2, 𝜎𝑏 is the excitation 

cross-section for direct photoemission via the continuum states, 𝑞𝑞 is the Fano parameter 

describing the ratio of the resonance and continuum excitation amplitude, and 𝜀 is the reduced 

energy, 𝜀 =  𝐸−𝐸𝑟
𝛤 2⁄

, with 𝐸𝐸𝑟 the energy for optical resonance (due to interference not necessarily 

identical to the intensity maximum) and 𝛤 the natural width of the optical resonance.  Small 

absolute values of 𝑞𝑞 indicate significant quantum interference, while for 𝑞𝑞 → ∞ the Fano profile 

approaches a Lorentzian distribution. 
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The solid curve in Figure 6-12 represents a fit to eq. 6-26, resulting in 𝑞𝑞 =  −2.9(3), 

𝐸𝐸𝑟 = 4.90(1) eV and 𝛤 = 0.09(1) eV.  The values of 𝑞𝑞 and 𝐸𝐸𝑟 indicate that the 𝑛 = 2 IPR is 

coupled to the continuum even on an adsorbate-covered Au(111) surface.  The satisfactory fit in 

Figure 6-12 is thus also consistent with the attribution of intensity switching in Figure 6-11 to 

quantum interferences.  Moreover, the ratio  𝜎𝑎/𝜎𝑏 ≈ 0.97 further suggests that the excitation of 

the IPR coupled to continuum states contributes substantially to the excitation pathway. 

The existence of a Fano resonance in the 𝑛 = 2 manifold and the coupling to continuum 

states implied by it shed light on several other observations in the electronic structure at this 

interface.  When exciting the 𝑛 = 1 IPR near-resonantly from the LBE, the intensity of the LBE 

appears unusually enlarged.  This is seen e.g. in the 2PPE spectrum of Figure 6-5 at ℏω =

 4.96 eV.  Since the IPRs are indeed coupled to the continuum of the Au bulk bands, two-photon 

photoemission from the LBE is thus expected to be enhanced by borrowing transition amplitude 

from the 𝑛 = 1 IPR.  Moreover, the HOMO peaks are not observed except at energies in excess 

of the L-gap.  This suggests that the two-photon transition from the HOMOs borrows intensity 

from the continuum above the upper band edge and indicates that the VONc wavefunction 

contains Au surface character, perhaps enhanced in the excited state manifold. 

A detailed investigation of the excitation profile of the much broader 𝑛 = 1 IPR is not 

possible in this system due to the considerable overlap with the Fermi edge in some excitation 

energy ranges.  We note however that no clear indication of ‘intensity switching’ is observed in 

those spectra. The 𝑛2 scaling of the ‘size’ of image potential states suggests that the 𝑛 = 1 

resonance should be even more strongly coupled to the continuum, and naively Fano resonance 

and ‘intensity switching’ would be expected.  Quantum interference effects require, however, 

phase coherence; rapid dephasing would destroy the interference and therefore lead to a 
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suppression of Fano resonance behavior.  As is well known, dephasing times on clean metal 

surfaces increase indeed with the quantum number n, and phase coherence may thus be 

sufficiently retained for 𝑛 = 2 while being largely lost in the 𝑛 = 1 manifold  [193].  We 

however cannot exclude completely that the spectral congestion and the complications arising 

from the proximity of the Fermi edge also obscure the correct development of the intensity 

envelopes of the Shockley state and 𝑛 = 1 IPR. 

 

 

Figure 6-12.  𝑛 = 2 peak intensity as a function of excitation energy (solid squares). The solid 

line represents a fit to a Fano profile with 𝑞𝑞 = −2.9(3). 
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6.5.3. Origin of Spectral Features 

The final striking aspect defining the electronic structure of the 𝑛 = 1, 2 IPRs pertains to 

how both the IPRs and the Shockley surface state are detected for excitation both above and 

below resonance at 𝑘𝑘||  =  0 Å−1.  In some excitation energy ranges, the reason for this is 

straightforward, as illustrated for the case of 𝑛 = 1: the IPR is energetically accessible (i) by 

resonant excitation from the Shockley surface state (ℏω =  4.14 eV) and (ii) by excitation from 

bulk initial states below the LBE (L2, ℏω ≥  4.89 eV).  Furthermore, (iii) the Shockley surface 

state is observable by coherent absorption of two photons at all excitation energies used.  These 

processes are shown in Figure 6-13a and b.  (iv) The detection of the 𝑛 = 1 IPR at energies 

above resonance with the Shockley surface state but at energies lower than necessary for 

excitation from bulk initial states below the LBE, i.e. 4.89 eV ≥  ℏω ≥  4.14 eV, arises e.g. 

from excitation of continuum states above the UBE, followed by rapid scattering into the bottom 

of the 𝑛 = 1 band (Figure 6-13c).  Such processes must be fast on the time-scale of the laser 

pulse (∼ 100 fs), and they are facilitated by the coupling of the IPR wavefunction to the bulk 

continuum, present due to the resonance character of 𝑛 = 1 and observed also in the excitation 

envelope of 𝑛 = 2. 

More surprising is the fact that the 𝑛 = 1 IPR is detected at 𝑘𝑘||  =  0 Å−1 and ℏω ≤

 4.14 eV, i.e. nominally at energies that lie inside the surface band gap.  We suggest that this is 

due to excitation at 𝑘𝑘|| ≠ 0 Å−1, from the highly dispersive Shockley state to the much less 

dispersive IPR band, followed by rapid quasi-elastic or inelastic scattering to the bottom of the 

𝑛 = 1 band (process (v), Figure 6-13d).  The widely differing dispersion properties of the 

Shockley state and IPR make such transitions energetically possible.  Such scattering processes 
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would lead to fast dephasing, as already tentatively suggested by the absence of quantum 

interference effects in the excitation envelope of 𝑛 = 1 (see section 6.5.2). 

Rapid dephasing on clean and covered metal surfaces has been observed directly in the 

time domain  [194–196], and in the case of bare Cu(111) these results are in agreement with 

high-resolution steady-state 2PPE measurements  [159].  Scattering processes may be enhanced 

by the presence of the molecular adlayer (defect scattering), by phonon scattering in the bulk or 

the molecules or by electron-electron scattering.  The latter is thought to be a minor pathway on 

clean Cu(111)  [196], but may be more important for the IPRs on Au(111) due to the bulk 

penetration of the wavefunction.  At the same time, a VONc affinity level is energetically close 

and vibronically coupled to 𝑛 = 1, as indicated by an 𝑛 = 1 binding energy in excess of 0.85 eV 

and similar to the situation in VONc/HOPG  [115,135].  We suggest that coupling to molecular 

anion levels may play an important role in the dephasing processes of the surface-state-to-image-

band optical resonance, and that such coupling is likely generally important at hybrid interfaces 

with large π-conjugated organic semiconductors due to typically large, positive electron affinities 

and a high density of soft vibrational modes  [197].  While time-resolved measurements will be 

needed to determine the precise origin of the scattering processes at this organic semiconductor 

interface, we conclude that rapid dephasing processes are necessary to understand the 2PPE 

spectra and resonance effects in the quasi-2D states of this complex surface in full. 
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Figure 6-13.  (a) Resonant excitation at 𝑘𝑘||  =  0 Å−1 of 𝑛 = 1 from the Shockley surface state 

(i) and from the continuum below the LBE/L2-edge (ii).  (b) Coherent two-photon photoemission 

from the Shockley surface state not involving IPRs (iii).  (c) Excitation of the continuum above 

L1 from the Shockley state 𝑘𝑘|| = 0 Å−1 followed by scattering into the 𝑛 = 1 IPR band (iv).  (d) 

Resonant excitation of 𝑛 = 1 from the Shockley surface state at 𝑘𝑘|| ≠ 0 Å−1 followed by 

scattering towards the bottom of the 𝑛 = 1 IPR band (v). 
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6.6. Conclusions 

IPRs represent well-defined models for studying the interaction of a confined 2D system 

with a 3D continuum, amenable to controlled manipulation by adsorbate layers, and potentially 

shedding light on the dynamics of interfacial charge-transfer processes from organic molecules.  

Here, we present a detailed characterization of such a system by means of angle-resolved two-

photon photoemission.  From a comprehensive spectroscopic characterization over a wide range 

of 2PPE excitation energies and coverages, we find that adsorption of physisorbed VONc on 

Au(111) leads to spectra dominated by the 𝑛 = 1, 2 IPRs and the Shockley surface state, with 

minor contributions from the VONc HOMOs and the Au band edges.  Importantly, VONc 

performs mostly the role of a spectator that allows us to investigate the electronic structure of the 

quasi-2D IPRs on Au(111).  We find pronounced resonances for excitation of the IPRs from the 

Shockley surface state, bearing the characteristics of energy-dependent dephasing processes and 

quantum interference effects with the bulk continuum. 

Investigations of excited state manifolds afford a rich understanding of the factors 

determining interfacial electronic structure and dynamics.  A detailed understanding of such 

metal/organic interfaces is still missing, despite its importance in a number of novel technologies 

such as organic photovoltaic cells, thermoelectrics or field-effect transistors  [7,24,198–200].  

The data presented here offer an avenue to study factors that may be important in charge-transfer 

events in reduced dimensionality such as those found e.g. at interfaces. 

VONc played an important role in studying the quantum interference effects due to 

autoionization of image potential resonances on Au(111).  In the absence of VONc on the 

surface, the decay time of these image potential resonances were too fast to allow detailed 



164 
 

analysis of their line profiles.  Scattering and dephasing processes at the VONc/Au(111) 

interface explain the observation of image potential resonances at excitation energies less or 

greater than the optical resonance energy of the Shockley surface state.  A fundamental 

understanding of such processes is important with direct relevance to indirect excitation and 

charge transfer pathways at organic/metal interfaces.  Therefore, quasi-2D surface electronic 

states serve as an excellent model in characterization of direct and indirect electronic transition 

states involving single- and multi-channel excitation pathways. 
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7. SURFACE-MEDIATED INTERACTIONS CONTROLLED BY 

MOLECULAR ORIENTATION 

7.1. Motivation and Background 

Results in the previous chapter clearly revealed the importance of organic thin films on 

the 2D surface state dynamics.  One would then wonder how a 2D surface state influences the 

electronic structure of organic thin films and even the molecular film organization.  In this 

chapter I discuss a study of surface state mediated intermolecular interactions in order to shed 

light on this question. 

Here, I present the first quantitative analysis of orientation-dependent intermolecular 

interactions on a surface and show that chloro-boron subphthalocyanine (ClB-SubPc), another 

prototypical dipolar organic semiconductor, self-assembles in fundamentally different ways on 

Cu(111) as a result of two different adsorption orientations.  Intermolecular interactions are 

mediated by the two-dimensional nearly-free electron gas (2DEG) of the Cu(111) surface state, 

modified by orientation-dependent electrostatic and electrodynamic intermolecular forces.  This 

indicates different interfacial electronic structure for different adsorption configuration of the 

molecules on the surface, which also directly controls energy level alignment and electron 

dynamics in device-relevant interfaces.  Understanding these differences in the molecular 

organization and the local electronic structure provides physical insight into the mechanism of 

surface-self-assembly of complex π-conjugated organic molecules, an essential step towards 

understanding and controlling the forces that determine electronic structure at organic 

semiconductor interfaces. 
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7.2. Experimental 

To investigate surface/molecule and molecule/molecule interactions of ClB-SubPc 

(Figure 7-1b) on Cu(111), we performed low-temperature scanning tunneling microscopy (STM) 

imaging under ultrahigh vacuum (UHV) conditions.  Cu(111) was cleaned by repeated sputter 

and anneal cycles.  Purified ClB-SubPc molecules were sublimated at 453 K onto Cu(111) at a 

substrate temperature of 203 K in a separate preparation chamber.  Following deposition, the 

sample was immediately transferred to the cooled microscope head.  All STM images were 

obtained using electrochemically etched tungsten tips in constant-current mode at 5 K. 

Coverage-dependent and temperature-dependent STM experiments (at and below room 

temperature) showed no indication of dissociation of the Cl atom from ClB-SubPc on Cu(111). 

7.3. Results and Discussion 

A typical STM image of 0.04 ML ClB-SubPc on Cu(111), Figure 7-1b, shows that 

individual molecules appear as bright protrusions with triangular shape, and the 3C  molecular 

axis is oriented perpendicular to the surface.  Strikingly, the molecules display only two types of 

contrast in constant-current STM, which we assign to two preferred adsorption geometries that 

differ in the direction in which the terminal chloride ion is projected.  We assign molecules with 

high central electron density (bright center) as oriented “Cl-up” (Cl facing vacuum), while the 

configuration with lower electron density (darker center) corresponds to “Cl-down” (Cl facing 

Cu surface), in agreement with previous studies of the adsorption properties of dipolar 

phthalocyanines  [103,201]. 
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Figure 7-1.  (a) Chemical structure of ClB-SubPc and (b) STM image of 0.04 ML ClB-SubPc on 

Cu(111) obtained at 5 K (73.8 nm × 52.6 nm, sample bias Vs = -2.0 V; tunneling current It = 50 

pA). 

 

The difference between the two adsorption geometries is evident in all STM images, but 

becomes more prominent when using a functionalized tip: In Figure 7-2, “Cl-up” molecules 

display additional electron density in their center when imaged in constant-current STM mode 

due to the Cl atom pointing towards vacuum. 
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Figure 7-2.  High resolution STM image of ClB-SubPc on Cu(111) measured with a 

functionalized tip, showing two distinct adsorption geometries: “Cl-up” and “Cl-down” (5 K, 

0.04 ML, 8 nm × 9.4 nm, sample bias 𝑉𝑉𝑆 = 0.06 V, tunneling current 𝐼𝐼𝑡 = 100 pA). 

 

We use nearest-neighbor separations between ClB-SubPc molecules, determined from 

constant-current STM images to quantify the lateral intermolecular interactions, similar to an 

approach developed previously  [46,202,203].  In thermal equilibrium at temperature 𝑇𝑇, the 

interaction potential 𝐸𝐸𝑖𝑛𝑡(𝑑𝑑) is obtained from a comparison of the probability distribution, 𝑔(𝑑𝑑), 

of finding nearest-neighbor pairs of molecules at separation distance 𝑑𝑑 with a random 

distribution 𝑓𝑟𝑎𝑛(𝑑𝑑) of non-interacting molecules: 𝐸𝐸𝑖𝑛𝑡(𝑑𝑑) = −𝑘𝑘𝐵𝑇𝑇 𝑙𝑙𝑛[𝑔(𝑑𝑑) 𝑓𝑟𝑎𝑛(𝑑𝑑)⁄ ].  Previous 

work for adatom distributions on the surface of a metal with an occupied Shockley surface state 

showed preferential lateral interatomic spacing at multiples of half the Fermi wavelength, 

𝜆𝜆𝐹 2⁄   [204].  This finding was later rationalized by Hyldgaard and Persson as impurity scattering 

in a 2DEG  [45].  In this model, the surface state mediated interaction energy is given by 
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𝐸𝐸𝑖𝑛𝑡(𝑑𝑑) ≅ −𝐴(𝛿𝐹 , 𝑃𝑃) �4𝜖𝐹
𝜋2
� 𝑠𝑖𝑛[2𝑞𝐹(𝑑−2𝑎)+2𝛿𝐹]

[𝑞𝐹(𝑑−2𝑎)]2   , eq. 7-1 

where 𝐴 is a dimensionless scattering amplitude determined by the phase shift, 𝛿𝐹, and the 

reflection amplitude, 𝑃𝑃, for the scattering of surface-state electrons.  The radius 𝑎 is the effective 

impurity scattering radius, 𝜖𝜖𝐹 is the surface band edge and 𝑞𝑞𝐹 is the Fermi wave vector.  For 

atomic adsorbates, this model potential was found to capture correctly i) the observed local 

energy minima at spacing of integer multiples of 𝜆𝜆𝐹 2⁄ , manifesting themselves also as peaks in 

the histogram of nearest-neighbor distances 𝑔(𝑑𝑑), and ii) an interaction strength amplitude that 

scales as 1 𝑑𝑑2⁄  (Figure 7-3).  Interactions mediated by the perturbation of the surface electronic 

structure have also been invoked to explain molecular self-assembly in CoPc/Cu(111)  [205], 

benzene/Cu(111)  [206], and benzene/Au(111)  [207,208]. 

 

 

Figure 7-3.  Interaction energy determined by the phase shift model developed by Hyldgaard 

and Persson for adsorbate scattering within the surface state band  [45]. 
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Figure 7-4a shows circular standing wave patterns appear around isolated ClB-SubPc 

molecules of both adsorption geometries.  Such Friedel oscillations are the hallmark of surface-

mediated interactions, described by eq. 7-1, and suggest the importance of surface-state-mediated 

preferred intermolecular distances in molecular self-assembly also for ClB-SubPc on Cu(111).  

To examine this issue more closely, we make the assumption that two-body interactions 

dominate, and we use the histogram 𝑔(𝑑𝑑) of measured nearest-neighbor pair distances (center to 

center) of ClB-SubPc on Cu(111) (Figure 7-4b), extracted from 42 constant-current STM images 

(total of 2,790 molecules) using the Gxsm software package.  The dashed curve represents a 

random distribution of non-interacting molecules  [2]: 

𝑓𝑟𝑎𝑛(𝑑𝑑) = �2𝜋𝜋∆𝑛 𝑛2

𝐿2
� �1 − 𝜋𝜋 𝑑2

𝐿2
�
𝑁
�𝜋𝐿

2+(4−𝜋)𝑑2−4𝑑𝐿
𝜋𝐿2

�  , eq. 7-2 

where 𝑑𝑑 is the nearest-neighbor intermolecular distance, ∆𝑑𝑑 indicates the histogram bin size (2Å 

in our analysis), 𝑛 represents the number of images of 𝐿 × 𝐿 dimension analyzed, and 𝑁is the 

total numbers of molecules per image.  The expression for the random distribution, 𝑓𝑟𝑎𝑛(𝑑𝑑), 

includes three factors.  First, the number of possible nearest-neighbor pairs increase linearly with 

separation 𝑑𝑑.  Second, we need to account for the probability of finding a molecule a distance 𝑑𝑑 

from a selected molecule when no third molecule is present at smaller distance.  And finally, we 

have to correct for the finite image size of the measured STM images (581 Å × 581 Å), which 

gives fewer nearest-neighbor pairs at large separations  [202]. 

The observed distribution clearly demonstrates periodic modulations in the frequency of 

nearest-neighbor distances, with significant deviations from a random distribution (𝑓𝑟𝑎𝑛(𝑑𝑑), 

dashed curve).  The modulations are also clearly observable in a plot of 𝐸𝐸𝑖𝑛𝑡(𝑑𝑑), with a period of 
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13 Å, and are damped by 1 𝑑𝑑2⁄ , in good agreement with a Fermi wavelength of 𝜆𝜆𝐹 = 29Å  [209] 

for bare Cu(111) and the model in eq. 7-1. 

 

 

Figure 7-4.  (a) STM image of standing waves formed near ClB-SubPc molecules (5 K, 0.04 

ML, 17.4 nm × 17.6 nm, 𝑉𝑉𝑆 = −0.2 V, and 𝐼𝐼𝑡 = 30 pA).  “Cl-up” molecules appear with a 

brighter center than “Cl-down” molecules.  Both orientations of ClB-SubPc act as scattering 

centers.  (b) Nearest neighbor pair distance distribution for 0.04 ML ClB-SubPc on Cu(111), 

determined from 42 STM images (2,790 molecules) measured at 5 K.  The dashed curve 

represents a random distribution, 𝑓𝑟𝑎𝑛(𝑑𝑑), for non-interacting molecules.  (c) Interaction energy 

for nearest neighbor molecules obtained from (b).  The potential minima are indicated by arrows. 
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The presence of two different molecular orientations on the Cu(111) surface enables a 

closer examination of the relevant intermolecular interactions, with important consequences for 

self-assembly and the interfacial electronic structure.  Nearest-neighbor pair distance histograms 

were thus calculated separately for each of the two preferred adsorption orientations. Figure 7-5a 

and Figure 7-5c show histograms for “Cl-up only”- (869 molecules) and “Cl-down only”- (1,712 

molecules) molecular pair distances up to 72 Å. 

The number of occurrences of molecules of opposite orientation (e.g. “Cl-down” with 

nearest-neighbor “Cl-up”) at a distance closer than the closest molecule of like orientation was 

found to be negligible from analysis of orientation-dependent nearest-neighbor distance 

distributions obtained by two different methods and shown in Figure 7-6.  Blank columns 

represent the distribution of nearest-neighbor molecular pairs of the same orientation.  Filled 

columns exclude molecular pairs where one molecule in the pair (of same orientation) is nearer 

to a molecule of the opposite orientation.  Results from both methods are compared for “Cl-up” 

molecules in figure (Figure 7-6a) and for “Cl-down” molecules in figure (Figure 7-6b).  The pair 

distance distribution obtained by these two methods show negligible difference at pair distances 

less than 25 Å for “Cl-up” molecules and less than 30 Å for “Cl-down” molecules.  At larger 

distances, the distributions are qualitatively the same, with minor population differences that do 

not affect any of our conclusions. 
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Figure 7-5.  Nearest-neighbor pair distance distribution for 0.04 ML ClB-SubPc on Cu(111), 

determined from 39 STM images measured at 5 K (dashed curves represent a random 

distribution).  Interaction energy potentials between two nearest-neighbor molecules were 

calculated from corresponding histograms. (a) and (b):  “Cl-up only” (869 molecules). (c) and 

(d):  “Cl-down” only (1,712 molecules). 
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Figure 7-6.  Nearest-neighbor pair distance histograms for 0.04 ML ClB-SubPc on Cu(111) 

measured from 39 STM images obtained at 5 K for (a) “Cl-up only” orientation and (b) “Cl-

down only” orientation. Blank columns (all) indicate intermolecular distances measured between 

all molecules of the same orientation.  Filled columns (selective) represent pair distances for only 

those ClB-SubPc molecules ((a) Cl-up and (b) Cl-down) where no molecule of opposite 

orientation was closer. 

 

The distribution of molecules on Cu(111) clearly demonstrate orientation-specific 

behavior:  Although both “Cl-up only” and “Cl-down only” pairs favor intermolecular 

separations around 16 Å, nearest-neighbor distances of 20 − 24 Å are disproportionately rarer 

for “Cl-down only” pairs.  Even though “Cl-down” molecules dominate at this coverage by a 
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ratio of 2:1, both histograms differ from the orientation-averaged distribution shown in Figure 

7-4b.  The interactions between molecular pairs of opposite orientations extend to much longer 

distances than for molecular pairs of the same orientation.  Orientation-dependent intermolecular 

interactions were explored for nearest-neighbor pairs of opposite orientations (“Cl-up”/”Cl-

down” pairs).  The resulting histogram is compared against the “Cl-up only”, “Cl-down only”, 

and orientation-independent histograms (see Figure 7-7).  The most striking difference is 

observed when the “Cl-up”/”Cl-down” nearest-neighbor distance distribution is compared with 

the “Cl-up only” distribution:  “Cl-up” molecules favor interactions with “Cl-down” molecules at 

pair distances in the range of 26– 36 Å.  Clearly, the intermolecular interactions between like-

pairs are different than interactions between pairs of opposite orientation. 

 

 

Figure 7-7.  Comparison of the orientation dependent nearest-neighbor distance distribution for 

0.04 ML ClB-SubPc on Cu(111) measured from STM images obtained at 5 K (39 STM images 

for “Cl-up only”, “Cl-down only”, and “Cl-up”/”Cl-down” pairs; 42 STM images for “all 

orientations”). 
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To understand the orientation-dependent intermolecular interactions, the corresponding 

interaction potentials are computed and further analyzed as shown in Figure 7-5b and Figure 

7-5d.  For “Cl-up only” pairs, the first potential minimum has an amplitude of (55 ± 15) meV 

and is attractive for pair distances up to 22 Å, while for “Cl-down only” pairs it is somewhat 

shallower ((43 ±  15) meV) and only attractive for distances < 18 Å.  Strikingly, the potential 

barrier observed in the “Cl-down only” potential in the range of 20 − 24 Å is almost completely 

absent for “Cl-up only” pairs.  These observations are clear evidence for orientation-dependent 

lateral intermolecular interactions. 

Surface-state mediated interactions (eq. 7-1) create a potential barrier beyond the first 

potential minimum, and the absence of such a barrier for “Cl-up” pairs is indicative of additional 

attractive forces.  We model these forces with a dispersive van der Waals interaction using a 

one-dimensional Lennard-Jones potential, 𝐸𝐸𝐿−𝐽(𝑑𝑑) = 4𝜀[(𝜎 𝑑𝑑⁄ )12 − (𝜎 𝑑𝑑⁄ )6], where 𝜀 is the 

depth of the potential well and 𝜎 is the intermolecular distance at which the potential turns 

repulsive.  In addition, the intrinsic molecular dipole moment of ClB-SubPc is expected to give 

rise to a long range dipole-dipole repulsive potential, 𝐸𝐸𝑑𝑖𝑝𝑜𝑙𝑒(𝑑𝑑) = |𝜇|2 4𝜋𝜋𝜖𝜖𝑑𝑑3⁄ .  Figure 7-5b 

shows a sum fit of the interaction potential with all three components: surface-state mediated 

interactions (SMI), van der Waals interactions (L-J), and dipole-dipole repulsion, yielding 

excellent agreement with the experimental data.  The fitted model gives a phase shift of 𝛿𝐹 =

(−0.52 ± 0.07)π, a scattering amplitude of 𝐴 = 0.55 ± 0.32, and a molecular scattering 

diameter of 2a = (8.2 ± 1.4) Å, slightly smaller than its van der Waals diameter of ~10 Å 

estimated from the L-J fit.  This slight difference is in keeping with the character of 2a as an 

effective diameter, as already found for an Ir-complex on Cu(111)  [203].  The periodicity of the 
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SMI potential is determined to be 13.1 Å, in agreement with / 2Fλ  of Cu(111)  [210]. Good fits 

are obtained for an effective dipole moment 𝜇 of 7.0 D (sum of molecular and image dipole), in 

reasonable agreement with an unscreened gas phase value of 4.5 D calculated by density 

functional theory (no image dipole contribution).  Note that while van der Waals interactions are 

essential to capture the proper behavior of 𝐸𝐸𝑖𝑛𝑡(𝑑𝑑) for “Cl-up” pairs, the dipolar repulsion term is 

somewhat correlated with the L-J potential depth.  Neglecting dipolar repulsion results only in a 

slight increase of the L-J potential minimum, without noticeable changes to other fit parameters 

as discussed later. 

We use the same model to understand the “Cl-down” interaction potential (Figure 7-5d), 

which clearly shows that the dominant contribution stems from scattered surface-state electrons 

(SMI).  This is also evident from a significantly enhanced scattering amplitude of 𝐴 = 1.0 when 

compared to “Cl-up” molecules.  The phase shift (𝛿𝐹 = (−0.39 ± 0.07) π) and the periodicity 

(𝜆𝜆𝐹 2⁄ = (13.5 ± 0.8) Å) of the SMI potential are similar to the values for “Cl-up”, while the 

effective scattering diameter (2𝑎 = (6.7 ± 0.6) Å) is somewhat smaller, likely due to a smaller 

geometric interaction cross-section of “Cl-down” molecules with the Cu surface (Figure 7-4 

insert).  The contribution from van der Waals forces, included for the sake of consistent 

treatment of both orientational populations, is significantly smaller than for “Cl-up” molecules, 

and contributes only subtly to 𝐸𝐸𝑖𝑛𝑡. 

Interaction energy potentials for “Cl-up only” and “Cl-down only” pairs are additionally 

analyzed with a minimalist model and shown in Figure 7-8.  Only the dominant contributions 

(i.e. surface-mediated interactions for both “Cl-up” and “Cl-down”, and van der Waals 

interactions for “Cl-up”) are retained for fitting.  For “Cl-up” molecules, this yields a scattering 
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amplitude of 𝐴 = (0.57 ± 0.36) Å, a phase shift of 𝛿𝐹 = −(0.52 ± 0.09) π, a scattering 

diameter of (8.0 ± 1.6) Å, and a periodicity of 13.1 Å.  The van der Waals diameter is about 

10.5 Å with a potential minimum at (– 125 ± 28) meV.  The strong nature of the attractive 

forces still overcomes the repulsive barrier produced by the oscillatory surface-state mediated 

interaction potential.  The addition of dipole-dipole repulsion potential results in a slight 

lowering of the Lennard-Jones potential minimum, while other fit parameters remain almost the 

same as in Figure 7-5b. 

In contrast, the “Cl-down” molecules need to overcome a potential barrier at pair 

distances of 20– 24 Å and exhibit strong scattering properties as evident from the enhanced 

scattering amplitude of the surface-state mediated interaction potential (see Figure 7-8b).  The 

fitted parameters obtained for the “Cl-down” only interactions are: 𝛿𝐹 = −(0.37 ± 0.03) π, 

scattering diameter of (6.6 ± 0.6) Å, and periodicity of (14.0 ± 0.6) Å.  A maximum scattering 

amplitude of 𝐴 = 1.0 was allowed.  The inclusion of the dipole-dipole and van der Waals 

potentials in fitting the “Cl-down” interactions results in very similar parameters for surface-state 

mediated interactions as in Figure 7-5d. 

In Figure 7-5b and Figure 7-5d, the dipole-dipole repulsion is included in fitting the 

experimental data to account for the molecular dipole moment.  Since the van der Waals 

potential is correlated with the dipole-dipole potential, the effective dipole moment is estimated 

by obtaining the best fit that gives a phase shift and scattering amplitude within an acceptable 

range, as defined by the minimalist fit models. 
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Figure 7-8.  Interaction energy between two nearest neighbor molecules evaluated from 

corresponding histograms for (a) “Cl-up only” orientation (39 images, 869 molecules) and (b) 

“Cl-down only” orientation (39 images, 1,712 molecules).  The interaction potential in (a) is 

described by a sum of a Lennard-Jones potential (L-J) and surface-state mediated indirect 

intermolecular interactions (SMI).  The intermolecular interactions for “Cl-down only” in (b) can 

be described with an SMI potential alone. 

 

The presence of strong attractive van der Waals forces for “Cl-up” molecules likely originates 

from an enhanced molecular polarizability, due to an electron density increase over the 

molecular backbone likely caused by charge-transfer from the Cu surface.  The interaction 

energy between two molecules due to London forces can be approximated as 
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𝑉𝑉 = − 𝐶
𝑑6

  , eq. 7-3 

𝐶 = 3
2
𝛼1′𝛼2′

𝐼1𝐼2
𝐼1+𝐼2

  , eq. 7-4 

where 𝛼1′  and 𝛼2′  are the polarizability of two interacting molecules assuming a homogenous 

electron density for each, 𝐼𝐼1 and 𝐼𝐼2 are the respective ionization energies and 𝑑𝑑 is the 

intermolecular distance.  The above equations can be further simplified to 

𝑉𝑉 = −3𝐼
4

𝛼𝑒𝑓𝑓
2

𝑑6
  , eq. 7-5 

to describe the intermolecular interactions between two ClB-SubPc molecules of the same 

adsorption orientation on the surface.  Here, 𝛼𝑒𝑓𝑓 represents the effective polarizability and 𝐼𝐼 

represents the ionization energy of ClB-SubPc on Cu(111).  Assuming that the London forces are 

the dominating forces in the Lennard-Jones (L-J) potential describing the intermolecular 

interactions, the effective polarizability is thus obtained from 

𝛼𝑒𝑓𝑓 = �16
3𝐼
𝜀�

1/2
𝜎3  , eq. 7-6 

where 𝜀 is the L-J potential minimum and 𝜎 is the intermolecular separation distance at which 

the L-J potential is zero.  For 0.4 ML ClB-SubPc on Ag(111), an ionization energy of 6.0 eV is 

obtained from UPS measurements  [211].  𝛼𝑒𝑓𝑓 for both “Cl-up” and “Cl-down” molecules on 

Cu(111) were calculated assuming an ionization energy of 6.0 𝑒𝑒𝑉𝑉 for both orientations.  We also 

found that the 𝛼𝑒𝑓𝑓 determined by this method was largely insensitive to the values of ionization 

energy within a reasonable range.  From the L-J potential parameters (Figure 7-5), an effective 

polarizability of (440 ± 20) Å3 for “Cl-up” molecules and (170 ± 40) Å3 for “Cl-down” 
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molecules are obtained.  A similar value has been reported for vanadyl naphthalocyanine on 

highly ordered pyrolytic graphite  [26]. 

Assuming a similar ionization energy on Cu(111) and a HOMO-LUMO gap of 

2.1 eV  [212], the LUMO lies near the Fermi level even in the presence of a substantial interface 

dipole.  Charge-transfer to the molecules is therefore anticipated to occur readily, but is expected 

to be efficiently screened by Cu(111), at least over the molecular dimensions of ClB-

SubPc  [213].  Importantly, since van der Waals interactions play only a minor role in “Cl-down” 

interactions, and since the interaction of “Cl-up” and “Cl-down” molecules with the Cu surface 

can be anticipated to differ significantly, charge-transfer from Cu(111) to ClB-SubPc is likely 

orientation sensitive.  This provides a physical mechanism for orientation-selective 

intermolecular interactions for surface-bound organic semiconductors, as demonstrated here. 

From the SMI model, “Cl-down” molecules exhibit greater efficiency in scattering of 

surface electrons, which suggests strong coupling of the Cl atom in “Cl-down” molecules with 

Cu surface.  Moreover, in the absence of strong van der Waals forces, intermolecular interactions 

among “Cl-down” molecules are dominated by the scattering-induced charge-density oscillations 

in the 2DEG, giving rise to a repulsive barrier at ~22 Å absent in the interaction energy for “Cl-

up” molecules. 

The fundamental forces we identified in orientation-dependent interactions clearly 

manifest themselves in the formation of molecular assemblies at higher surface coverages.  

Figure 7-9 shows a constant-current STM image of 0.14 ML ClB-SubPc on Cu(111), prepared 

under identical conditions.  Large, compact two-dimensional (2D) islands are formed by the 

close hexagonal packing of “Cl-up” molecules, with examples shown in Figure 7-9a and Figure 
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7-9b.  The separation between “Cl-up” molecules in these islands is ~12 − 13 Å (center to 

center), in very close agreement with the van der Waals potential minimum at 11.8 Å obtained 

from the fitted model in Figure 7-5b.  In contrast, “Cl-down” molecules are mostly found in 

isolation or in pairs (diamond-shaped structures), reflecting the influence of indirect 

intermolecular interactions mediated by the surface 2DEG.  The measured separation distances 

for “Cl-down” pairs in these diamond-shaped structures are in the range of 13– 16 Å, which 

agree well with the SMI potential minimum near 14 Å obtained from the fitted model in Figure 

7-5d.  At 0.14 ML coverage, “Cl-down” molecules continue to experience a repulsive barrier 

produced by this potential, preventing them from forming extended close-packed 2D island 

structures. 
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Figure 7-9.  (a) STM image of 0.14 ML ClB-SubPc on Cu(111) (5 K, 𝑉𝑉𝑆 = −2.0 V, and 𝐼𝐼𝑡 = 50 

pA).  Large, compact 2D island structures with hexagonal packing are formed by “Cl-up” 

molecules.  “Cl-down” molecules are mostly found isolated.  (b) High resolution STM image 

showing a close-up of a hexagonal island of “Cl-up” molecules (0.14 ML, 18.6 nm × 18.6 nm, 5 

K, 𝑉𝑉𝑆 = −2.0 V, and 𝐼𝐼𝑡 = 50 pA). 

 

7.4. Conclusion 

We have presented the first quantitative observation and analysis of orientation-

dependent long-range intermolecular interactions mediated by intermolecular forces and 

impurity scattering in a 2DEG.  We show that different adsorption geometries of dipolar organic 

semiconductors lead to fundamentally different surface interactions due to differential coupling 
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to the surface.  These differences control self-assembly at the metal surface and open the 

possibility to tune the surface-molecule interactions and thin film growth.  Such effects are 

expected to have an immediate impact on the interfacial electronic structure, which plays an 

important role in organic semiconductor based electronic devices. 

Surface state-mediated indirect intermolecular interactions of ClB-SubPc on Cu(111) 

demonstrate the important role of the surface 2D electron gas on the formation of molecular film 

structure.  Moreover, the interfacial electronic structure of organic/metal systems is influenced 

by the molecular organization.  Therefore, a full investigation of the molecular film growth by 

STM experiments coupled with the 2PPE measurements of the interfacial electronic structure of 

corresponding films will give a complete picture of film formation and surface/molecule 

interaction dynamics. 
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8. CHARGE-TRANSFER INDUCED ELECTRONIC COUPLING OF 

A DIPOLAR ORGANIC SEMICONDUCTOR ON CU(111) 

8.1. Motivation and Background 

In Chapter 7, through quantitative analysis of STM images I demonstrated the 

orientation-dependent intermolecular interactions of ClB-SubPc on Cu(111) as mediated by the 

surface 2D-electron gas.  Additionally, for the “Cl-up” orientation, the van der Waals 

interactions are the dominating forces leading to hexagonal close-packing of “Cl-up” molecules 

in two-dimensional islands.  The “Cl-down” molecules experience a repulsive barrier when 

interacting with one other.  This repulsive barrier is due to the formation of a periodic potential 

established by Friedel oscillations, which decay by 𝟏 𝒅𝟐⁄ .  Quantitative analysis of the van der 

Waals potential between “Cl-up” molecules indicates an increase in their polarizability, which is 

explained as due to electron transfer from Cu to “Cl-up” molecules.  A complete analysis of the 

interfacial electronic structure combined with STM studies can provide us with a full 

understanding of orientation-dependent intermolecular and surface/molecule interactions. This is 

the aim for this chapter, demonstrated by a combined STM, 2PPE, and UPS studies. 

In this chapter, we investigate the electronic interactions of this dipolar organic 

semiconductor with Cu(111) at sub-monolayer coverages and uncover the presence of strong 

electronic coupling with the surface, providing spectroscopic back-up for the conclusions in 

chapter 7.  By combining low-temperature scanning tunneling microscopy (LT-STM), valence 

band photoemission (UPS) and two-photon photoemission (2PPE), we show that ClB-SubPc 

molecules undergo a partial charge transfer upon adsorption onto Cu(111) surface.  We are able 

to unravel the rich spectroscopy of this organic/metal interface despite rather inhomogeneous 
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thin film growth to demonstrate strong coupling likely in an orientation-dependent manner, 

consistent with the insights gained in the previous chapter.  This interaction is revealed by (i) a 

new occupied state arising at the Fermi energy and (ii) from autoionization of the image potential 

state of Cu(111) into the continuum of ClB-SubPc.  The image potential state manifold provides 

a sensitive measure of the local thin film structure and its effects on the local electronic structure.  

Characterization of the varying local electronic environment at an organic/metal interface is a 

key step in understanding energy level alignment in systems with inhomogeneous film structure.  

For example, in organic electronic devices where films are prepared under less controlled 

conditions, inhomogeneous film growth can lead to different energy level alignment at 

microscopically different regions of the interface, giving rise to active vs. inactive sites, and trap 

states. 

The chapter is organized as follows: In section 8.2, experimental detail is provided for 

UPS, 2PPE, and STM measurements.  The molecular growth determined from STM images is 

presented in section 8.3, and related to the interfacial electronic structure observed at various 

surface coverages.  Additionally, the interfacial electronic structure of ClB-SubPc is presented by 

coverage-dependent 2PPE spectra.  Section 8.4 contains a detailed analysis and discussion of the 

surface/molecule coupling, the complex interfacial electronic structure, and the influence of the 

varying local vacuum level on the surface/molecule interactions.  A brief summary of important 

findings from our 2PPE, UPS, and STM results is presented as part of the conclusion in section 

8.4. 
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8.2. Experimental 

The polished Cu(111) crystal was purchased from Princeton Scientific (99.999% purity) 

and cleaned by repeated cycles of Argon ion sputtering and annealing.  ClB-SubPc was 

purchased from Sigma-Aldrich and was purified by gradient sublimation in a custom-built 

furnace, followed by degassing in a home-built Knudsen cell overnight under ultrahigh vacuum 

conditions and at temperatures slightly below sublimation. 

Analysis of the electronic structure of the ClB-SubPc films was performed with a 

photoelectron spectrometer (VG EscaLab MK II) equipped with an integrated sample heater and 

operated under ultrahigh vacuum (UHV) conditions at a base pressure of 901 1 −< ×  Torr.  All 

spectra were acquired at room temperature.  ClB-SubPc films were analyzed using He(I) UPS 

(SPECS UVS 10/35, 30° angle of incidence from normal) to determine the global vacuum level 

of the system.  The interfacial electronic structure of ClB-SubPc/Cu(111) was investigated by 

2PPE with a tunable femtosecond laser system, which consists of a Ti:sapphire oscillator (80 

MHz repetition rate, 100 fs pulse duration) frequency-doubled and -tripled to obtain photon 

energies in the range of 2.61–5.10 eV.  The ultrafast laser pulses were compressed in prism pairs 

and introduced into the UHV chamber through a fused silica viewport.  In order to avoid space-

charging and photo-induced sample damage, the pulse energy was kept at or below 350 pJ.  The 

energy and angular resolution of the photoelectron spectrometer are 89(8) meV and 1.5°, 

respectively.  During deposition of organic molecules, the substrate was kept at room 

temperature and the ClB-SubPc surface coverage was determined by a custom-built quartz 

crystal microbalance calibrated separately in the STM chamber. 
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STM measurements were carried out in a separate UHV chamber (base pressure 

101 10−< ×  Torr) equipped with a low temperature STM (CreaTech).  Purified ClB-SubPc 

molecules were sublimated onto Cu(111) held at 205 K or room temperature in a separate 

preparation chamber, and the sample was subsequently transferred to the cooled microscope 

head.  All STM images were obtained using electrochemically etched tungsten tips in constant-

current mode at 5 K.  Coverage-dependent and temperature-dependent STM experiments showed 

no evidence of dissociation of the Cl atom from ClB-SubPc on Cu(111).  The molecular film 

thickness was determined from statistical analysis of STM images at low coverages.  A 

monolayer of ClB-SubPc refers to an idealized full monolayer of highest molecular density in 

hexagonally close-packed structure.  All ClB-SubPc/Cu(111) coverages in both STM and 2PPE 

analysis are reported in terms of monolayer equivalent (MLE) based on this analysis. 

Both occupied and unoccupied states are probed by 2PPE, as shown in Figure 8-1.  Note 

that all binding energies in the 2PPE spectra are reported here as peak centers.  Occupied 

electronic states below the Fermi level, |𝑖⟩, are ionized by coherent absorption of two photons.  

Unoccupied excited states, |𝑖𝑛𝑡𝑒𝑒𝑃𝑃𝑚𝑚. ⟩ are first populated by photoexcitation, followed by 

absorption of a second photon and photoemission.  Similarly, discrete final states, |𝒇⟩, above the 

vacuum level are probed by direct absorption of two photons.  In case the photon energy equals 

the energy difference between an occupied state and an unoccupied state, an optical resonance 

(direct resonance) may occur  [58,146], which manifests itself by a resonance-sharpened spectral 

line shape. 

Unlike UPS, the kinetic energies measured by 2PPE are not directly converted into 

binding energies, since both occupied and unoccupied states appear experimentally on the same 

kinetic energy axis.  In order to decompose the 2PPE spectra, the origin of each spectral feature 
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needs to be determined first, and the kinetic energies are then converted into final state energies, 

i.e. reported as energy above the Fermi edge after photon absorption and photoemisison.  

Subsequently, the nature of spectral features is assigned by the following procedure: When 

varying excitation energies in 2PPE, electronic states exhibit different behavior depending on 

their electronic origin.  The states below the Fermi level are photoionized by absorption of two 

photons simultaneously, which is reflected in 2PPE spectra as two-photon dependence of the 

spectral shift with excitation energy: ∆= 2 × �hνi − hνj�, where ℎ𝑣𝑖 and ℎ𝑣𝑗  refer to any two 

different excitation energies available from the tunable light source in 2PPE.  In contrast, only 

the absorption of the second photon results in the photoionization of unoccupied states, 

populated first by an independent photoexcitation process.  Therefore, in the photoemission 

process from unoccupied states, the kinetic energy shifts only by ∆= �hνi − hνj� (one-photon 

dependence) with a change in excitation energy.  Discrete states above the vacuum level (final 

state resonances) display no photon energy dependence (∆= 0) in 2PPE spectra as they are 

already above the vacuum level and in resonance with the continuum.  Note that such simple 

photon-energy dependences are not appropriate for transitions involving bulk states due to the 

conservation of all electron momentum components  

The dispersion of states is measured in AR-2PPE by restricting the analyzer acceptance 

angle to 1.5°.  The sample is rotated along an axis perpendicular to the principal spectrometer 

axis.  Since the parallel component of the electron momentum, 𝑘𝑘||, is conserved during the 

photoemission process, the kinetic energy, 𝐸𝐸𝑘𝑖𝑛 of photoelectrons is related to 𝑘𝑘|| by 

𝑘𝑘|| = �2𝑚𝑒𝐸𝑘𝑖𝑛
ℏ

𝑠𝑖𝑛𝜃𝜃  , eq. 8-1 
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where 𝑚𝑚𝑒 represents the electron mass in vacuum and 𝜽 indicates the emission angle relative to 

the surface normal. 

 

 

Figure 8-1.  Schematic of two-photon processes in 2PPE experiments.  Occupied states below 

the Fermi level are photoionized by coherent absorption of two photons.  The intermediate and 

discrete final states are both populated by photoexcitation of electrons from below the Fermi 

level, but experience very different dynamics. 

 

8.3. Results 

We first discuss the growth of the adsorbate on the surface in order to understand the 

molecular organization, since this directly impacts the interfacial electronic structure.  We then 
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proceed to present the spectroscopic results from 2PPE measurements at different surface 

coverages, so as to disentangle the complex surface/molecule interactions. 

8.3.1. Film Growth and Structure. 

In order to investigate the film growth and adsorption geometry of ClB-SubPc on 

Cu(111), we performed a series of STM experiments of sub-monolayer films prepared under a 

wide range of conditions.  Identification of the preferred adsorption geometries of the molecules 

on the surface was accomplished by first examining conditions with minimal direct 

intermolecular interactions.  Figure 8-2 shows a sample STM image of 0.04 MLE ClB-SubPc on 

Cu(111), prepared at 205 K.  The triangular shaped molecules appear as bright protrusions and 

exhibit only two different contrasts in constant-current STM images. These can be associated 

with two types of adsorption geometries:  The molecules with high central electron density are 

assigned as “Cl-up” (Cl facing vacuum), while the configuration with lower density in the 

molecular center corresponds to “Cl-down” (Cl facing surface).  In both orientations, the 3C  

molecular axis is oriented perpendicular to the surface.  These two geometries are the only ones 

found on the surface, and are sufficient to describe the film growth and structure at higher 

coverage and room temperature as well. 
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Figure 8-2.  Constant-current STM image of 0.04 MLE ClB-SubPc measured at 5 K (sample 

bias 𝑉𝑉𝑠 = −2.0 V, current 𝐼𝐼 = 50 pA, surface prepared at 205 K).  The inset shows the molecular 

structure. 

 

Figure 8-3 show constant-current STM images of ClB-SubPc on Cu(111) at higher 

surface coverages.  In both films (Figure 8-3a, 0.50 MLE, prepared at 205 K and Figure 8-3b, 

0.76 MLE, prepared room temperature), inhomogeneous film growth is observed.  Ordered 

islands coexist along with disordered two-dimensional (2D) and three-dimensional (3D) 

structures.  The molecular organization shows strong orientation dependence in the formation of 

these ordered islands.  For example, at 205 K, both molecular orientations (“Cl-up” and “Cl-

down”) participate in island formation; however, while “Cl-up” molecules tend to form 

hexagonal 2D islands, “Cl-down” molecules stack together in a staggered bilayer structure (see 

Figure 8-3a inset), and bigger clusters are rare.  In contrast, films prepared at room temperature 

do not grow layer-by-layer at all.  Rather, orientation selective adsorption of ClB-SubPc on 
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Cu(111) is observed (Figure 8-3b), where the “Cl-up” orientation dominates in the first layer, as 

evidenced from the molecular contrast in STM images and the formation of 2D hexagonal 

islands.  Larger clusters with somewhat ill-defined molecular geometries grow on top of this “Cl-

up” wetting layer.  In these room temperature films, the wetting layer at the organic/metal 

interface is therefore dominated by the preferred molecular orientation “Cl-up”, and this will be 

the focus for investigations of the interfacial electronic structure for the remainder of the study.  

8.3.2. Electronic Structure 

With an understanding of the complex and heterogeneous growth in hand, we turn our 

attention to the interfacial electronic structure.  In this section we first present an overview and 

assignment of the observed features in the photoemission spectra, including the work function 

evolution.  This overview will already indicate the presence of strong interface coupling, 

discussed in more detail in section 8.4.3. 

8.3.2.1. Evolution of the Work Function 

The work function, measured by valence-band photoelectron spectroscopy as a global 

work function, exhibits the balance between various forces that increase and/or decrease the 

vacuum level of a system upon molecular adsorption  [214–216].  Molecular dipole 

moment  [217,218], electron transfer from surface to molecule or chemisorption  [219,220] and 

push-back effect  [221] can all contribute to the work function change upon film growth.  The 

work function evolution gives thus a first clue to the surface/molecule interactions. 
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Figure 8-3.  Constant-current STM images of ClB-SubPc on Cu(111) measured at 5 K at (a) 

0.50 MLE surface coverage (𝑉𝑉𝑆 = −2 V, 𝐼𝐼 = 50 pA, film prepared at 205 K) showing hexagonal 

packing of Cl-up molecules and bilayer structure formed by stacking of “Cl-down” molecules 

(insets) and (b) 0.76 MLE surface coverage (𝑉𝑉𝑆 = −2 V, 𝐼𝐼 = 50 pA, film prepared at room 

temperature). 
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Figure 8-4 shows the coverage-dependent evolution of the global work function as 

measured by UPS of ClB-SubPc on Cu(111).  The interface clearly develops a strong interface 

dipole, which likely stems at least in part from Pauli repulsion due to the interaction of surface 

state electrons with the adsorbate  [221].  The work function of the system measured by UPS 

saturates near 2 MLE coverage (see Figure 8-4), indicative of a somewhat heterogeneous 3D 

growth mode, as also supported by STM (Figure 8-3b). 

 

 

Figure 8-4.  Work function evolution tracked by UPS measurements taken at various ClB-SubPc 

coverages on Cu(111).  The numbers refer to the coverage at the corresponding work functions. 
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8.3.2.2. f-LUMO 

The evolution of the interfacial electronic structure from sub-monolayer to multilayer 

surface coverage and as observed by 2PPE is shown at an excitation energy of 3.31 eV in Figure 

8-5.  There are six distinctive features that show up at this and all other excitation energies 

investigated.  The most striking feature observed in these spectra appears near the Fermi energy, 

labeled as “f-LUMO”, indicating a partially occupied state pinned to Fermi level. 

The photon energy dependence shown in Figure 8-6a, yielding a slope ∆ of 1.90(13) in a 

plot of final state vs. photon energy (Figure 8-6d), shows clearly that this features originates from 

an occupied state (binding energy of −0.03(2)eV).  The ionization energy of ClB-SubPc is 

approximately 6 eV (see below), in considerable excess of the global work function (4.40(2) −

3.89(2) eV) for all films shown in Figure 8-5.  This feature can therefore not be easily assigned 

to the highest occupied molecular orbital (HOMO).  The heterogeneous growth mode of the 

room temperature film could in principle support multiple different surface states, corresponding 

to surface states from patches of bare Cu (111) and in molecular islands.  Indeed, the binding 

energy of Shockley surface states is known to shift once the metal surface is covered by an 

adsorbate  [222].  This could in principle give rise to an emerging surface state with an apparent 

binding energy close to EF. This is however not the case, since this occupied feature is distinctly 

non-dispersive (Figure 8-6c), indicating a localized and hence molecular character.  Together 

with the fact that it bisects the Fermi level, this strongly suggests charge transfer as its origin, 

partially filling the ClB-SubPc “LUMO” and hence labeled “f-LUMO”.  Note that this state is no 

longer observed at multilayer coverage, in good agreement with the notion that the “f-LUMO” 

state originates from charge transfer from the surface to the molecule. 
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8.3.2.3. “HOMO” 

The feature labeled as “HOMO” in Figure 8-5 represents ionization from the ground state 

of neutral molecules and is only clearly resolved at multilayer coverage, suppressed by the 

secondary electron cut-off below 1 MLE.  This results in an ionization energy of 5.98(4) eV, in 

close agreement with the ionization energy of 6.12(2) eV obtained from UPS measurements of 

ClB-SubPc on HOPG.  The photon energy-dependence of the “HOMO” feature along the surface 

normal direction further supports this assignment (slope ∆ of 1.62(5) for final state vs. photon 

energy).  The evolution of the “HOMO” state in coverage-dependent and photon-dependent 

2PPE spectra is consistent with an occupied state (ground state of neutral ClB-SubPc) and the 

deviation of its slope from a value of 2 will be discussed later in section 8.4.2.   

8.3.2.4. Shockley Surface State 

At low coverage (0.47 MLE), the Shockley surface state broadens somewhat and appears 

at a slightly higher binding energy of -0.32(2) eV and remains dispersive (Figure 8-6c) in the 

surface plane.  Its relative peak intensity with respect to the “f-LUMO” significantly decreases at 

0.85 MLE ClB-SubPc/Cu(111), indicative of quenching due to thin film formation and the 

surface sensitivity of 2PPE.  For multilayer coverage, the Shockley surface state is no longer 

detected in the 2PPE spectra. 
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Figure 8-5.  2PPE spectra of ClB-SubPc/Cu(111) measured with ℏω = 3.31 eV showing the 

presence of both surface and molecular electronic states at various surface coverages.  The state 

labeled as “f-LUMO” indicates a molecular localized state produced by a partial charge transfer 

from the surface to the molecule. 

 

8.3.2.5. Excited States 

Three additional features are observed in a series of photon energy-dependent 2PPE 

spectra of 0.85 MLE ClB-SubPc/Cu(111) measured at surface normal direction.  These excited 

states correspond to localized states at 1.98(2), 2.23(2), and 2.48(5) eV above the Fermi level and 

their origin will be discussed later in section 8.4.2. 
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8.3.2.6. Image Potential States 

The feature labeled “IPS” in Figure 8-5 shows no photon energy-dependence, ∆= 𝟎, and 

must therefore be referred to as a final state resonance.  Such behavior is typically observed for 

discrete states residing above the vacuum level of a system.  In the case of 0.85 MLE ClB-

SubPc/Cu(111), however, we attribute it to 𝒏 = 𝟐 image potential state of bare Cu(111) with its 

binding energy pinned to the local vacuum level of the bare surface, and autoionizing into the 

continuum supported above the local vacuum level of SubPc/Cu(111).  This will be discussed 

more below. 

8.4. Discussion 

8.4.1. Charge Transfer 

Adsorption induced partial electron transfer from surface to molecules has recently been 

observed e.g. for PTCDA, C60, and several other organic molecules on coinage metal 

surfaces  [220,223–230].  In the case of ClB-SubPc on Ag(111), Berner et al. inferred a partial 

charge transfer from surface to molecule from analysis of UPS and XPS data  [227].  This 

transfer is suggested to be localized on the Cl atom of ClB-SubPc, oriented on Ag (111) towards 

the surface, and shows no effect on the π-system of the molecular ground state. 

2PPE spectra of 0.47 MLE ClB-SubPc/Cu(111) measured at surface normal show two 

well-resolved features (Figure 8-6a) near 𝐸𝐸𝐹.  The excitation energies in these 2PPE spectra were 

chosen so as to not allow excitation of the image potential states, reducing spectral congestion 

and simplifying a careful investigation of the spectral features present.  Both features exhibit 

two-photon dependence with a slope of ~2 when peak energies are plotted against the excitation 

energies, hence representing occupied states (see Figure 8-6d and Figure 8-6e).  The purple peak 
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at lower 𝐸𝐸𝑓𝑖𝑛𝑎𝑙 can be assigned to the Shockley surface state of Cu(111), with a measured 

binding energy of -0.32(2) eV, slightly larger than that of the bare surface.  The identification of 

the Shockley surface state is confirmed by AR-2PPE: Figure 8-6c shows the dispersion of the 

surface state and a second localized feature, at higher 𝐸𝐸𝑓𝑖𝑛𝑎𝑙, overlapping with 𝐸𝐸𝐹𝑒𝑟𝑚𝑖.  The 

proximity of this localized state to the Fermi energy, the much larger ionization energy of ClB-

SubPc (5.98(4) eV), the HOMO binding energy of -2.18(2) eV, and a HOMO-LUMO gap of 

~2.2 eV measured in solution  [228] all suggest strongly that this state is formed by partial 

electron transfer from Cu(111) to a previously unoccupied state of the molecule, or “f-LUMO”.  

The presence of only two dominant features is confirmed by carefully fitting the 2PPE spectra: A 

Gaussian peak profile was used to fit both the SS and the “f-LUMO” after a constant linear 

background subtraction, convolved with a Fermi-Dirac distribution representing the Cu sp-bands.  

A binding energy of -0.03(2) eV was obtained for the “f-LUMO” state at surface normal, 

suggesting transfer of a full electron to the molecular π-system. 

Interestingly, the “f-LUMO” state was not detected in the UP spectra of the same films 

(see Figure 8-6b).  We attribute this to different photoemission cross-sections of UPS, making 

2PPE an invaluable tool in studying the interfacial electronic structure of organic/metal systems.  

The identification of the “f-LUMO” as due to partial charge-transfer across the interface is 

indicative of strong coupling of ClB-SubPc to Cu(111).  Since this state is interface-specific, as 

seen in the coverage dependent 2PPE spectra where it is only observed at ≤ 1 MLE, and since 

“Cl-up” is the preferred orientation at the organic/metal interface, the strong electronic coupling 

of ClB-SubPc to the surface must be related largely to the “Cl-up” orientation.  This is in strong 

contrast to the findings on Ag (111), where charge-transfer was reported to be partial and 

localized to the Cl-atom only, believed to be in direct contact with the Ag surface (“Cl-down”).  
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Figure 8-6.  0.47 MLE ClB-SubPc/Cu(111) 2PPE spectra measured at (a) surface normal and 

various excitation energies and compared to a UP spectrum (b).  Photon energy-dependence of 

SS (pink) and f-LUMO (brown) are shown in (d) where the slopes are obtained from linear fits.  

The symbol * (blue) in (a) represents the charge-transfer state (partially occupied, “f-LUMO*”) 

experiencing a different (lower) local vacuum level, hence appearing at a lower final state energy 

relative to “f-LUMO”.  For simplicity, the * state is represented by a symmetric (Gaussian) 

function.  (c) AR-2PPE spectra at ℏω = 3.31 eV.  (e) Excitation scheme of SS and “f-LUMO”, 

where blue arrows indicate coherent optical resonance. 
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8.4.2. Local Vacuum Level 

At sub-monolayer coverages and for a film deposited at room temperature, the molecular 

organization observed by STM shows abundant ordered structures in the first monolayer formed 

by dense hexagonal packing of “Cl-up” molecules, together with more complex heterogeneous 

growth playing a significant role at coverages close to 1 MLE.  The heterogeneous nature of the 

3D clusters, some molecular disorder, and bare areas found on the surface all however raise 

questions about the notion of a global vacuum level, as determined by the secondary electron 

cut-off in UPS or 2PPE, and the meaning of such a global vacuum level in the assignment of the 

interfacial electronic structure of this system.  Indeed, coverage-dependent 2PPE spectra of ClB-

SubPc/Cu(111) at a coverage of 0.85 MLE demonstrate the influence and importance of a 

varying local vacuum level on both the molecular and surface electronic states.  A careful 

spectral analysis in the regime of complex growth is necessary to disentangle the interfacial 

electronic structure and investigate the nature of strong coupling at this interface further. 

At this coverage, the 2PPE spectra measured for a range of excitation energies and at Γ 

(Figure 8-7a) are highly congested and show electronic states corresponding to at least two 

different local vacuum levels.  The significance of the differing local vacuum levels will become 

evident from the autoionization of the 𝑛 = 2 image potential states of bare Cu(111) discussed in 

more detail in section 8.4.3, but is also reflected in the molecular features discussed next. 

The photon energy- and coverage-dependent 2PPE spectra of 0.85 MLE ClB-SubPc on 

Cu(111) facilitate a consistent global fit despite the highly congested nature of the spectra and 

allow the construction of an energy level diagram (Figure 8-7c).  By use of a global fitting 

routine that included the spectra at all seven photon energies, stable fits with a modest amount of 
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correlation were obtained.  This was achieved by retaining a minimal number of features, each 

represented by a Gaussian with 300(20) meV width, and relying on the known binding energies 

of SS, “f-LUMO” (and “HOMO”) already observed in UPS or in 2PPE at both lower and 

multilayer coverages.  States near 𝐸𝐸𝐹 are convoluted with a Fermi-Dirac distribution to take into 

account the Cu sp bulk band.  From this fitting procedure, we observe by 2PPE three new 

features in addition to Shockley surface state, partial charge transfer states, and “HOMO0.85”, 

supported in parallel due to differing local vacuum levels.  A compilation of these spectra as well 

as the resulting photon-energy dependence of each feature are shown in Figure 8-7a and b. 

States labeled as SS, f-LUMO, f-LUMO*, and HOMO0.85 in Figure 8-7 display two-

photon dependence, thus representing states below 𝐸𝐸𝐹.  The “HOMO0.85” peak, already observed 

for multilayer coverage in Figure 8-5, has a slope of 1.6(1) instead of 2.  We explain such 

deviation as due to contributions from resonance enhancement by autoionization of the 𝑛 = 2  

IPS, discussed in more detail below. Its binding energy measured at excitation energy of 3.22 eV 

is shifted by 0.13(2) eV with respect to the multilayer (EB(“HOMO0.85”) =  −2.09 eV, 

EB(“HOMOmulti”) =  −2.22 eV).  This shift is ~2 × the work function change from 0.85 MLE to 

multilayer (WF0.85=  3.89 eV, WFML=  3.82 eV) as determined by the secondary electron cut-

off.  We assign this peak therefore to the “HOMO” arising from emerging molecular clusters, 

representing the onset of molecular bulk growth.  This also suggests that the global vacuum level 

as determined by the secondary electron cut-off is dominated by the molecular bulk.  This is 

expected, since this also represents the lowest vacuum level on the surface, as seen from the 

saturation of the work function above 2 MLE in Figure 8-4. 
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Figure 8-7.  (a) 2PPE spectra of 0.85 MLE of ClB-SubPc on Cu(111) measured at surface 

normal direction and different excitation energies.  Photon energy-dependence of the spectral 

features in (a) are shown in (b) with their corresponding slopes obtained from linear fits.  (c) 

Energy level diagram of 0.85 MLE ClB-SubPc/Cu(111) constructed from binding energies 

determined from a global fitting procedure of 2PPE spectra in (a). 

 

The assignment of the “f-LUMO” and SS features is also confirmed by their relative 

photon-dependent intensities. They agree well with their spectral behavior observed at 0.47 MLE 
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ClB-SubPc/Cu(111) (Figure 8-6a), where the “f-LUMO” is most prominent at higher photon 

energies.  The “f-LUMO*” state does not appear as distinctly in these spectra as in the spectra at 

0.47 MLE (Figure 8-6a), but is necessary for satisfactory fits of the photon energy-dependent 

2PPE spectra.  We attribute this state as due to ionization from the partially occupied molecular 

state experiencing a lower local vacuum level than the “f-LUMO”, hence detected at lower final 

state energies.  Indeed, the binding energy difference between the “f-LUMO” and “f-LUMO*” 

states (∆= 0.61(2)eV) is approximately the same as the global work function difference 

(∆= 0.51(2)eV) between 0.47 MLE and 0.85 MLE ClB-SubPc/Cu(111)  

States labeled as Ex1, Ex2, and Ex3 exhibit one-photon dependence consistent with 

excited states at the interface of ClB-SubPc on Cu(111).  AR-2PPE spectra of 0.85 MLE ClB-

SubPc/Cu(111), shown in Figure 8-8, suggest that these states (Ex1, Ex2, and Ex3) are non-

dispersive and hence associated with molecular excited states.  Moreover, the photoemission 

intensities exhibit a distinct angle-dependence, in agreement with the molecular origin of these 

states and the result of photoemission selection rules in organized layers  [217,231].  This is 

particularly noticeable for the Ex1 and “f-LUMO” states, which are more intense and better 

resolved at non-zero emission angles.  Taken together, this indicates clearly that these states arise 

from ordered molecular structures on the surface.  We speculate that they are due to molecules in 

the first monolayer, which from the STM data at this coverage (Figure 8-3b) can be associated 

with the high-density hexagonally packed “Cl-up” molecules directly at the metal interface. 

To investigate whether these excited states are excitonic in nature, we compare their 

relative energetic positions with respect to the “f-LUMO” and “HOMO”.  The excitation 

energies used in these 2PPE spectra (3.1 – 3.4 eV) are insufficient to populate these states from 

any of the HOMOs, let alone lower lying occupied molecular levels.  At the same time, the 
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energy of Ex1, Ex2, and Ex3 states with respect to 𝐸𝐸𝐹 is not commensurate with excitation from 

any of the “f-LUMOs” either.   Hence, these states are likely populated by scattering from 

Cu(111) electrons and correspond thus to molecular anion states, a hallmark of strong coupling 

between the molecular and surface electronic states  [226,232–234].  Such strong coupling in the 

first molecular layer may be expected given the formation of an “f-LUMO”, and suggests mixing 

of molecular and (bulk) electronic states of Cu (111).  [235]. 

 

 

Figure 8-8.  AR-2PPE of 0.85 MLE ClB-SubPc/Cu(111) at ℏω = 3.35 eV showing angle 

dependence of the intensities of the excited and “f-LUMO” states, which indicates some ordered 

structure in molecular organization. 
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Taken together, the analysis of the interfacial electronic structure of near-monolayer films 

of ClB-SubPc/Cu(111) reveals a complex electronic structure arising from varying local vacuum 

levels across the inhomogeneous film structure, as also observed by STM.  Most of these states 

report on significant coupling and chemisorption at this interface.  

8.4.3. Resonant Image Potential State 

The presence of different local vacuum levels has also a profound effect on the image 

potential manifold at this interface.  As can be seen in Figure 8-9a and supported by AR-2PPE in 

Figure 8-9b, the 𝑛 = 1 image potential state of bare Cu(111), with a binding energy of 

0.81(2) eV relative to the bare Cu (111) vacuum level,  is still observed at 0.47 MLE coverage.  

Image potential states are pinned to the local vacuum level  [229,234,236], and the binding 

energy depends thus on the local film morphology.  The excitation of 𝑛 =  1 of the bare Cu(111) 

surface implies thus the existence of small patches of bare Cu(111), consistent with the STM 

data of films in this coverage range (Figure 8-3b).  Note that excitation energies needed to 

populate the bare Cu(111) 𝑛 = 2 image potential state exceed the global work function and lead 

therefore to spectra dominated by one-photon photoemission, inhibiting a reliable analysis of the 

associated 2PPE spectra.  Interestingly, no clear evidence for IPS on the adsorbate covered 

surface patches is observed, possibly due to disorder at the interface or a much shortened lifetime 

in the image potential manifold.  Strong coupling to the interface and the formation of anion 

resonances, as discussed in the previous section, is fully consistent with a rapid decay of the 

image potential states formed above ClB-SubPc/Cu (111). 
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Figure 8-9.  0.47 MLE 2PPE spectra measured at (a) different excitation energies and normal 

emission angle and (b) ℏω = 4.09 eV and different emission angles.  An optical resonance 

between 𝑛 = 1 and Shockley surface state of bare Cu (111) results in a sharp single peak at 

ℏω = 4.38 eV. 
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At 0.85 MLE surface coverage of ClB-SubPc on Cu(111), the 2PPE spectra are richer in 

information regarding the interfacial electronic structure, revealing the importance of the local 

vacuum level, as already discussed in the previous section, and the striking observation of an 

autoionizing 𝑛 =  2 IPS.  Figure 8-10 displays angle-integrated 2PPE spectra of 0.85 MLE ClB-

SubPc/Cu(111), recorded with excitation energies below the energy needed for one-photon 

absorption into the image potential manifold of the bare Cu (111) surface.  Aside from the “f-

LUMO” and excited state features already discussed in the previous section, these spectra show 

an additional feature close to the secondary electron cut-off.  Its lack of a photon-energy 

dependence of the kinetic energy (and hence Efinal) (∆ = 0) identifies it as a discrete final state 

located above the global vacuum level, as was also reported e.g. for the unoccupied π* e2u state 

of benzene on Cu (111) [12].  Strikingly, the intensity of this feature appears to increase with 

larger excitation energies, exhibiting a drastic change when becoming resonant with Cu d-bands 

and Tamm state as well as the “HOMO” feature (all three with binding energies near ~ −

2.2 eV) at ℏω = 3.40 eV (see Figure 8-11).  The final state energy of this state with respect to 𝐸𝐸𝐹 

is 4.56(2) eV, well above the global vacuum level (by 0.67(2) eV) in the 0.85 MLE ClB-SubPc 

film on Cu (111), but 0.31(2) eV below the vacuum level of bare Cu(111).  This energy 

coincides precisely with the binding energy of the 𝑛 = 2 image potential state of the bare 

Cu(111) (0.25(7) eV)  [22].  We can exclude the possibility that this feature originates from a 

bulk transition in Cu, since the detected state resides below the known upper band edge of the 

Cu(111) L-gap  [229].  The observation of an IPS as a final state resonance is striking and 

implies that the n = 2 IPS, pinned to the local vacuum level of bare Cu (111), autoionizes by 

coupling to the continuum arising from neighboring adsorbate covered areas in the film.  This is 

a direct consequence of the different local vacuum levels present in a thin organic film with 
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complex morphology, and the observation is made possible by the lower local vacuum level of 

the various ClB-SubPc/Cu (111) patches on the surface.  This situation is intimately related to 

the formation of confined image potential states in the partial second layer of benzene on Cu 

(111)  [229], where locally increased electron affinities lead to confinement rather than 

autoionization of the IPS. 

 

 

Figure 8-10.  0.85 MLE ClB-SubPc/Cu(111) 2PPE spectra measured at different excitation 

energies and 0° ± 12° emission angle with respect to the surface normal.  The energetic position 

of the “HOMO” feature is assigned based on the analysis of 2PPE spectra in Figure 8-7a. 
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We also note that the resonance enhancement of 𝑛 = 2 IPS suggests an optical resonance 

with the bulk d-bands or the Tamm surface state of Cu(111).  Alternatively, the drastic increase 

in the photoemission peak of the 𝑛 = 2 IPS can be explained as due to direct coherent excitation 

of the “HOMO” state and its ionization in the continuum in resonance with the of 𝑛 = 2 IPS.  In 

this case, the autoionization of the 𝑛 = 2 IPS into the translational continuum of ClB-

SubPc/Cu(111) will borrow intensity from the molecular “HOMO” state, giving rise to a 

dramatic increase in its spectral intensity .  This complex mechanism (see Figure 8-11) indicates 

strong electronic coupling of the molecule with the surface. 

 

 

Figure 8-11.  Schematic of intensity borrowing of the final discrete state observed in 2PPE 

spectra of 0.85 MLE ClB-SubPc/Cu(111) resulting from the strong electronic coupling of ClB-

SubPc with Cu(111).  V� indicates electronic coupling between 𝑛 = 2 and the continuum. 

 



212 
 

The 𝑛 = 1 image potential state of Cu(111) under similar conditions is expected to have a 

final state energy overlapping with the secondary cut-off of the 2PPE spectra at this energy, and 

can thus not be resolved at 0.85 MLE coverage and these photon energies.  The observation of 

the 𝑛 = 2 image potential state of bare Cu(111) as a discrete final state, its resonant enhancement 

at a photon energy equal to direct coherent excitation energy of “HOMO” to the same 𝐸𝐸𝑓𝑖𝑛𝑎𝑙, and 

its autoionization into the continuum of ClB-SubPc indicate strong coupling of the ClB-SubPc 

with Cu(111). 

8.5. Conclusion 

In summary, we present a comprehensive analysis of the interfacial electronic structure of 

sub-monolayers of ClB-SubPc on Cu(111) by 2PPE and showed evidence for strong electronic 

coupling between the molecule and the surface.  A partially occupied molecular state is 

identified by 2PPE at the Fermi level, resulting from a partial charge transfer from Cu to 

molecule.  From STM experiments, we observed orientation-dependent adsorption behavior in 

ClB-SubPc films prepared at room temperature, where the “Cl-up” orientation is favored in the 

first monolayer.  The charge-transfer state is interface-specific and can therefore be related to the 

“Cl-up” orientation of the molecule on the surface based on our STM results.  The 

inhomogeneous film growth of ClB-SubPc on Cu(111) gives rise to different local vacuum levels 

at sub-monolayer coverages.  The image potential states are sensitive to these local 

environments.  In particular, the 𝑛 = 2 image potential state of bare Cu(111) exhibits strong 

coupling to the molecular film, as revealed from autoionization of the 𝑛 = 2 into the continuum 

of the ClB-SubPc films above the lower local vacuum level.  The orientation-selective adsorption 

behavior of ClB-SubPc on Cu(111) and the existence of different local vacuum levels at the 

interface demonstrate the significant aspect of thin film morphology in understanding  the 
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surface/molecule interactions.  Such interactions are important in formation of the interface 

dipole, which plays a critical role in vacuum level alignment and charge-transfer at the interface. 

So far, we presented a detailed study and discussion of the interfacial electronic structure 

and the sub-monolayer film growth of ClB-SubPc on Cu(111) at room temperature.  From Figure 

8-3a, we clearly see temperature-dependent molecular organization of ClB-SubPc on Cu(111).  

In the next chapter, a full analysis of the molecular film growth on Cu(111) under different 

preparation conditions will be given.  Such investigation will shed more light onto the 

surface/molecule and molecule/molecule interactions with direct consequences on the interfacial 

electronic structure of the system. 
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9. THIN FILM GROWTH STUDY OF CLB-SUBPC ON CU(111) 

9.1. Motivation and Background 

In the previous chapter, the interfacial electronic structure of ClB-SubPc on Cu(111) was 

presented for films at sub-monolayer coverages and at room temperature.  The inhomogeneous 

film growth at room temperature observed by STM measurements was also reflected in the 2PPE 

spectra of ClB-SubPc/Cu(111).  The complex electronic structure of the system was unraveled 

by a systematic analysis of coverage-dependent and photon-dependent 2PPE spectra, which 

revealed strong electronic coupling between the surface and the molecule. 

In this chapter, we present a detailed analysis of the intermolecular and surface/molecule 

interactions of ClB-SubPc on Cu(111) revealed by scanning tunneling microscopy.  Thin film 

structure of ClB-SubPc on noble metals have been reported previously  [211,237–239], however, 

we present here the first study of orientation-dependent self-assembly and molecular 

organization of ClB-SubPc on a noble metal.  At coverages between 0.140.35 MLE and 

sufficiently high temperatures (T ≥ 173 K), ClB-SubPc forms ordered hexagonal structures on 

Cu(111) .  At higher surface coverage, a mixture of different ordered island structures is 

observed along with some disorder.  Close inspection of high resolution STM images shows 

evidence for two preferred adsorption geometries of ClB-SubPc on Cu(111), giving rise to 

orientation-dependent molecular organization and ordered island formation. 

The chapter is organized as follows: In section 9.2, the experimental procedures are given 

for the STM measurements.  The molecular growth determined from STM images for films 

prepared under different conditions is presented and discussed in section 9.3, followed by a brief 

summary of the chapter in section 9.4. 
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9.2. Experimental 

ClB-SubPc was purchased from Sigma-Aldrich and was further purified by gradient 

sublimation in a custom-built furnace.  Prior to deposition, ClB-SubPc was degassed overnight in 

a home-built Knudsen cell under ultrahigh vacuum conditions at a temperature slightly below 

sublimation.  Molecular film thickness was monitored by a quartz crystal microbalance.  Cu(111) 

crystal was cleaned by repeated cycles of Ar+ sputtering (1.0 kV) and annealing (830 K).  The 

molecules were deposited at a very slow rate (average of ~28 minutes/MLE) at a separate 

preparation chamber.  Following deposition, the sample was transferred to the cooled microscope 

head (5 K).  All STM measurements were performed in a CreaTech UHV LT-STM, with an 

electrochemically etched tungsten tip in constant-current mode at 5 K.  The ClB-SubPc/Cu(111) 

coverages in all STM images are reported in terms of a monolayer equivalent (MLE), where a 

full monolayer refers to the hypothetical surface coverage of the high-density hexagonally close-

packed structure. 

9.3. Results and Discussion 

9.3.1. Low Coverages 

In order to investigate the molecular film growth of ClB-SubPc on Cu(111), we prepared 

thin films under different conditions, varying surface coverage and growth temperature over a 

wide range.  For all these conditions, a striking observation is the fact that in the wetting layer, 

i.e. the very first layer of ClB-SubPc on Cu (111), the molecules exhibit only two preferred 

adsorption geometries, identified by markedly different molecular contrast in the constant current 

STM images.  Figure 9-1b shows a sample constant-current STM image, acquired at a coverage 

of 0.14 MLE ClB-SubPc on Cu(111) for a film prepared at 223 K, and measured by a 
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functionalized tip.  Note that although the fine structure in the molecular partial density of states 

is rather different for functionalized (Figure 9-1b) and unfunctionalized (Figure 9-1a inset) tip, as 

expected from the difference between s-wave tips and tips with more complex structure  [111], 

the salient feature of two molecular adsorption geometries, one with a bright molecular center 

and one with much lower conductance in the molecular center, does not depend on the specifics 

of the tip.  This demonstrates clearly that this observation is the result of molecular properties on 

the surface and not the specifics of imaging molecules in the tunneling regime.  We assign thus 

the molecules with a bright center as “Cl-up”, with the central Cl atom pointing towards vacuum, 

while the molecules with their Cl atom pointing towards the surface are referred to hereafter as 

“Cl-down”, as shown in a cartoon in Figure 9-1a.  Two preferred adsorption geometries have 

also been reported for VOPc on Au(111)  [240], Ag(111), and Cu(111)  [241] as “O-up” and “O-

down” configurations. 

 The C3v symmetry of isolated “Cl-up” and “Cl-down” molecules is generally conserved 

upon adsorption on Cu(111), supporting our assignment of the two adsorption geometries as “Cl-

up” and “Cl-down”.  This is not always the case for all organic semiconductors on metals: dipole 

orientation dependent symmetry reduction from C4 to C2 have been reported for “Cl-down” 

(dipole-down) orientation of ClAl-Pc on Cu(111), while the “Cl-up” (dipole-up) configuration 

retained its C4 symmetry.  ClB-SubPc is a dipolar organic semiconductor: one would expect the 

dipole-dipole interactions to give rise to repulsive intermolecular interactions.  Quantitative 

analysis of orientation-dependent intermolecular interactions of ClB-SubPc on Cu(111) 

presented in chapter 7 revealed the role of dipole-dipole interactions to be minor in this system.  

We therefore attribute the orientation-specific molecular organization of ClB-SubPc on Cu(111) 
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in films discussed in this chapter as due to its adsorption configuration resulting in different 

surface/molecule interactions rather than owing to dipole-dipole interactions. 

At the lowest coverage investigated (0.04 MLE and 205 K), the molecules are largely 

isolated on the large Cu (111) terraces, interspersed with the occasional dimer formation (Figure 

9-2).  This suggests that intermolecular interactions are sufficiently weak so as not to lead to 

major aggregate formation at such low coverages.  At higher surface coverages, due to closer 

proximity of the molecules, intermolecular forces demonstrate substantial role in molecular 

arrangement. 

The molecular film structure of ClB-SubPc on Cu(111) at 150 K is shown in Figure 9-3a, 

representing a coverage still well below 1 MLE but now grown at a slightly lower temperature.  

The ClB-SubPc molecules are still mostly found in isolated form, but the onset of formation of 

small clusters is already evident.  Remarkably, a close inspection of STM images acquired for 

films under these preparation conditions shows that the distribution of molecules on the surface 

is adsorption geometry-dependent: Two-dimensional clustering is observed for “Cl-up” 

molecules, while the “Cl-down” molecules are mostly found in isolation and appear to 

experience a repulsive barrier when interacting with each other.  The different growth behavior is 

evident in a close-up in Figure 9-3b: “Cl-up” molecules are starting to self-assemble into two-

dimensional clusters and islands (green circle), while the “Cl-down” molecules are either 

isolated or clustered by stacking on one another (yellow arrow). 
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Figure 9-1.  (a) Chemical structure of ClB-SubPc and its preferred adsorption orientations on 

Cu(111): Cl atom pointing down towards surface (“Cl-down”) and Cl atom pointing up towards 

vacuum  (“Cl-up”).  The molecular contrast in STM images is different for the two orientations 

(sample bias 𝑉𝑉𝑆 = 0.5 V; tunneling current 𝐼𝐼𝑡 = 150 pA).  (b) High resolution constant-current 

STM image of 0.14 MLE ClB-SubPc on Cu(111) measured with a functionalized tip at 5 K 

(𝑉𝑉𝑆 = 65 mV; 𝐼𝐼𝑡 = 200 pA) showing different contrast for the two adsorption geometries: “Cl-

up” molecules appear with a brighter center than “Cl-down” molecules. 
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Figure 9-2.  Constant-current STM image of 0.04 MLE ClB-SubPc deposited on Cu(111) held at 

205 K (𝑉𝑉𝑆 = −1.94 V; 𝐼𝐼𝑡 = 50 pA, 5 K).  “Cl-up” molecules appear with a brighter center.  

Several unresolved clusters of ClB-SubPc are also observed. 

 

A statistical analysis of STM images of films grown under these conditions (5,054 

molecules) gives a ratio of ~ 4:1 for the number of “Cl-down” to “Cl-up” molecules.  Clearly, 

the “Cl-down” orientation dominates at 150 K, possibly explained by a larger sticking coefficient 

for “Cl-down” molecules relative to “Cl-up” molecules. This suggests a strong interaction of the 

B-Cl moiety with the Cu surface, perhaps from chemical bond formation between the Cl and Cu 

atoms, as already suggested for GaClPc on Cu(111)  [242].  This is in contrast to the more 

diffuse van der Waals interactions expected for the “Cl-up” molecules with the surface. 
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Figure 9-3.  Constant-current STM images of 0.20 MLE ClB-SubPc on Cu(111) measured for a 

film prepared at 150 K: (a) a large overview showing molecular organization (𝑉𝑉𝑆 = −1.85 V; 

𝐼𝐼𝑡 = 60 pA, 5 K) and (b) a close-up view of the molecules on the surface displaying the onset of 

island formation (𝑉𝑉𝑆 = −1.68 V; 𝐼𝐼𝑡 = 50 pA, 5 K).  “Cl-up” molecules appear with a brighter 

center (circled by green dashes).  “Cl-down” molecules are mostly found in isolation (yellow 

dash circle).  The yellow arrow indicates the stacking of “Cl-down” molecules.  In a few, rare 

instances, clustering to form 3D islands of some ClB-SubPc molecules (pink arrow) cannot be 

fully resolved. 
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This interpretation is supported by determining the effect on the film structure by the 

surface temperature during growth, yielding insight into surface mobility as a result of the 

molecule/surface interaction strength.  At 205 K and a low coverage of 0.14 MLE, “Cl-up” 

molecules form very large 2D hexagonal close-packed (hcp) structure.  Very few “Cl-up” 

molecules are found in isolation, which is an indication of their mobility, even extending across 

Cu terraces.  In Figure 9-4, the inhomogeneous density distribution of such a film is clearly 

visible by formation of very large “Cl-up” hcp islands.  The assembly of molecules in only two 

dimensions and the mobility of molecules across the Cu terraces signify the fine balance between 

the surface/molecule and molecule/molecule interactions for the “Cl-up” orientation.  Therefore, 

the molecular organization of “Cl-up” molecules suggests a film formation mechanism that 

differs noticeably from that of “Cl-down” molecules.  These observations are very different than 

those reported for ClB-SubPc on Au(111)  [237]:  for films prepared at room temperature, ClB-

SubPc molecules have been shown to spontaneously orient themselves into a variety of ordered 

structures depending on the surface coverage with no direct observation of orientation-dependent 

adsorption geometry. 
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Figure 9-4.  Constant-current STM image of 0.14 MLE ClB-SubPc on Cu(111) prepared at 205 

K (𝑉𝑉𝑆 = −2.0 V; 𝐼𝐼𝑡 = 50 pA, 5 K), demonstrating formation of large two-dimensional islands by 

hexagonal close-packing of “Cl-up” molecules (brighter center).  “Cl-down” molecules are 

mostly found as isolated molecules, outside of clusters and islands . 

 

As can be seen in Figure 9-5a, “Cl-down” molecules in this film are typically observed in 

isolation.  A small number form diamond-shaped pairs (yellow circles).  Unlike the “Cl-up” 

molecules that are concentrated in high-density hcp islands, the “Cl-downs” appear to be either 

less mobile and/or experience repulsive intermolecular forces.  This suggests attractive vs 

repulsive interactions depending on the adsorption geometry of ClB-SubPc on Cu(111).  

Intermolecular interactions of SnPc on Ag(111) have been shown to be tunable between 

attractive and repulsive by controlling surface coverage  [243].  The intermolecular distance 

changes as a function of surface coverage to accommodate maximum available space by SnPc 

molecules dominated by repulsive forces.  A close-up view of the film in Figure 9-5a is shown in 

Figure 9-5b.  In addition to the large 2D-island formed by hcp “Cl-up” molecules, and the 

majority of the isolated “Cl-down” molecules together with a few paired “Cl-down” molecules 
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(yellow circle), we observe also some small disordered clusters of “Cl-up”, and several 

unresolved small clusters of ClB-SubPc (white rectangle). 

The six-fold symmetry of the Cu (111) surface matches well with the molecular C3v 

symmetry: Isolated “Cl-down” molecules and dimers display the same molecular orientation 

across large terraces (Figure 9-5b).  In the ordered islands of “Cl-up” molecules, the molecules 

are rotated about their C3 symmetry axis by ~45° relative to orientation of the isolated molecules.  

Therefore, formation of 2D-hexagonal islands not only requires mobilization of “Cl-up” 

molecules across the surface, but also additional energy for the rotation of the molecules on the 

surface plane.  We expect the energy needed for the “Cl-up” molecules to diffuse and rotate on 

the surface to be small and on the order of kT ≈ 18 meV, as evidenced by the formation of large 

2D-hexagonal islands at 205 K not observed at 150 K at a similar surface coverage. 
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Figure 9-5.  Molecular growth shown for 0.14 MLE ClB-SubPc deposited on Cu(111) held at 

205 K.  “Cl-up” molecules (brighter center) are mostly found in two-dimensional hexagonal 

islands, while “Cl-down” molecules experience repulsive intermolecular interactions, with very 

few found in pairs (yellow circles).  The adsorption symmetry of the molecules in islands (black 

dashed triangle) and clusters (green triangle) is different than those found in isolation (purple 

triangle).  The orientation of molecules in some clusters (white rectangle) cannot be resolved by 

STM.  Both STM images are obtained in constant-current mode: (a) 𝑉𝑉𝑆 = −2.0 V; 𝐼𝐼𝑡 = 50 pA, 5 

K.  (b) 𝑉𝑉𝑆 = −2.0 V; 𝐼𝐼𝑡 = 100 pA, 5 K. 
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So far our discussion of the molecular distribution and self-assembly of ClB-SubPc on 

Cu(111) focused on the intermolecular interactions as the driving forces.  In order to gain a full 

understanding of the film formation mechanism, surface/molecule interactions are also need to 

be considered.  Friedel oscillations are known to mediate interatomic and intermolecular 

interactions on noble metal surfaces  [51].  A quantitative analysis of STM images at a coverage 

of 0.04 MLE ClB-SubPc/Cu(111) demonstrates the role of such surface-mediated interactions in 

molecular organization, as was presented already in Chapter 7.  These analyses show evidence of 

preferential intermolecular distances for both “Cl-up” and “Cl-down” molecules corresponding 

to half the Fermi wavelength of Cu(111).  At higher surface coverage (0.14 MLE) where many-

body interactions are also in play, surface standing waves are still observed due to scattering of 

the surface 2D-electron gas by the islands, as shown in Figure 9-6.  In addition, both the 

protruding “Cl-up” and the isolated “Cl-down” molecules act as scattering centers.  Although the 

two molecular orientations of ClB-SubPc give rise to different molecular organization, the 

intermolecular interactions between all ClB-SubPc molecules are additionally mediated by the 

standing waves formed due to “impurity” scattering of surface-state electrons by each adsorbate 

structure on the surface.  Two-dimensional molecular arrays of CoPc on Cu(111) have been 

fabricated by quantum interference of surface state electrons, directional molecule/molecule 

attraction, and substrate-molecule interaction  [244]. 
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Figure 9-6.  Constant-current STM image of 0.14 MLE ClB-SubPc on Cu(111) for the film 

prepared at 223 K (𝑉𝑉𝑆 = 0.100 V; 𝐼𝐼𝑡 = 50 pA, 5 K).  Surface Friedel oscillations are observed 

from scattering of the surface-state electrons of Cu(111) by individual ClB-SubPc molecules and 

those in the two-dimensional hexagonal island.  Both the “Cl-up” and “Cl-down” orientations of 

ClB-SubPc act as scattering centers. 

 

9.3.2. Higher Coverages 

So far, we discussed the film structure of ClB-SubPc on Cu(111) at coverages ≤ 0.20 

MLE.  Ordered 2D- islands are formed by hexagonal close-packing of “Cl-ups” at 205–223 K, 

while “Cl-down” molecules continue to experience repulsive intermolecular interactions.  It has 

been reported that self-assembly of organic semiconductors such as pentacene/Cu(110)  [245], 

FePc/Cu(111)  [246], and VOPc/Cu(111) [241] into ordered 2D-structures is possible at high 
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coverages while at low coverages they coexist with some disorder.  In order to investigate 

whether “Cl-downs” self-organize into ordered structures in the presence of short-range 

intermolecular interactions, we prepared a film at 0.50 MLE ClB-SubPc on Cu(111) at 200 K.  

Figure 9-7 shows the complex film growth observed at this coverage, displaying the coexistence 

of ordered structures, randomly distributed isolated molecules and disordered molecular clusters.  

Indeed, several different ordered structures are observed, as can be seen in the large overview 

STM image in Figure 9-7, showing appearance of different types of triangular islands of 

hexagonally packed molecules as well as the hcp islands of “Cl-ups” also present at low-

coverage films discussed in previous section. 

Self-assembly of ClB-SubPc into discrete well-defined hexagonal bilayer and trilayer 

triangular nanocrystallites on Cu(111) was previously reported  [238].  Here, we are able to 

resolve the internal structure of the triangular islands.  A close-up view of these triangular 

islands (Figure 9-7 inset and Figure 9-8) shows two dominant structures: (i) Low-density 

hexagonal packing of “Cl-up” molecules, with a molecular density about ~87% of that observed 

in the high-density hexagonal close-packed islands; and (ii) ordered bilayer structure formed by 

stacking of “Cl-down” molecules.  These ordered bilayers are an extended version of the small 

bilayer clusters already observed at much lower coverage and temperature (Figure 9-3b) and they 

tend to grow in both triangular and non-triangular shapes (Figure 9-7).  The observation of 

ordered bilayer structures by “Cl-down” molecules and the formation of two-dimensional 

ordered islands by “Cl-up” molecules clearly demonstrate that molecular orientation dictates 

self-assembly.  For “Cl-down” molecules there is a coverage-dependent component to the 

intermolecular interactions mediating formation of an ordered structure: Ordered ”Cl-down” 

islands only arise once they are stabilized by intercalated bilayer stacking of the molecules, as 



228 
 

visible from the very distinct molecular contrast for the stacked molecules in all STM images 

(Figure 9-7 and Figure 9-8). 

 

 

Figure 9-7.  Complex film structure of 0.50 MLE ClB-SubPc on Cu(111) for a film prepared at 

200 K.  The constant current STM image in clearly exhibits inhomogeneous film growth 

consisting of ordered islands and some disordered growth (𝑉𝑉𝑆 = −2 V; 𝐼𝐼𝑡 = 50 pA, 5 K).  The 

two-dimensional hexagonal islands of “Cl-up” only orientation exhibit two types of molecular 

densities (white solid box: low density; red dash box: high density).  “Cl-down” molecules are 

stabilized by stacking together in an intercalated bilayer hexagonal structure. 
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At even higher surface temperatures during growth and higher coverages, film formation 

becomes significantly three-dimensional, as shown in Figure 9-9a and b.  Unlike the films 

prepared at ≤ 223 K, ClB-SubPc does not show layer-by-layer growth if the surface is held at 

room temperature during growth.  This is contrary to ClB-SubPc films observed on 

Ag(111)  [211]: for films prepared at room temperature, ClB-SubPc forms a 2D lattice gas at low 

coverage, while near a monolayer coverage the molecules assemble into a 2D hexagonal close-

packed structure in coexistence with a dense 2D gas phase  [211].  Another study revealed large 

domains of ClB-SubPc consisting of rectangular lattice covering entire Au(111) terraces at ≥ 1 

ML  [239].  At 0.85 MLE ClB-SubPc coverage, the preferred adsorption geometry directly at the 

metal organic interface with Cu(111) is “Cl-up”, as revealed by the presence of 2D-hexagonal 

islands with the high-density close-packed structure (Figure 9-7a), and also seen in the molecular 

contrast in the high resolution STM image in Figure 9-9b.  On this wetting layer grow three-

dimensional clusters of the molecules that cannot be resolved by STM, and we are unable to tell 

whether the “Cl-down” or any other possible orientations of ClB-SubPc are present in these 

clusters. 
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Figure 9-8.  (a) A close-up of an ordered island formed by “Cl-downs” stabilized by stacking 

together in an intercalated bilayer hexagonal structure.  Constant current STM imaging 

conditions: 𝑉𝑉𝑆 = −2 V; 𝐼𝐼𝑡 = 50 pA, and 5 K.  (b) A cartoon of the bilayer structure. 

 

The previously observed ordered islands of “Cl-downs” at 205 K (Figure 9-7 and Figure 

9-8) are no longer obtained in any of the STM images of films prepared at room temperature.  

This observation suggests that in the first monolayer, the intermolecular interactions between 

“Cl-down” molecules are weak enough to destabilize the intercalated bilayer structure, leading 

instead to disordered 3D aggregation.  The intermolecular interactions must thus dominate over 
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surface/molecule interactions in unresolved clusters of ClB-SubPc on Cu(111).  However, the 

hcp structures of “Cl-up” molecules in the wetting layer (Figure 9-9a) indicate that orientation-

dependent surface/molecule interactions persist for films prepared even at room temperature. 

 

 

Figure 9-9.  Constant-current STM images for (a) 0.76 MLE and (b) 0.85 MLE ClB-SubPc 

molecules deposited on Cu(111) when surface held at room temperature.  Hexagonal islands are 

formed by close-packing of molecules in the first monolayer (a).  The contrast resolution of the 

molecules in (b) indicates the “Cl-up” orientation to be the dominating species in the first 

monolayer.  (a) 𝑉𝑉𝑆 = −2.5 V; 𝐼𝐼𝑡 = 100 pA, 5 K.  (b) 𝑉𝑉𝑆 = −2.0 V; 𝐼𝐼𝑡 = 100 pA, 5 K. 
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9.4. Conclusion 

In summary, I presented a systematic study of the evolution of the thin film structure of 

ClB-SubPc on C(111) at sub-monolayer surface coverages and different surface temperatures.  

This study reveals that complex film growth emerges from orientation-dependent intermolecular 

and molecule/surface interactions.  “Cl-up” molecules are dominated by attractive intermolecular 

interactions and pack in large hexagonal two-dimensional islands.  At 150 K, the thermal energy 

is not sufficient to promote the formation of these large ordered 2D islands.  However, at 

temperatures as high as room temperature, the “Cl-up” molecules form hexagonal 2D-islands of 

varying molecular density.  Only the “Cl-up” orientation of the molecule participates in 

formation of 2D-hexagonal structures.  At temperatures ≤ 223 K, “Cl-down” molecules 

experience a repulsive barrier when interacting with one another in the plane of the surface.  This 

potential barrier is overcome at higher surface coverage, which leads to self-assembly of “Cl-

down” molecules into a stacked bilayer structure.  At low surface coverage, the intermolecular 

interactions for all ClB-SubPc molecules are additionally mediated by the surface 2D electron 

gas. 

ClB-SubPc exhibits complex film growth on Cu(111) as evident from coexistence of a 

mixture of orientation-dependent ordered islands along with molecules in isolated form and in 

unresolved small clusters.  The orientation-dependent self-assembly of ClB-SubPc on Cu(111) 

has important consequences for the interfacial electronic structure of ClB-SubPc/Cu(111).  The 

formation of “Cl-up” only and “Cl-down” only ordered islands suggest stronger intermolecular 

interactions between molecules of similar orientations.  The orientation-selective island 

formation and molecular organization also suggest different coupling schemes for the two 

adsorption geometries, hence different interfacial electronic structure.  Future work will focus on 
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the surface/molecule interactions at the single molecule level for different adsorption symmetries 

of the molecules by combining STM and DFT methods. 
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10. CONCLUSIONS 

In this thesis, I presented a systematic study of the interfacial electronic structure of two 

types of dipolar organic semiconductors on metal surfaces: vanadyl naphthalocyanine (VONc) 

on Au(111) and chloroboron subphthalocyanine (ClB-SubPc) on Cu(111).  For both systems, I 

showed that the electrostatic properties of the organic molecules play a critical role in the 

evolution of the interfacial electronic structure.  In the case of ClB-SubPc/Cu(111) I expanded 

upon this principle even further, demonstrating that the mechanism of molecular self-assembly is 

driven by both intermolecular forces and surface/molecule interactions. 

The ground state electronic structure and molecular orbitals of VONc were first evaluated 

by high level DFT calculations, utilizing large basis sets that include diffuse functions.  The 

exchange and correlation energies were approximated by several methods consisting of both 

empirical functionals as well as functionals derived from basic principles of quantum mechanics.  

For the molecular geometry and the electronic structure of VONc, an empirical-free functional, 

PBEh, was found to give very similar results to Becke’s hybrid functionals, B3LYP and 

Becke97-1.  The fraction of the exact exchange in PBEh was found to directly influence the 

HOMO-LUMO gap.  DFT calculations of several other metal naphthalocyanines (M-Ncs) 

resulted in similar HOMO-LUMO gaps with variations largely arising from changes in the 

energy of the LUMO.  Comparison of the electronic structure of VONc to these M-Ncs showed 

that substitution of the metal center to V-O leads to shifts of both the HOMO and LUMO to 

lower energies.  This controllable variation of the HOMO and LUMO energies is a promising 

method for tuning the interfacial electronic structure and energy level alignment of organic/metal 

interfaces. 
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In the VONc/Au(111) system, the image potential resonances (IPRs) investigated by two-

photon photoemission exhibited significant quantum mechanical effects, which arose from the 

interference of direct and indirect transitions into the bulk continuum of Au(111).  In this case, 

the indirect transitions are due to autoionization of the 𝑛 = 2 IPR into the bulk continuum.  

These processes are too fast to allow detailed analysis of photoemission line profiles on the bare 

Au(111) surface.  However, adsorption of VONc increases the decay time of IPRs into the bulk 

states of Au(111) without significantly disrupting the strong electronic coupling, as quantum 

interference effects are still observed for VONc/Au(111).  Ultimately, this surface modification 

enables the derivation of a Fano profile for the 𝑛 = 2 IPR.  The presence of this Fano resonance 

is an indication of the multi-channel quantum interference effects at work, revealed by an 

asymmetric line shape when the photoemission intensity of 𝑛 = 2 IPR is plotted as a function of 

excitation energies.  IPRs were observed at excitation energies less or greater than the optical 

resonance energy of the Shockley surface state.  These indirect transitions into the image 

potential manifold indicates scattering and dephasing processes at the VONc/Au(111) interface.  

Fundamental understanding of such scattering and dephasing processes is particularly important 

with direct relevance to indirect excitation and charge transfer pathways at organic/metal 

interfaces. 

In order to understand the role of surface/molecule and molecule/molecule interactions in 

molecular organization and self-assemblies, I presented the first quantitative analysis of 

orientation-dependent intermolecular interactions of organic molecules on a surface.  This work 

involved a statistical analysis of nearest-neighbor pair distances of ClB-SubPc on Cu(111) from 

STM images combined with a surface “impurity” scattering model.  I showed that different 

adsorption geometries of dipolar organic semiconductors lead to fundamentally different 
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surface/molecule and molecule/molecule interactions.  These differences control self-assembly, 

offering the possibility to tune molecular film growth on surfaces by modifying the strength of 

specific interactions.  Since molecular film structure directly influences the interfacial electronic 

structure, this method could play a crucial role in optimizing organic based electronic devices.  

Additionally, the surface two-dimensional electron gas was shown to indirectly mediate 

intermolecular interactions for both orientations of ClB-SubPc on Cu(111). 

Two-photon photoemission experiments on ClB-SubPc/Cu(111) revealed strong 

electronic coupling between the molecule and the surface.  A partially occupied molecular state 

near the Fermi level was observed, indicating partial charge transfer from Cu to the molecules.  

A careful analysis of STM images of films prepared under identical conditions indicates that the 

“Cl-up” orientation of ClB-SubPc is dominant in the first monolayer.  Since the charge-transfer 

state is interface-specific, it is clear that the “Cl-up” molecules function as the electron accepting 

species at the interface.  Both STM images and 2PPE measurements demonstrate 

inhomogeneous film growth of ClB-SubPc on Cu(111) at room temperature, which gives rise to 

different local vacuum levels at sub-monolayer coverages.  These different local vacuum levels 

were probed by 2PPE by utilizing the sensitivity of the image potential states to the local 

electronic environment.  In particular, the 𝑛 = 2 image potential state of bare Cu(111) exhibits 

strong electronic coupling to the molecular film, as revealed from autoionization of the 𝑛 = 2 

into the continuum of the ClB-SubPc films due to lower local vacuum of the film.  The 

orientation-dependent molecular organization of ClB-SubPc on Cu(111) and the coexistence of 

different local vacuum levels in a given film both demonstrate the significance of thin film 

morphology in understanding the surface/molecule and molecule/molecule interactions.  These 
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interactions are important in the formation of the interface dipole, with direct influence on 

vacuum level alignment and charge transfer across the interface. 

A systematic STM study of thin film structure for ClB-SubPc on Cu(111), spanning 

different surface coverages and surface temperatures, reveals that complex film growth emerges 

from orientation-dependent molecular organization and self-assembly.  The “Cl-up” molecules 

are dominated by attractive intermolecular forces, self-organizing into two-dimensional ordered 

islands even at low surface coverages.  On the other hand, the “Cl-down” molecules self-

assemble into ordered islands only at coverages ≥ 0.50 MLE.  At lower surface coverages, “Cl-

downs” experience repulsive interactions with one another, due to an oscillatory surface potential 

caused by “impurity” scattering.  Two-dimensional ordered monolayer islands are only formed 

by hexagonal packing of “Cl-ups”, while “Cl-downs” self-assemble exclusively into bilayer 

hexagonal structures.  The segregation of “Cl-up” only and “Cl-down” only molecules during the 

formation of ordered islands suggests that intermolecular interactions are stronger between 

molecules of the same orientation.  This also suggests different electronic coupling schemes for 

the two adsorption configurations.  The orientation-dependent surface/molecule coupling and 

molecular self-organization are expected to give rise to differences in the interfacial electronic 

structure at organic/metal interfaces, which is a crucial factor to take into account when 

fabricating organic-based electronic devices. 
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11. FUTURE OUTLOOK 

In this thesis, I have discussed in detail the orientation-dependent intermolecular 

interactions of ClB-SubPc on Cu(111).  One of the most significant results is that molecules 

display different surface/molecule and molecule/molecule interactions for different adsorption 

orientations.  However, careful analysis of STM images reveals another layer of complexity to 

the organic/metal interface.  The constant-current STM images of ClB-SubPc/Cu(111) 

demonstrate different internal molecular contrasts for a given molecular orientation with 

different adsorption symmetries.  In Figure 11-12, the contrast observed for isolated “Cl-downs” 

changes in the presence of neighboring cluster of molecules as well as due to rotation on the 

surface plane (pink arrow).  This suggests different surface/molecule coupling and hence 

different interfacial electronic structure for molecules of different adsorption configurations on 

surface plane. 

Figure 11-2 demonstrates the change in the molecular contrast for a given molecule 

(yellow dashes) upon flipping from “Cl-down” to “Cl-up” orientation and further rotating on 

surface plane.  Additionally, the C3v symmetry of the “Cl-downs” appears distorted in the case 

where the molecule does not fall into the common adsorption symmetry direction (pink dots). 
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Figure 11-1.  Constant-current STM image of 0.20 MLE ClB-SubPc/Cu(111) with atomic 

resolution in regions enclosed by white dashed lines (-1.7 V, 50 pA, 5 K).  Pink arrows point to 

changes in molecular contrast relative to other isolated molecules. “Cl-ups” appear with brighter 

centers. 
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Figure 11-2.  Constant-current STM images of 0.20 MLE ClB-SubPc/Cu(111) displaying 

different molecular contrasts for molecules of different adsorption symmetries (-1.7 V, 100 pA, 5 

K).  “Cl-ups” appear with brighter centers.  “Cl-down” molecule flips up into “Cl-up” 

orientation, which further rotates on surface plane displaying different molecular contrast 

(yellow dash).  The molecular contrasts of “Cl-downs” for different adsorption symmetries are 

marked by pink dashes. 

 

Finally, Figure 11-3 show that the internal molecular contrast also exhibits additional 

enhancement in the presence of nearby ordered clusters of molecules.  These distinct molecular 



241 
 

contrasts hint at subtle interactions that even go beyond the level of detail developed in this 

thesis.  In order to develop a complete picture of the organic/metal interface at the single 

molecule level, these phenomena bear further investigation.  The presence of different molecular 

adsorption configurations on the surface plane may give rise to differences in the local interfacial 

electronic structure, with nontrivial consequences in the organic/metal contacts of organic-based 

electronics.  Understanding these different adsorption configurations and their role in the local 

electronic environment is important in the characterization of device-relevant systems, which are 

usually inhomogeneous films prepared under less controlled conditions.  To address these 

challenges, further work will involve theoretical investigation of surface/molecule interactions at 

the single molecule level for the different adsorption configurations observed in these STM 

images.  This theoretical work will involve DFT calculations that account for van der Waals 

interactions, which are crucial in capturing surface/molecule and molecule/molecule interactions 

more accurately. 
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Figure 11-3.  Molecular contrasts shown for “Cl-up” and “Cl-down” orientations of 0.20 MLE 

ClB-SubPc on Cu(111) showing distinct partial electron density for a given molecular orientation 

found in isolation vs. in an ordered island.  For two given molecular adsorption symmetries (red 

dots and white dots) the molecular contrast is influenced by interaction with nearby molecules, 

where a much brighter center is observed for the molecules in ordered two-dimensional clusters.  

(Constant-current STM, -1.7 V, 100 pA, 5 K). 
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APPENDIX A 

File: nwchem.nw (input file) 

start voncjob7        {job name} 
 
ECHO 
ECCE_PRINT /homeB/home2/u10/nilyas/VONc/job7/eccejob7.out {output in .out format} 
 
charge 0        {molecular charge state} 
geometry units angstrom 
    C   -0.71102839     4.15906370    -0.03189084 
    C    0.71102839     4.15906370    -0.03189084 
    C   -1.11768643     2.76534213    -0.02407121 
    C    1.11768643     2.76534213    -0.02407121 
    V    0.00000000     0.00000000     0.64482921 
    C    1.11768643    -2.76534213    -0.02407121 
    C   -1.11768643    -2.76534213    -0.02407121 
    C    0.71102839    -4.15906370    -0.03189084 
    C   -0.71102839    -4.15906370    -0.03189084 
    C   -2.76534213    -1.11768643    -0.02407121 
    C   -2.76534213     1.11768643    -0.02407121 
    C   -4.15906370    -0.71102839    -0.03189084 
    C    2.76534213     1.11768643    -0.02407121 
    C    2.76534213    -1.11768643    -0.02407121 
    C    4.15906370     0.71102839    -0.03189084 
    C    4.15906370    -0.71102839    -0.03189084 
    O    0.00000000     0.00000000     2.22095379 
    N    0.00000000    -1.93875813    -0.02879490 
    N    1.93875813     0.00000000    -0.02879490 
    N   -1.93875813     0.00000000    -0.02879490 
    N    0.00000000     1.93875813    -0.02879490 
    N   -2.39198172     2.39198172    -0.02371341 
    N   -2.39198172    -2.39198172    -0.02371341 
    N    2.39198172    -2.39198172    -0.02371341 
    N    2.39198172     2.39198172    -0.02371341 
    C    5.33243346     1.43209865    -0.06996991 
    C    5.33243346    -1.43209865    -0.06996991 
    C    6.57855265    -0.72169244    -0.11093202 
    C    6.57855265     0.72169244    -0.11093202 
    H    5.32343049     2.51766002    -0.07119574 
    H    5.32343049    -2.51766002    -0.07119574 
    C   -4.15906370     0.71102839    -0.03189084 
    C   -1.43209865     5.33243346    -0.06996991 
    C   -0.72169244     6.57855265    -0.11093202 
    C    1.43209865     5.33243346    -0.06996991 
    C    0.72169244     6.57855265    -0.11093202 
    C   -5.33243346     1.43209865    -0.06996991 
    C   -6.57855265     0.72169244    -0.11093202 
    C   -5.33243346    -1.43209865    -0.06996991 
    C   -6.57855265    -0.72169244    -0.11093202 
    C   -1.43209865    -5.33243346    -0.06996991 
    C    1.43209865    -5.33243346    -0.06996991 
    C   -0.72169244    -6.57855265    -0.11093202 
    C    0.72169244    -6.57855265    -0.11093202 
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    H   -2.51766002     5.32343049    -0.07119574 
    H    2.51766002     5.32343049    -0.07119574 
    H   -5.32343049     2.51766002    -0.07119574 
    H   -5.32343049    -2.51766002    -0.07119574 
    H    2.51766002    -5.32343049    -0.07119574 
    H   -2.51766002    -5.32343049    -0.07119574 
    C   -1.39913433     7.81360589    -0.15098596 
    C   -0.70003180     9.01880707    -0.18769216 
    H   -1.24414153     9.95856773    -0.21590147 
    C    1.39913433     7.81360589    -0.15098596 
    C    0.70003180     9.01880707    -0.18769216 
    H    1.24414153     9.95856773    -0.21590147 
    C    7.81360589     1.39913433    -0.15098596 
    C    7.81360589    -1.39913433    -0.15098596 
    C    9.01880707    -0.70003180    -0.18769216 
    H    9.95856773    -1.24414153    -0.21590147 
    C    9.01880707     0.70003180    -0.18769216 
    H    9.95856773     1.24414153    -0.21590147 
    C    1.39913433    -7.81360589    -0.15098596 
    C   -1.39913433    -7.81360589    -0.15098596 
    C   -0.70003180    -9.01880707    -0.18769216 
    H   -1.24414153    -9.95856773    -0.21590147 
    C    0.70003180    -9.01880707    -0.18769216 
    H    1.24414153    -9.95856773    -0.21590147 
    C   -7.81360589    -1.39913433    -0.15098596 
    C   -7.81360589     1.39913433    -0.15098596 
    C   -9.01880707     0.70003180    -0.18769216 
    H   -9.95856773     1.24414153    -0.21590147 
    C   -9.01880707    -0.70003180    -0.18769216 
    H   -9.95856773    -1.24414153    -0.21590147 
    H   -7.81403426    -2.48620242    -0.15134794 
    H    2.48620242    -7.81403426    -0.15134794 
    H   -2.48620242    -7.81403426    -0.15134794 
    H    7.81403426    -2.48620242    -0.15134794 
    H    7.81403426     2.48620242    -0.15134794 
    H   -7.81403426     2.48620242    -0.15134794 
    H   -2.48620242     7.81403426    -0.15134794 
    H    2.48620242     7.81403426    -0.15134794 
Symmetry C4v print 
end 
 
basis spherical        {basis sets} 
 H library 6-31g** 
 C library 6-31g** 
 N library 6-31g** 
 V library lanl2dz_ecp 
 O library 6-31g** 
end 
 
ecp 
 V library lanl2dz_ecp 
end 
 
dft 
 mult 2   {spin multiplicity} 
 iterations 120  {maximum number of self-consistent energy iterations} 
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 xc b3lyp  {exchange-correlation functional} 
end 
 
driver 
 maxiter 60  {maximum number of iterations for geometry optimization} 
end 
 
task dft optimize {geometry and energy optimization tasks performed} 
task dft property {dipole moment calculated} 
property 
  dipole 
end 
 

 

File: submit.job (batch file) 
 

#!/bin/csh 
### Set the job name 
#PBS -N VONcjob7       {job name} 
 
### Request email when job begins and ends 
##PBS -m bea 
 
### Specify email address to use for notification 
##PBS -M monti@u.arizona.edu 
 
### Specify the PI group found with the va command 
#PBS -W group_list=monti 
 
### Set the queue to submit this job 
#PBS -q windfall 
 
### Set the number of cpus up to a maximum of 128 
#PBS -l ncpus=16 
 
### Specify up to a maximum of 1600 hours totl cpu time for the job 
#PBS -l cput=1000:0:0 
 
### Specify up to a maximum of 240 hours walltime for the job 
#PBS -l walltime=64:0:0 
 
cd /scr2/nilyas/VONc/job7      {scratch space location} 
setenv MPI_DSM_DISTRIBUTE 
 
date 
/usr/bin/time mpirun -np 16 /usr/local/NWChem/bin/nwchem  {program to be used} 
date 
______________________________________________________________________________
______ 
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APPENDIX B 

File: nwchem.nw (input file) 

start voncjob31    {job name} 
 
ECHO 
ECCE_PRINT /home/nilyas/VONc/job31/eccejob31.out 
permanent_dir /home/nilyas/VONc/job31 
 
charge 0 
geometry units angstroms 
   C                      -0.70864021     4.14656013    -0.05354197 
   C                       0.70864021     4.14656013    -0.05354197 
   C                      -1.11537324     2.75642045     0.03380899 
   C                       1.11537324     2.75642045     0.03380899 
   V                       0.00000000     0.00000000     0.65558802 
   C                       1.11537324    -2.75642045     0.03380899 
   C                      -1.11537324    -2.75642045     0.03380899 
   C                       0.70864021    -4.14656013    -0.05354197 
   C                      -0.70864021    -4.14656013    -0.05354197 
   C                      -2.75642045    -1.11537324     0.03380899 
   C                      -2.75642045     1.11537324     0.03380899 
   C                      -4.14656013    -0.70864021    -0.05354197 
   C                       2.75642045     1.11537324     0.03380899 
   C                       2.75642045    -1.11537324     0.03380899 
   C                       4.14656013     0.70864021    -0.05354197 
   C                       4.14656013    -0.70864021    -0.05354197 
   O                       0.00000000     0.00000000     2.21689947 
   N                       0.00000000    -1.95939539     0.09519218 
   N                       1.95939539     0.00000000     0.09519218 
   N                      -1.95939539     0.00000000     0.09519218 
   N                       0.00000000     1.95939539     0.09519218 
   N                      -2.37950734     2.37950734     0.02272866 
   N                      -2.37950734    -2.37950734     0.02272866 
   N                       2.37950734    -2.37950734     0.02272866 
   N                       2.37950734     2.37950734     0.02272866 
   C                       5.31505836     1.42725568    -0.13837103 
   C                       5.31505836    -1.42725568    -0.13837103 
   C                       6.53635813    -0.71998745    -0.21939953 
   C                       6.53635813     0.71998745    -0.21939953 
   H                       5.30440177     2.51332667    -0.14119605 
   H                       5.30440177    -2.51332667    -0.14119605 
   C                      -4.14656013     0.70864021    -0.05354197 
   C                      -1.42725568     5.31505836    -0.13837103 
   C                      -0.71998745     6.53635813    -0.21939953 
   C                       1.42725568     5.31505836    -0.13837103 
   C                       0.71998745     6.53635813    -0.21939953 
   C                      -5.31505836     1.42725568    -0.13837103 
   C                      -6.53635813     0.71998745    -0.21939953 
   C                      -5.31505836    -1.42725568    -0.13837103 
   C                      -6.53635813    -0.71998745    -0.21939953 
   C                      -1.42725568    -5.31505836    -0.13837103 
   C                       1.42725568    -5.31505836    -0.13837103 
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   C                      -0.71998745    -6.53635813    -0.21939953 
   C                       0.71998745    -6.53635813    -0.21939953 
   H                      -2.51332667     5.30440177    -0.14119605 
   H                       2.51332667     5.30440177    -0.14119605 
   H                      -5.30440177     2.51332667    -0.14119605 
   H                      -5.30440177    -2.51332667    -0.14119605 
   H                       2.51332667    -5.30440177    -0.14119605 
   H                      -2.51332667    -5.30440177    -0.14119605 
   C                      -1.39993233     7.77966653    -0.30293114 
   C                      -0.70753969     8.96100576    -0.38236862 
   H                      -1.24420344     9.90305999    -0.44547558 
   C                       1.39993233     7.77966653    -0.30293114 
   C                       0.70753969     8.96100576    -0.38236862 
   H                       1.24420344     9.90305999    -0.44547558 
   C                       7.77966653     1.39993233    -0.30293114 
   C                       7.77966653    -1.39993233    -0.30293114 
   C                       8.96100576    -0.70753969    -0.38236862 
   H                       9.90305999    -1.24420344    -0.44547558 
   C                       8.96100576     0.70753969    -0.38236862 
   H                       9.90305999     1.24420344    -0.44547558 
   C                       1.39993233    -7.77966653    -0.30293114 
   C                      -1.39993233    -7.77966653    -0.30293114 
   C                      -0.70753969    -8.96100576    -0.38236862 
   H                      -1.24420344    -9.90305999    -0.44547558 
   C                       0.70753969    -8.96100576    -0.38236862 
   H                       1.24420344    -9.90305999    -0.44547558 
   C                      -7.77966653    -1.39993233    -0.30293114 
   C                      -7.77966653     1.39993233    -0.30293114 
   C                      -8.96100576     0.70753969    -0.38236862 
   H                      -9.90305999     1.24420344    -0.44547558 
   C                      -8.96100576    -0.70753969    -0.38236862 
   H                      -9.90305999    -1.24420344    -0.44547558 
   H                      -7.77701515    -2.48684969    -0.30223967 
   H                       2.48684969    -7.77701515    -0.30223967 
   H                      -2.48684969    -7.77701515    -0.30223967 
   H                       7.77701515    -2.48684969    -0.30223967 
   H                       7.77701515     2.48684969    -0.30223967 
   H                      -7.77701515     2.48684969    -0.30223967 
   H                      -2.48684969     7.77701515    -0.30223967 
   H                       2.48684969     7.77701515    -0.30223967 
Symmetry C4v print 
end 
 
memory stack 600 mb heap 600 mb global 1200 mb  {for additional memory} 
set int:txs:limxmem 47693000     {additional memory} 
 
basis spherical 
 H library 6-31g** 
 C library 6-31g** 
 N library 6-31g** 
 O library 6-31g** 
 
V    S        {Stuttgart RSC 1997 ECP 
     12.8432080              1.1406430    basis set} 
     11.3757530             -1.2188030 
      5.4069740             -0.8929030 
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V    S 
      1.4659270              1.0000000 
V    S 
      0.5980800              1.0000000 
V    S 
      0.0887900              1.0000000 
V    S 
      0.0353180              1.0000000 
V    S 
      0.0100000              1.0000000 
V    P 
     31.8898680              0.0394070 
      8.2371780             -1.0226030 
V    P 
      4.3283730              0.1927560 
      1.5405260              0.8511680 
V    P 
      0.5280810              1.0000000 
V    P 
      0.0899620              1.0000000 
V    P 
      0.0263930              1.0000000 
V    D 
     22.6804330              0.0362930 
      6.8613120              0.1773010 
      2.2754450              0.4304290 
      0.7319220              0.5893030 
V    D 
      0.2007460              1.0000000 
V    D 
      0.0600000              1.0000000 
V    F 
      0.7700000              1.0000000 
 
end 
 
 
ECP 
V nelec 10 
V ul 
2      1.000000000            0.000000000 
V S 
2     14.490000000          178.447971000 
2      6.524000000           19.831375000 
V P 
2     14.300000000          109.529763000 
2      6.021000000           12.570310000 
V D 
2     17.480000000          -19.219657000 
2      5.709000000           -0.642775000 
END 
 
 
dft 
  mult 2 
  iterations 300 
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  xc HFexch 0.25 cpbe96 xpbe96 0.75 
  convergence ncydp 4 damp 80 dampon 1000.0 dampoff 0.1 diison 0.1 diisoff 0.00001 lshift 0.0   
 {to correct for bad orbital order} 
end 
 
driver 
  maxiter 60 
end 
 
task dft energy 
 
 

 

File: nwchem.msub (batch file) 
 

#!/bin/csh -f 
#MSUB -l nodes=4:ppn=8,walltime=10:00:00 
#MSUB -A gc35415 
#MSUB -o /dtemp/nilyas/VONc/job31/voncjob31.output.%j {output file} 
#MSUB -e /dtemp/nilyas/VONc/job31/voncjob31.err.%j {error file} 
#MSUB -N VONc 
#MSUB -m ea 
#MSUB -M nilyas@emsl.pnl.gov 
#MSUB -V 
 
############################################################################ 
# Print out some information for refund purposes 
############################################################################ 
 
echo "refund: UserID = nilyas" 
echo "refund: SLURM Job ID = ${SLURM_JOBID}" 
echo "refund: Number of nodes          = 4" 
echo "refund: Number of cores per node = 8" 
echo "refund: Number of cores          = 32" 
echo "refund: Amount of time requested = 10:00" 
echo "refund: Directory = ${PWD}" 
echo " " 
echo Processor list 
echo " " 
echo "${SLURM_JOB_NODELIST}" 
echo " " 
 
############################################################################ 
# Copy NWChem binary to local scratch directory 
############################################################################ 
# pdsh -f 30 -w "${SLURM_JOB_NODELIST}" cp /home/svc-nwchem/nwchem-5.1.1/bin/LINUX64/nwchem 
/scratch/nwchem 
# srun -n ${SLURM_NNODES} -N ${SLURM_NNODES} --wait=600 cp /home/svc-nwchem/nwchem-
5.1.1/bin/LINUX64/nwchem /scratch/nwchem 
bcastf /home/svc-nwchem/nwchem-5.1.1/bin/LINUX64/nwchem /scratch/nwchem 
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############################################################################ 
# Actually run the job 
############################################################################ 
 
source /etc/profile.d/modules.csh 
source /home/scicons/bin/set_modulepath.csh  
module purge 
module load nwchem/5.1.1 
 
cd /scratch 
 
setenv MPI_FLAGS y4 
setenv ARMCI_DEFAULT_SHMMAX 2048 
setenv NWCHEM_BASIS_LIBRARY "/home/svc-nwchem/nwchem-5.1.1/src/basis/libraries/" 
setenv NWCHEM_NWPW_LIBRARY "/home/svc-nwchem/nwchem-5.1.1/src/nwpw/libraryps/" 
 
setenv MPIRETURN 999 
mpirun -srun -n 32 -N 4 /scratch/nwchem /dtemp/nilyas/VONc/job31/nwchem.nw 
setenv MPIRETURN $? 
 
############################################################################ 
# End of the job script 
############################################################################ 
 
exit $MPIRETURN 
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APPENDIX C 

File: nwchem.nw (input file) 

start voncjob41      {job name} 
 
ECHO 
ECCE_PRINT /home/nilyas/VONc/job41/eccejob41.out 
permanent_dir /home/nilyas/VONc/job41 
 
charge 0 
geometry units angstroms    {optimized geometry} 
 C                     -0.70631682     4.13634615     0.00410533 
 C                      0.70631682     4.13634615     0.00410533 
 C                     -1.11197713     2.74938926     0.09845480 
 C                      1.11197713     2.74938926     0.09845480 
 V                      0.00000000     0.00000000     0.73940512 
 C                      1.11197713    -2.74938926     0.09845480 
 C                     -1.11197713    -2.74938926     0.09845480 
 C                      0.70631682    -4.13634615     0.00410533 
 C                     -0.70631682    -4.13634615     0.00410533 
 C                     -2.74938926    -1.11197713     0.09845480 
 C                     -2.74938926     1.11197713     0.09845480 
 C                     -4.13634615    -0.70631682     0.00410533 
 C                      2.74938926     1.11197713     0.09845480 
 C                      2.74938926    -1.11197713     0.09845480 
 C                      4.13634615     0.70631682     0.00410533 
 C                      4.13634615    -0.70631682     0.00410533 
 O                      0.00000000     0.00000000     2.29926519 
 N                      0.00000000    -1.95737105     0.16614468 
 N                      1.95737105     0.00000000     0.16614468 
 N                     -1.95737105     0.00000000     0.16614468 
 N                      0.00000000     1.95737105     0.16614468 
 N                     -2.37015361     2.37015361     0.08580241 
 N                     -2.37015361    -2.37015361     0.08580241 
 N                      2.37015361    -2.37015361     0.08580241 
 N                      2.37015361     2.37015361     0.08580241 
 C                      5.30025607     1.42141718    -0.08409325 
 C                      5.30025607    -1.42141718    -0.08409325 
 C                      6.51695442    -0.71723248    -0.16939255 
 C                      6.51695442     0.71723248    -0.16939255 
 H                      5.29082194     2.50474245    -0.08654381 
 H                      5.29082194    -2.50474245    -0.08654381 
 C                     -4.13634615     0.70631682     0.00410533 
 C                     -1.42141718     5.30025607    -0.08409325 
 C                     -0.71723248     6.51695442    -0.16939255 
 C                      1.42141718     5.30025607    -0.08409325 
 C                      0.71723248     6.51695442    -0.16939255 
 C                     -5.30025607     1.42141718    -0.08409325 
 C                     -6.51695442     0.71723248    -0.16939255 
 C                     -5.30025607    -1.42141718    -0.08409325 
 C                     -6.51695442    -0.71723248    -0.16939255 
 C                     -1.42141718    -5.30025607    -0.08409325 
 C                      1.42141718    -5.30025607    -0.08409325 
 C                     -0.71723248    -6.51695442    -0.16939255 
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 C                      0.71723248    -6.51695442    -0.16939255 
 H                     -2.50474245     5.29082194    -0.08654381 
 H                      2.50474245     5.29082194    -0.08654381 
 H                     -5.29082194     2.50474245    -0.08654381 
 H                     -5.29082194    -2.50474245    -0.08654381 
 H                      2.50474245    -5.29082194    -0.08654381 
 H                     -2.50474245    -5.29082194    -0.08654381 
 C                     -1.39438226     7.75617064    -0.25676007 
 C                     -0.70511912     8.93166580    -0.33974248 
 H                     -1.24043204     9.87105303    -0.40582684 
 C                      1.39438226     7.75617064    -0.25676007 
 C                      0.70511912     8.93166580    -0.33974248 
 H                      1.24043204     9.87105303    -0.40582684 
 C                      7.75617064     1.39438226    -0.25676007 
 C                      7.75617064    -1.39438226    -0.25676007 
 C                      8.93166580    -0.70511912    -0.33974248 
 H                      9.87105303    -1.24043204    -0.40582684 
 C                      8.93166580     0.70511912    -0.33974248 
 H                      9.87105303     1.24043204    -0.40582684 
 C                      1.39438226    -7.75617064    -0.25676007 
 C                     -1.39438226    -7.75617064    -0.25676007 
 C                     -0.70511912    -8.93166580    -0.33974248 
 H                     -1.24043204    -9.87105303    -0.40582684 
 C                      0.70511912    -8.93166580    -0.33974248 
 H                      1.24043204    -9.87105303    -0.40582684 
 C                     -7.75617064    -1.39438226    -0.25676007 
 C                     -7.75617064     1.39438226    -0.25676007 
 C                     -8.93166580     0.70511912    -0.33974248 
 H                     -9.87105303     1.24043204    -0.40582684 
 C                     -8.93166580    -0.70511912    -0.33974248 
 H                     -9.87105303    -1.24043204    -0.40582684 
 H                     -7.75379951    -2.47853279    -0.25608376 
 H                      2.47853279    -7.75379951    -0.25608376 
 H                     -2.47853279    -7.75379951    -0.25608376 
 H                      7.75379951    -2.47853279    -0.25608376 
 H                      7.75379951     2.47853279    -0.25608376 
 H                     -7.75379951     2.47853279    -0.25608376 
 H                     -2.47853279     7.75379951    -0.25608376 
 H                      2.47853279     7.75379951    -0.25608376 
Symmetry C4v print 
end 
 
memory stack 600 mb heap 600 mb global 1200 mb  {request for memory} 
set int:txs:limxmem 47693000     {additional memory} 
 
basis spherical       {6-311+g(3df,2pd)} 
 H S 
   33.8650000  0.0254938 
    5.0947900  0.1903730 
    1.1587900  0.8521610 
 H S 
    0.3258400  1.0000000 
 H S 
    0.1027410  1.0000000 
 H P 
    3.0000000  1.0000000 
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 H P 
    0.7500000  1.0000000 
 H P  
    0.1875000  1.0000000 
 H D 
    1.0000000  1.0000000  
 
 C S 
   4563.2400000  0.00196664 
    682.0240000  0.0152306 
    154.9730000  0.0761269 
     44.4553000  0.2608010 
     13.0290000  0.6164620 
      1.8277300  0.2210060 
 C SP 
     20.9642000  0.1146600  0.0402487 
      4.8033100  0.9199990  0.2375940 
      1.4593300 -0.00303068 0.8158540 
 C SP 
      0.4834560  1.0000000  1.0000000 
 C SP 
      0.1455850  1.0000000  1.0000000 
 C D 
      2.5040000  1.0000000 
 C D 
      0.6260000  1.0000000 
 C D 
      0.1565000  1.0000000 
 C F 
      0.8000000  1.0000000 
 N S 
   6293.4800000  0.00196979 
    949.0440000  0.0149613 
    218.7760000  0.0735006 
     63.6916000  0.2489370 
     18.8282000  0.6024600 
      2.7202300  0.2562020 
 N SP 
     30.6331000  0.1119060  0.0383119 
      7.0261400  0.9216660  0.2374030 
      2.1120500 -0.00256919 0.8175920 
 N SP 
      0.6840090  1.0000000  1.0000000 
 N SP 
      0.2008780  1.0000000  1.0000000 
 N D 
      3.6520000  1.0000000 
 N D 
      0.9130000  1.0000000 
 N D 
      0.2282500  1.0000000 
 N F 
      1.0000000  1.0000000 
  
 O S 
   8588.5000000  0.00189515 
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   1297.2300000  0.0143859 
    299.2960000  0.0707320 
     87.3771000  0.2400010 
     25.6789000  0.5947970 
      3.7400400  0.2808020 
 O SP 
   42.1175000  0.1138890  0.0365114 
    9.6283700  0.9208110  0.2371530 
    2.8533200 -0.00327447 0.8197020 
 O SP 
    0.9056610  1.0000000  1.0000000 
 O SP 
    0.2556110  1.0000000  1.0000000 
 O D 
    5.1600000  1.0000000 
 O D 
    1.2920000  1.0000000 
 O D 
    0.3225000  1.0000000 
 O F 
    1.4000000  1.0000000 
 
 
 
 V library Stuttgart_rsc_1997_ecp 
end 
 
ecp 
 V library Stuttgart_rsc_1997_ecp 
end 
 
dft 
  mult 2 
  iterations 300 
  xc HFexch 0.25 xpbe96 0.75 cpbe96 
  convergence ncydp 4 damp 80 dampon 1000.0 dampoff 0.1 diison 0.1 diisoff 0.00001 lshift 0.0 
end 
 
driver 
  maxiter 60 
end 
 
task dft energy 
 
______________________________________________________________________________
______ 
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