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Figure 6.3. (a) Surface-normal UPS spectra for clean Cu(110) (black) and 1 ML TiOPc 

(blue). (b) STM image of near 1 ML TiOPc on Cu(110) (𝑉𝑆 = 10 mV,   𝐼𝑇 =  0.10 nA). ........ 116 
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surface is coarsened by cooperative self-assembly of TiOPc with Cu adatoms. ........................ 117 

Figure 6.5. (a) Survey ultraviolet photoemission spectra for 1 ML TiOPc on Cu(110) 

before (blue) and after (red) self-assembly. (b) High resolution spectra for the M1, M2, and 
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Figure 6.6. (a) 2PPE spectra for 0.87 ML TiOPc on Cu(110) before (red) and after (blue) 
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resolved atomic force microscope image of the Cu(110)-(2x1)O surface reconstruction. ......... 132 
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(b) Superimposed molecular cartoons highlight the change in aza-N to Cu(110) lattice 

relationship following activation. ............................................................................................... 182 

Figure 9.9. ln [k’] plotted against inverse temperature for activated Kondo screening where 

𝑘′ = 𝑘/(# 𝑚𝑜𝑙 ∙ 𝑠−1). The Arrhenius parameters 𝐸𝑎~ 0.5 eV and 𝐴~5500 s−1 are 

determined from the slope and y-intercept of the plot respectively. ........................................... 184 

Figure 9.10. Constant current STM images of two low coverage films of TiOPc on 

Cu(110). (a) Film 1: as deposited at RT (𝑉𝑆 = 5 mV,   𝐼𝑇 = 0.2 nA). (b) Film 2: RT 

deposition followed by annealing to 190 oC for 220 s (𝑉𝑆 = 10 mV,   𝐼𝑇 = 0.2 nA). Most 

“O-up” molecules have been activated into the reduced symmetry configuration. .................... 185 

Figure 9.11. (a) dI/dV spectra recorded on the Pc lobes over a wide bias window for regular 

“O-up”, activated “O-up”, and “O-down” molecules. (b) dI/dV spectrum and fit with a Fano 

profile of the LDOS resonance, recorded on a lobe of activated “O-up” TiOPc. ....................... 187 

Figure 9.12. (a) dI/dV spectra of the ASK resonance, recorded on the lobes of activated 

“O-up” molecules for  different temperatures. (b) Temperature-dependence of the intrinsic 

ASK resonance width w(T) and fit to equation (9.26). ............................................................... 188 

Figure 9.13. Constant current STM image of 0.8 ML TiOPc where molecules were added 

to a 0.4 ML film after an annealing cycle to 90 oC. Some molecules are activated even in 

the crowded molecular environment. .......................................................................................... 192 

Figure 9.14. Constant current STM image sequence of activated “O-up” TiOPc following 

field pulses from the STM tip. The initial tip-sample distance is fixed by the specified 

stabilization point values while the field pulse consists of decreasing tip-sample distance 

by 1.5 Å over 20 s. (a) 𝑉𝑆 = 2 V,   𝐼𝑇 = 0.2 nA. (b) 𝑉𝑆 = 3 V,   𝐼𝑇 = 0.2 nA. (c) 𝑉𝑆 =
−3 V,   𝐼𝑇 = 0.2 nA. .................................................................................................................... 194 

Figure 10.1. Diagram summarizing the approach to investigating, understanding and 

controlling interfacial properties. Interactions on the atomic scale control the interfacial 

magnetic, structural and electronic properties. ........................................................................... 198 

Figure 10.2. Building on the established approach to understanding and controlling 

interfacial properties leads to the future work of characterizing charge carrier dynamics. ........ 200 

Figure 10.3. Optical setup for TR-2PPE experiments. (a) Energy level diagram showing 

the two-photon photoemission process. (b) Intensity autocorrelation of the two compressed 

3𝜔 laser pulses. ........................................................................................................................... 201 

Figure 10.4. Top: TR-2PPE time trace of the LUMO+1 of C60 on Au(111). Bottom: static 

2PPE spectrum of C60 on Au(111). ............................................................................................. 203 

Figure A.1. Calculated molecular orbitals for TiOPc ................................................................ 205 

Figure A.2. Calculated molecular orbitals for H2Pc .................................................................. 206 

Figure A.3. Calculated molecular orbitals for CuPc .................................................................. 207 

 

file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050858
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050858
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050859
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050859
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050859
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050860
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050860
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050860
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050860
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050861
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050861
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050861
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050862
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050862
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050862
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050863
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050863
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050863
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050864
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050864
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050864
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050864
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050864
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050866
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050866
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050867
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050867
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050867
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050868
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050868
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050869
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050870
file:///C:/Users/Bret/Documents/Grad%20School/Lab%20Monti/writing/Dissertation/Full%20dissertation/MaughanB%20Dissertation%20Rev2.docx%23_Toc485050871


14 

 

LIST OF ACRONYMS 

 

AB: Agent-based 

AB-KMC: Agent-based Kinetic Monte 

Carlo 

ARPES: Angle-resolved photoemission 

spectroscopy 

ASK: Abrikosov-Suhl-Kondo (resonance) 

BE: Binding energy 

BZ: Brillouin zone 

Cu: Copper 

CuPc: Copper phthalocyanine 

DFT: Density functional theory 

dI/dV: Differential conductance 

DOS: Density of States 

EF: Fermi energy 

Evac: Vacuum level 

eV: electron volt 

fcc: Face centered cubic 

GVD: Group velocity dispersion 

H2Pc: Unsubstituted phthalocyanine 

HOMO: Highest occupied molecular orbital 

ID: Interface dipole 

IE: Ionization energy 

KMC: Kinetic Monte Carlo 

LDOS: Local density of states 

LEED: Low energy electron diffraction 

LUMO: Lowest unoccupied molecular 

orbital 

LT-STM: Low-temperature scanning 

tunneling microscopy 

MBE: Molecular beam epitaxy 

MD: Molecular dynamics 

ML: Monolayer 

MPc: Metal phthalocyanine 

mV: Millivolt 

nm: Nanometer 

NFE: Nearly free electron 

Pc: Phthalocyanine 

pA: Picoampere 

PES: Photoemission spectroscopy 

SA: Self-assembly 

SIAM: Single impurity Anderson model 

TiOPc: Titanyl phthalocyanine 

UHV: Ultrahigh Vacuum 

UPS: Ultraviolet photoelectron spectroscopy 

WF, 𝛷: Work function 

2PPE: Two-photon photoemission 

spectroscopy 

1D: One-dimensional 

 



15 

 

ABSTRACT 

 Organic semiconductor interfaces are promising materials for use in next-generation 

electronic and optoelectronic devices. Current models for metal-organic interfacial electronic 

structure and dynamics are inadequate for strongly hybridized systems. This work aims to address 

this issue by identifying the factors most important for understanding chemisorbed interfaces with 

an eye towards tuning the interfacial properties. Here, I present the results of my research on 

chemisorbed interfaces formed between thin-films of phthalocyanine molecules grown on 

monocrystalline Cu(110). Using atomically-resolved nanoscale imaging in combination with 

surface-sensitive photoemission techniques, I show that single-molecule level interactions control 

the structural and electronic properties of the interface. I then demonstrate that surface 

modifications aimed at controlling interfacial interactions are an effective way to tailor the physical 

and electronic structure of the interface. 

 This dissertation details a systematic investigation of the effect of molecular and surface 

functionalization on interfacial interactions. To understand the role of molecular structure, two 

types of phthalocyanine (Pc) molecules are studied: non-planar, dipolar molecules (TiOPc), and 

planar, non-polar molecules (H2Pc and CuPc). Multiple adsorption configurations for TiOPc lead 

to configuration-dependent self-assembly, Kondo screening, and electronic energy-level 

alignment. To understand the role of surface structure, the Cu(110) surface is textured and 

passivated by oxygen chemisorption prior to molecular deposition, which gives control over thin-

film growth and interfacial electronic structure in H2Pc and CuPc films. Overall, the work 

presented here demonstrates a method for understanding interfacial electronic structure of strongly 

hybridized interfaces, an important first step towards developing more robust models for metal-

organic interfaces, and reliable, predictive tuning of interfacial properties.  
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CHAPTER 1 │ INTRODUCTION 

1.1: Motivation 

The modern world relies on electronic devices. They are essential for entertainment, 

communication, energy, medicine, scientific discovery, and much more. Keeping pace with the 

advancement of science and the consumer demand of an ever-expanding global population 

requires that electronic devices continue getting faster, more efficient, and smaller. Circuit 

components have evolved from the rudimentary vacuum tubes and switches of the early twentieth 

century to the marvel of solid-state integrated circuits in use today. Propelled almost entirely by 

inorganic semiconductor technologies, the feature size in modern integrated circuits has followed 

Moore’s law of miniaturization for the last 40 years, and shrinking circuits have produced faster, 

more efficient devices.1 Present day commercial integrated circuits are built with features with 

dimensions of order 10 nm. Features of this size are pushing the limits of conventional 

photolithographic fabrication methods and are approaching the fundamental limit of atomic scales. 

Both barriers signal the expiration of Moore’s law and necessitate a change of direction for the 

electronics sector.2 Beyond the quest for smaller devices, needs have arisen that call for devices 

with mechanical and chemical properties unlikely to be satisfied by traditional silicon and III-IV 

semiconductor technologies. Nontoxic biosensors and flexible electronics are two examples of 

such needs.3 The current state of affairs in electronic device science thus presents two clear-cut 

challenges: 1) To break through the floor of traditional semiconductor fabrication methods and 

realize sub-nanometer feature dimensions for devices, and 2) to discover new semiconducting 

materials with novel properties for non-traditional applications.  

Organic semiconductors are a class of advanced materials that offer solutions to these new 

challenges. First, self-assembly of molecular building blocks provides bottom-up fabrication 
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avenues that will allow for device engineering at unprecedented length-scales.4,5 Second, organic 

semiconductor materials have many properties that are distinctly superior to their inorganic 

counterparts, including low costs, solution processing for printable applications,6 mechanical 

flexibility,7 biocompatibility,3 and a highly tunable electronic structure.7,8 In fact, organic 

semiconductor thin-films are already making headway towards efficient, lightweight, and robust 

electronic devices such as photovoltaics, light emitting diodes, and transistors.9–13  

 Despite the promising outlook for organic semiconductor materials, they are plagued by 

poor charge carrier mobilities, in general ~103 times lower than those of inorganic 

semiconductors.7,13 For organic semiconductors to be used in devices therefore requires coupling 

them to more conductive materials. Junctions between materials with dissimilar physical, 

chemical, and electronic properties are called interfaces, and they form the fundamental building 

blocks for all electronic components and devices. The physics of the interfacial region ultimately 

governs the movement of charges through the material and may largely determine the electronic 

functionality of the device. Understanding and controlling interfacial properties thus holds the key 

to unlocking organic semiconductor technologies, yet remains the principal obstacle confronting 

the realization of the next-generation devices we need to meet the energy and technological 

demands of the future.  

Owing to the discrete nature of molecules, interface formation in molecular materials is 

remarkably complex. Interfacial interactions and chemical reactions occur on an individual 

molecule basis and because of this, a variety of forces and phenomena are responsible for the 

macroscopic properties of the interface. Complete understanding and control over interface 

formation requires atomic-scale investigations of interfacial properties. This is particularly true for 

the electronic properties of the interface; research strategies relying solely on area-averaged 
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techniques fail to account for the individual molecule-molecule and surface-molecule interactions 

driving the interfacial processes that lead to the observed electronic structure. Such strategies fail 

to fully answer the question of why the interfacial electronic structure is how it is and therefore 

lack true predictive power. What is needed is a molecular-level understanding of interfacial 

physical and electronic structure, and the resulting charge carrier dynamics. This level of 

understanding can then guide modifications of interfacial components to predictably alter the 

electronic structure and optimize the desired charge carrier processes. 

1.2: Status of the Field 

 The study of metal-organic interfaces with a mind toward device applications began in 

earnest around the turn of the millennium.14–16 In the time since, the field has made great strides 

toward understanding interfacial electronic structure and dynamics, yet a universal, predictive 

model is still missing.17 This is in part due to the complexity and variety of organic interfacial 

systems, but also responsible is the fact that we have yet to fully comprehend the interface in its 

most basic unit, i.e. at an individual molecule level. Much of the experimental effort of the past, 

has focused solely on the macroscopic interfacial electronic structure obtained by area-averaged 

spectroscopic techniques.16 A result of neglecting a single-molecule picture of the interface is that 

the key issues to understanding carrier transport across an interface, laid out more than a decade 

ago,18 remain the key issues today. These issues include an understanding of:18 

 The energy levels pertinent to injection and transport through a molecule and their positions 

relative to the transport levels in the metal.  

 The strength of the surface-molecule interaction, e.g. wave function overlap, chemical 

bonding, and modification of the metal surface potential around molecules. 
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 The role of molecular structure i.e. composition, configuration, and orientation. 

 The effect of neighboring molecules on energy levels, e.g. bonding-, ordering-, surface 

mediated-, and electrostatic intermolecular interactions. 

That the key issues have remained unsolved for over a decade is not to say that progress has 

not been made in understanding the energetics of metal-organic interfaces. In fact, many useful 

models have been developed that capture much of the observed interfacial electronic structure and 

dynamics in many systems.19 For instance, we now know that the formation of an interface dipole 

(ID) is particularly important for energy-level alignment and charge transfer, and that a primary 

component of the ID comes from the so called push-back effect.20 We know also that surface-

molecule coupling can result in a redistribution of the molecular density of states to form “gap” 

states, leading to the useful application of an induced density of interface states (IDIS) model to 

explain energy-level alignment.21 Even a general electrostatic density of states model has been 

developed to quantitatively describe interfacial energetics in multilayered films.22 Despite this 

initial success, the collective ability of these models to accurately describe interfacial energetics 

breaks down in the limit of strongly chemisorbed molecules. The common thread among these 

models is that they generalize molecular interactions with the surface and thus are inherently 

limited to describing only weakly interacting systems where such approximations are valid. 

Despite the remarkable success for weakly interacting systems, a more universal model that also 

accurately describes strongly interacting systems has not yet materialized. To develop such a 

model that includes chemisorbed systems requires nothing short of a true molecular-level 

understanding of the driving forces behind interface formation. 
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1.3: Conspectus of the Thesis Problem 

The long-range goal of my research is to make fundamental contributions towards 

discovering and adapting novel materials for next-generation device applications in energy, 

medicine, and technology. The immediate objective of the research outlined in this dissertation is 

to address the shortcomings of current models and methods used to understand and describe 

strongly coupled metal-organic interfaces. Throughout the course of my work, I have sought to 

develop a molecular-level, quantum mechanical understanding of interface formation in strongly 

interacting systems, and to use this understanding to tailor important structural and electronic 

properties of the material. To achieve this objective, I have a developed a heuristic approach to 

interface study that hinges on uncovering first the dominant interfacial interactions, at an 

individual molecule level. This is because the summation of individual interactions ultimately 

determines the structural and electronic properties of the collective material (Figure 1.1), even if 

Figure 1.1. Schematic representation of the method used for investigating interfacial systems. 

Considerable effort is focused on understanding the atomic-level interactions, because these 

drive the structural and electronic properties of the interface. 
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in a non-trivial way. Having then a molecular-level understanding of the forces driving interface 

formation enables me to develop important intuitions as I probe the physical and electronic 

structure of the entire interface. A complete understanding of the machinery behind the 

macroscopic interfacial properties naturally exposes handles by which tailoring of these properties 

becomes feasible. 

The method portrayed in Figure 1.1 is made possible through the pairing of ultrahigh 

resolution imaging techniques, such as scanning tunneling microscopy (STM) and atomic-force 

microscopy (AFM), with surface-sensitive electronic structure measurements provided by 

ultraviolet (UPS) and two-photon photoemission spectroscopies (2PPE). The power of this 

approach will become apparent as I use it to investigate and control the interfacial properties of 

strongly chemisorbed systems throughout this dissertation. The results of this work aim to 

contribute the knowledge necessary to develop a comprehensive model of metal-organic interface 

formation and advance the field of organic semiconductor technology. My central hypothesis is 

that the formulation of such a model will catalyze the discovery of device-relevant advanced 

organic thin-film materials and accomplish the long-range goal set forth in the opening of this 

section. 

1.4: Organic Semiconductor Profile 

 Organic semiconductor molecules are termed such because they share some properties with 

inorganic semiconductors. Like their inorganic analogs, organic semiconductors possess an energy 

gap between occupied and unoccupied levels, can be doped with other atoms and molecules,23 and 

are used in electronic device applications.12 The molecules studied in this dissertation belong to 

the class of organic semiconductors called phthalocyanines (Pcs). Pcs are macrocyclic, conjugated, 

planar aromatic systems that bare resemblance to the class of porphyrin molecules found 
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extensively in nature.24 The parent compound of phthalocyanine is the porphyrazine macrocycle 

which differs from porphin by the substitution of four bridging carbon atoms with nitrogen atoms 

(Figure 1.2). Like porphyrins, Pcs readily form complexes with a host of transition metal ions. 

Furthermore, the extended conjugated π-system of Pcs lends itself to strong adsorption of light in 

the visible range and makes them attractive pigment materials. As such, Pcs are commonly used 

as inks, dyes, and color filters.24 A perhaps more technologically attractive application of 

phthalocyanines is in novel optoelectronic devices such as organic light emitting diodes 

Figure 1.2. The structural relation of Phthalocyanine to Porphin through 

Porphyrazine core. Figure adapted from reference [24]. 

Figure 1.3. The phthalocyanine molecules studied in this dissertation are (from left to right): Free-base 

phthalocyanine (H2Pc), copper phthalocyanine (CuPc), and titanyl phthalocyanine (TiOPc). 
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(OLEDs),23 organic photovoltaics (OPVs),25 and phototransistors.26 The chemical structures of 

those phthalocyanine molecules studied in this work are shown in Figure 1.3. The molecular wave 

function is an important entity in the physics of interfaces, therefore a selection of calculated 

molecular orbitals corresponding to each of these molecules can be found in Appendix A.  

1.5: Thesis Organization 

Chapter 2 will introduce the experimental methods and surface sensitive techniques most 

frequently employed in this dissertation to understand and control interfacial structural and 

electronic properties. Topics covered include sample preparation, low-temperature scanning 

tunneling microscopy (LT-STM), and photoelectron spectroscopy (PES). 

Chapter 3 will serve as a crash course in condensed matter physics pertaining to metals. Contents 

include crystal structure, direct and reciprocal space, and the band theory of solids. Intermingled 

with theory are experimental results for the characterization of Cu(110), the primary surface 

studied in this dissertation. This includes structural characterization by LEED and STM, and the 

band structure measured by angle-resolved UPS (ARPES). 

Chapter 4 details an investigation of the interface formed between titanyl phthalocyanine and 

Cu(110) studied by STM imaging. Single-molecule interactions with the surface are addressed 

first, then a detailed documentation of a temperature-induced transformation that patterns the 

surface with quasi-periodic arrays of self-assembled nanoribbons is provided. Primary 

observations for the interfacial interactions underlying self-assembly are set forth. 

Chapter 5 discusses a novel agent-based Kinetic Monte Carlo simulation I developed to study the 

mechanism responsible for the formation of self-assembled nanoribbons described in Chapter 4. 

Background information on the Kinetic Monte Carlo method and agent-based modelling is 
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provided before a complete description of how they are melded and incorporated into the 

simulation code is given. Finally, the results of the simulation are discussed and the dominant 

kinetic processes leading to self-assembled nanoribbons is revealed. 

Chapter 6 continues with an investigation of TiOPc adsorbed on Cu(110), only now with a focus 

on the interfacial electronic structure as measured with UPS. The self-assembly mechanism is 

leveraged to elucidate configuration-specific electronic structure information and tune energy-

level alignment at the interface. 

Chapter 7 introduces a surface reconstruction of Cu(110) induced by reaction with molecular 

oxygen. The atomic structure and different phases of reconstruction are given. Finally, the band 

structure of Cu(110)-(2x1)O, measured with ARPES, is discussed. 

Chapter 8 provides a detailed characterization of the CuPc/Cu(110)-(2x1)O interface. An ability 

to template and control thin-film growth of CuPc with the oxygen reconstruction is demonstrated. 

On the fully oxidized surface, the effect of CuPc coverage on the surface electronic structure is 

studied up to one molecular layer, after which the evolution of molecular electronic structure is 

monitored for film thickness up to four molecular layers. 

Chapter 9 is an adventure into the realm of many-body physics. I provide background theory on 

electron correlation effects, specifically the Single Impurity Anderson Model and the Kondo 

effect. This is then followed by an experimental investigation of ensemble activation of Kondo 

screening in the molecular adsorbates TiOPc on Cu(110). 

Chapter 10 gives final conclusions for the dissertation work and addresses the objectives for 

future studies. 

  



25 

 

CHAPTER 2 │ METHODS 

Introduction 

The energetics of the interface are driven ultimately by interactions occurring on the atomic 

scale. It is therefore important that experimental investigations are i) done in a controlled 

environment on pure samples to avoid undesirable interactions and ii) capable of resolving just 

those properties of the material that stem from the interfacial region. This chapter will serve as an 

introduction to the methods used to ensure formation of the desired interface, and as an overview 

of surface sensitive techniques routinely used throughout the dissertation to probe the interfacial 

properties. The chapter is organized as follows: Sample preparation methods are discussed in 

section 2.1. A nanoscale imaging technique, scanning tunneling microscopy (STM), is described 

in section 2.2. This section will cover both the theory of STM and important experimental aspects 

of the technique. Finally, a description of ultraviolet photoelectron spectroscopy (UPS) is 

presented in section 2.3, which is used to characterize the electronic structure of surfaces and 

interfaces.  

2.1: Sample Preparation 

2.1.1: Ultrahigh Vacuum 

 To ensure that samples are not contaminated by molecules and particulates in the 

atmosphere, surfaces are prepared under ultrahigh vacuum (UHV) conditions. Using a 

combination of rough vacuum, turbomolecular, sputter ion, and sublimation pumps allows 

experimental vacuum chambers to reach pressures below 10-10 mbar. In atmospheric conditions, it 

takes roughly 1 ns for a clean surface to be completely covered with contaminate molecules 

assuming a sticking coefficient of perfect unity. UHV conditions, however, can reduce the 
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contamination rate by a factor of ~1014, meaning that surface experiments can run for several hours 

or days before contamination becomes an issue.  

 UHV conditions are also necessary for electronic structure measurements by photoelectron 

spectroscopy (PES). As will be discussed in greater detail below, PES measures the number, 

direction, and kinetic energy of electrons emitted from a sample generated via the photoelectric 

effect. The mean free path for an electron in atmosphere is on the order of 10 nm, not enough room 

in which to build an electron analyzer and detector. At UHV pressures, the electron mean free path 

is on the order of 106 m and thus electrons can be collected and analyzed without being absorbed 

or scattered by molecules in the surrounding environment.  

2.1.2: Surface Cleaning  

 Metal single crystals can be grown from a melt with exceedingly high bulk purity 

(99.999%), but the surface becomes saturated with contaminants immediately after the crystal is 

exposed to ambient air (Figure 2.1). Numerous interactions, due to the adsorbed contaminants will 

dramatically coarsen the crystal surface.27 Adsorbed contaminates can be removed and atomic-

level smoothness of the crystal surface restored by repeated cycles of sputter ion cleaning and 

thermal annealing. Sputtering is the process of bombarding the surface with energetic ions of a 

noble gas that blasts away the uppermost layer of the crystal, including any adsorbed molecules. 

This is a destructive process that leaves the surface pure, rough, and riddled with defects (Figure 

2.1).28 Annealing the crystal to roughly one-half of the melting point provides enough thermal 

energy for atoms in the crystal to reorganize and smooth the surface to atomically flat dimensions 

(Figure 2.1).29 
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2.1.3: Organic Semiconductor Purification 

 Byproducts of the synthetic process tend to leave even the highest grade of organic 

semiconducting molecules unfit for surface science experiments. Typical impurities include 

products of unintended side-reactions, unused reagents, or degradation products when molecules 

are exposed to ambient light. Because these impurities often share similar chemical properties to 

the desired products, removing them is difficult with standard separation processes. To ensure that 

molecular thin-films are of the highest purity, organic semiconductor samples are processed using 

gradient sublimation.30 A schematic of the sublimation process is given in Figure 2.2. A vial filled 

with molecular material is placed inside an evacuated (P ~ 10-6 torr) glass tube and the entire 

apparatus is differentially heated.  

Figure 2.1. Metal surface cleaning process. The surface is 

exposed to an Argon ion beam to remove undesirable 

surface adsorbates. Annealing the crystal smooths the 

surface to atomically flat surface roughness. 
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Analogous to thermal distillation, the sample material is heated to the sublimation 

temperature and the vapor is transported through a diffusive region, where consecutive 

condensation and resublimation events occur. At some distance and temperature in the tube, the 

molecules condense for the final time in the collection region. By treating the system in the ideal 

limit (kinetic theory of gases), Fick’s law of diffusion gives the total transport flux as the sum of 

laminar flow and diffusion flux30 

𝑗 = 𝑗𝐿𝐹 + 𝑗𝐷 =

[
 
 
 
 
3𝑃𝑑2𝜎2𝜋

3
2

64√𝑚𝑘𝐵𝑇
+

1

3
√

8𝑘𝐵𝑇

𝜋𝑚

(

 
1

1
𝑑

+
√2𝜋𝜎2𝑃

𝑘𝐵𝑇 )

 

]
 
 
 
 
𝑐0 − 𝑐𝑐

𝐿
. (2.1) 

 Here, 𝑃 is the total pressure, 𝜎 is the collision diameter, 𝑑 is the diameter of the glass tube, 𝑚 is 

the mass of the molecule, 𝑐0 − 𝑐𝑐 is the vapor concentration difference between the vial and the 

collection region, and 𝐿 is the distance between the vial and the collection region. This simple 

model does not account for any intermolecular interactions or molecular interactions with the glass 

tube, but it already captures how the vapor flux at a given position in the tube depends on the size 

and mass of the molecule. As impurities will be different in size and mass than the target 

Figure 2.2. Gradient sublimation apparatus. Sample material sublimates inside of a glass tube with a temperature 

gradient. Diffusion through the tube separates the material according to size, mass, and interactions with the walls of 

the tube. 
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molecules, they will condense in a different region of the tube. The pure target molecules will 

condense in the same region and form crystals which can then be collected for use in experiments. 

The formation of large crystals is a direct indication of high purity of the molecules. 

2.1.4: Thin-Film Growth 

The growth of molecular thin-films is also done evaporatively using a technique called 

physical vapor deposition (PVD) or molecular beam epitaxy (MBE). Within a UHV chamber, the 

purified molecular sample is placed inside of a cell with a small opening, i.e. an effusion cell. The 

growth substrate is positioned in line with the effusion opening prior to molecular deposition 

(Figure 2.3). The molecules are then heated to the point of sublimation and the vapor pressure 

inside the cell increases. As the molecules escape through the opening, they follow an initial 

trajectory through vacuum before condensing on the substrate. Epitaxial growth requires a slow 

rate of deposition (< 0.1 monolayer (ML) per minute) which is monitored using a quartz crystal 

Figure 2.3. Thin-film growth process. Molecules are sublimated inside of an effusion cell. 

The escaping vapor travels toward the substrate and condenses. 
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microbalance (QCM). Following thin-film growth, the sample is retained in UHV for the duration 

of the experiment. 

2.2: Nanoscale Imaging: Scanning Tunneling Microscopy 

2.2.1: Introduction to STM 

 The STM was invented in 1982 by Binnig and Rohrer, for which they were awarded the 

Nobel prize for physics in 1986, and provides one of the highest resolutions of any imaging 

technique.31 In STM, an atomically fine metallic tip is scanned with precise control provided by 

piezo actuators over a surface at a separation of less than 1 nm (Figure 2.4). Due to the quantum 

mechanical effect of tunneling, discussed shortly, electric current flows through the vacuum gap 

between the tip and the surface. The tunneling current is measured and recorded for each tip 

position relative to the surface. Because electrons tunnel primarily from the last atom of the tip to 

the first atom of the sample, the technique inherently provides atomic resolution. Ultrahigh 

resolution STM images are presented in the next chapter. 

Figure 2.4. A simplified schematic of the scanning tunneling microscope. 
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2.2.2: Theory of Tunneling 

 In classical mechanics, a particle of energy 𝐸 can only reside in regions where the potential 

energy 𝑈 is less than 𝐸.  If one imagines a classical particle, say a racquet ball, bouncing between 

the walls of a concrete room, the racquet ball will forever remain inside of the room because the 

kinetic energy of the ball is less than the energy required to break through the concrete wall. If we 

could shrink the scenario down to atomic proportions, we would find a quantum mechanical 

probability for the particle to reside outside of the classically allowed region, i.e. within the barrier 

or even beyond it. Consider the particle in a finite well model with a finite, constant potential on 

one side, presented in Figure 2.5. The Schrödinger equation is 

[−
ℏ2

2𝑚

𝜕2

𝜕𝑥2
+ 𝑈(𝑥)]𝜓(𝑥) = 𝐸𝜓(𝑥) (2.2) 

Figure 2.5. Particle in a box model with a finite potential barrier on one 

side. 
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where  

𝜓(𝑥) = 𝜓(0)𝑒±𝑖𝑘𝑥 (2.3) 

and  

𝑘 =
√2𝑚(𝐸 − 𝑈(𝑥))

ℏ
. (2.4) 

In the classically allowed region I (𝑈(𝑥) < 𝐸), 𝑘 is real and the wave function is periodic. In the 

barrier (region II, 𝑈(𝑥) > 𝐸), 𝑘 is imaginary. Here, the wave function does not go immediately to 

zero but decays exponentially. This means that the probability density for the particle, |𝜓(𝑥)|2, 

extends into the classically forbidden region. If the energy barrier is not too high or too wide, the 

particle has a nonzero probability of tunneling through the barrier to end up entirely on the other 

side (region III). Next, we extend this idea to the tunnel junction formed between an STM tip and 

a metallic substrate.32 

In the Bardeen theory of tunneling,33 finite potential barriers are used to represent the 

boundaries of the two metal electrodes (tip and sample). When the electrodes are far apart, we can 

treat them independently (Figure 2.6a). The time-dependent Schrödinger equation for an electron 

in electrode A is then 

𝑖ℏ
𝜕Ψ𝐴(𝑥, 𝑡)

𝜕𝑡
= [−

ℏ2

2𝑚

𝜕2

𝜕𝑥2
+ 𝑈𝐴(𝑥)]Ψ𝐴(𝑥, 𝑡) (2.5) 

with stationary states 

Ψ𝐴(𝑥, 𝑡) = ψ𝑛(𝑥)𝑒−
𝑖𝐸𝑛𝑡

ℏ (2.6) 
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and spatial components that satisfy the time-independent Schrödinger equation 

�̂�𝜓𝑛(𝑥) = 𝐸𝑛𝜓𝑛. (2.7)   

The process is identical for electrode B with wave functions labeled 𝜒𝑚 to remove ambiguity. 

Bringing the electrodes close enough for their wave functions to overlap defines a new 

Hamiltonian (Figure 2.6b) 

𝑖ℏ
𝜕Ψ(𝑥, 𝑡)

𝜕𝑡
= [−

ℏ2

2𝑚

𝜕2

𝜕𝑥2
+ 𝑈𝐴(𝑥) + 𝑈𝐵(𝑥)]Ψ(𝑥, 𝑡). (2.8) 

Here, Ψ is no longer simply a solution to the independent electrodes (eq. (2.6)), but must include 

the possibility for an electron originally in electrode A to transfer to some state in electrode B 

Figure 2.6. Bardeen’s model of the tunnel junction. (a) At large separation, the 

two electrodes are treated independently. (b) At short separation, the wave 

function for electronic states overlap, entangling states in both electrodes. 
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Ψ(𝑥, 𝑡) = ψ𝑛(𝑥)𝑒−
𝑖𝐸𝑛𝑡

ℏ + ∑ 𝑐m(t)χ𝑚(𝑥)𝑒−
𝑖𝐸𝑚𝑡

ℏ

∞

𝑚=1

 (2.9) 

Using equation (2.9) in equation (2.8), we can isolate the time-dependent coefficients by using 

Bardeen’s assumption that the two sets of wave functions are approximately orthogonal 

∫𝜓𝑛
∗𝜒𝑚𝑑𝜏 ≅ 0, giving to first order 

𝑖ℏ
𝑑

𝑑𝑡
𝑐𝑚(𝑡) = ∫ 𝜓𝑛𝑈𝐵𝜒𝑚

∗

𝑥>𝑥0

𝑑𝜏 ∙ 𝑒−
𝑖(𝐸𝑚−𝐸𝑛)𝑡

ℏ . (2.10) 

We define 𝑀𝑛𝑚 as the tunneling matrix elements 

𝑀𝑛𝑚 = ∫ 𝜓𝑛𝑈𝐵𝜒𝑚
∗

𝑥>𝑥0

𝑑𝜏 (2.11) 

and integrate equation (2.10) with respect to 𝑡 to find the coefficient for state 𝑚 in electrode B 

𝑐𝑚(𝑡) = 𝑀𝑛𝑚

𝑒−
𝑖(𝐸𝑚−𝐸𝑛)𝑡

ℏ − 1

𝐸𝑚 − 𝐸𝑛
. (2.12) 

The probability of finding the electron in state 𝑚 at time 𝑡 is then given by 

|𝑐𝑚(𝑡)|2 =
|𝑀𝑛𝑚|24 ∙ sin2[(𝐸𝑚 − 𝐸𝑛)𝑡/2ℏ]

(𝐸𝑚 − 𝐸𝑛)2
 (2.13) 

The denominator in equation (2.13) is the elastic tunneling condition which tells us that the 

probability of transition from state 𝑛 to 𝑚 rapidly approaches zero as |𝐸𝑚 − 𝐸𝑛| increases. The 

tunneling current is found by counting the available states in both electrodes and the transition 

probabilities between them: 
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𝐼𝑇 = ∫ [𝑓𝐴 − 𝑓𝐵]𝜌𝐴(𝐸𝐹 − 𝑒𝑉 + 휀)
∞

−∞ 

𝜌𝐵(𝐸𝐹 + 휀)|𝑐𝑚(𝑡)|2𝑑휀. (2.14) 

Here, 𝑉 is the bias between electrodes, and  𝑓𝐴 (𝑓𝐵) and 𝜌𝐴 (𝜌𝐵) are the Fermi-Dirac occupation 

factor and DOS in electrode A(B), respectively. In the low-temperature, long-tunneling-time limit, 

equation (2.14) simplifies to 

𝐼𝑇 =
2𝑒

ℎ
∫ 𝜌𝐴(𝐸𝐹 − 𝑒𝑉 + 휀)

𝑒𝑉

0 

𝜌𝐵(𝐸𝐹 + 휀)|𝑀𝑛𝑚|2𝑑휀. (2.15) 

This is the fundamental expression describing the physics of the STM imaging mechanism. The 

tunneling current is the signal recorded at each tip location to give the contrast between pixels in 

an STM image. Specifically, we see that the tunneling current is proportional to a convolution of 

the surface and tip DOS and the tunneling matrix elements. Making one further approximation, 

namely that the DOS in both electrodes are constant near the Fermi energy, gives  

𝐺 =
𝐼𝑇
𝑉

=
2𝑒2

ℎ
𝜌𝐴(𝐸𝐹)𝜌𝐵(𝐸𝐹)|𝑀𝑛𝑚|2 (2.16) 

which recovers the result of the Landauer theory of conductance if the tunneling matrix replaces 

the transmission matrix. 

2.2.3: Scanning Tunneling Spectroscopy  

 In addition to high resolution imaging, the scanning tunneling microscope can directly 

probe the local electronic structure of a sample by measuring the differential conductance or 
𝑑𝐼

𝑑𝑉
 as 

a function of applied bias 𝑉. The name for this technique is scanning tunneling spectroscopy (STS). 

Using equation (2.16) and making the approximations that 𝑀𝑛𝑚 do not depend strongly on energy 
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and that the DOS of the purely metallic tip is essentially constant over the energy window 𝑒 ∙ 𝑉 

gives a differential conductance signal that is proportional to the DOS of the surface 

𝑑𝐼

𝑑𝑉
∝ 𝜌𝑠𝑢𝑟𝑓𝑎𝑐𝑒. (2.17) 

Therefore, a plot of 
𝑑𝐼

𝑑𝑉
(𝑉) probes the DOS at a specific location on the surface (local DOS 

(LDOS)) over a window of 𝑒 ∙ 𝑉, as illustrated in Figure 2.7. The differential conductance can be 

calculated from 𝐼𝑇(𝑉) or, more robustly, it can be measured directly using a lock-in amplifier. 

Figure 2.7. Scanning tunneling spectroscopy probes 

the local density of states in the surface. 
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2.2.4: Lock-In Detection 

Lock-in detection, or phase sensitive detection (PDS), involves modulating an input 

voltage with a periodic reference signal (𝜔𝑟𝑒𝑓) and multiplying it by another “lock-in” signal 

which is phase locked to the reference frequency (𝜔𝑟𝑒𝑓 = 𝜔𝐿) to get 

𝑉𝑝𝑠𝑑 = 𝑉𝑆 ∙ 𝑉𝐿 = 𝑉𝑆 sin(𝜔𝑆𝑡 + 𝜙𝑆) ∙ 𝑉𝐿 sin(𝜔𝐿𝑡 + 𝜙𝐿) (2.18) 

where 𝑉𝑆, 𝜔𝑆, and 𝜙𝑆 are the magnitude, frequency, and phase of the input signal, and the subscript 

L denotes the same terms for the lock-in signal. Using the product-to-sum identity gives 

𝑉𝑝𝑠𝑑 =
𝑉𝑆𝑉𝐿

2
cos([𝜔𝑆 − 𝜔𝐿]𝑡 + 𝜙𝑆 − 𝜙𝐿) −

𝑉𝑆𝑉𝐿

2
cos([𝜔𝑆 + 𝜔𝐿]𝑡 + 𝜙𝑆 + 𝜙𝐿) . (2.19) 

Using a low-pass filter will remove AC contributions, leaving only the components where 𝜔𝑆 =

𝜔𝐿 and a signal 

𝑉𝑝𝑠𝑑 =
1

2
𝑉𝑆𝑉𝐿 cos(𝜙𝑆 − 𝜙𝐿) (2.20) 

that is constant, proportional to the signal amplitude, and almost free of environmental noise, i.e. 

only noise with the frequency 𝜔 = 𝜔𝑆 = 𝜔𝐿 survives. In essence, the low-pass filter provides an 

averaging that takes advantage of the orthogonality of sine functions with different frequencies to 

pick out only the fundamental (𝜔𝐿) Fourier component of 𝑉𝑆. Specifically, 

𝜔

𝑛𝜋
∫ sin𝜔𝑆𝑡 ∙ sin𝜔𝐿𝑡 𝑑𝑡 = 0

𝑛𝜋
𝜔

0

(2.21) 

unless 𝜔𝑆 = 𝜔𝐿.  

To get at what a lock-in amplifier does in a physical experiment and how it relates to 
𝑑𝐼

𝑑𝑉
, 

suppose we slowly scan through the bias voltage (𝑉) while modulating it periodically 
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𝑉(𝑡, 𝜔) = 𝑉(𝑡) + 𝑉𝑚 cos𝜔𝑡 . (2.22) 

The current in STS is a function of the modulated voltage, 𝐼(𝑉(𝑡, 𝜔)). By keeping the amplitude 

of modulation (𝑉𝑚) small, the signal can be expanded in terms of 𝑉(𝑡, 𝜔) about 𝑉(𝑡) to give  

𝑆(𝑡) = 𝐼[𝑉(𝑡)] +
𝜕𝐼

𝜕𝑉
[𝐴𝑚 cos𝜔𝑡] +

𝜕2𝐼

𝜕𝑉2
[𝐴𝑚 cos𝜔𝑡]2 + ⋯ . (2.23) 

In the lock-in amplifier, 𝑆(𝑡) will be multiplied by the lock-in signal and filtered to remove all but 

the first Fourier component. Analogous to equation (2.20), we are left with a tunneling signal given 

by 

𝐼𝑙𝑜𝑐𝑘−𝑖𝑛 = 𝐴𝐿𝐴𝑚

𝜕𝐼

𝜕𝑉
[cos𝜙𝐿𝑚] (2.24) 

 where 𝜙𝐿𝑚 is the phase relationship between the lock-in and modulated signal. Now we see how 

a lock-in amplifier naturally measures the first derivative or 
𝜕𝐼

𝜕𝑉
 and removes environmental noise 

in the experiment. 

2.3: Photoelectron Spectroscopy 

2.3.1: The Photoelectric Effect 

 Einstein was the first to invoke the quantum nature of light to describe its interaction with 

matter.34 His great insight that light was composed of individual quanta of energy (photons), and 

that this energy could be transferred to electrons in a material, is termed the photoelectric effect. 

The photoelectric effect is a statement of the conservation of energy and says that the greatest 

kinetic energy that an electron emitted from an irradiated sample can have is determined by the 

energy of the light quanta and the work function (𝜙) of the material 

𝐸𝑘𝑖𝑛
𝑚𝑎𝑥 = ℎ𝜈 − 𝜙. (2.25) 
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Slower electrons are also excited from deeper energy levels in the material, and thus the range of 

possible electron kinetic energies is given by  

𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝜙 − |𝐸𝐵| (2.26) 

where 𝐸𝐵 in solids is the binding energy of the electron relative to the Fermi energy. By analyzing 

the number and kinetic energy of emitted electrons, information about the electronic structure of 

the sample is obtained. Figure 2.8 gives an example ultraviolet photoelectron spectrum of clean 

Au(111) and highlights important features of the photoelectron spectrum. 

2.3.2: Ultraviolet Photoemission Spectroscopy 

 The escape depth of photoelectrons is only a few Å,35 making ultraviolet photoemission 

spectroscopy (UPS) an extremely surface-sensitive technique ideal for probing interfacial 

electronic structure. The photoemission process can be described using two models. The first is a 

Figure 2.8. Ultraviolet photoemission spectra of Au(111). The Fermi level 

(𝐸𝐹) marks the highest occupied levels in the metal, and all other energies 

are referenced to it. The secondary cutoff defines the slowest electrons with 

just enough energy to overcome the work function. 
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semiclassical three-step model where optical excitation of an electron generates a wave packet 

within the crystal which diffuses toward the surface and overcomes the crystal boundary potential 

barrier to escape into vacuum (Figure 2.9, left).35–37 The second model is to treat the process fully 

as a quantum transition from an initial state within the crystal to a damped free-electron-like final 

state whose wave function decays into the crystal (Figure 2.9, right).38 We will consider briefly 

the three-step model to illustrate what information can be obtained from photoemission 

spectroscopy.  

The time-dependent Schrödinger equation describing the interaction of an electron with an 

time-varying electromagnetic wave, given by the vector potential 𝐴(𝑟, 𝑡), is 

𝑖ℏ
𝜕

𝜕𝑡
𝜓(𝑟, 𝑡) = [

1

2𝑚
(
ℏ

𝑖
∇ −

𝑒

𝑐
𝐴(𝑟, 𝑡))

2

+ 𝑉(𝑟)]𝜓(𝑟, 𝑡) = 𝐻𝜓(𝑟, 𝑡) (2.27) 

Figure 2.9. The three-step and one-step models of the photoemission process [36]. Figure borrowed with permission.  
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where 𝑉(𝑟) is the periodic potential of the solid (discussed in Chapter 3). We can expand equation 

(2.27) to separate the Hamiltonian into an unperturbed part  

𝐻0 =
ℏ2

2𝑚
∇2 + 𝑉(𝑟) (2.28) 

and an interaction part 

𝐻𝑖𝑛𝑡 =
1

2𝑚
[−2

𝑒ℏ

𝑖𝑐
] 𝐴 ∙ ∇ −

𝑒ℏ

𝑖𝑐
∇ ∙ 𝐴 +

𝑒2

𝑐2
|𝐴|2.  (2.29) 

 

For a first approximation, we neglect the final term in (2.29), with second order dependence on 𝐴, 

as it is relevant only for strong electric fields, for example in the case of high-intensity laser pulses. 

Likewise, we drop the second term also, because 𝐴 varies only slowly in space (dipole 

approximation; neglects surface effects). This leaves only the first term for our interaction 

Hamiltonian 

𝐻𝑖𝑛𝑡
′ = −

𝑒ℏ

𝑖𝑚𝑐
𝐴 ∙ ∇= −

𝑒

𝑚𝑐
𝐴 ∙ 𝑝. (2.30) 

First order time-dependent perturbation theory with this Hamiltonian gives the transition rate 

between an initial state |𝑖⟩ and final state |𝑓⟩ according to Fermi’s golden rule as 

𝜔𝑓𝑖 ∝
2𝜋

ℏ
|⟨𝑓|𝐻𝑖𝑛𝑡

′ |𝑖⟩|2𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) = |𝑀𝑓𝑖|
2
𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) (2.31) 

where 

|𝑀𝑓𝑖|
2

=
2𝜋

ℏ
|⟨𝑓|𝐻𝑖𝑛𝑡

′ |𝑖⟩|2 (2.32) 
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are the coupling matrix elements between the initial and final states, 𝐸𝑓 and 𝐸𝑖 are the eigenvalues 

of 𝐻0, and ℏ𝜔 is the photon energy. By considering the conservation of linear momentum in 

photoemission, we find that 𝑘𝑓 = 𝑘𝑖 + 𝑘𝑝ℎ𝑜𝑡𝑜𝑛 + 𝐺. Here, 𝑘𝑓 and 𝑘𝑖 are the electron final and 

initial state wave vectors, 𝑘𝑝ℎ𝑜𝑡𝑜𝑛 is the photon wave vector, small compared to that of the electron 

and usually neglected, and 𝐺 is a reciprocal lattice vector, discussed in depth in the next chapter. 

After separating 𝑘-conservation from 𝑀𝑓𝑖, one can then write the photoemission intensity inside 

the crystal as 

𝐼(𝐸𝑓) ∝ ∑|�̃�𝑓𝑖|
2
∙ 𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) ∙ 𝛿(𝑘𝑓 − 𝑘𝑖 − 𝐺)

𝑓,𝑖,𝐺

(2.33) 

  As the electron travels to the surface and escapes into vacuum, it encounters a potential 

barrier at the crystal boundary, representing the surface dipole or work function (𝜙). Because this 

potential barrier influences the electron momentum perpendicular to the surface, only the wave 

vector component parallel to the surface, 𝑘𝑣∥ = 𝑘∥ + 𝑔∥,  is conserved as the electron crosses the 

surface (here, 𝑘𝑣∥ is the vacuum electron wave vector and 𝑔∥ is a vector of the surface reciprocal 

lattice). Once the electron escapes the surface, it travels through vacuum before reaching the 

analyzer. An aperture restricts the acceptance angle of electrons, thereby resolving 𝑘∥, and the 

hemispherical analyzer discriminates electrons according to kinetic energy to resolve 𝐸. In the 

ideal limit of infinite resolution, the photoemission intensity measured at the detector is thus 

𝐼(𝐸𝑓 , 𝑘𝑣∥) ∝ ∑ |�̃�𝑓𝑖|
2
∙ 𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) ∙ 𝛿(𝑘𝑓 − 𝑘𝑖 − 𝐺)

𝑓,𝑖,𝐺,𝑔∥

∙

𝛿(𝐸𝑘𝑖𝑛 − 𝐸𝑓 + Φ) ∙ 𝛿(𝑘𝑣∥ − 𝑘𝑓∥ − 𝑔∥) (2.34)

 

 for energy and angle-resolved photoemission experiments. The correspondence between electrons 

emitted at angle 휃 with respect to the surface normal, and the crystal momentum is given by  
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|𝑘𝑣∥| =
√2𝑚𝑒𝐸𝑘𝑖𝑛

ℏ
휃. (2.35) 

Photoelectron spectroscopy therefore probes the allowed electronic energy levels and crystal 

momenta in the surface region of a crystal.  

2.4: Conclusions 

 In conclusion, this chapter described the methods used for forming and investigating 

interfaces between metal surfaces and organic semiconductor thin-films. Preparation methods for 

maintaining clean metal crystals and growing high purity organic semiconductor thin-films were 

discussed, before describing the surface sensitive techniques used to probe the structural and 

electronic properties of the interface. 
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CHAPTER 3 │ PHYSICS OF METAL CRYSTALS AND SURFACES: Cu(110) 

Introduction 

 Chapter 2 gave an overview of the various experimental techniques used to investigate 

metal surfaces and interfaces between metals and organic thin-films. This chapter aims to provide 

some conceptual tools for understanding the structural and electronic properties of metals, 

presented alongside experimental results to make the important connections between theory and 

observation. This chapter will also serve as the introduction to Cu(110), the substrate from which 

many of the interfaces in this dissertation were derived. The physical and electronic structure of 

the bare surface is the baseline for understanding interfacial structure formed when coupled with 

molecular films. The overview of important concepts in condensed matter physics along with an 

experimental analysis of the bare surface will prepare the reader for the journey documented in 

this dissertation. 

 The outline of the chapter is as follows: Section 3.1 introduces the concepts of crystal 

structure in both direct and reciprocal space. Section 3.2 illustrates the usefulness of working with 

the reciprocal lattice by applying the theory of diffraction to the Cu(110) surface in a LEED 

experiment. In section 3.3, we extend the periodic nature of crystals to build the framework for 

band theory which describes the electronic structure of solids. In section 3.4 we present an 

experimental investigation of the structural and electronic properties of the bare Cu(110) surface 

and consider the Smoluchowski effect. Section 3.5 covers some properties of nearly free electron 

(NFE) metals that are important for understanding electrostatic interactions at interfaces with 

molecular adsorbates. Conclusions for the chapter are presented in section 3.6 along with a 

foreshadowing of experimental investigations of metal-organic interfaces.    
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3.1: The Structure of Crystals and Reciprocal Space 

For a solid to be crystalline, the constituent atoms must be arranged in a periodic array 

called a lattice (Figure 3.1).39 Because of this periodic nature, crystals are characterized by a 

fundamental building block called the unit cell. This repeatable unit can be used to generate the 

entire lattice from a simple basis. An important concept in the theory of crystals is the Bravais 

lattice: To be a Bravais lattice, each point in the lattice must be identical with respect to the 

orientation and proximity of neighboring points and reachable by primitive vectors. If a lattice is 

not intrinsically a Bravais lattice, it can be made so if multiple lattice points are taken together as 

a basis. The Bravais lattice allows one to construct a convenient mathematical description of the 

crystal using a set of primitive lattice vectors, �⃑�𝑖. As an example, the conventional unit cell for a 

face-centered cubic (fcc) lattice is a cube of length 𝑙 = 𝑎, shown on the left in Figure 3.2. One 

possible set of primitive vectors is shown on the right in Figure 3.2 and is defined as  

�⃗�1 =
𝑎

2
(�̂� + �̂�), �⃗�2 =

𝑎

2
(�̂� + �̂�), �⃗�3 =

𝑎

2
(�̂� + �̂�). (3.1) 

Figure 3.1. A perfect crystal of copper. 
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Starting with one atom and using a linear combination of these vectors, we can generate any other 

atom in the lattice of position 

�⃗⃗� = 𝑛1�⃗�1 + 𝑛2�⃗�2 + 𝑛3�⃗�3 (3.2) 

where 𝑛1, 𝑛2, 𝑛3 ∈ ℤ . 

The lattice just described, as the positions of atoms in the crystal, is the direct lattice or the 

lattice in real space. To construct the conjugate reciprocal lattice, derived from the reciprocal 

lattice vectors �⃗⃗�𝑖, we introduce a set of plane waves that have the periodicity of the direct Bravais 

lattice 

𝑒𝑖�⃗�∙(𝑟+�⃗⃗�) = 𝑒𝑖�⃗�∙𝑟 . (3.3) 

Therefore, the set of wave vectors, �⃗�, describing the reciprocal lattice must satisfy 

𝑒𝑖�⃗�∙�⃗⃗� = 1. (3.4) 

It can be shown that �⃗� satisfies equation (3.4) if  

Figure 3.2. Left: The conventional unit cell for a fcc crystal. Right: A possible 

set of basis vectors. 
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�⃗� = 𝑘1�⃗⃗�1 + 𝑘2�⃗⃗�2 + 𝑘3�⃗⃗�3 (3.5) 

where 𝑘1, 𝑘2, 𝑘3 ∈ ℤ, and the reciprocal lattice vectors are 

�⃗⃗�1 = 2𝜋
�⃗�2×�⃗�3

Ω0
, �⃗⃗�2 = 2𝜋

�⃗�3×�⃗�1

Ω0
,          �⃗⃗�3 = 2𝜋

�⃗�1×�⃗�2

Ω0
(3.6) 

Ω0 = 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 = �⃗�1 ∙ (�⃗�2×�⃗�3). (3.7)  

We now need to bring some physicality to the logic of invoking plane waves in equation 

(3.3). Instead of building the crystal from the unit cell, we could also generate the three-

dimensional crystal lattice using a unit plane of atoms as shown in Figure 3.3. We see that building 

the lattice with a family of planes naturally defines a plane wave with a characteristic wave vector 

�⃗⃗⃗�ℎ𝑘𝑙, where ℎ, 𝑘, 𝑙 are the Miller indices that indicate the crystallographic direction of wave 

propagation. There are many options for resolving the crystal into lattice planes, e.g. the planes 

could run vertically or diagonally, as opposed to horizontally. In principle, the number of choices 

for �⃗⃗⃗�ℎ𝑘𝑙 is equal to the number of direct space lattice vectors �⃗⃗� and therefore {�⃗⃗⃗�ℎ𝑘𝑙} = �⃑� in 

equation (3.5) and 𝑘1, 𝑘2, 𝑘3 = ℎ, 𝑘, 𝑙. From this exercise, we see that reciprocal space is a 

mathematical construct that effectively captures the periodicity of the real space crystal structure. 

The power of this construct will become apparent in the next section where we use it to explain 

physical observables in LEED experiments. 
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3.2: Measuring the Crystal Structure – LEED 

3.2.1: Diffraction à la Bragg and von Laue 

We now consider the effect of probing the crystal with a beam of collimated electrons. If 

𝑑 is the distance separating a family of lattice planes and 휃 is the angle of incidence with respect 

to the plane of reflection, constructive interference due to reflection from adjacent planes will 

occur if the path difference is an integer multiple of the electrons wavelength 

𝑛𝜆 = 2𝑑 sin 휃 . (3.8) 

This is known as the Bragg condition and was first used to describe X-ray diffraction patterns from 

crystals in 1913.39  Let’s assume instead that individual atoms effectively scatter the incident 

electrons in all directions. The condition for constructive interference between two neighboring 

atoms separated by a distance 𝑑 is 

Figure 3.3. A family of planes can be used to describe a crystal. The plane wave formed by a 

family of planes has a characteristic wave vector �⃗⃗⃗�. 
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𝑑 cos 휃 + 𝑑 cos 휃′ = 𝑑 ∙ (�⃗⃗� − �⃗⃗�′) = 2𝜋𝑛 (3.9) 

for integer 𝑛, where �⃗⃗�, �⃗⃗�′ are the wave vectors of the incident and scattered electrons respectively 

and 휃 (휃′) is the angle formed between �⃗⃗� (�⃗⃗�′) and a line connecting the two atoms. Extending this 

to the crystal lattice, we require that constructive interference must occur from all sites in the 

Bravais lattice and thus 

�⃗⃗� ∙ (�⃗⃗� − �⃗⃗�′) = 2𝜋𝑛 (3.10) 

where �⃗⃗� is the set of Bravais lattice vectors from equation (3.2). Recasting this in the complex 

form and comparing with equation (3.4) shows that constructive interference requires that the 

change in wave vector of the scattered electrons be equal to a reciprocal lattice vector such that  

(�⃗⃗� − �⃗⃗�′) = �⃗�. (3.11) 

Figure 3.4. Different lattice planes are exposed by cutting the crystal at a precise 

orientation. 
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Interference patterns in backscattered electrons offer therefore a method for measuring the atomic 

structure of a crystal. 

3.2.2: Low Energy Electron Diffraction 

Before discussing low energy electron diffraction (LEED) experiments that illustrate 

interference from a 2D lattice, we first mention that any specific crystal plane of the direct lattice 

can be exposed by cutting the crystal with precision. Keep in mind that if the 3D lattice is a Bravais 

lattice, any individual plane will also be a 2D Bravais lattice. Figure 3.4 gives three commonly 

used low-index lattice planes from an fcc crystal. The lattice planes are identified by their Miller 

indices that define a vector normal to the plane. Note that each plane possesses a different degree 

of packing density and symmetry.  

In low energy electron diffraction (LEED) experiments, electrons are generated from an 

electron gun and accelerated toward the sample. The wavelength (and wave vector �⃗⃗�) of the 

electrons can be tuned to match the conditions of equation (3.10). The backscattered electrons are 

then detected on a phosphor screen and imaged with a camera. From equation (3.11) we see that 

every point of constructive interference represents a reciprocal lattice vector. Figure 3.5a shows 

the direct Cu(110) lattice and the corresponding  reciprocal lattice measure by LEED. From this 

figure, the relationship between the direct lattice and reciprocal lattice primitive vectors is easily 

visualized. In agreement with the definitions in (3.6), the conjugate lattice vectors (e.g. �⃗�1 and �⃗⃗�2) 

are orthogonal, and the longer vector in real space (�⃗�2) becomes the shorter vector (�⃗⃗�2) in 

reciprocal space. Figure 3.5b gives the direct and reciprocal lattice for the oxygen induced (2x1) 

surface reconstruction of Cu(110). The (2x1) reconstruction will be discussed in greater detail in 

Chapter 7, but important here is that the reconstruction changes the dimensions of the unit cell, 

making �⃗�1
′  the longer primitive vector, which is reflected also in the LEED diffraction pattern. One 
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final connection between the direct and reciprocal lattice is made before moving on to the next 

section. If 𝑓(𝑟) is a physical function representing the periodicity of the direct lattice, 𝑓(𝑟 + �⃗⃗�) =

𝑓(𝑟), when expanded in a Fourier series, the only nonzero Fourier components are reciprocal 

lattice vectors.40 Thus, the direct and reciprocal space are related by a Fourier transform 

𝑓(𝑟) = ∑𝑒𝑖�⃗�∙𝑟𝑓(�⃗�)
{𝐺}

. (3.12) 

Figure 3.5. (a) Top: Direct space lattice of Cu(110). Bottom: LEED diffraction pattern 

showing the reciprocal lattice of Cu(110), 𝐸𝑒𝑙 = 153.4 eV. (b) Top: Direct space lattice 

of Cu(110)-(2x1)O. Bottom: LEED diffraction pattern showing the reciprocal lattice of 

Cu(110)-(2x1)O, 𝐸𝑒𝑙 = 70.2 eV. 
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3.3: Electronic Structure 

3.3.1: General Band Theory 

Band theory describes the electronic structure of solids and so deals with the quantum 

mechanical treatment of electrons confined in a crystal. The solutions to the Schrödinger equation 

show that electrons in the solid are no longer restricted to discrete atomic energy levels, but instead 

occupy finite energy continua called bands. Band theory is a rich subject with applications and 

implications that occur throughout condensed matter physics. This section will serve therefore as 

a brief introduction to some of the approximations used in the mathematical treatment of these 

systems, and highlight the key insights obtained from such a treatment. The aim of this section to 

is arm the reader with a background sufficient to understand the photoelectron spectroscopy results 

presented throughout the dissertation. 

 The general Hamiltonian for an electron in a solid is given by 

𝐻 =
�⃗�2

2𝑚
+ 𝑉(𝑟). (3.13) 

The first term is the kinetic energy of the electron, and the second term represents the potential felt 

by the electron. As a first approximation, we use the Drude picture which divides the system 

electrons into two types and treats them separately: type i) core and valence electrons in closed 

shells that are localized to each atom, and type ii) valence electrons in open shells which are 

delocalized. Because type i electrons are localized, they can be treated as independent atomic 

systems at crystal lattice sites, and the allowed energies depend on the identity of the atom. The 

picture for type ii electrons is different in that delocalized electrons will be influenced by the rest 

of the crystal. For the allowed energies of these electrons, we first consider the model provided by 

Sommerfeld.  
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3.3.2: The Sommerfeld Model 

The Sommerfeld model neglects the potential energy term which would normally include 

electron interactions with atoms in the crystal lattice and interactions among electrons. In a large 

crystal, the electrons are effectively free particles and the time-independent Schrödinger equation 

is  

�̂�0𝜓(�⃗⃗�, 𝑟) = 휀(�⃗⃗�)𝜓(�⃗⃗�, 𝑟) (3.14) 

where 

�̂�0 =
�⃗�2

2𝑚
. (3.15) 

The eigenfunctions and eigenvalues to the Schrödinger equation are 

𝜓𝑛(�⃗⃗�, 𝑟) =
𝑒𝑖�⃗⃗�∙𝑟

√V
(3.16) 

휀(�⃗⃗�) =
ℏ2�⃗⃗�2

2𝑚
(3.17) 

where V = 𝐿𝑥 ∙ 𝐿𝑦 ∙ 𝐿𝑧 is the volume of the crystal. At this point, the wave vector 𝑘 has no 

connection to the crystal lattice discussed in section 3.2, though it still defines a reciprocal space. 

Without the periodicity of the lattice, the wave vector must satisfy instead the boundary conditions 

of the crystal such that  

�⃗⃗�𝑥 =
2𝜋𝑛𝑥

𝐿𝑥
, �⃗⃗�𝑦 =

2𝜋𝑛𝑦

𝐿𝑦
, �⃗⃗�𝑧 =

2𝜋𝑛𝑧

𝐿𝑧
 (3.18) 

for a three-dimensional crystal, where  𝑛𝑥, 𝑛𝑦, 𝑛𝑧 are integers. From equations (3.17) and (3.18), 

we see that the wave vectors are quantum numbers that define the electronic eigenvalues of �̂�0. 
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As the size of the crystal increases, 휀(�⃗⃗�) transforms from a set of discrete energy states to an 

energy continuum band. For the free electron, the allowed energies of the band start at zero and 

the bandwidth, or energy window spanned by the band, is infinite.  

For the ground state of the system, we can find the set of occupied levels (𝑂𝐿) in the band 

by filling the levels sequentially with the number (𝑁) of electrons in the crystal. This is given 

mathematically using a counting argument 

𝑂𝐿 =
𝑁

2
= ∑ 휃(�⃗⃗�𝐹 − |�⃗⃗�|)

𝑛𝑥,𝑛𝑦,𝑛𝑧

(3.19) 

where 
𝑁

2
 accounts for Pauli exclusion (two electrons per level) and 휃 is the Heaviside function i.e. 

휃 = 1 if |�⃗⃗�| < �⃗⃗�𝐹 and 휃 = 0 if |�⃗⃗�| > �⃗⃗�𝐹. Here, �⃗⃗�𝐹, called the Fermi wave vector, defines the 

highest occupied level in the system. The energy of this level is the Fermi energy, 𝐸𝐹, which is an 

important energy reference used often in condensed matter physics. The levels near 𝐸𝐹 are most 

significant for transport phenomena in metals because of the close energy proximity of unfilled 

states. So far, we have only considered the system at zero temperature where every level up to 𝐸𝐹 

is filled exactly; for finite temperatures, thermal excitations change the probability of level 

occupation which is given by the Fermi-Dirac distribution function 

𝑓(휀) =
1

𝑒

𝜀−𝜀𝐹
𝑘𝐵𝑇 +1

. (3.20) 

It is this distribution that gives �⃗⃗�𝐹 and 𝐸𝐹 their name.  

Since the number of electrons in the crystal is large, we convert the sum in equation 3.19 

to an integral in spherical coordinates to find the number of occupied levels 
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𝑂𝐿 =
𝑁

2
=

V

(2π)3
∫ 4𝜋�⃗⃗�2𝑑�⃗⃗�

�⃗⃗�𝐹

0

=
𝑉�⃗⃗�𝐹

3

6𝜋2
. (3.21) 

From 𝑂𝐿 we can easily find two important electronic properties of the crystal: The electron density 

(𝑛0), or number of electrons per unit volume,  

𝑛0 =
𝑁

𝑉
=

�⃗⃗�𝐹
3

3𝜋2
 (3.22) 

and the number of states per unit energy 𝑁(𝜖), or density of states (DOS) in the band,  

𝑁(휀) =
𝑑𝑛0

𝑑�⃗⃗�
∙
𝑑�⃗⃗�

𝑑휀
=

(2𝑚𝑒)
3
2

2𝜋2ℏ3 √휀. (3.23) 

For a three-dimensional crystal, the DOS in a band increases with the square root of the energy. 

3.3.3: Electrons in a Periodic Potential  

The free electron model is important because it introduces two electronic properties of the 

crystal that are important factors in interface formation and directly probed by photoelectron 

spectroscopy. These two properties are the allowed electron energies given in equation (3.17) and 

the DOS of states given in equation (3.23). The approximations used in the free electron model are 

however inadequate at describing the true electronic properties of most crystals. For this we must 

include the periodic potential of the lattice atomic nuclei 

𝑉(𝑟) = ∑𝑉�⃗�𝑒𝑖�⃗�∙𝑟

�⃗�

. (3.24) 

Including equation 3.24 into the Schrödinger equation (eq. (3.14)) and using a plane wave 

expansion for the wave function  
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𝜓(𝑟) = ∑𝑐𝑘𝑒
𝑖�⃗⃗�∙𝑟

𝑘

 (3.25) 

leads to the set of central equations  

(
ℏ2�⃗⃗�2

2𝑚𝑒
− 휀) 𝑐�⃗⃗� + ∑𝑐�⃗⃗�−�⃗�𝑉�⃗� = 0.

�⃗�

 (3.26) 

Using Bloch’s theorem, the wave functions can be shown to be of the form 

𝜓(𝑟) = ∑𝑐�⃗⃗�−�⃗�𝑒−𝑖�⃗�∙𝑟 ∙ 𝑒𝑖�⃗⃗�∙𝑟

�⃗�

= 𝑈�⃗⃗�
(𝑟)𝑒𝑖�⃗⃗�∙𝑟 . (3.27)  

The wave functions are yet plane waves, like the free electron, but modulated by the periodicity of 

the lattice through 𝑈�⃗⃗�(𝑟). Furthermore, equation (3.26) shows that the allowed electron energies, 

휀, will again be a function of �⃗⃗�. The de Broglie wavelength of such an electron is 

𝜆 =
ℎ

�⃗�
. (3.28) 

Using the wave vector of the electron �⃗⃗� =
2𝜋

𝜆
 in equation (3.28) reveals the relationship between 

momentum and the wave vector. 

�⃗� = ℏ�⃗⃗�. (3.29) 

Because of this relationship, it is common to refer to �⃗⃗� (and the wave vectors �⃗�) as the crystal 

momentum. While this section was intended to introduce concepts and vocabulary used throughout 

this work, the salient finding here is that the electronic structure in a solid is intimately connected 

to the atomic structure of the crystal.  
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 Higher order corrections to the approximations presented in this section are handled using 

perturbation theory to improve on the form of 𝑉(𝑟), and the tight binding approximation to 

explicitly account for the atomic nature of 𝜓(𝑟). These corrections are necessary for capturing i) 

energy gaps in the band structure that open where degenerate bands cross and ii) the proper width 

and curvature of a given band derived from a specific combination of atomic orbitals. We move 

next to an experimental investigation of the bare Cu(110) surface. 

3.4: Surface Characterization of Clean Cu(110) 

3.4.1: General Properties of the Cu(110) Surface 

The long history of experimental investigation of the Cu(110) surface attests to its 

significance in surface science,36,41 and the properties of the bare surface are the baseline for 

investigating surface modifications and epitaxial thin-film interfaces to be covered in later 

chapters. In this section, the experimental characterization of the structural and electronic 

properties of Cu(110) will be discussed. First, we mention some of the general properties of 

Cu(110). Of the low-index faces, Cu(110) is the least symmetric with the lowest packing density. 

Figure 3.6 shows a cartoon of the (110) lattice and gives the unit cell dimensions in direct and 

reciprocal space (the Brillouin zone (BZ)). The open nature of Cu(110) also makes for a high 

energy surface; undercoordinated atoms in the lattice and large electrostatic moments lead to 

increased reactivity with surface adsorbates. In addition to strong interactions with adsorbates, the 

directionality of Cu(110) lends itself to control over one-dimensional structural properties as will 

be seen in chapters that follow. The lattice structure also leads to interesting electronic structure 

with e.g. surface state minima at the edges of the BZ instead of the zone center.42,43 The section is 
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organized such that the structural features, measured by LT-STM, are presented first, followed by 

the electronic structure measurements by ultraviolet photoelectron spectroscopy (UPS) and angle-

resolved photoemission (ARPES).  

3.4.2: Characterization of Cu(110) by STM 

Figure 3.7 shows STM images of a clean Cu(110) surface after several cleaning cycles of 

Ar+ sputtering followed by thermal annealing. Important topographic features of the bare surface 

are labeled in the figure. A first glance reveals that the surface is not perfectly flat; surface defects 

are a sign that the energetics at the crystal-vacuum interface are quite different than for an atomic 

plane buried deep within the crystal. Single-layer steps decorate the surface (Figure 3.7a,b), with 

atomically flat terraces between each step (Figure 3.7a). Individual atoms resting on top of the 

surface lattice, called adatoms, are small bright circles on the terrace (Figure 3.7b). Groups of 

Figure 3.6. The direct space unit cell, reciprocal space unit cell 

(Brillouin zone), and lattice structure of Cu(110). 
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adatoms form adlayer islands with the same height profile as a surface step (Figure 3.7a).44 Each 

of these surface features contribute dipole moments to the electrostatic environment and play an 

important role in interfacial interactions with molecular adsorbates.45–47 

3.4.3: The Smoluchowski Effect 

Dipole moments arise in defects such as step edges and adatoms as a result of the 

Smoluchowski effect.48 A qualitative illustration of this effect is shown in Figure 3.8. The total 

volume of a crystal can be divided into smaller volumes of space associated with each atom in the 

crystal. If we assign an equal charge density to every atom in the crystal, the resulting charge 

distribution might look like the tan area in Figure 3.8a. Here we have resolved the volume of the 

crystal into unit cubes with one atom in each cube. This approximation is only appropriate for 

atoms buried deep within the crystal (blue box, Figure 3.8a). Due to the asymmetric potential at 

crystal boundaries, the charge distribution is appreciably disturbed at the surface. The lowest 

Figure 3.7. Constant current STM images of the bare Cu(110) surface. Typical surface features include 

single-layer steps, terraces, islands, and adatoms. (a) Overview image showing >100 nm wide terraces and 

island defects. (b) Closeup image in differential view mode to emphasize adatoms and surface steps. 

Shadowing to the left of features is an artifact of the derivative view. 
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energy of the system results from “wave function smoothing” at coarse boundaries as shown by 

the black lines in Figure 3.8b. An alternative picture is the evanescent nature of the electronic wave 

function as it decays out of the potential well provided by the atom. Anisotropic boundary 

conditions of the well lead to greater wave function amplitude for directions toward the bulk 

crystal. In either model, the resulting redistribution of charge density generates dipole moments at 

adatoms and step edges. 

3.4.4: Electronic Structure Characterization of Cu(110) with Photoemission 

The electronic structure of Cu(110), as measured by UPS, is given in figure 3.9. UPS 

probes both the allowed occupied electron levels and the DOS, making it a powerful tool for 

electronic structure measurements. There are two approximate metrics for the cleanliness of 

Cu(110) in UPS: i) a work function (WF) of ~4.6 eV and ii) an ~ 5:1 intensity ratio for the peaks 

near -2.5 and -4.9 eV binding energy (BE) respectively. In this and all remaining UPS spectra, 

binding energies are referenced to the Fermi level (𝐸𝐹 = 0 eV).  For the spectrum in Figure 3.9, 

the WF = 4.5(0.1) eV and the peak ratio = 5.5:1. The uncertainty in the work function was 

determined by treating the derivative of the cutoff as a centroid and fitting with a Gaussian. 

Figure 3.8. The Smoluchowski effect. (a) 2D projection (side view) of a crystal. A uniform charge density 

might be distributed using cubic volume elements, but is only appropriate for the interior of a crystal (blue 

square). (b) Wave function smoothing at crystal boundaries results in charge density redistribution and the 

formation of defect dipole moments. 
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Photoemission is momentum-averaged around the surface normal in Figure 3.9 by using a large 

electron acceptance angle to the analyzer. As photoemission preserves only the component of 

crystal momentum parallel to the surface (𝑘∥, Chapter 2), normal emission probes 𝑘∥ = 0 which 

corresponds to the 𝛤 point in the surface BZ (Figure 3.6). The spectrum shows an inelastic 

background tail that is featureless below -6 eV BE. Well-defined peaks between -2 and -6 eV BE 

are photoelectrons originating from d-orbital bands with varying Σ symmetry as discussed below. 

Because the source lamp is not monochromatic, the two peaks near 𝐸𝐹 are not new features, but 

satellites of the intense d-band peaks by Helium Ιβ lamp emission. Low BE surface states that 

would appear in this region for other surfaces are found only in the surface projected bandgaps 

near the BZ edges and not at the 𝛤 point.  

 The band structure of Cu(110) has been measured and analyzed by ARPES extensively 

over the years.41,43,49–54 Importantly, band structure calculations have been improving for nearly 

Figure 3.9. Normal emission UPS spectrum of clean Cu(110). 
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the same duration and serve as a useful comparison with experiment.37,42,55,56 Building on UPS, 

ARPES is performed by restricting the acceptance angle of the analyzer and tilting the crystal to 

sample different crystal momenta. In this configuration, it is possible to measure the dispersion of 

electronic bands (휀(𝑘∥)) along different directions in reciprocal space with photoemission. Figure 

3.10a shows the bulk BZ for a fcc crystal and the experimental geometries for photoemission from 

the (110) face. To construct the surface projected BZ in Figure 3.6 requires projecting the high 

symmetry points from the 𝛤𝐾𝐿𝑈 and 𝛤𝐾𝑊𝑋 planes onto the (110) plane. Projecting the 𝛤𝐾𝐿𝑈 

plane points onto the (110) plane is demonstrated in Figure 3.10b.57 Repeating this for the 𝛤𝐾𝑊𝑋 

plane produces the surface BZ in Figure 3.6 with new symmetry labels �̅� and �̅�.  

To map 휀(𝑘∥) along 𝛤 − �̅� or 𝛤 − �̅� requires only rotating the crystal about an axis that 

runs parallel to the [001] or [11̅0] crystallographic directions respectively. The experimentally 

measured band structure along these symmetry directions is shown in figure 3.11. Selection rules 

for photoemission from the surface normal (𝑘∥ = 0) allows for the symmetry assignment of bands 

Figure 3.10. (a) Bulk BZ for a fcc crystal with the experimental geometries for measuring photoemission 

along the Γ𝐾𝐿𝑈 plane [36]. (b) The 𝛤𝐾𝐿𝑈 plane and projections on specific crystallographic directions 

[57]. Both figures borrowed with permission from the publisher. 
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observed.37,58 Each d-band initial state symmetry is indicated by the colored circles to the left of 

each diagram. Here, the Σ𝑖 irreducible representations reflect the 𝐶2𝑣 symmetry of the surface. The 

subscripts are arbitrary and depend on the convention of irreducible ordering in the character table. 

Ours are assigned from previously reported angle-resolved polarization-dependent results,55 which 

uses the conventions set forth by Hermanson.58 Moving away from 𝛤 (𝑘∥ = 0), projects out the 

character of the each band along a specific symmetry direction. From Figure 3.6, moving along 

𝛤 − �̅�, will reflect the Σ character while 𝛤 − �̅� reflects Δ. These symmetry relationships again 

highlight the connection between the surface and electronic structure.  

Less prominent spectral features include a surface state emergence near �̅�, which is 

convoluted with the satellite features and not discernable in Figure 3.11, and the onset of a highly 

dispersive, intense feature near �̅�. This is an s,p-band direct transition.53,59 Such a direct transition 

occurs when the energy difference between initial and final states is equal to the photon energy 

and a resonant increase in photoemission results. This happens only near the �̅� point in reciprocal 

space for the two bands in question. This concludes the experimental investigation of clean 

Figure 3.11. Band structure of Cu(110) measured with ARPES along the two high symmetry directions of the BZ. 

Colored dots mark initial states with the symmetries provided in the key. 
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Cu(110). The following section discusses some important properties of nearly-free electron metals 

that have significant electronic effects once an interface is formed. 

3.5: Electron Interactions 

3.5.1: Screening Effect 

The screening effect is a consequence of electron-electron interactions in free-electron-like 

systems that is critical for understanding adsorbate interactions on surfaces. Treating screening 

exactly is a complex many-body problem that is still not well understood. It turns out, however, 

that simplifying the problem to electric potential sources in a free electron gas describes many 

metallic systems remarkably well. To develop a conceptual picture of screening, consider the 

positive point charge and a container of free electron gas in Figure 3.12a. If the point charge is 

placed inside the container, the electrons will polarize to form a cloud around the positive charge. 

The cloud is itself a concentration of negative electric charge and will thereby screen the positive 

field from the remaining electrons in the gas. To make this conceptual argument more quantitative, 

we briefly describe the Thomas-Fermi theory of screening in a metal. 

 To determine the potential of an external point charge introduced in a free electron metal, 

we use Poisson’s equation (and drop the vector notation for simplicity) 

∇2𝜙(𝑟) =
𝑒

𝜀0
(𝑛(𝑟) − 𝑛0). (3.30)

which relates the potential 𝜙(𝑟) to the modified charge distribution 𝜌′ = 𝑛(𝑟) − 𝑛0, where 𝑛(𝑟) 

and 𝑛0 are the perturbed and unperturbed charge densities respectively. Using equations (3.17) and 

(3.22) to relate 𝑛(𝑟) to 𝐸𝐹 gives 

𝑛(𝑟) = 𝑛0 +
3

2
𝑛0 ∙

𝑒𝜙(𝑟)

𝐸𝐹
 (3.31) 
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after expanding in terms of 𝜙(𝑟). Using equation (3.31) in equation (3.30) gives  

∇2𝜙(𝑟) =
3𝑛0𝑒

2

2휀0𝐸𝐹
𝜙(𝑟) =  𝜆2𝜙(𝑟). (3.32) 

The distance over which the charge is effectively screened is given by the Thomas-Fermi screening 

length 

1

𝜆
= (

2휀0𝐸𝐹

3𝑛0𝑒2
)

1
2
. (3.33) 

From equation (3.33), the greater the electron density, the more effective the screening. Solving 

equation (3.30) leads to a potential of the form  

𝜙(𝑟)~ −
𝑒−𝜆𝑟

𝑟
 (3.34) 

Figure 3.12. The effects of polarization in free-electron systems. (a) 

Screening of an external point charge. (b) Image charge distributions at 

a metal surface. 
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which for typical metallic charge densities falls to essentially zero at distances comparable to the 

lattice spacing in the metal. Therefore, the free electron nature of metals makes them highly 

effective at screening external charges. The effect of screening plays a critical role in the physics 

of metals and must be carefully considered to accurately understand the structural and electronic 

properties of interfaces.   

3.5.2: Image Charges 

An important consequence of screening in metals is the formation of image charges. When 

an external charge is brought just outside the metal surface, the electric field polarizes the electrons 

in the metal forming a mirror charge distribution equal in magnitude but opposite in sign (Figure 

3.12b). Among other things, this effect can e.g. enhance or diminish a dipole field depending on 

the orientation of the dipole with respect to the surface (mirror) plane (Figure 3.12b). To emphasize 

the effect that image charges can have on interfaces with organic semiconducting molecules, 

consider the following structural and electronic examples: Electrostatic interactions govern the 

organization of an epitaxial grown molecular thin-film.45,60,61 Molecular charge distributions and 

dipole moments will be heavily influenced by image charges, thereby changing the organization 

and structure of surface. Alternatively, Coulomb bound states of image charges can be induced in 

photoemission experiments where an electron is excited just outside of the surface. These states 

bear striking resemblance to the hydrogen atom, with a Rydberg-like excitation spectrum, and can 

couple to the electronic structure of the surface and molecules.16,62,63  

3.6: Conclusions 

 This chapter focused on conceptually important properties of metallic crystals coupled with 

an experimental characterization of Cu(110). It began with the theory of crystal structure and made 

the connection between direct and reciprocal space. The theory of crystal structure was 
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subsequently validated using electron diffraction in a LEED experiment. The periodic nature of a 

crystal was then extended to describe the electronic structure of solids before an experimental 

investigation of Cu(110) with STM and ARPES set the stage for the study of interfaces. The 

chapter closed with a brief consideration of screening in NFE systems. 

 This concludes the material concerning pure metal crystal surfaces. The chapters that 

follow deal with characterizing surface modifications and interfaces formed with organic 

semiconductor thin-films. The properties of the metal play a fundamental role in interface 

formation, and the concepts introduced in this chapter will resurface throughout the course of this 

work. We turn next to the interface formed between titanyl phthalocyanine and Cu(110).  
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CHAPTER 4 │ MOLECULAR ADSORPTION: TiOPc on Cu(110)  

Introduction 

I opened the research portion of this dissertation in Chapter 3. In it I introduced Cu(110),  

the base substrate from which most of the interfacial systems in my research were derived. In this 

chapter, I examine the interface formed when thin-films of titanyl phthalocyanine (TiOPc) are 

grown on Cu(110). The course of the chapter will follow the general theme of my thesis problem 

to (i) identify predominant interfacial interactions and (ii) harness those interactions to tune the 

structural and electronic properties of the interface.  

I will begin with a characterization of the physical structure of the interface using LT-STM. 

In section 4.1, I provide motivation for molecular architecture on coinage metals from a device 

application perspective. Section 4.2 will cover the sample preparation and conditions of the STM 

experiments whereas section 4.3 contains the experiment results. In section 4.3.1, I investigate 

low-coverage films of TiOPc and identify molecular adsorption configurations, stable adsorption 

environments, and molecular registry with the surface lattice. Surface coverages up to 1.2 ML are 

discussed in section 4.3.2, along with adsorbate interactions and thin-film order. Section 4.3.3 

highlights a cooperative selective self-assembly involving native Cu adatoms and one 

configuration of TiOPc that is promoted by annealing the surface. In section 4.3.4, I draw 

conclusions from the surface structure characterization experiments 

4.1: Motivation for Structural Characterization with LT-STM 

Self-assembly of functional molecules such as organic semiconductors is emerging as a 

practical means for tailoring electronic properties at the nanoscale.64 This is particularly important 

for the development of rational design strategies toward novel and efficient organic optoelectronic 
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devices such as photovoltaic cells, light-emitting diodes or thermoelectrics. A detailed 

understanding of molecular self-assembly also opens new avenues to miniaturization with the 

ultimate goal of bottom-up design and synthesis of highly integrated single molecule devices.6 

Further, collective effects in self-assembled monolayers lead to the emergence of electronic 

properties that may differ substantially from those of the isolated molecule.17,65–67 

Self-assembly is inherently driven by the subtle interactions at the molecule-substrate 

interface and relies on the complex interplay of surface/molecule and intermolecular forces. The 

surface plays an important role, e.g. by templating film growth or by direct functionalization of 

the molecular adsorbates into supramolecular surface-confined organic nanoassemblies. Beyond 

creating novel supramolecular structures, electronic coupling at the interface may also alter the 

molecular and interfacial electronic structure.68–70  

The electron-rich nature of coinage metal surfaces facilitates self-assembly of complex 

molecular nanostructures over a wide range of length-scales,4,5 driven in part by the specific nature 

of the surface geometry and electronic structure.71,72 Anisotropic, open surfaces such as the (110) 

surface of coinage metals introduce the possibility for low-dimensional growth with tightly 

controlled molecular film structure.73–77 The combination of such anisotropic substrates with the 

tunable chemical nature of metal phthalocyanines (MPcs) with different coordinated metal centers 

affords the unique possibility to explore the factors that determine molecular self-assembly and 

the influence of molecular film growth on the interfacial electronic structure. The structural 

richness of this process necessitates an approach that reveals the surface-molecule interactions in 

atomic detail. Scanning tunneling microscopy (STM) is ideally suited to this purpose.  

In this chapter, we investigate the prototypical system of TiOPc on the Cu(110) surface 

with LT-STM to report on surface-molecule interactions that dictate surface order and drive self-
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assembly. We show that the presence of three unique adsorption configurations governs the thin 

film growth and is ultimately responsible for the cooperative formation of extended 1D 

configuration-dependent self-assembled nanostructures. We demonstrate that these nanostructures 

arise from selective interactions with native surface adatoms.  

4.2: Experimental 

TiOPc (Sigma-Aldrich) was obtained commercially and further purified by three cycles of 

gradient sublimation in a custom-built furnace. The Cu(110) substrate was cleaned by Ar+ 

sputtering (1 keV , 5.5 μA/cm2) for 15 minutes, followed by annealing to 850 K and slow cooling 

to ensure straight step edges and large terraces. Imaging of the bare surface prior to thin film 

growth revealed a clean surface with sparsely scattered residual impurities and isolated Cu adatoms 

characteristic of the Cu(110) surface.77,78 Thin-films of TiOPc were prepared by physical vapor 

deposition using a home-built water-cooled Knudsen cell in the sample preparation chamber (base 

pressure of 9x10-10 torr) of a Createc low-temperature scanning tunneling microscope (LT-STM) 

system. Prior to sublimation, the Knudsen cell was degassed for 24 h under ultrahigh vacuum 

conditions near the sublimation temperature (140 °C). The deposition rate and film thickness were 

monitored with a quartz crystal microbalance (QCM), and low-coverage films were grown 

typically at a rate of 0.1 monolayers (ML) / min on the Cu(110) substrate held at room temperature. 

Given the non-uniform packing displayed by this system, molecular coverages are reported as 

fractions of a hypothetical monolayer equivalent corresponding to the percentage of substrate 

surface area covered (1 ML ≈ 4.44x1013 molecules/cm2).  Following deposition, the sample was 

held at RT for ~2 min. before rapid cooling and transfer to the imaging chamber housing the 

cryogenic STM (pressure < 10-11 torr). A range of cooling rates were tested, from 1.1-2.9 oC/s, 

with no noticeable difference in observed molecular adsorption or film structure. We typically 
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cooled from RT to LN2 temperature with a rate of ~2 oC/s. All STM data were acquired in constant 

current mode with an electrochemically etched tungsten tip at a temperature of 5 K. Microscope 

control and image processing were performed using the GXSM software package.79 

4.3: Results 

4.3.1 Molecular Adsorption 

We first consider the atomistic details of adsorption of individual TiOPc molecules on 

Cu(110), since the adsorption process underpins thin film growth and self-assembly into 1D 

nanostructures. Figure 4.1a shows an image of the Cu(110) surface with 0.1 ML of TiOPc 

adsorbed, with a step edge running diagonally across the image. TiOPc molecules densely decorate 

the step edge, providing a first indication of considerable molecular diffusion during room 

temperature growth. On the terraces, TiOPc molecules form a lattice gas, as is common for MPcs 

on many coinage metal surfaces,80,81 and no island nucleation is observed. This reflects at least in 

part the symmetry mismatch between the C4v TiOPc molecules and the twofold symmetric (110) 

surface, preventing facile epitaxial growth. In addition, the presence of extended one-dimensional 

chains, as reported e.g. for pentacene on Cu(110)73 and several phthalocyanine systems,82,83 is not 

observed either, suggesting that attractive intermolecular interactions play a limited role on this 

surface. Rather, the surface-molecule interaction appears to dominate, as born out e.g. by the lack 

of strong bias-dependent spatial features in the molecule. This is indicative of hybridization of the 

molecule and surface wave functions.84    

Further insight into why chain formation is not strongly favored is revealed from a close 

inspection of the adsorption geometry of isolated molecules. Figure 4.1b shows a representative 

zoomed-in image of a typical arrangement of TiOPc molecules. The TiOPc adsorbates exhibit two 
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and only two distinct STM contrasts, which differ primarily by the apparent height of features at 

the molecular center. These two contrasts reflect the two possible orientations of the molecule with 

respect to the plane of the surface. We henceforth refer to these as configurations   and assign 

molecules with a prominent circular feature at their center to TiOPc molecules oriented with the 

oxygen atom directed toward the surface, and molecules without the circular feature to TiOPc 

molecules oriented with the oxygen atom directed away from the surface and toward vacuum. The 

inset in Figure 4.1b shows a cartoon of the two configurations, to which we refer in the remainder 

of the text as “O-up” and “O-down”, respectively. The presence of two configurations likely 

disfavors assembly into extended molecular chains for entropic reasons. 

The assignment of the two STM contrasts as “O-up” and “O-down” requires further 

justification: Assigning a molecular configuration while considering the height of a particular 

feature in the molecule is challenging, since the tunneling matrix element contains also the tip 

density of states and height-derivatives of the unperturbed wave function.33,85 Seemingly subtle 

changes to the molecular wave function can produce significant differences in STM contrast as 

demonstrated in planar MPcs that are reported to exhibit either a central protrusion or depression 

Figure 4.1. (a) 0.1 ML TiOPc on Cu(110), shown across two separate terraces (sample bias 𝑉𝑆 = −0.2 V, tunneling 

current 𝐼𝑇 = 0.25 nA). (b) Adsorption configurations for TiOPc (𝑉𝑆 = −0.4 V,   𝐼𝑇 = 0.6 nA). (c) Line profiles 

across ligand lobes, along the dashed lines in (b), for both molecular configurations. 
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depending on the amount of d-character in the frontier molecular orbitals.86,87 The difficulty in 

making molecular configuration assignments by STM manifest itself in the conflicting reports on 

the adsorbate structure of a range of dipolar Pc: VOPc on Au(111) has been claimed to show a 

depression in apparent height at the molecular center for molecules with oxygen directed toward 

vacuum in one report,88 and a central protrusion in reports for the same surface89 and for Cu(111) 

in other reports.90 Further examples of configuration assignments for TiOPc and analogous dipolar 

Pcs can be found in the literature.91–93 Here, we rely on the molecular interactions with surface 

features to guide our tentative configuration assignment, as discussed in what follows.  

The proposed “O-down” configuration is initially corroborated by the symmetry of the 

molecule upon adsorption. “O-down” molecules exhibit a minor symmetry breaking about the 

principal C4 axis where individual isoindole lobes appear at slightly different apparent heights; 

which of the four isoindole lobes is highest varies for each “O-down” molecule. Similar symmetry 

reductions have been observed for planar MPcs on surfaces with varying symmetries,80 but are 

especially prominent for shuttle-cocked shaped MPcs with the protrusion facing towards the 

surface.94 Such height variations are not readily compatible with an “O-up” adsorbate 

configuration in TiOPc; for “O-down” molecules, a slight tilt of the C4 axis with respect to the 

surface normal is however expected from the geometry of the configuration (Figure 4.1b 

(cartoon)). The blue height profile in Figure 4.1c shows that these height differences amount to 

~0.2 Å, reflective of a minor molecular tilt consistent with an “O-down” configuration. In contrast, 

“O-up” molecules appear to conserve four-fold rotational symmetry, indicating that the molecular 

plane lies parallel to the surface, supported also by the symmetric red height profile in Figure 4.1c. 
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Surprisingly, the apparent height of “O-up” molecules exceeds that of “O-down” molecules which 

we suggest is the result of stronger surface-molecule coupling for “O-up” molecules. 

Atomically resolved images further support our assignment and shed additional light on 

molecule-surface interactions and the inherent differences in adsorbate structure for each 

molecular configuration. Figure 4.2 shows an image obtained with a tip temporarily functionalized 

by pick-up of a TiOPc adsorbate. This image exhibits noticeable surface corrugations, with a 

measured periodicity of 3.7(2) Å, in excellent agreement with the reported Cu lattice constant of 

3.61 Å in the [11̅0] direction.95 All “O-up” molecules adsorb in an orientation with two adjacent 

lobes oriented along the same Cu lattice rows (white box – Figure 4.2). “O-down” molecules on 

the other hand (bright contrast in Figure 4.2 – colored circles) adsorb with two fixed azimuthal 

angles relative to the [11̅0] direction.   

Figure 4.2. Atomically resolved survey image of “O-up” 

and “O-down” molecules on Cu(110) (𝑉𝑆 =

10  mV,   𝐼𝑇 = 0.8 nA). Insets: Cartoon of adsorption 

registry and detail view of the atomically resolved 

Cu(110) rows (𝑉𝑆 = 10 mV,   𝐼𝑇 = 0.02 nA). 
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Based on these atomically resolved data, we analyze the adsorption geometry and surface 

registry in more detail (Figure 4.3). Cu rows nearly bisect both “O-down” (azimuthal angles of φ 

≈ ±24o) and “O-up” (φ ≈ 45o) molecules, suggesting that both “O-down” and “O-up” TiOPc adsorb 

with the central atom (Oxygen for “O-down” and Titanium for “O-up”) near a short bridge site. 

The measured |𝜑| ≈ 24o for “O-down” implies the existence of a 𝜎𝑣 mirror plane along the [11̅0] 

direction and hence two orientations, while for φ ≈ 45o (“O-up”) only one orientation is possible. 

The symmetry breaking is unique for each of the two “O-down” molecular orientations which is 

consistent with molecular tilt produced by an intact Ti-O moiety facing the surface. We therefore 

exclude deoxygenation, an observation that is also supported by the absence of the Cu(110)-

(2x1)O reconstruction that occurs readily at RT.96  

Our analysis fits well into the general context of metallated macrocycles adsorbed on (110) 

surfaces. While FePc on Ag(110) positions the Fe atom in a hollow site,97 both Co-TPP and H2Pc 

on Cu(110) reside in a (surface-relaxed) short-bridge site.78,98 We caution however that the 

Figure 4.3. Superimposed atomic lattice showing surface 

lattice registry of “O-up” and “O-down” molecules. Both 

configurations appear to adsorb near a short-bridge site 

(𝑉𝑆 = 0.1 V,   𝐼𝑇 =  0.1 nA). 
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resolution of energetically subtle differences may be challenging, and our experimental results 

require further investigation by complementary approaches. Even combined experimental / 

computational analyses may lead to sometimes conflicting results for one and the same system, 

such as FePc on Cu(110): This MPc has been both reported to adsorb with an azimuth φ ≈ 45o, Fe 

at a top site,99 and with an azimuth of 0o, Fe at a short-bridged site.100 Computationally, this 

variation stems likely from the difficulty of accounting fully for the dispersive interactions at 

molecule-metal surfaces,101–104 while experimentally, it can be difficult to discriminate between 

contributions from the Cu substrate and the molecular electronic wave functions in strongly mixed 

organic/metal systems. 

To summarize, TiOPc adsorb in two clearly identifiable configurations on Cu(110), 

assigned as “O-up” and “O-down”. All “O-up” molecules are oriented the same way relative to 

the [11̅0] direction and adsorb on substrate terraces at short-bridge sites, while “O-down” exhibit 

two different orientations and also adsorb near short-bridge sites. At low coverage there is little 

evidence for island nucleation or chain formation. 

4.3.2 Adsorbate Interactions and Film Structure Evolution 

The analysis of adsorption of isolated molecules enables an understanding of the coverage-

dependent thin film evolution of TiOPc/Cu(110). In particular, the role of the two possible 

configurations, “O-up” and “O-down”, in the initial stages of thin film growth requires further 

examination. While extensive step edge decoration is expected for functionalized MPcs,105 close 

inspection reveals surprisingly that only “O-down” molecules adsorb there. “O-up” molecules 

exclusively populate the terraces (Figure 4.1). We rationalize step edge decoration as the combined 

result of likely increased molecular diffusion for “O-down” molecules together with attractive 

interaction between the molecular dipole moment (directed from O to Ti) and the intrinsic dipole 
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at surface steps, which is directed away from the step edge apex toward vacuum (see section 

3.4.3).106,48 As we will show in the remainder of the text, it is these different adsorption 

propensities that lead to configuration-dependent self-assembly into low-dimensional 

nanostructures. 

A first glance at higher coverages reveals that molecules are distributed largely evenly on 

the substrate terraces, i.e. without strong indication for nucleation of ordered structures (Figure 

4.4). At least two factors contribute to this observation: i) The presence of three different 

adsorption motifs (1 ea. “O-up”, 2 ea. “O-down”) entropically favors random or nearly random 

adsorption; and ii) effective charge screening by the Cu substrate diminishes attractive or repulsive 

intermolecular dipole-dipole interactions over the diameter of a TiOPc molecule (12 Å).107 Both 

factors favor adsorption in a lattice gas-like fashion. The data show little evidence for nucleation 

Figure 4.4. A 0.40 ML coverage deposited at RT showing 

a random distribution of TiOPc adsorption configurations 

and emerging molecular aggregation. (𝑉𝑆 =

0.05 V,   𝐼𝑇 =  0.1 nA). 
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of ordered monolayer structures by either TiOPc configuration. However, small numbers of largely 

“O-down” molecules can be found in raised aggregates (Figure 4.4, red circles).  Overall, these 

findings suggest that surface-molecule coupling dominates over intermolecular interactions.  

This is also borne out by a comprehensive survey of the coverage-dependent thin film 

structure shown in Figure 4.5. Since most “O-down” molecules initially decorate step-edges, the 

thin film structure on the terraces is dominated at low coverages by “O-up” molecules (Figure 

4.5a, 0.12 ML). Once the step-edges are saturated at elevated coverages, “O-down” molecules can 

also be found on terraces (Figure 4.5b, 0.4 ML). At the same time, additional “O-down”-containing 

nanostructures are nucleated. At 0.8 ML (Figure 4.5c), the bare Cu surface area is largely filled in 

by a disordered arrangement of all three molecular configurations. As surface coverage progresses, 

the number of nanostructured aggregates increases (elongated features of greater apparent height 

in Figure 4.5c), while the size and extent of each individual aggregate remains approximately 

constant. Increased coverage provides thus a pathway for aggregate nucleation, while growth is 

slow or inhibited. The coexistence of multiple adsorbate configurations and aggregates prevents 

ordered film growth even for coverages surpassing 1 ML (Figure 4.5d, 1.2 ML). Portions of the 

surface contain a dense single layer of disordered flat-lying TiOPc with sporadic clumping in other 

areas.  

The absence of extended order is in contrast to many other thin films of MPc on a variety 

of surfaces, where increasing coverage usually initiates a transition from a global disordered phase 

to islands of ordered phases.81,105,108,109 In particular on the quasi-isotropic (111) surfaces90,110–112 

and low-index surfaces60 of coinage metals, dipolar TiOPc and VOPc grow in highly ordered thin-

films. The same has also been observed e.g. for FePc on Ag (110).113 The lack of close packing, 

phase separation into islands of different adsorbate species or appearance of additional super-
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structures for any coverage in the present study is consistent with the strong molecule-surface 

interaction that dominates the TiOPc/Cu(110) interface.  

4.3.3 Self-Assembly 

The nucleated aggregates that appear already at modest coverages (see Figure 4.5b) 

constitute the most intriguing feature emerging in the thin film phase of the TiOPc/Cu(110) 

Figure 4.5.  Image sequence showing a progression of surface coverages deposited at RT. (a) 0.12 ML (𝑉𝑆 =

−0.2 V,   𝐼𝑇 =  0.3 nA). (b) 0.4 ML film with the emergence of aggregate nuclei (𝑉𝑆 = 5 mV,   𝐼𝑇 =  0.2 nA). (c) 0.8 

ML film. The number of aggregates increases with increasing coverage, while the size and extent of individual 

aggregates remains constant (𝑉𝑆 = 0. 05 V,   𝐼𝑇 = 0.1 nA). (d) 1.2 ML film showing the absence of ordered film 

growth  (𝑉𝑆 = 1 V,   𝐼𝑇 = 0.03 nA).  
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interface. Close inspection of these features reveals a two-component character that contains both 

TiOPc molecules – exclusively in the “O-down” configuration – and a backbone of Cu adatoms 

(Figure 4.6a). This can be verified particularly clearly at molecular vacancies along the aggregate 

edge (red circle, Figure 4.6a) where a straight edge runs parallel to the Cu [11̅0] lattice direction. 

The measured apparent step height across the straight edge is 1.31(5) Å (blue profile, Figure 4.6b), 

equivalent to the measured monoatomic Cu step height of 1.30(2) Å and in agreement with the 

literature value of the step height on Cu(110).114 Furthermore, no molecular fine structure is 

observed wherever the backbone is exposed, also consistent with an atomically smooth, localized 

adlayer of Cu. In addition, Figure 4.6 shows that only “O-down” TiOPc molecules participate in 

aggregate formation, adsorbing in a fashion reminiscent of step-edge decoration and favored by 

dipole interactions. All these observations confirm that the aggregates consist of “O-down” TiOPc 

molecules decorating extended, anisotropic Cu adatom islands, as shown in the cartoon inset of 

Figure 4.6. TiOPc-Cu nanoribbon. (a) A molecular vacancy revealing the Cu skeleton is indicated within 

the white dashed circle (𝑉𝑆 = 0.1 V,   𝐼𝑇 = 0.07 nA). (b) Line profiles at molecular vacancy and molecule 

decorated positions. 
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Figure 4.6a. Remarkably, the aggregates also provide a first hint of configuration-selective self-

assembly in TiOPc on Cu(110). 

Aggregation at higher molecular coverage into small Cu islands decorated by TiOPc 

molecules suggests that aggregate formation involves cooperative nucleation between adatoms and 

“O-down” molecules. Extensive growth studies of the Cu(110)-(2x1)O striped phase show that 

highly diffusive Cu adatoms evaporate readily from step edges at room temperature on bare 

Cu(110).96,115–118 Isolated Cu adatoms can be directly observed at low molecular coverage, as 

shown in Figure 4.7, in coexistence with TiOPc adsorbate molecules. This notion of cooperative 

nucleation is also supported by several recent studies of various organic molecules on coinage 

metal surfaces.46,77,78,119–121 Note that step edges remain largely intact and “O-down” molecules 

Figure 4.7. Surface adsorbates: Native Cu adatom (blue 

dash circle), adsorbed contaminant (likely CO; red dash 

circle) , and “O-down” TiOPc molecules (𝑉𝑆 =

10 mV,   𝐼𝑇 = 0.05 nA). 
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decorating the step edge prevent step edge dissolution. This explains why aggregates do not grow 

appreciably with increasing molecular coverage. 

Above an onset coverage of ~0.6 ML, aggregate growth and accompanying configuration-

selective self-assembly can be enhanced by annealing the thin films. At temperatures of 190 ◦C, 

annealing for 5 min transforms the largely random surface order to a quasi-periodic surface 

textured with nanoribbons that extend along the [11̅0] direction. In Figure 4.8, a film with 0.8 ML 

coverage is shown before and after annealing to 190 oC for 5 minutes. The nanoribbons are quite 

uniform in width (22(4) Å), can extend hundreds of nm in length, and exhibit an average separation 

of 12.1(6) Å in close packed arrays. They do not coalesce upon further annealing or at higher 

coverages, at least up to a coverage of 1 ML.  

While promoting self-assembly and film order by surface coverage,113 deposition rate,112 

and thermal annealing is not unusual,77,122 the observed coarsening into extended nanoribbons is 

striking in its quasi-periodicity and supramolecular nature. The nature of the nanoribbon 

Figure 4.8. A 0.8ML film (a) Before annealing (𝑉𝑆 = 10 mV,   𝐼𝑇 = 0.1 nA and (b) after 

annealing, showing the extensive formation of self-assembled nanoribbons (𝑉𝑆 =

5 mV,   𝐼𝑇 = 0.1 nA). 
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composition requires that the mechanism involve diffusion of Cu adatoms and cooperative 

nucleation with “O-down” TiOPc. Given that step edges are nearly completely decorated by “O-

down” molecules already at low coverages, preventing adatom evaporation, the question arises 

where the adatoms originate from. The open nature and low coordination of surface atoms on 

〈110〉 planes leads to the lowest adatom formation energies among all low index crystal 

faces.123,124 Even though step-edge evaporation is blocked by decoration with “O-down” 

molecules, and formation of a single adatom on a terrace is kinetically and thermodynamically 

unfavorable, the formation of an adatom pair on a terrace may occur at a rate comparable to step-

edge evaporation, since it involves breaking a comparable number of bonds.125  Together with the 

possibility for TiOPc-assisted Cu adatom formation, this offers possible origins of the large 

number of adatoms involved in nanoribbon formation.  

We conclude by returning to the issue of configuration-dependent self-assembly. 

TiOPc/Cu(110) exhibits long-range one-dimensional nanotexturing, with nanoribbons containing 

exclusively the “O-down” molecular species, while “O-up” molecules occupy the bare terraces 

between and away from nanoribbons. This opens opportunities for creating structured thin organic 

semiconductor films whose electronic properties vary periodically and at nanometer length-scales 

owing to the self-organization into nanoribbons of predominantly “O-down” and domains of “O-

up” molecules. We anticipate that the different dipole orientation and collective fields from self-

assembled “O-down” ribbons and “O-up” domains have consequences for the interfacial electronic 

structure and the thin film growth in subsequent layers.62,126–129 Exploration of these effects are 

covered in Chapter 6. 
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4.4: Conclusions 

Directed intermolecular interactions between molecules with asymmetric charge 

distributions has been used extensively to nanotexture surfaces and interfaces.75,130–132 As an 

alternative approach, we demonstrate here for the first time selective self-assembly into extended 

1D nanostructures by cooperative nucleation between organic semiconductor molecules and 

adatoms. By investigating the molecular adsorption from isolated molecule to the thin film phase 

for the prototypical dipolar organic semiconductor TiOPc on the anisotropic Cu(110) surface, we 

are able to demonstrate configuration-dependent cooperative self-assembly into quasi-periodic 1D 

nanoribbons. The quasi-periodic nanoribbon superlattice consists of domains of exclusively “O-

down” molecules separated by thin strips of “O-up” molecules. This results in two domains with 

essentially unique electronic environments, and opens new avenues for locally tuning the 

interfacial electronic structure with molecular functionalization.  

The observations put forth in this chapter demonstrate how rich organic semiconductor 

interfaces can be and are just a sampling of the information to be gained from these systems.  In 

the next few chapters, we will continue to explore the TiOPc/Cu(110) interface. In chapter 5, we 

show that a simple model, corraborated by computer simulations, is able to rationalize the growth 

of the self-assembled nanoribbons by anisotropic attachment along the two principal surface 

crystallographic directions. Using then our atomic-level understanding of interfacial interactions, 

we investigate the effect of configuration-selective self-assembly on the interfacial electronic 

structure in this strongly chemisorbed system in Chapter 6. 
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CHAPTER 5 │ SIMULATING SELF-ASSEMBLY 

Introduction 

In Chapter 4, I discussed experimental observations concerning the changes in physical 

and electronic structure that accompanied a cooperative self-assembly between “O-down” TiOPc 

and native Cu adatoms. To provide atomistic insight into possible mechanisms for the actual 

nanoribbon formation, I developed a novel agent-based Kinetic Monte Carlo (AB-KMC) approach 

to simulating surface adsorbate dynamics. For context, agent-based (AB) modeling is widely used 

to simulate self-organization and aggregate behavior in a number of disciplines,133,134 while the 

Kinetic Monte Carlo (KMC) method is well established as a means for obtaining accurate rates of 

the dynamics of adsorbed atomic or molecular overlayers.135,136 In this chapter, I will show how I 

developed a hybrid simulation approach combining the AB and KMC methods to uncover 

important kinetic processes that dominate self-assembly. 

To motivate the discussion, I will start by considering the time-scale problem inherent to 

simulating atomistic processes in section 5.1. This will be followed by a brief overview of the 

kinetic Monte Carlo (KMC) method in section 5.2.1, the kinetics of infrequent-event systems in 

section 5.2.2, and an aside on random number probability distributions in 5.2.3. I will then consider 

the implementation of KMC from a programmatic perspective in section 5.2.4, before introducing 

the concept of agent-based (AB) modeling in section 5.3.   

The remainder of the chapter deals with simulating the surface dynamics of the 

TiOPc/Cu(110) interface and reveals the framework I used to incorporate a KMC algorithm into 

an AB model. In section 5.4.1, I provide motivation for the simulations by discussing the 

advantages of a hybrid AB-KMC technique. In section 5.4.2, I present a simulation overview 
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where I explicitly state the assumptions made in the model and discuss the types of surface 

processes considered. Section 5.4.3 considers what constitutes the simulation parameter space and 

how the simulation ‘clock’ is handled. Section 5.4.4 outlines the specific details of the simulated 

TiOPc/Cu(110) system. The simulation results are discussed in section 5.5. In Section 5.5.1, I 

identify the dominant kinetic processes leading to self-assembly, and in section 5.5.2 I incorporate 

a molecular-mediated blocking mechanism. In section 5.6, I demonstrate that the simulations can 

reproduce experimental results before finally drawing conclusions in section 5.7. 

5.1: The Time-Scale Problem 

The wide range of computational algorithms that solve problems using random numbers 

are categorized as Monte Carlo methods. The kinetic Monte Carlo (KMC) method is an extension 

of the Monte Carlo framework, but applied primarily to systems evolving dynamically from state 

to state (i.e. kinetics).137 Though first applied to atomistic systems in the 1960’s,138 use of KMC 

has seen continual growth and is now a common tool for studying surface dynamics in condensed 

matter systems.44,139 

One of the major triumphs of the KMC method is the ability to handle long time scales in 

atomistic simulations of materials.135 To demonstrate why time presents a major difficulty in 

computer simulations, consider first molecular dynamics (MD), the foremost tool in atomistic 

simulation methods.140 In MD simulations, the classical equations of motion are constructed for 

every particle in the system and propagated forward in time. In a general form, the equations of 

motion may be written as: 

𝑚𝑖�̈�𝑖 = 𝑓𝑖 (5.1) 
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where  𝑟𝑖  and 𝑓𝑖 are the respective coordinates of and force on the 𝑖th particle. We can derive the 

force on each particle using the potential energy, 𝑈(𝑟𝑁), 

𝑓𝑖 = −
𝜕𝑈(𝑟𝑁)

𝜕𝑟𝑖
(5.2) 

where  𝑟𝑁 = (𝑟1, 𝑟2, … , 𝑟𝑁) is the complete set of 3N atomic coordinates. To formulate the potential 

energy, we can write an expansion in n-body terms, where each term contains a sum on n 

interacting particles 

𝑈(𝑟𝑁) = ∑𝑢(𝑟𝑖) + ∑ 𝑣(𝑟𝑖𝑗)

𝑖,𝑗≠𝑖𝑖

+ .  .  . (5.3) 

Making the approximation that 1 and 2-body interactions account for most of the effective 

potential, we will neglect any 3-body and higher interaction terms. The 1-body terms, 𝑢(𝑟𝑖), may 

contain e.g. energy contributions imposed by the boundary conditions of a container or the 

interaction of the particle with an applied field. The 2-body interaction terms, 𝑣(𝑟𝑖𝑗), are 

interparticle interactions such as coulomb potentials, or, in the case of bonded systems, a Lennard-

Jones or harmonic potential.  

The previous exercise demonstrates that writing down the equations of motion for any 

given system is entirely feasible. If we assume that 𝑈(𝑟𝑁) correctly describes the true potential, 

then solving these classical equations would give a completely deterministic and accurate classical 

representation of the system. There is only one problem: Accurate integration of these of these 

equations requires that we use time steps short enough to resolve critical particle motions such as 

atomic vibrations. For context, consider that excitations of the O-H bond in alcohol functional 

groups correspond to light absorption in the range of 3000-3500 cm-1. On the high end, this equates 
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to a vibrational frequency of 1.05x1014 s-1 or a vibrational period of 9.5x10-15 s. Therefore, to carry 

out a 1 µs simulation on a general system of n = 1000 particles, MD requires solving the equations 

of motion for all 1000 particles approximately 109 times. This means that 1012 total calculations 

are made to track the system for 1/1000000th of a second. For simulation times approaching an 

order of 1 s, this rapidly becomes computationally impractical. This is known as the time-scale 

problem, and is a serious limitation for MD simulations. For many surface-related phenomena, 

such as molecular SA, this intrinsic time limit precludes MD treatments of the system.  

5.2: The Kinetic Monte Carlo Method 

5.2.1: Method Overview 

The KMC method circumvents this problem by treating the time dynamics of the system 

as jumps from state to state without worrying about the exact classical trajectory. A critical aspect 

of KMC is that we treat the state of the entire system and not the states of individual particles. 

Consider a n-atom Pb fcc crystal system with periodic boundary conditions (Figure 5.1a); the 

atomic configuration of the unperturbed crystal defines a state |𝑙⟩. If we remove any one atom and 

place it somewhere else on the crystal (Figure 5.1b), and minimize the energy with a steepest 

Figure 5.1. A Pb fcc system in an initial state (a), intermediate state (b), and final state (c).  
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descent algorithm, this defines a new state |𝑚⟩ (Figure 5.1c). Even though perhaps every atom 

moved, this constitutes only a single transition. Now consider a larger system such as a (110) Cu 

surface lattice with n-Cu adatoms (Figure 5.2a). State |𝑙⟩ corresponds to an energy minimum 

associated with this exact atomic configuration. A transition to state |𝑚⟩ could now involve 

moving one single adatom to a new lattice site (Figure 5.2b) or moving any number of atoms 

simultaneously (Figure 5.2c). The primary lesson here is that a state constitutes a configuration of 

the entire system, not any one particle. The (hyperdimensional) potential energy landscape is 

therefore dotted with energy basins associated with each configuration and the barriers connecting 

these wells govern how the system evolves with time.   

5.2.2: Infrequent Event Systems 

One assumption made in KMC is that we are always treating energy-barrier-limited 

infrequent-event systems. These are cases where the system spends a long time in any one state 

relative to the time it takes to transition between states. Essentially, this amounts to the system 

rattling around the potential energy well of a given state before acquiring enough energy and 

Figure 5.2. (a) Initial state for a system of Cu adatoms on a Cu(110) surface lattice. (b),(c) Possible final states 
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following the correct trajectory to escape (Figure 5.3). A key property of an infrequent-event 

system is that because the time spent in any one basin is much greater than the time it takes to 

transition (one vibrational period or ~10-15 s), the system has no memory of how it got into the 

basin in the first place. No momentum carries over from one transition to another and the rate 

constant 𝑘𝑙𝑚 for the |𝑙⟩ → |𝑚⟩ transition is entirely independent of what state preceded |𝑙⟩. The 

rate constant 𝑘𝑙𝑚 for the |𝑙⟩ → |𝑚⟩ is strictly a property of the potential energy landscape 

connecting |𝑙⟩ to |𝑚⟩. This “memorylessness” is called the Markov property and because of it, we 

can design a simple stochastic procedure to propagate the system from state to state correctly.  

The Markovian nature of an infrequent-event system defines a uniform escape probability 

for the system, i.e. for any small increment of time, dt, the system has the exact same probability 

of finding an escape path. This property gives rise to first order kinetic processes characterized by 

exponential decay statistics. The probability that the system has not escaped |𝑙⟩ at time t is given 

by 

Figure 5.3. Contour plot of the potential energy surface (blue lines) and trajectory (red 

line) for a transition from state |𝑙⟩ to state |𝑚⟩ in an infrequent event system. The system 

spends many vibrational periods in the initial potential energy basin before escaping. 
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𝑃𝑠𝑢𝑟𝑣𝑖𝑣𝑒(𝑡) = 𝑒−𝑘𝑡𝑜𝑡𝑡 (5.4) 

where 𝑘𝑡𝑜𝑡(= ∑ 𝑘𝑙𝑚𝑚 ) is the sum of the rate constants for every possible transition out of |𝑙⟩. The 

probability distribution for the time of first escape, 𝑃(𝑡), is intuitively related to 𝑃𝑠𝑢𝑟𝑣𝑖𝑣𝑒(𝑡) by 

∫ 𝑃(𝑡)𝑑𝑡 = 1 − 𝑃𝑠𝑢𝑟𝑣𝑖𝑣𝑒(𝑡
′)

𝑡′

0

. (5.5) 

To get the analytical expression for 𝑃(𝑡), we can take the time derivative of equation (5.5)  

𝑑

𝑑𝑡
(∫𝑃(𝑡)𝑑𝑡))  =

𝑑

𝑑𝑡
(1 − 𝑒−𝑘𝑡𝑜𝑡𝑡) 

which gives 

𝑃(𝑡) = 𝑘𝑡𝑜𝑡𝑒
−𝑘𝑡𝑜𝑡𝑡 . (5.6) 

This is the distribution for the time of first escape from |𝑙⟩. The first moment of this distribution 

gives the average time for escape 𝜏 

𝜏 = ∫ 𝑡𝑃(𝑡)𝑑𝑡 =
1

𝑘𝑡𝑜𝑡

∞

0

. (5.7) 

As will become apparent later, it is sometimes useful to decompose equation (5.6) into time of first 

escape distributions for each pathway as 

𝑝𝑙𝑚(𝑡) = 𝑘𝑙𝑚𝑒−𝑘𝑙𝑚𝑡 . (5.8) 

5.2.3: Note on Non-Uniform Distributions 

In the preceding section, we developed the mathematical framework for the kinetics of 

infrequent-event systems. To utilize this framework in computer simulations, we will need to 

generate random numbers from the distributions found in equations (5.6) and (5.8). A built-in 
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random number generator found in typical software packages will, however, give uniformly 

distributed random numbers (equal probability for each number). To map a uniform distribution 

onto any desired function requires only a Jacobian transformation.141 For example, consider the 

transformation of a uniformly distributed random variate, 𝑥, into a variate, y, characterized by a 

Boltzmann distribution. We begin with the uniform distribution 

𝑝(𝑥) = {
1, 0 < 𝑥 < 1  
0,          𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(5.9) 

that we would like to manipulate into a Boltzmann form of 

𝑝(𝑦) =
1

𝑘𝐵𝑇
𝑒

−
𝑦

𝑘𝐵𝑇 . (5.10) 

We know the Jacobian transformation is given by 

𝑝(𝑦) = 𝑝(𝑥) |
𝑑𝑥

𝑑𝑦
| . (5.11) 

Making the variable transformation 

𝑥 = 𝑒
−

𝑦
𝑘𝐵𝑇 (5.12) 

and deriving the Jacobian 

|
𝑑𝑥

𝑑𝑦
| = (

1

𝑘𝐵𝑇
) 𝑒

−
𝑦

𝑘𝐵𝑇 (5.13) 

gives the desired distribution from (5.10) 

𝑝(𝑦) = 𝑝(𝑥) |
𝑑𝑥

𝑑𝑦
| = 1 ∙ (

1

𝑘𝐵𝑇
) 𝑒

−
𝑦

𝑘𝐵𝑇 . 
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Therefore, using equation (5.12), we derive the expression that will transform a uniformly 

distributed random number, 𝑥, to the Boltzmann distributed variate, 𝑦 

𝑦 = −𝑘𝐵𝑇 ∙ ln(𝑥) . (5.14) 

5.2.4: The KMC Method in Practice 

 An intuitive approach to implementing the KMC method is described as follows. Suppose 

we have a system in state |𝑙⟩ with a set of possible pathways and associated rate constants {𝑘𝑙𝑚}. 

Since we know the probability distributions (equation (5.8)) for each pathway, we could draw a 

random escape time, 𝑡𝑚, from each distribution and compare them. We would then advance the 

system to the state associated with the smallest drawn 𝑡𝑚 and advance the system clock by 𝑡𝑚. 

This procedure quickly becomes cumbersome as the number of potential transitions increases, and 

it also wastes valuable computational power generating random numbers that are ultimately never 

used beyond the initial comparison. 

Notice that the method just described forces the probability of transition out of |𝑙⟩ to be 

unity. This can be initially unsettling, but is true for any implementation of the KMC method, since 

we are concerned only with the state-to-state trajectory (long-time dynamics) of the system and 

not vibrations within a single state (including e.g. unsuccessful transition attempts). Variable 

lifetimes of a given state are fully accounted for by the probability distributions just discussed. 

This does however bring up an important point: If the rate constants for every transition are known 

exactly, a state-to-state trajectory generated by KMC will be indistinguishable from one generated 

by MD.  

A more elegant implementation of the KMC method, outlined by A. Voter,137 shows that 

the exact same trajectory can be achieved using only two random numbers per transition. To 
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accomplish this, we first need to section the total probability of transition out of |𝑙⟩ into 

probabilities for each specific transition. Consider that the probability for seeing the |𝑙⟩ → |𝑚⟩ 

transition is inversely proportional to the average time of first escape along that trajectory 

𝑃𝑙𝑚 ∝
1

𝜏𝑙𝑚
. 

This is intuitive: a shorter average escape time gives a higher probability of escaping within dt. 

The probability of seeing the |𝑙⟩ → |𝑚⟩ transition relative to the probability of transitioning to any 

final state is given by 

𝑃𝑙𝑚

𝑃𝑡𝑜𝑡
=

𝜏𝑡𝑜𝑡

𝜏𝑙𝑚
=

𝑘𝑙𝑚

𝑘𝑡𝑜𝑡
. (5.15) 

From equation (5.15) we see that the likelihood of a given transition is given by the “weight” of 

its rate constant among all possible rates. Recognizing this fact leads to an efficient way of 

choosing a transition with a single random number: If we construct an object with a total length 

𝐿 = 𝑘𝑡𝑜𝑡 (Figure 5.4a), and divide it into sections, each with length ℓ = 𝑘𝑙𝑚, we see that the weight 

of any one section is equal to 𝑘𝑙𝑚 just as in equation (5.15). If we then choose a random position 

along 𝐿, this will fall on one of the sections and determine which pathway the system follows. 

To illustrate how this works programmatically, consider the array in Figure 5.4b. Each 

element (En) in the array is a partial sum of consecutive rate constants, 𝐸𝑛 = ∑ 𝑘𝑖
𝑛
𝑖=1  (where we 

have used the reduced notation  𝑘𝑖  instead of 𝑘𝑙𝑚 for simplicity). If we draw a uniformly distributed 

random number 𝑟 ∈ [0,1]  and multiply it by 𝑘𝑡𝑜𝑡, this number will fall somewhere between 

elements in the array. If 0 ≤ 𝑟 ∙ 𝑘𝑡𝑜𝑡 < 𝐸1, the system moves to state |1⟩. Similarly, if 𝐸1 ≤ 𝑟 ∙

𝑘𝑡𝑜𝑡 < 𝐸2, the system moves to state |2⟩ and so forth. Once the transition has been decided, we 
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then generate the second random number to select a transition time from the distribution given in 

equation (5.6) to advance the system clock.  

 In principle, the order in which we assemble the sections in the object or elements in the 

array is inconsequential. To demonstrate this, consider the system described by the rate constants 

in Figure 5.5. In scenario 1 we have assembled the object in numerical order of the rate constants. 

The array elements are given on the side of the object. The rate constant in bold identifies which 

transition is made if 𝑟 ∙ 𝑘𝑡𝑜𝑡 falls on that object. Scenario 2 gives a perfectly acceptable alternative 

object and array with a different section order. In either scenario, the probability of seeing any 

transition 𝑖 is conserved.  

Figure 5.4. Schematic representations of: (a) A hypothetical object and (b) a computer array used in implementing 

the KMC procedure. By randomly selecting a section in the object or element in the array, the correct weight is 

given to each transition. 
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5.3 Agent-Based Modeling 

In the next section, we develop a novel agent-based extension of the KMC method to 

simulate surface dynamics in molecular self-assembly. Before we go into the specifics of the 

simulation, we provide a short introduction to agent-based modelling to familiarize the reader with 

some of the concepts and terminology encountered in the following text. We then motivate the 

need for hybridizing the agent-based and kinetic Monte Carlo methods before detailing the 

simulation and discussing results. 

Agent-based (AB) methods are powerful tools used to model self-organization of complex 

systems of interacting components. Use of the AB approach to study collective phenomena has 

proliferated such that it spans a diverse spectrum of scientific fields ranging from ecology and 

sociology to crystal growth and molecular organization.133,134 In its simplest form, an AB model 

consists of three basic elements:142 

1. A set of autonomous agents that sense and react to their surroundings. 

2. The environment, or world, in which the agents reside. 

Figure 5.5. Two acceptable object constructions to implement the KMC procedure. To the right of each object are 

the elements in the computer code array.  In each instance, the probability for a give transition is preserved. 
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3. Interactions, or relationships, that govern how agents respond to the environment and 

other agents. 

At the core of the simulation is a set of rules or instructions that agents obey as they operate 

throughout the environment autonomously. These rules control the discrete motion of the agent 

and often replace the equations motion.133 They also dictate how the agent responds to stimuli in 

the form of interactions. The real strength in AB modeling lies in how it treats a system from the 

‘ground up’ in an agent-by-agent manner.142 This allows for emergent behaviors that are not 

explicitly programmed into the model, but instead arise naturally through agent interactions. We 

will now show that self-assembled nanoribbons emerge in AB-KMC simulations of interacting 

adatoms and TiOPc molecules on Cu(110) when the rate constants for competing adsorbate 

processes are anisotropic. 

5.4: Agent-Based Kinetic Monte Carlo Simulations 

5.4.1: Motivation 

In this section, I will discuss how I coupled the AB and KMC methods to develop a 

mechanistic model of cooperative self-assembly. As discussed in section 5.2, the KMC method is 

a simple yet powerful tool for studying atomistic systems. It is also useful for treating the 

dynamical evolution of adsorbate systems.137 Taking an agent-based143 approach allows us to 

simplify an n-body system into n one-body systems, dramatically enhancing computational 

efficiency.  As an example, consider n adatoms located randomly at lattice sites on an fcc (110) 

surface (see Figure 5.2a). In typical KMC simulations, the state of the system is defined by the 

equilibrium positions of all n adatoms. Therefore, moving one adatom to a new equilibrium 

position constitutes a transition between states of the entire system. As the trajectory of the system 

depends on the rate constants to every state the system enters, finding transitions between states is 
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computationally intensive when considering all possible final states formed by every possible 

combination of concerted movements for all n adatoms, even when taking the symmetry of the 

surface into account. In contrast, in an agent-based KMC simulation, we consider a limited set of 

transitions available to individual agents (atoms or molecules), dictated by their immediate 

environment, and propagate the trajectory of each agent independently. Similar agent-based 

models have already been discussed in the literature.133  

5.4.2: Simulation Overview 

The physical assumptions underlying our model are: (i) Adatoms bind to adatom islands 

OR adatoms are anchored by a molecule; (ii) a nucleation event occurs when a molecule overtakes 

an adatom; (iii) adatoms and molecules do not interact through long-range pair interactions; and 

(iv) the mobility of adatoms and molecules far exceeds the mobility of adatom clusters.44 The 

“world” in our AB-KMC model is defined as a network of lattice sites with rectangular symmetry 

and periodic boundary conditions. Agents are restricted to positions that coincide with lattice sites. 

We consider two species of agents, TiOPc “O-down” molecules and Cu adatoms, each separated 

into two breeds: One breed each for stationary agents, i.e. adatoms incorporated into islands or 

molecules anchoring at adatoms and step edges, and one breed each for mobile or diffusive agents. 

The set of transitions available to each agent depends on the breed of the agent, but may include: 

diffusion to adjacent lattice sites in the four cardinal directions on the (110) surface, attachment 

and detachment from islands (adatoms), nucleation and detachment from adatoms and step edges 

(molecules). We explicitly exclude double occupation of lattice sites by identical species (two 

adatoms or two molecules). 
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5.4.3: Parameter Space and System Time 

The rate constants for each possible transition constitute the basis of the parameter space 

which is systematically swept during a simulation experiment. We first form a set of basis 

transitions, assigning each transition a rate constant. We then compile a repository of subsets that 

include only the transitions available to an agent in its specific environment. As an example, an 

isolated adatom more than one lattice position away from an island has five possible transitions: 

Moving in each of the four cardinal directions and anchoring with a molecule. Adatoms within 

one lattice position of an island have additional possible transitions that include incorporating into 

an island with different rates for incorporating from different surface directions. We will refer to 

agents in unique environments as 𝐴𝑒
𝑏  where b is the breed of the agent and e is the environment of 

the agent. In order to determine the set of transitions available to a given agent, the agent polls its 

immediate surroundings to identify its specific environment. In polling nearest neighbor positions, 

a radius is employed. The rectangular lattice allows for easy discrimination between neighbors at 

distances corresponding to different surface directions. From here, only transitions available to 

agents in that environment are considered for that agent. The agent then draws a random number 

that corresponds to one specific transition, in the same way as is done in KMC. 

Preserving the integrity of time in the AB-KMC simulations is important. Because each 

agent can make only one transition per “frame” (arbitrary time “ticks” or one iteration through the 

program loop), and because each agent set uses a different probability distribution, we must have 

some way of synchronizing transitions to get realistic dynamics. To do this, we incorporate a 

“system time” for each frame by drawing an exponentially distributed random time 𝑡𝑓𝑟𝑎𝑚𝑒 from a 

distribution 𝑝(𝑡) = 𝑘𝑡𝑜𝑡 exp(−𝑘𝑡𝑜𝑡𝑡) defined by agent set 𝐴𝑒
𝑏 with the fastest average escape time 

from its present state. The fastest average escape time is associated with the agent set 𝐴𝑒
𝑏 with the 
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greatest 𝑘𝑡𝑜𝑡, where 𝑘𝑡𝑜𝑡 = ∑ 𝑘𝑖𝑖  and 𝑖 designates each possible, unique transition. Each individual 

agent also draws an exponentially distributed random time 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 from the distribution 

characterized by 𝑘𝑡𝑜𝑡 for the agent set 𝐴𝑒
𝑏 to which the agent belongs. The time drawn by each 

agent is then compared to the “system time” for that frame. If 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 < 𝑡𝑓𝑟𝑎𝑚𝑒, the agent makes 

the transition drawn separately from the agent set to which it belongs. If 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 > 𝑡𝑓𝑟𝑎𝑚𝑒, no 

transition occurs in that frame and this may be considered an unsuccessful attempt.   

5.4.4: Simulation Details* 

The simulations were performed using the Netlogo modeling environment.143 To reveal the 

central mechanism of nanoribbon formation, we simplify our description of the interface by 

considering only two species, “O-down” molecules and Cu adatoms. This is justified by the fact 

that “O-up” molecules do not participate in the nanoribbons, even though their presence likely 

affects the overall diffusion rates of all adsorbed species. We note that the simulation results do 

not depend on our specific molecular configuration assignments. For simplicity’s sake, we also 

treat all “O-down” molecules as adsorbing in the same orientation on the surface and do not 

consider transitions between the two mirrored orientations (see section 4.3.1). All processes take 

place on a rectangular lattice with periodic boundary conditions, representative of a large Cu(110) 

terrace. For each species, we consider diffusion to adjacent lattice sites in all four cardinal 

directions as well as attachment / detachment from already established Cu islands and step edges, 

with different rates along the two major surface directions [11̅0] and [001]. We exclude double 

occupation of lattice sites by identical species (two adatoms or two molecules), but explicitly allow 

molecules to anchor an adatom on the Cu(110) terrace or decorate the step of a nucleated Cu island. 

We include in our model a constant concentration of mobile adatoms to simulate the terrace as the 

adatom source. In the simulations, we focus in particular on the ratio of rates for critical processes 
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(swept over four orders of magnitude) in order to capture the essence of self-assembly into 

nanoribbons. Although such a model is necessarily a caricature of the real kinetics of self-assembly 

at the TiOPc/Cu(110) surface, we show next that it is able to provide mechanistic insight into 

nanoribbon formation. 

5.5: Simulation Results 

5.5.1: Uncovering the Dominant Kinetic Processes 

This section will demonstrate how I used AB-KMC simulations to determine the dominant 

kinetic processes leading to nanoribbon formation. Figure 5.6a is an example of initial conditions 

for an AB-KMC simulation with a random distribution of molecules and adatoms. “O-down” 

TiOPc molecules are depicted as orange clover leafs and adatoms are single white circles. In this 

figure, we display adatoms even if anchored underneath a TiOPc molecule and remove all mobile 

agents upon completion of the simulation for greater clarity. From these simulations, we find that 

the ratio 휂 =
𝑘𝐶𝑢,𝑎𝑡𝑡

11̅0

𝑘𝐶𝑢,𝑎𝑡𝑡
001  is the most critical parameter: 휂 is the ratio of the rates of Cu adatom 

attachment to an island when stepping along [11̅0] (𝑘𝐶𝑢,𝑎𝑡𝑡
11̅0 ) vs. [001] (𝑘𝐶𝑢,𝑎𝑡𝑡

001 ). Elongated 

nanoribbons start to emerge when 휂 ≈ 40 and appear readily for values above 150 (Figures 5.6b 

and 5.6d). Below 휂 ≈ 40 however, aggregation is more isotropic, in contrast to the experimental 

observations. An estimate of the resulting activation energies for attachment and comparison to 

theoretical values can be found in section 5.6. The ratio 휁 of the conjugate detachment rates, 휁 =

𝑘𝐶𝑢,𝑑𝑒𝑡
11̅0

𝑘𝐶𝑢,𝑑𝑒𝑡
001 , also influences the evolution of nanoribbons. 휁 ≫ 1 promotes ribbon elongation (Figure 

5.6c), amounting to a net increased diffusion along [11̅0] Cu steps and in good agreement with 

theoretical activation energies.123 Note that detachment rates are necessarily less than attachment 

rates in order to obtain nucleation and sustained growth of aggregates. Differences in detachment 
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rates only contribute to nanostructure elongation if detachment is substantially slower than any 

other process.  

Other rates and their relative magnitude have a much weaker influence on the nucleation 

and growth of nanoribbons. The rate of nucleation when molecules locate at sites occupied by 

adatoms determines only the number of nanoribbons, but leaves their structural properties 

unaffected. Further, while rates for molecular decoration of adatom islands must be sufficiently 

large to prevent island dissolution, they do not affect the shape of nanoribbons. For the simulations 

shown in Figure 5.6,  𝑘𝑎𝑡𝑡
𝑇𝑖𝑂𝑃𝑐 was chosen approximately equal to 𝑘𝐶𝑢,𝑎𝑡𝑡

11̅0 .  

Figure 5.6. Detail of AB-KMC simulation results. a) Initial conditions. b) η = 42.5 and ζ=1. c) η = 42.5 and ζ =10. d) 

η = 170 and ζ = 1. e) η = 42.5, ζ = 1 and molecular mediated blocking. f) η = 42.5, ζ = 10 and molecular mediated 

blocking. The rate for adatom-molecule anchoring, 𝑘𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑒 , is fixed at 5.8% of 𝑘𝐶𝑢,𝑎𝑡𝑡
11̅0  for all simulations. Cu 

nanowires can be found near molecules in both simulations and STM images, indicated by insets and dashed 

rectangles in (e) and (f). 
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Most strikingly, a difference in diffusion rates along the two surface directions, e.g. 

calculated from diffusion energies for (110) surfaces,123 does not lead on its own to self-assembly 

into 1D nanoribbons and has a negligible effect when included in simulations. Consequently, all 

data from the simulations shown in Figure 5.6 presume isotropic diffusion for both adatoms and 

molecules. Nanoribbons arise primarily as a direct consequence of their two-component nature, 

and grow and elongate due to the anisotropic Cu adatom condensation rates 𝑘𝐶𝑢,𝑎𝑡𝑡
11̅0  and 𝑘𝐶𝑢,𝑎𝑡𝑡

001 . 

This proposed mechanism for formation of pseudo-1D organic semiconductor nanostructures is 

novel and requires as its main ingredients cooperative anchoring of adatoms by molecules and 

differential condensation rates. 

Simulated STM images exhibit many of the essential features found throughout the 

experimental data, lending support to the simple mechanistic model. Anchoring of Cu adatoms by 

TiOPc is evident in isolated “O-down” monomers, dimers and trimers, where one or more 

isoindole lobes appear at significantly larger heights, beyond the asymmetry described in Figure 

4.1c of the previous chapter. Such groups of molecules can be seen e.g. in Figures 4.1, 4.4, and 

4.6, and have also been reported for the related system of porphyrin on Au(111).46 Such 

cooperative anchoring is facilitated by the interaction of the molecular dipole with the adatom 

dipole.144,145 Furthermore, on rare occasions Cu nanowires are observed in the experimental data, 

emerging from molecular aggregates (STM image insets in Figures 5.6e and 5.6f), in agreement 

with the results of the AB-KMC model (Figures 5.6e and 5.6f). The sparseness of these structures 

across all our STM data agrees well with the fleeting existence in the simulations, where they are 

only observed in the vicinity of TiOPc molecules. Finally, both shorter and longer nanoribbons 

appear in the experimental data (Figure 4.8), which is adequately captured by the simulations.  
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Note that the model does at present not provide a rationale for the emergence of the quasi-

periodic nanoribbon superlattice. We speculate that this quasi-periodicity arises from repulsive 

interactions between neighboring nanoribbons, each separated by approximately a molecular 

diameter (12 Å), which is not captured in our simulations. Indeed, generalized computational 

models of self-assembly into quasi-periodic 1D nanostructures have shown that repulsive 

interactions are necessary.146,147 Here, they might arise e.g. from dipole-dipole repulsion of tilted 

“O-down” molecules decorating the step-edges of neighboring nanoribbons. 

5.5.2: Molecular Mediated Blocking 

Recently, a dramatic surface reshaping was reported by Abadia et al. for nonpolar MPcs 

on Cu(110),114 similarly interpreted as coordination of CuPc to narrow Cu terraces. DFT results 

from that study reveal an energetically favorable molecular decoration of step edges, just as for 

“O-downs” in the present study, and the authors conclude that this favors surface reshaping to 

form Cu nanostripes. A molecular mediated blocking mechanism that limits adatom diffusion 

along the [001] direction was suggested as the driving force for the surface reshaping. To test this 

hypothesis, we included in our AB-KMC simulations molecular blocking of adatom attachment to 

[11̅0] steps from the [001] direction. From these simulations, we found that blocking alone does 

not lead to nanoribbon formation, but has a profound effect on the value of 휂 necessary to obtain 

nanoribbons: The threshold drops by at least a factor 4 to nearly an order of magnitude in some of 

the simulations. Figure 5.6e shows a snapshot of an AB-KMC simulation with 휂 = 42.5 and 

molecular mediated blocking, yielding qualitatively very similar results to the simulations with 

larger 휂 and no blocking. In Figure 5.6f, we include 휁 = 10, further increasing the aspect ratio of 

self-assembled nanoribbons and obtaining good agreement with the experimental data. In 

summary, from the simple model developed here, blocking may play an important role in 
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catalyzing the assembly of nanoribbons, but the anisotropy of attachment and detachment rates 

determines the emergence of the 1D nanostructures. 

5.6: Reproducing Experimental Nanoribbon Dimensions 

In the previous section, we isolated the relevant nanoribbon forming kinetic processes by 

analyzing the onset of nanostructure formation. In this section, we demonstrate how our 

simulations are capable of producing nanoribbons with dimensions comparable to the 

experimentally observed nanostructures imaged in Chapter 4. To accomplish, this we incorporate 

rate constants calculated from literature energy values into the simulation. Using an Arrhenius 

framework and theoretical activation energies, we can estimate the ratio of rate constants (휂 =

𝑘𝐶𝑢,𝑎𝑑𝑠
11̅0

𝑘𝐶𝑢,𝑎𝑑𝑠
001 ) between the two competing rate-limiting processes that are most responsible for 

nanostructure elongation, i.e. attachment along [11̅0] and along [001]. The ratio of attempt 

frequencies can be crudely estimated by treating each potential well (isolated adatom on surface 

and adatom attached to nucleated Cu island) in the harmonic limit and estimating the ratio of 

vibrational frequencies from theoretical activation energies and the known lattice spacing. This 

results in attempt frequencies that lie within 15% of each other. Using the Arrhenius equation 

휂 =
𝑘𝐶𝑢,𝑎𝑑𝑠

11̅0

𝑘𝐶𝑢,𝑎𝑑𝑠
001 =

𝐴11̅0𝑒
−

𝐸𝑎
11̅0

𝑘𝐵𝑇

𝐴001𝑒
−

𝐸𝑎
001

𝑘𝐵𝑇
 

≈ 𝑒
−(

∆𝐸𝑎
𝑘𝐵𝑇

)
 (5.16) 

with approximately identical attempt frequencies and an activation energy difference obtained 

from effective medium theory (≈ 450 meV),123 at 463 K we find that a realistic anisotropic ratio of 

adsorption rates is 휂 ≈ 75000. 
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Figure 5.7 shows images captured at t = 0 and after ≈ 8000 iterations in a simulation using 

the calculated rate constant ratio. The conditions for the simulation are such that 25% of lattice 

sites are occupied by TiOPc, 6% of lattice sites are occupied by a constant number of  mobile Cu 

adatoms, 휂 = 75000, 휁 = 30 and molecular-mediated blocking is enabled. Figure 5.7b shows the 

result after ≈ 8000 iterations. Figure 5.7c shows a similar frame from a separate simulation where 

mobile agents have been removed for improved clarity. This procedure eliminates distraction and 

emphasizes the nanostructures. Sufficiently long simulation times eventually result in the 

anchoring of nearly all TiOPc molecules. To reduce CPU time, we do not quite reach the limit of 

𝑡 → ∞ since, the de-anchoring rate is quite small. Figure 5.8 shows a sequence of time snapshots 

from a single simulation, following the nanostructure growth process from initial conditions 

through nucleation and elongation. Unanchored molecules are darkened to emphasize the 

nanostructures. 

(c) (b) (a) 

Figure 5.7. Sample images from AB-KMC simulations. a) Initial conditions. b) Complete simulated STM image after 8000 

iterations. c) Repeat of (b), with unanchored species removed for improved clarity. 
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5.7: Conclusions  

 In summary, this chapter discussed the development of an innovative method for 

simulating adsorbate kinetics. The basic concepts of agent-based modeling and the kinetic Monte 

Carlo method were presented to provide context and motivation for joining the two approaches.  

Drawing on my knowledge of both AB and KMC modeling approaches, I coupled both techniques 

to create a novel tool for studying the underlying mechanisms in TiOPc/Cu(110) interface 

formation. Using AB-KMC simulations, I discovered that the dominant kinetic factors leading to 

nanoribbon formation are adatom anchoring by TiOPc and anisotropic attachment rates for Cu 

adatoms to islands. Surprisingly, anisotropic diffusion rates on the surface do not contribute 

significantly to the elongated structures. I also substantiated a proposed molecular mediated 

blocking mechanism that further increased the aspect ratio of assembled nanoribbons. The results 

Figure 5.8. Evolution of thermally coarsened nanostructures. Final pane: t=tf and mobile agents removed. 
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of the work described in this chapter demonstrate the power of this new simulation method in 

capturing emerging order in a complex system and uncovering mechanistic insight into interface 

formation on the atomic level.  

*Print AB-KMC simulation code can be found in Appendix B. A digital version is stored 

on the LabMonti NAS under: Data/AB-KMC simulations.   
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CHAPTER 6 │ INTERFACIAL ELECTRONIC STRUCTURE OF TiOPc ON Cu(110) 

Introduction 

 This chapter deals with experiments aimed at understanding the interfacial electronic 

structure of the TiOPc/Cu(110) system. The atomic-level understanding of self-assembly 

developed in Chapters 4 and 5 allows me to interpret the interfacial electronic structure, and control 

energy-level alignment at the interface in a molecular configuration-specific manner. The powerful 

combination of nanoscale imaging and surface sensitive spectroscopy thus demonstrates a novel 

approach to understanding and controlling the interfacial electronic structure of strongly 

chemisorbed systems. 

 Section 6.1 motivates the study by addressing the challenge of understanding chemisorbed 

interfacial electronic structure and casting organic-metal heterojunctions as device relevant 

materials. Section 6.2 details the experimental methods used in the study and section 6.3 presents 

the results. A thorough discussion on the interpretation of the experimental results is given in 

section 6.4. The chapter will close in section 6.5 with a summary of the results and the conclusions 

drawn from the study. 

6.1: Motivation 

Organic semiconductors have already found mainstream use in modern optoelectronic 

devices such as organic photovoltaics,10 and stand poised to play a pivotal role in next-generation 

nanoelectronic devices.6 Molecules are well suited for this role because their electronic eigenstates, 

and thus functional properties, can be readily synthetically tailored by structural modification. 

Molecular building blocks also promise new bottom-up avenues for device engineering at 

unprecedented length-scales.4,5 In devices, molecular materials serve e.g. as the active layers in 
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transducing elements of photovoltaic cells and light-emitting diodes.148 Given the limited charge 

carrier mobility in molecular condensates,13 the active layer must at some point be coupled to a 

good electrical conductor. Interfacial energetics of these junctions must then be tailored to 

facilitate charge flow into and out of the device. A molecular-level understanding of interface 

formation is thus key to tailoring strategically the electronic properties at such junctions. Hence, 

to harness the full potential of molecular materials in electronic devices, nanoscale studies of 

organic heterojunctions formed with metallic electrodes are of critical importance.  

Great strides in our understanding of metal-organic heterojunctions have given rise to 

working models describing energy-level alignment regimes and interfacial electronic 

structure.14,17,149,150 Many of the proposed mechanisms underpinning energy-level alignment have 

been corroborated by both experiment and theory, at least in specific instances. In this context, the 

modification of the metal surface dipole is particularly relevant:151,152 This dipole, and therefore 

the work function, typically decrease as a result of molecular adsorption. This is due to a reduction 

in electron density “spill-out” from the metal surface, known as the push-back or pillow effect.20 

The result is a change in the electrostatic potential at the surface, i.e. the interface dipole, which 

also shifts the energies of the molecular levels. This simple picture describes the dominant 

interaction in physisorbed systems, and typically increases the hole-injection barrier if not 

counteracted by additional surface modifications.66 For weakly chemisorbed interfaces, higher 

order effects influencing energy-level alignment may be captured e.g. by the induced density of 

interface states model,21,153,154 or a general electrostatic density of states model.22 Despite these 

tremendous advances for weakly bound heterojunctions, the case of strongly interacting and 

chemisorbed interfacial electronic structure remains a challenge both experimentally and 

theoretically. 
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Chemisorption describes systems where the electronic wavefunction of the molecule has 

substantially hybridized with that of the surface. This strong hybridization dramatically alters 

interface energetics and can lead to a wide range of phenomena including significantly broadened 

molecular levels, charge transfer, new interface states, new intermolecular interactions, and even 

metallic molecular monolayers.155–159 One consequence of chemisorption is that such hybridized 

interfaces are frequently uniquely difficult to characterize. For example, renormalization and 

broadening of molecular levels complicates interpretation of electronic structure measurements 

made in the laboratory;160 at the same time, correctly treating dispersive interactions, fractional 

charges, and disordered systems are formidable obstacles in computation and theory.161,162 

Electronic structure measurements must therefore be combined with structural information on 

atomic length-scales, since a precise understanding of the microscopic interfacial structure is an 

essential ingredient if the principles at work in strongly coupled systems are to be understood. 

To further our understanding of strongly coupled systems, we present here a multifaceted 

experimental approach to studying a prototypical chemisorbed interface, where insight from 

nanoscale imaging is used to enable interpretation of the interfacial electronic structure. We 

investigate room temperature grown thin-films of TiOPc on Cu(110) by low-temperature scanning 

tunneling microscopy (STM) and photoemission spectroscopy (PES). We then initiate a self-

assembly mechanism which alters the adsorption environment primarily for one adsorbate 

configuration. This allows us to elucidate changes in the interfacial density of states (DOS), and 

to identify differences in configuration-specific surface-molecule coupling. Our work 

demonstrates how such an experimental approach is useful to develop a tractable framework for 

understanding chemisorbed systems.  
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6.2: Methods 

Cu(110) was cleaned by repeated cycles of Ar+ sputtering (1-2 keV, 5-10 μA/cm2) and 

annealing (850 K). Cleanliness of the bare surface was verified directly in STM images or by the 

work function in ultraviolet photoemission spectroscopy (UPS). TiOPc (Sigma-Aldrich, 95%) was 

triply resublimated in a custom-built vacuum furnace (5x10-7 torr). Thin-films of TiOPc were 

evaporated onto room temperature Cu(110) using a home-built, water-cooled Knudsen source in a 

sample preparation chamber (base pressure of < 1x10-9 torr). Film growth, at a typical rate of 0.1 

monolayer/min, was monitored by quartz crystal microbalance and calibrated with STM. Film 

thickness is reported as a fraction of a hypothetical closed monolayer (ML) and corresponds to the 

percentage of substrate surface area covered (1 ML ≈ 4.44x1013 molecules/cm2). 

In STM experiments, the sample was transferred to the imaging chamber (pressure < 10-11 

torr) immediately following surface preparation, and held at room temperature for 2 min before 

rapid quenching to 77 K and continued cooling to 5 K. All STM images shown were acquired at 5 

K using an electrochemically etched tungsten tip in constant current mode. Microscope control 

and image processing were performed using the GXSM software package.79 In photoemission 

experiments (analysis chamber pressure < 10-10 torr), all spectra shown were collected at room 

temperature with the emission angle normal to the surface. Photon sources include an unpolarized, 

unmonochromatized Scientific Instruments UVS 200 He lamp, and a Spectra-Physics Tsunami 80 

MHz Ti:Sapphire laser frequency-doubled to output 80 fs pulses centered at 373 nm. Analyzer 

resolution is approximately 120 meV as determined by Fermi level broadening of the clean surface. 

Gas phase density functional theory (DFT) calculations were performed in Gaussian09 with the 

B3LYP hybrid functional and a 6-31G basis set. 
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6.3: Experimental Results 

6.3.1: Electronic Structure of Room Temperature Prepared Thin-Films 

The surface-normal UPS spectrum for clean Cu(110) is given in Figure 6.1a (black line). 

Two sets of sharp emission features between -2 and -5 eV binding energy (BE) mark direct 

transitions from d-band DOS with Σ symmetry.37,49,55,58 The intensity ratio of the highest peaks in 

each set (~5:1) along with a work function of φ = 4.5(1) eV demonstrate the surface cleanliness 

prior to molecular adsorption.36 Two more features near EF are satellite He Iβ emission from the 

intense Cu d-bands.  

Also shown in Figure 6.1a is the spectrum of 0.5 ML TiOPc grown on room temperature 

Cu(110) (blue line). Relative to bare Cu(110), the molecular interface shows a work function drop 

of ~0.3 eV, consistent with push-back. The ratio of the d-band features decreases and the widths 

of the peaks broaden due to scattering by the adsorbates. Already at this coverage, small 

Figure 6.1. (a) Surface-normal UPS spectra for clean Cu(110) (black) and 0.5 ML TiOPc (blue). Blue 

windows indicate spectral regions with molecular DOS and the brown window indicates the spectral region 

for emission from Cu d-bands. The energy scale is referenced to the Fermi level (binding energy = E-E
F
). 

(b) STM image of 0.5 ML TiOPc on Cu(110) (sample bias 𝑉𝑆 = 5 mV; tunneling current  𝐼𝑇 = 0.20 nA). 



114 

 

contributions to the photoemission intensity from the molecular DOS develop below the Cu 

features in the regions labeled M1, M2, and M3. A very slight increase in intensity is also observed 

in the region near EF (labeled FO, frontier orbitals) but is somewhat obscured by the He Iβ satellite 

emission peaks. 

We include calculated gas phase density functional theory (DFT) molecular orbitals below 

the spectrum to provide an approximate broad indication of the predominant identity of the 

molecular DOS regions discussed throughout the text. Table 6.1 provides a summary of the typical 

orbital character in each region: Region M1 contains deeper lying molecular orbitals with mainly 

σ symmetry (electron density in the heterocycle plane), mostly without Ti character, and no density 

on the O atom. Region M2 is composed of the orbitals lying just below the Cu d-bands with again 

mainly σ symmetry and moderate Ti-O character. We associate region M3 with molecular orbitals 

with predominantly π symmetry (electron density out of the heterocycle plane), some with high 

and some with low Ti-O character. The simple gas phase calculations serve as a coarse guide to 

the spectrum since a full treatment of the molecular character in regions M1-3 would require proper 

inclusion of interfacial exchange-correlation effects and of the quasiparticle levels truly probed in 

the experiment, beyond the scope of the present work. 

Table 6.1. DFT Molecular Orbital Character 

Region Orbital Symmetry Titanium Character Oxygen Character 

M1 𝜎 Low None 

M2 𝜎 Moderate Low-Moderate 

M3 𝜋 High-Low Mix High-Low Mix 
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A constant current STM image of the 0.5 ML film is shown in Figure 6.1b. The STM image 

captures two unique molecular adsorption configurations and their predominant adsorption 

environments. Because TiOPc lacks inversion symmetry, two general adsorption configurations 

are realized, depending on the orientation of the titanyl moiety (Figure 6.2). As detailed in prior 

work, the species with a central feature of bright contrast is assigned to the configuration with the 

oxygen atom directed toward the surface (“O-down”), while the four-fold symmetric species with 

no central feature is assigned to “O-up”.61 The two configurations have different dipole 

orientations and orbital overlap with the surface, and are thus subject to unique configuration-

dependent interfacial interactions. For example, interactions between the molecular dipole in “O-

down” adsorbates and dipole moments of surface features such as step edges lead to adsorption 

Figure 6.2. TiOPc adsorption configurations. Molecules 

with the oxygen atom directed toward the surface are 

labeled “O-down” while those with the oxygen atom 

directed away from the surface are labeled “O-up”. STM 

image taken from Figure 6.1. 
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predominantly at these sites (Figure 6.1b). For “O-up” adsorbates, dispersive interactions from the 

coplanar geometry of the ligand relative to the surface favor adsorption on the terrace.61  

Figure 6.3a gives the UPS spectrum for a 1 ML film as grown on the room temperature 

substrate. The adsorption of additional molecules enhances push-back to further decrease the work 

function by a total of Δ𝜑𝑎𝑑𝑠 ≈ −400 meV, 𝜑1 𝑀𝐿 ≈ 4.1 eV,  compared to bare Cu(110), and 

surface features give way to the molecular DOS. Clusters in the molecular DOS are now more 

readily visualized, separated near a binding energy of −5.2 and −7.8 eV, and two additional peaks 

develop in the frontier orbital region at approximately −1.5 eV and −0.15 eV binding energy, 

respectively (see below for a close-up of this spectral region). We assign the latter two features to 

the HOMO and the partially filled LUMO of TiOPc. This assignment is consistent with the 

observation of a partially filled former LUMO (f-LUMO) of TiOPc on Ag(100) and Ag(111), and 

is expected on Cu(110) as well since this surface is both more reactive and has a lower work 

function (~200 meV) relative to Ag(111). Each of these factors shifts the LUMO even further 

Figure 6.3. (a) Surface-normal UPS spectra for clean Cu(110) (black) and 1 ML TiOPc (blue). (b) STM 

image of near 1 ML TiOPc on Cu(110) (𝑉𝑆 = 10 mV,   𝐼𝑇 =  0.10 nA). 
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below 𝐸𝐹, thus supporting our assignment.160,163–165 The accompanying STM image (Figure 6.3b) 

shows amorphous film growth for a surface coverage near 1 ML, and a disordered film is also 

supported in angle-resolved UPS by the fact that all molecular features are nondispersive.166 

Interspersed in the amorphous film are small aggregates (regions of bright contrast on the terrace) 

of primarily “O-down” molecules which have been shown to originate from molecules decorating 

small islands of Cu adatoms.61  

6.3.2: Electronic Structure of Nanoribbon Textured Surface 

A dramatic temperature-driven surface coarsening was demonstrated for several members 

of the Pc family on Cu(110),114 and we showed that in the case of TiOPc this is driven by 

cooperative self-assembly between Cu adatoms and “O-down” molecules to form quasiperiodic 

arrays of nanoribbons (Figure 6.4).61 A transformation in the interfacial electronic structure 

accompanies such surface texturing: Figure 6.5a gives comparison photoemission spectra for 1 

ML TiOPc thin-films before and after self-assembly. The work function change, relative to bare 

Figure 6.4. (a) Room temperature grown film of near 1 ML TiOPc (𝑉𝑆 = 50 mV,   𝐼𝑇 = 0.10 nA). (b) The 

same film after annealing to 190 ℃ (𝑉𝑆 =  10 mV,   𝐼𝑇 = 0.10 nA). The surface is coarsened by cooperative 

self-assembly of TiOPc with Cu adatoms. 
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Cu(110), for the surface textured by self-assembly is Δ𝜑𝑆𝐴 ≈ −260 meV, indicating that the work 

function rises by ~140 meV from the as-deposited film. Furthermore, self-assembly causes the 

molecular DOS in regions M1 and M2 to broaden significantly. The spectral profile in region M3, 

however, appears to remain largely intact beyond a slight decrease in background intensity. Figures 

6.5b and 6.5c are photoemission spectra taken with a restricted analyzer acceptance angle (±1.5°) 

to improve resolution and to remove Cu contributions away from 𝛤. The spectrum in Figure 6.5b 

makes the broadening of the molecular DOS in region M1 and particularly M2 clearly evident to 

the extent that the dip in intensity between the two regions is significantly weaker. Figure 6.5c 

shows how self-assembly affects the molecular features in the frontier orbital region (HOMO and 

f-LUMO).  

Figure 6.5. (a) Survey ultraviolet photoemission spectra for 1 ML TiOPc on Cu(110) 

before (blue) and after (red) self-assembly. (b) High resolution spectra for the M1, M2, 

and M3 molecular regions. Features in M1 and M2 broaden significantly, while those in 

region M3 largely retain their original profile. (c) High resolution spectra for the frontier 
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We supplement UPS with 2PPE to investigate the frontier orbital region in more detail by 

taking advantage of larger apparent cross-sections for hybrid interface states in 2PPE.126,167 

Furthermore, the linearly-polarized excitation source reduces background contributions by 

decreasing the number of symmetry allowed transitions observed in our UPS setup.58 Figure 6.6 

gives 2PPE spectra (electric field in the 𝛤𝐾𝐿𝑈 plane and p-polarized to sample surface) for a 0.87 

ML film before and after thermal annealing. We use a photon energy of 3.3 eV to probe just deep 

enough into the occupied manifold to investigate the frontier orbital features, while avoiding one-

photon induced transitions. Because no intermediate states are probed, we continue with the 

binding energy convention used in UPS spectra for consistency.127 

The enhancement in hybrid interface states relative to the unstructured photoemission 

background from Cu(110) is indeed clear in 2PPE and, importantly, facilitates a quantitative 

analysis of the observed changes. From STM it is known that the two molecular configurations 

couple differently to the surface and have unique dipole orientations,61,168 and each configuration 

is expected to present a different electronic structure. The f-LUMO region thus consists at least of 

two contributions, each associated with a specific molecular configuration. This yields a minimal 

model where we neglect potential lifting of the LUMO degeneracy which would lead to further 

fine structure in the f-LUMO region (Figure 6.6). While adsorption-induced degeneracy lifting is 

expected for the registries of different TiOPc configurations with the surface,168 the energy of 

splitting is expected to be small and likely undetectable in our photoemission experiments.169 We 

thus fit the f-LUMO region using two Gaussian functions, each modified by a Fermi-Dirac 

distribution, to capture the f-LUMO for each adsorption configuration located near EF: 

𝐼(𝐸) = 𝐴0𝑒
(
𝐸−𝐸𝑜

𝐴1
)
2

∙ 𝑓(𝐸) (6.1) 
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The spectral background is derived from a bare Cu(110) spectrum and is thus treated as a nearly 

constant contribution e.g. from the non-k conserving Cu sp-band transitions below EF.36 

Multiplication by the Fermi-Dirac distribution adequately captures the spectral envelope of 

partially occupied molecular states, as observed also at other metal/organic interfaces.158,160,170 

Both the background and 𝑓(𝐸) parameters were determined on bare Cu(110) and constrained 

between fits of the f-LUMO region. Fits reveal that before annealing, the lower binding energy f-

LUMO peak (colored light blue in Figure 6.6), assigned to “O-up” TiOPc as discussed below, is 

centered at a binding energy 𝐸𝑏 = −90(10) meV, i.e. below EF, with a full-width half-max 

Figure 6.6. (a) 2PPE spectra for 0.87 ML TiOPc on Cu(110) before (red) and after (blue) 

thermal anneal and self-assembly. (b) Before self-assembly fit of the f-LUMO region 

with two Gaussian peaks. (c) After self-assembly fit of the f-LUMO region with two 

Gaussian peaks.  
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(FWHM) of 595(22)meV. The higher binding energy f-LUMO (colored green in Figure 6.6) is 

assigned to “O-down” TiOPc and is located at 𝐸𝑏 = −149(4) meV with a FWHM of 

337(8) meV. Parameter correlation in the fit results from an energy separation at the limit of our 

analyzer resolution, and partially filled orbitals which give less data to fit. As a result, we first 

found a reasonable fit for the “O-up” f-LUMO and then constrained all parameters for this feature 

between spectra, except for the binding energy, because the adsorption geometry for this 

configuration does not change during the self-assembly process (discussed below). Floating the 

binding energy of the “O-up” f-LUMO still allows for changes to the interface dipole following 

self-assembly. Thus, following the annealing step, the “O-up” f-LUMO shifts to 𝐸𝑏 =

 −34(5) meV, and the “O-down” f-LUMO shifts to 𝐸𝑏 = 60(20) meV (above Fermi) with 

FWHM = 380(32) meV. We discuss the implications of these findings in the next section. 

6.4: Interpretation of Results 

6.4.1: Effects of Global Electrostatic Interactions on Interfacial Electronic Structure 

In the remainder of the text, we analyze the physical and electronic changes resulting from 

molecular adsorption and self-assembly to draw conclusions regarding the mechanisms that shape 

the electronic structure. In doing so, we take advantage of insights from nanoscale imaging to 

understand the interfacial electronic structure measured by photoemission. We begin by 

summarizing the key observations from both experimental approaches to confirm a strong 

chemisorption regime for this system: i) In STM, we observe just a few molecular registries with 

the Cu(110) lattice for each configuration (one for “O-up” and two for “O-down”), indicating 

dominant atomic-level interactions with the surface (Figures 6.1b and 6.3b).61 ii) In photoemission, 

molecular features do not simply track the change in work function (Figures 6.1a, 6.3a, and 6.6). 

Together these observations point to significant surface-molecule coupling and a strongly 
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hybridized interfacial electronic structure. We show next that the microscopic view of the surface 

provided by STM allows us to decompose the interfacial electronic structure data into 

configuration-specific contributions that are controlled by local electrostatic environments. 

The molecular-level and structural detail of the TiOPc/Cu(110) interface revealed by STM 

shows that the global work function as measured by the secondary cutoff in UPS stems from a 

complex mixture of electrostatic contributions. From the STM data we know that step edges are 

fully saturated, predominantly by “O-down” TiOPc molecules, with appreciable populations of 

both molecular configurations and individual Cu adatoms distributed across the terraces (Figures 

6.3b and 6.4a). Each molecular configuration possesses an intrinsic dipole moment, contributes a 

certain degree of push-back, hybridizes with the surface to a different extent, and induces image 

charges within the metal.17 Furthermore, electron density smoothing near Cu adatoms and step 

edges also develops a local charge distribution, and all of these local environments contribute to 

the electrostatic potential at the surface, 𝑉(𝑥, 𝑦, 𝑧).48 The cartoon in Figure 6.7a portrays a sample 

of adsorbate and defect components that contribute locally to the electrostatic potential at some 

specific height 𝑧 above the surface.17,129 Taken together, these local factors determine the globally 

averaged barrier to electron escape from the surface, i.e. the work function measured in UPS.  

The combined effect of molecular adsorption manifests as an interface dipole that shifts 

the molecular features down in binding energy. Along with HOMO-LUMO gap renormalization, 

this brings tailing LUMO DOS below EF (Figure 6.6a and 6.8b), and enables partial electron 

transfer to the molecule (Figures 6.5c and 6.6b). Again, a partially filled f-LUMO for TiOPc on 

Cu(110) is expected given reports of a f-LUMO for TiOPc and CuPc on Ag(111),163 and other 

phthalocyanines on Cu(110).99 Charge flow out of the surface and into the molecule counteracts 

push-back effects, and equilibrium is reached at Δ𝜑𝑎𝑑𝑠 = −400 meV. As a result, the f-LUMO 
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region of the as-deposited film is located just below EF (Figures 6.6 and 6.8). We note that with 

the HOMO located at 𝐸𝑏 ≈ 1.5 eV, renormalization upon adsorption has decreased the HOMO-

LUMO gap to ~1.4 eV.    

Upon annealing, cooperative self-assembly patterns quasi-periodic arrays of elongated Cu 

adlayer islands decorated almost entirely with adsorbed “O-down” TiOPc (Figure 6.4). Following 

self-assembly, all Cu adatoms and most “O-down” TiOPc are tied up in the nanoribbons. This 

predominantly alters two local electrostatic environments, namely that of free Cu adatoms, which 

have incorporated into step edges of the nanoribbons, and that of “O-down” TiOPc molecules, 

Figure 6.7. Cartoon of local contributions to the electrostatic potential above the surface, 

𝑉(𝑥, 𝑦, 𝑧). A cut through 𝑉(𝑥, 𝑦, 𝑧) at constant coordinate 𝑦 and constant height 𝑧 is shown 

above each cartoon, and associated image dipoles are shown beneath the surface. (a) Before 

self-assembly, free “O-down” molecules show an apparent height of ~0.9 Å in STM 

images. (b) After self-assembly, “O-down” molecules in nanoribbons show an apparent 

height of ~2.0 Å. In self-assembly, adatoms coordinate with “O-down” molecules to form 

nanoribbons and reorient the “O-down” dipole moment. 
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which have moved from terraces to adsorb to the Cu adatom islands (Figure 6.7b). The combined 

effect is to increase the periodicity of the surface potential by alternating domains of decorated Cu 

step edges with domains of uniformly oriented “O-up” TiOPc, which is accompanied by an 

increase of the global work function by ~140 meV (ΔΔ𝜑, Figure 6.8c). Naively, one might expect 

the change in the surface work function ensuing self-assembly (Δ𝜑𝑆𝐴) to result from patterning of 

the surface with many more step edges. This, however, would decrease the work function, contrary 

to our observation. Instead, Δ𝜑𝑆𝐴 likely results primarily from the reorientation of free “O-down” 

TiOPc dipoles once adsorbed at step edges as part of the nanoribbon. These are directed further 

away from surface normal after self-assembly as evidenced by the changed apparent height and 

image contrast in STM images of free “O-down” molecules relative to “O-down” molecules in 

nanoribbons (Figure 6.7). The DFT calculations give a considerable gas phase dipole moment of 

3.7 D which supports the orientation of the molecule as a significant factor in the electrostatic 

potential at the surface. Not only does self-assembly result in new dipole orientations for self-

Figure 6.8. (a) Energy level diagram for Cu(110) and free TiOPc. (b) Upon adsorption, the work function 

change and energy renormalization bring the LUMO DOS below 𝐸𝐹  (f-LUMO). (c) After configuration-

selective self-assembly, the f-LUMO DOS for “O-down” TiOPc shifts above 𝐸𝐹  while the f-LUMO DOS 

for “O-up” changes only slightly. 
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assembled “O-down” molecules, but it effectively reorients nearly all “O-down” molecules on the 

surface (Figure 6.4b). The effect of dipole reorientation is compounded by image charge effects 

which work to further offset electrostatic dipole moment components parallel to the surface (Figure 

6.7).  

6.4.2: Effects of Local Electrostatic Interactions on Interfacial Electronic Structure 

Although the local work function/vacuum level is not experimentally accessible by UPS,62 

its effect is observed indirectly in terms of different binding or ionization energies for different 

adsorbate configurations.164 The fits in Figure 6.6 capture the local charge distribution effects by 

resolving the f-LUMO feature into two peaks, one for each molecular configuration, resulting in 

excellent agreement with the experimental spectra. The data show that for room temperature grown 

films, the f-LUMO feature yields two peaks separated by ~55 meV (Figures 6.6b and 6.8b). The 

binding energy of each peak indicates transfer of at least a full electron into the f-LUMO of both 

configurations. This is corroborated by a recent study of the Kondo effect in this system that 

demonstrates an unpaired spin in TiOPc adsorbates on Cu(110).168 The lower binding energy f-

LUMO is assigned to the “O-up” configuration due to stronger coupling of “O-up” TiOPc to the 

surface, which increases screening of the photohole and broadens the DOS, despite a dipole 

orientation that would favor a shift to higher binding energies.171 The frontier orbitals are 

dominated by the conjugated 𝜋-system of the heterocycle, and thus overlap with the surface 

electronic wavefunction is more extensive in “O-up” adsorbates.164 The narrower, higher binding 

energy f-LUMO, assigned to “O-down” TiOPc, is consistent with this interpretation: Less surface 

wavefunction overlap reduces broadening of the f-LUMO DOS and decreases electron binding 

energies in “O-down” adsorbates. We will show below that this interpretation is supported by all 

our findings. 
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Upon self-assembly, the combined f-LUMO DOS shifts to lower binding energy, following 

the direction of 𝛥𝜑𝑆𝐴; remarkably, the individual f-LUMO components do not track the global 

work function change quantitatively. Together with an apparent change in peak shape, this is 

indicative of two distinct molecular populations whose local vacuum levels respond differently to 

the film transformation during self-assembly. The “O-down” f-LUMO peak shifts by ~+205 meV 

into the unoccupied manifold above 𝐸𝐹, while the “O-up” f-LUMO peak only shifts by ~+50 meV 

toward 𝐸𝐹 (Figure 6.8c). The observed energy shifts clearly indicate that self-assembly alters 

surface coupling in both molecular configurations to very different degrees. We note that the 

adsorption environment and orientation of “O-up” TiOPc are largely unaltered by self-assembly 

(Figures 6.4 and 6.7), indicating an expected minimal change in surface-molecule coupling and 

local vacuum level and resulting in an overall small change in the electronic structure as borne out 

by the data. In contrast, we interpret the larger energy shift for the “O-down” f-LUMO as reflecting 

the new local charge distribution associated with molecules adsorbed to steps (Figure 6.7b): 

Although the effect of the molecular dipole moment is reduced at step edge sites due to increased 

tilt of the molecule, the f-LUMO ionization energy decreases because of enhanced hybridization 

with the surface as seen by the broadened f-LUMO DOS. Furthermore, all “O-down” molecules 

are concentrated in the electropositive environment of Cu steps which also decreases the ionization 

energy of the f-LUMO. In summary, the different local vacuum levels for each molecular 

configuration, laterally established around the molecules, accounts for the observed configuration-

selective changes in f-LUMO binding energies before and after self-assembly.  

Careful inspection of the spectra in Figures 6.5 and 6.6 shows that strong hybridization 

between the HOMO (1.5 eV binding energy) and the copper surface wavefunction broadens the 

DOS. Due to a low spectral density, a configuration specific analysis is precluded, and the feature 
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is further obscured by the substantial tail of the Cu d-band. Self-assembly does however appear to 

alter the collective HOMO hybridization with the surface, in agreement with the findings for the 

f-LUMO region, as the HOMO feature becomes nearly indistinguishable from the background in 

Figure 6.5. In all, we see that self-assembly alters surface-molecule coupling to a different degree 

in each molecular configuration. Our central finding is that the interpretation of the electronic 

structure and energy-level alignment is uniquely made possible by a full microscopic 

characterization of the surface and its configuration-selective self-assembly. 

Interpreting the chemisorbed electronic structure in detail is not limited to the frontier 

orbitals. Figure 6.5b shows that deeper levels also evolve to reflect the change in electrostatic 

potential and interfacial electronic interactions that accompany self-assembly, with an especially 

pronounced modification to the DOS in regions M1 and M2. As already demonstrated, self-

assembly drastically alters the adsorption environment and surface-coupling primarily for “O-

down” TiOPc, and we can therefore attribute changes in regions M1 and M2 specifically and 

primarily to this configuration. The MOs in these regions are predominantly of 𝜎 character and are 

therefore more tightly confined to the molecular plane. This plane is raised from terraces on the 

surface in the “O-down” configuration (Figure 6.7a) prior to self-assembly. Moving to a step edge 

upon nanoribbon formation changes the interaction and coupling to the surface in ways that 

redistribute the photoemission intensity in these energy regions. Similarly, since “O-up” TiOPc 

molecules remain essentially unaltered following self-assembly, the molecular features in region 

M3, largely unaffected by self-assembly, are transitions dominated by this configuration. This is 

supported by the gas phase electronic structure calculations: The cluster of orbitals within the M3 

energy window contain the MOs that have mostly 𝜋 character which, particularly for the case of 

“O-up” TiOPc, are already well hybridized with the surface before annealing, and no major change 
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is expected upon self-assembly. The fact that several of the orbitals in M3 have Ti and O character 

and are more sensitive to changes in the “O-down” configuration adsorption environment, also 

supports our assignment of M3 to “O-up” molecules. Our interpretation of interfacial electronic 

structure well below the frontier orbitals introduces an important point: Hybridization with the 

surface depends not only on orbital overlap, but also on the energies of the wavefunctions for the 

coupling states. These lower lying orbitals may provide a pathway for charge back-donation to 

offset the extent of charge transfer accompanying f-LUMO formation described earlier.70 To 

summarize, an ability to control self-assembly in a configuration-selective manner enables us thus 

to develop a detailed understanding of the interfacial electronic structure at a complex 

chemisorption interface. 

6.5: Summary and Conclusions 

While configuration-specific aspects of photoemission have been inferred in studies of 

weakly interacting surfaces,172 this work demonstrates a remarkable instance where interpretation 

of chemisorbed interfacial electronic structure can be deciphered at a molecular level and 

substantiated with nanoscale imaging of the complex film structure. In analyzing the 

TiOPc/Cu(110) interface, we have shown that configuration-selective contributions to the 

electronic structure can be dissected by considering the local adsorption environments, coupling 

regimes, and interactions of individual molecules. While a universal model describing all 

chemisorbed interfaces does not yet exist, this approach establishes a framework for investigating 

such interfaces that makes understanding the electronic structure possible. The defining 

characteristic of this framework makes use of adsorbate configurations and takes advantage of an 

interpretation of interfacial electronic structure that is consistent with our understanding of 

interfacial interactions in individual molecules. 
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In closing, we have used our understanding of interfacial interactions to disentangle the 

electronic structure for a chemisorbed system. By leveraging a molecular configuration-specific 

self-assembly, we track surface and electronic structure changes that allow us to interpret 

photoelectron spectra at a level of detail that accounts for simultaneously present multiple 

adsorbate configurations on the surface. We thus demonstrate that atomic-level information 

provided by LT-STM combined with surface-sensitive spectroscopy creates a powerful tool for 

understanding strongly coupled interfacial systems not readily accessible by other means. 
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CHAPTER 7 │ OXYGEN CHEMISORPTION ON Cu(110) 

Introduction 

 Motivated by a desire to better understand surface catalysis and corrosion,173,174 the 

interaction of molecular oxygen on atomically clean low-index faces of copper was first studied 

by G. Ertl in 1967 using LEED.173 He showed that oxygen adsorbs dissociatively on Cu(110) to 

form well-ordered domains of new surface atomic structure. In the years since Ertl’s pioneering 

work, Cu(110)-O surfaces have been well-studied using photoemission spectroscopy, 59,175–177 

STM,96,116 and various diffraction techniques.174,178 More recently, a rejuvenated interest in 

Cu(110)-O surfaces now focuses on using the modified surface to control new chemical and 

physical phenomena. Such control has come in the form of novel nanostructuring,179,180 templated 

polymer synthesis and thin-film growth,181,182 and surface electronic structure confinement 

effects.183–185 This chapter will present the experimentally measured properties of the Cu(110)-

(2x1)O reconstructed surface as a primer for the next chapter where oxygen chemisorption is used 

to tune both the physical and electronic structure of interfaces formed with organic 

semiconductors. 

 The chapter is organized as follows: An overview of the of the oxygen-induced surface 

reconstruction is presented in section 7.1. Structural characterization of the Cu(110)-(2x1)O 

surface reconstruction by STM is given in section 7.2, and the electronic structure, as measured by 

ARUPS, is discussed in section 7.3. Conclusions for the chapter are made in section 7.4. 

7.1: Oxygen Induced Surface Reconstruction 

The work of Ertl spawned decades worth of experimental inquiry into the atomic structure 

of Cu(110)-O surfaces.116 The early consensus was that oxygen adsorption initiated a (2x1) 
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reconstruction of the surface Cu(110) lattice, but inconclusive evidence permitted two models for 

the surface structure.177 Researchers found support both for a “buckled-row” model with oxygen 

atoms incorporated into deformed [001] Cu rows,177 and for a “missing-row” structure. In the 

“missing-row” structure, chains of alternating copper and oxygen atoms run along the [001] 

direction and sit above the Cu(110) surface plane.176 It was not until a dynamical study of the 

reconstruction was carried out with STM that an “added-row” mechanism gained favor as the 

accepted model.96,116 The added-row structure is identical to the missing-row structure, but infers 

step-edges as the source for Cu atoms in the reconstruction mechanism. Since these defining 

studies, STM experiments continue to elucidate further details of the surface reconstruction 

dynamics.186,187 

Figure 7.1. (a) Top and side views of cartoon depiction of the Cu(110)-(2x1)O surface 

reconstruction. (b) The direct space unit cells and Brillouin zones for Cu(110) (solid line) and 

Cu(110)-(2x1)O (dashed line) surface lattices.  
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Figure 7.1a gives a cartoon of the “added-row” atomic structure of the Cu(110)-(2x1)O 

surface. The top view illustrates the [001] rows consisting of alternating oxygen and copper atoms, 

with each row separated by a distance twice that of the original Cu(110) surface. The side views 

emphasize the “added-row” nature of the reconstruction above the Cu(110) surface plane. The 

direct space unit cell and Brillouin zone (BZ) for the reconstructed lattice are provided in Figure 

7.1b (dashed line) along with the unit cell and BZ for Cu(110) (solid line). Notice that because the 

reconstructed direct lattice spacing increases by a factor of two in the [11̅0] direction, the BZ 

dimension reduces by a factor of two. The new BZ boundaries require new labels for high 

symmetry points along the [11̅0] direction, which are marked with a prime to distinguish from the 

high symmetry points of the Cu(110) lattice. 

A surface fully saturated with (2x1) reconstruction occurs after roughly 10 L (langmuir) of 

oxygen exposure for clean Cu(110). Sub-saturation exposures (< 10 L) form strips of 

reconstruction on the surface because of the mobility of surface atoms at room temperature (see 

Chapters 4 and 5). Annealing the partially reconstructed surface leads to the formation of a “striped 

Figure 7.2. (a) STM image of bare Cu(110) and a strip of Cu(110)-(2x1)O surface 

reconstruction. Individual copper atoms of the reconstruction are resolved. (b) Atomically-

resolved atomic force microscope image of the Cu(110)-(2x1)O surface reconstruction. 
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phase” where strips of reconstruction are separated by strips of bare copper (see Figure 7.2).117  

Tuning the oxygen exposure and anneal temperature allows for the formation of a highly periodic 

striped phase.117,179 Further exposure to oxygen with higher pressure leads to a transition from the 

(2x1) to the c(6x2) reconstruction phase.118 The data presented in this dissertation focuses on the 

saturated (2x1) and (2x1) striped phases of oxygen induced surface reconstruction. 

7.2: Experimental Surface Structure 

 Figure 7.2a shows an atomically-resolved LT-STM image of Cu(110) after a brief exposure 

(< 2 L) to oxygen and deposition of TiOPc. The bare Cu(110) appears smooth because the atomic 

lattice is not resolvable with an unfunctionalized metal tip (see Chapter 4). The larger spacing of 

the Cu(110)-(2x1)O reconstruction is however resolved with a pure metal tip and the rows of atoms 

are clearly visible on the right-hand side of the image. The circular features in the reconstructed 

lattice are almost certainly copper atoms (see Figure 7.1a).116 The reasons why copper atoms are 

resolved in STM while oxygen atoms are not, are twofold: First, the local density of states is much 

Figure 7.3. Cu(110)-(2x1)O striped phase formed by 2 L oxygen exposure 

followed by annealing to 633 K. H2Pc molecules (bright orange features) 

were deposited after formation of the striped phase. 
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lower on oxygen atoms compared to copper atoms. Second, the oxygen atoms are situated below 

copper atoms in the reconstruction and the tunneling mechanism is exponentially sensitive to 

variations in distance between the tip and the sample. Together, these reasons result in a reduced 

tunneling current through oxygen atoms and they are not imaged. Figure 7.2b gives a low-

temperature atomic force microscope (LT-AFM) image of the (2x1)O reconstruction where again 

individual copper atoms are resolved and the structure of the surface is revealed in atomic detail.   

The striped phase of (2x1) reconstruction is achieved by exposing clean Cu(110) to less 

than 10 L of oxygen before annealing to ~600 K. Figure 7.3 shows an STM image of the striped 

phase surface prepared by 2 L oxygen exposure at 373 K, followed by annealing to 633 K. H2Pc 

molecules were deposited after the striped phase formation and can also be seen in the image. Also 

visible are native copper adatoms and the occasional surface contaminant (see Chapter 4). The 

dark and light stripes are sections of surface reconstruction and troughs of bare Cu(110), 

Figure 7.4. Band structure of Cu(110)-(2x1)O measured by ARUPS. Both bonding and antibonding 

oxygen-derived bands disperse strongly along 𝛤 − �̅�. Two of the bonding bands are indicated by a dashed 

white line to guide the eye. Along 𝛤 − �̅�, oxygen derived bands are nearly nondispersive and only the 

bonding bands are visible below the Cu d-bands. 
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respectively. This image highlights the periodicity that can be realized by growing the striped 

phase under proper experimental conditions. The widths of reconstruction and bare copper stripes 

can be further tailored by adjusting the degree of surface exposure to oxygen. 

7.3: Experimental Electronic Structure 

 The chemisorption of oxygen develops new features in the surface electronic structure. 

Figure 7.4 shows the band structure of fully saturated (>10 L exposure) Cu(110)-(2x1)O measured 

by angle-resolved photoemission spectroscopy (ARPES). In addition to strong photoemission 

from the copper d-bands (Chapter 3), new bands appear in both the 𝛤 − �̅� and 𝛤 − �̅� directions. 

These new bands stem from the hybridization of oxygen 2p atomic orbitals and copper 3d atomic 

orbitals in the reconstruction chains.188 Figure 7.5 gives example atomic orbital combinations for 

Figure 7.5. (a) Dispersion of oxygen induced features obtained from polarization-

dependent ARPES. Also shown are select orbital components to specific bands. (b) 

Comparison of the bulk band structure of Cu along the Δ line with the oxygen induced 

band structure along �̅� = [001]. Figure reproduced from Courths et al. with permission 

[188]. 
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these bands and the measured dispersion for each band along 𝛤 − �̅�. Bands derived from different 

oxygen 2p orbitals, i.e. 2px, 2py, and 2pz, show different dispersion properties.188 Both Figures 7.4 

and 7.5 show that along 𝛤 − �̅�, antibonding bands have binding energies near the copper d-bands 

at 𝛤 and disperse upward as 𝑘∥ moves away from 𝛤. Along 𝛤 − �̅�, the antibonding bands disperse 

only slightly out of the d-band region as identified in the figure (Figure 7.4, right). The bonding 

bands are also relatively non-dispersive along 𝛤 − �̅� as is shown clearly for the feature near 

binding energy 𝐸𝑏 = −6 eV in Figure 7.4. The dispersion dependence on crystallographic 

direction makes intuitive sense: Coupling within Cu-O chains is strong and therefore electrons are 

delocalized in the 𝛤 − �̅� direction, while coupling between chains is weak and thus electrons are 

more localized in the 𝛤 − �̅� direction. The data are supported by the calculations shown in Figure 

7.6, performed using the full-potential linearized augmented plane-wave method (FLAPW),189 as 

well as more recent calculations from first principles.190  

Figure 7.6. Oxygen-derived band dispersions along 𝛤 − �̅� and 𝛤 − �̅� 

from FLAPW calculations. The size of the circles represents the 

relative strength of the orbital contribution indicated on top of each 

panel. Figure borrowed with permission from the publisher [189]. 



137 

 

The oxygen induced surface reconstruction affects the electronic structure of the system 

beyond the formation of new bands. The (2x1) periodicity of the reconstruction lattice serves as a 

scattering potential that can redistribute momentum during the photoemission process by e.g. 

generating a phonon or reflecting an electronic state in increments of a reciprocal lattice vector �⃗�0. 

This type of scattering is known as a surface-Umklapp process and can have important effects on 

the transport properties of the crystal. The strongly dispersing feature crossing 𝐸𝐹 near the �̅� point 

in Figure 7.4 is a bulk s,p-band direct transition (Chapter 3). A weaker feature appears at binding 

energies between the oxygen antibonding 2p and the s,p-band direct transition peak and disperses 

toward the direct transition (Figure 7.7). This weak feature is caused by an Umklapp scattering of 

the direct transition.59 Due to the feature’s location in 𝑘-space, the Umklapp scattering vector is 

then either �⃗�0 of the unreconstructed surface or 2�⃗�0 of the reconstructed surface.  

Figure 7.7. Photoemission spectra taken at sample 

rotation angles along Γ̅ − �̅�.  A weak, upward dispersing 

feature, appearing near the �̅� point (�̅� = 휃~37°), is the 

result of a surface Umklapp process. 
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7.4: Conclusions 

 In summary, this chapter discussed several aspects of the Cu(110)-(2x1)O surface. A brief 

history of oxygen chemisorption experiments on Cu(110) was reviewed before empirical insights 

were presented. The reconstructed (110)-(2x1)O surface lattice results from an “added-row” 

mechanism that incorporates atoms from copper step edges. The atomic structure of the (2x1) 

surface leads to a new surface unit cell and Brillouin zone. LT-STM data was given to corroborate 

the discussion prior with atomically-resolved images of the reconstruction. Finally, the electronic 

structure of fully saturated Cu(110)-(2x1)O was measured by ARPES and compared with previous 

studies. In the next chapter, we demonstrate how oxygen chemisorption can be used to tailor the 

structural and electronic properties of interfaces formed with molecular thin-films. 
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CHAPTER 8 │ TUNING THE INTERFACE WITH OXYGEN CHEMISORPTION 

Introduction 

 The oxygen induced surface reconstruction discussed in Chapter 7 can be used to template 

or passivate the Cu(110) surface and tune the energetics of the interface. In this chapter, I will 

demonstrate how oxygen chemisorption can be used to alter interfacial interactions, control thin-

film growth, and change the interfacial electronic structure for organic semiconductor thin-films 

grown on the surface. In section 8.1, I will introduce new organic semiconductor molecules, 

namely unsubstituted phthalocyanine (H2Pc) and copper phthalocyanine (CuPc), and discuss the 

interfacial interactions that influence the growth of their films. I use the oxygen reconstruction 

striped phase to control the growth and structural properties of the Pc/Cu(110) interface in section 

8.2. Section 8.3 details a complete nanoscale investigation of the physical and electronic structure 

of CuPc films grown on the fully saturated Cu(110)-(2x1)O surface. Section 8.4 summarizes the 

experimental results and concludes the chapter. 

8.1: Effect of Chemical Structure on Thin-Film Growth 

8.1.1: Chemical Structure of H2Pc and CuPc 

 The chemical structure of nonplanar titanyl phthalocyanine (TiOPc) led to multiple 

adsorption configurations and dipole interactions, making the nature of the interface quite complex 

(Chapters 4, 5, and 6). Furthermore, strong surface-molecule coupling and film heterogeneity due 

to the unique adsorbate configurations resulted in amorphous thin-film growth for all surface 

coverages (Chapter 4). To determine the effect of different molecular properties on thin-film 

growth, we grew thin-films of H2Pc and CuPc on clean Cu(110). H2Pc and CuPc are both planar 
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molecules (Figure 8.1), which reduces the number of possible adsorption configurations on the 

surface. Furthermore, because they are planar, both molecules have no dipole moment, which 

changes the way that the molecules interact with the surface lattice and surface defects. An 

important difference exists between the two planar molecules that allows us to further test 

molecular interactions with the surface: H2Pc is not coordinating a metal atom at its center. In 

agreement with reports that the metal atom plays a key role in interactions with the surface,191 

H2Pc exhibits a markedly different thin-film structure than CuPc on Cu(110). 

8.1.2: H2Pc on Bare Cu(110) 

 Figure 8.2a shows an STM image of 0.2 ML H2Pc on bare Cu(110). Unlike TiOPc, H2Pc 

adsorbates display only one molecular contrast on the surface, a result of the planar nature of the 

molecule. Evident also in Figure 8.2a are two preferred adsorption orientations for H2Pc relative 

to the principle crystallographic directions of the surface lattice. Due to the symmetry of the surface 

lattice, these two orientations are mirror images and therefore geometrically equivalent (Chapter 

4). H2Pc follows the general trend for phthalocyanine molecules and forms a lattice gas at low 

coverages.169 Most molecules are distributed randomly across the surface, but an occasional 

Figure 8.1. Chemical structure of unsubstituted 

phthalocyanine (left) and copper phthalocyanine (right). 
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pairing of molecules and short end-on-end chain formation are visible. Figure 8.2b gives an STM 

image of a 1.5 ML film of H2Pc. It is apparent from these data that intermolecular interactions play 

a prominent role in thicker films; molecules have aggregated and condensed to the point that small 

patches of bare Cu(110) are still present. While still somewhat disordered, the structure of the H2Pc 

films is remarkably different from those of TiOPc (cf. Figure 4.5). Crooked, quasi-1D molecular 

structures run generally along the [11̅0] direction. While somewhat similar in appearance to the 

self-assembled nanoribbons formed by annealing TiOPc films (cf. Figure 4.8), these structures 

bear no evidence for a Cu adlayer core and do not exhibit the same spacing as nanoribbons, 

indicating that an entirely different mechanism is at work for self-assembly in H2Pc films. 

Intermolecular interactions clearly dominate surface-molecule interactions at higher coverage, 

contrary to observations made for TiOPc. We note that previous experiments have shown that 

H2Pc undergoes self-metalation on Cu(110) at elevated temperatures to form CuPc, which does 

form nanoribbons similar to those of TiOPc.114 The conclusion we draw from these observations 

is that the metal plays a prominent role in surface-molecule coupling. 

Figure 8.2. STM images of the growth of H2Pc on Cu(110) (a) 0.2 ML H2Pc. (b) ~1.5 ML 

H2Pc.   
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8.2: Controlling Interfacial Structural Properties 

8.2.3: H2Pc on Cu(110)-(2x1)O Striped Phase - Templating Thin-Film Growth 

 In Chapter 7, the striped phase of the oxygen-induced surface reconstruction was shown to 

texture the surface of Cu(110) with well-ordered stripes of alternating bare Cu(110) and Cu(110)-

(2x1)O reconstruction. This surface modification can be used to template thin-film 

growth.181,182,192 Figure 8.3 shows a room temperature deposition sequence of H2Pc on a striped-

phase surface prepared initially by 2 L O2 exposure followed by annealing to 360 ℃  for 45 s. At 

low coverage, H2Pc molecules adsorb only in the channels of bare Cu(110) indicating more 

favorable interactions with the metal surface than the oxide reconstruction (Figure 8.3a). 

Molecules continue to fill only the Cu channels as molecular coverage increases (Figure 8.3b). 

This observation tells us that oxygen chemisorption weakens the surface-molecule interaction, 

likely due to decreased Van der Waals interactions with the oxidized surface layer. While 

adsorption on the reconstruction is clearly less favorable, the reconstruction boundary is evidently 

more reactive even than bare Cu(110), because molecules preferentially adsorb at the edge of Cu 

channels (Figure 8.3a). Figure 8.3c shows that the reconstruction stripes confine the growth of 

H2Pc even up to ~0.8 ML coverage. The striped phase of Cu(110)-(2x1)O can therefore be used 

Figure 8.3. STM images of an H2Pc deposition sequence on the Cu(110)-(2x1)O striped phase. (a) ~0.15 ML H2Pc. 

(b) ~0.5 ML H2Pc. (c) ~0.8 ML H2Pc. The reconstructed striped-phase templates thin-film growth. 
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to template thin-film growth of H2Pc to form extended stripes of molecular films. Again, the width 

of these stripes can be fully tailored by the degree of oxygen exposure (see Chapter 7). 

8.2.4: Controlling Self-Assembled CuPc Nanoribbons With the Cu(110)-(2x1)O Striped Phase 

 Like H2Pc, CuPc exhibits one molecular adsorption configuration on Cu(110). Unlike 

H2Pc, however, intermolecular interactions never dominate surface-molecule interactions at higher 

film coverages. We attribute this characteristic to the presence of the copper atom at the center of 

the molecule. Like TiOPc, CuPc undergoes cooperative self-assembly with Cu adatoms to form 

nanoribbons containing a copper core.114 Nanoribbon formation with CuPc occurs already at room 

temperature but becomes extensive at elevated temperatures due to increased diffusion of surface 

adatoms. We show next that the oxygen induced surface reconstruction introduces a barrier to 

nanoribbon growth that can be used to tune the dimensions of self-assembled nanoribbons.  

 Figure 8.4a gives an STM image of ~0.5 ML CuPc grown at room temperature on the 

Cu(110)-(2x1)O striped phase surface. Again we find that molecules adsorb at the boundary of 

Figure 8.4. (a) Room temperature grown film of 0.5 ML CuPc on Cu(110)-(2x1)O striped 

phase. Some nanoribbon formation occurs already at room temperature. (b) 0.5 ML CuPc 

on Cu(110)-(2x1)O after annealing to form self-assembled nanoribbons. The nanoribbon 

dimensions are controlled by the width of the oxygen reconstruction. 
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bare Cu(110) and the reconstruction. Occasionally, small self-assembled nanoribbons are found 

between the reconstruction stripes. Although nanoribbon formation is initiated at room 

temperature, it is less widespread than what occurs on the untemplated Cu(110) surface. This is 

explained by limited diffusion of Cu adatoms in one direction ([11̅0]) due to the reconstruction 

stripes, and the fact that the reconstruction itself consumes adatoms. Figure 8.4b shows the surface 

after annealing to 100 ℃ for 120 s. After annealing, nearly all CuPc molecules are incorporated 

into nanoribbons. Upon further inspection, we find that nanoribbons never extend over or beyond 

the stripes of the reconstruction. This speaks to the strength of the interaction between Cu-O chains 

of the reconstruction, which never decompose even during the annealing step for molecular self-

assembly. The features of dark contrast near the top of the image in Figure 8.4b are troughs where 

surface lattice atoms are missing. The cavities of missing surface atoms confirm an earlier 

hypothesis that adatoms are generated from step edges and from the terrace (see chapter 4). In 

conclusion, the striped phase of Cu(110)-(2x1)O constitutes a handle for controlling the long 

dimension of nanoribbon growth. 

Nearly saturating the surface with oxygen reconstruction effectively removes free adatoms 

from the terrace and confines CuPc growth to single-molecule wide chains (Figure 8.5). Figure 

8.5a gives an overview scan of Cu(110) exposed to 6L O2 followed by deposition of 0.45 ML 

CuPc. Molecules pack densely into tight channels where one or two rows of reconstruction are 

missing. This observation emphasizes the preference for adsorption on the bare metal over the 

oxide reconstruction. Figure 8.5b shows a zoomed-in image that captures the variety of ways that 

molecules distort to squeeze into the tiny channels of bare Cu(110). Only after all available channel 

sites are occupied do molecules adsorb directly and entirely on the (2x1)O reconstruction (Figure 
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8.5b). At this coverage, seeds of ordered arrangement can be seen where molecular chains appear 

wider than one molecule.  

8.3: CuPc on Fully Saturated Cu(110)-(2x1)O 

8.3.1: Methods 

Copper Phthalocyanine (CuPc, Sigma-Aldrich / 95%) was purified by triple sublimation in 

a custom-built vacuum furnace (5x10-7 torr). The Cu(110) crystal substrate (Princeton scientific) 

was cleaned by repeated cycles of Ar+ sputtering (1-2 keV, 5-10 μA/cm2) and annealing (850 K). 

Cleanliness was verified directly in STM images or by the work function (Φ) in ultraviolet 

photoemission spectroscopy (Φ = 4.6(1) eV). The Cu(110)-(2x1)O surface was prepared by 

backfilling the vacuum chamber with O2 at low pressure (P~3.0x10-8 torr) to ensure growth of the 

(2x1) reconstruction; exposures are expressed in Langmuirs (1L = 10−6torr ∙ s). Thin-films of 

CuPc were evaporated onto room temperature Cu(110)-(2x1)O using a home-built, water-cooled 

Knudsen source in a sample preparation chamber (base pressure of < 1x10-9 torr). Films were 

Figure 8.5. 0.45ML CuPc grown on nearly saturated Cu(110)-(2x1)O. (a) Overview 

images shows that molecular growth is confined to single-molecule wide chains. (b) 

Zoomed image showing the various distorted configurations the molecules take to 

interact with the single channels of bare Cu(110). 
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grown at a typical rate of 0.1 monolayer/min, as monitored by quartz crystal microbalance, and  

film thickness is reported as a fraction of a hypothetical closed monolayer of flat-lying molecules 

(1 ML ≈ 4.44x1013 molecules/cm2). 

In STM experiments, the sample was transferred to the imaging chamber (pressure < 10-11 

torr) immediately following sample preparation at room temperature, where it remained at room 

temperature for 2 min before rapid quenching to 77 K and continued cooling to 5 K. All STM 

images were acquired at 5 K, with the instrument in constant current mode, and using an 

electrochemically etched PtIr tip. Microscope control and image processing were performed using 

the GXSM software package.79 All photoemission experiments (analysis chamber pressure < 10-

10 torr) were performed at room temperature with an unpolarized, unmonochromatized Scientific 

Instruments UVS 200 He lamp. Energy resolution of the analyzer is approximately 120 meV as 

determined by Fermi level broadening of the clean surface. Work functions were determined from 

spectra taken with a -5 V bias to facilitate analysis of the secondary cutoff edge. For angle-resolved 

experiments (ARPES), the bias was reduced to -3 V and the electron acceptance angle narrowed 

to ±1.5°.  Crystal azimuthal orientation with respect to the surface Brillioun zone was determined 

using low energy electron diffraction (LEED) with an estimated angle accuracy of ±5°.  

8.3.2: Ordered Thin-Film Growth 

Cu(110) is the most reactive (110) surface of the coinage metal series. It has been shown 

that metal phthalocyanine (MPc) molecules couple strongly to the Cu(110) surface and that their 

thin-films are typically amorphous.61,114,168 Both factors increase the complexity of the interfacial 

energy landscape and lead to an interfacial electronic structure that can be challenging to interpret 

by photoemission alone.193 In order to weaken the surface-molecule interactions and promote 



147 

 

ordered film growth, we passivated the Cu(110) surface by oxygen chemisorption. The surface is 

fully saturated with the Cu(110)-(2x1)O reconstruction at ≈ 7 L O2 exposure. Figure 8.6a shows 

an STM image for ~0.9 ML CuPc grown on a Cu(110)-(2x1)O surface prepared by  > 6 L O2 

exposure of Cu(110) at 100 ℃. This image confirms that surface-molecule coupling has 

diminished to the degree that intermolecular interactions and weakened surface-molecule coupling 

enable ordered island growth. The higher resolution image of Figure 8.6b provides a detailed view 

of the molecular arrangement in ordered islands. We conclude that CuPc molecules in ordered 

islands lie nearly flat on the reconstructed surface because all four ligand lobes are resolved. A 

slight molecular tilt is indicated by the fact that some ligand lobes appear brighter than others. 

From the staggered arrangement of molecules in ordered islands, it is possible that intermolecular 

interactions include hydrogen bond-like long-range interactions involving the aza-N atom. Images 

above 1 ML coverage could not be obtained due to the weak intermolecular interactions in the 

second layer. 

Figure 8.6. (a) Overview constant current STM image of 0.9 ML CuPc grown on the fully saturated 

Cu(110)-(2x1)O surface (sample bias 𝑉𝑆 = 100 mV; tunneling current  𝐼𝑇 = 10 pA). (b) A zoom-in 

image of the ordered film structure ( 𝑉𝑆 = 150 mV;   𝐼𝑇 = 10 pA). (inset) Cartoon overlay of the CuPc 

chemical structure. 
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8.3.3: Electronic Structure from Sub-ML to Few Layer CuPc 

In order to understand the interfacial electronic structure and to identify the molecular 

density of states (DOS), we performed UPS experiments during thin-film growth. The spectral 

sequence in Figure 8.7a shows the full UP spectrum at different stages of CuPc growth. For these 

experiments, the clean Cu(110) substrate was exposed to ~24 L O2 prior to molecular deposition 

to ensure a fully saturated Cu(110)-(2x1)O surface. Spectra for thicker films show very clearly the 

emergence of the molecular DOS between -9 to -12 eV binding energy (𝐸 − 𝐸𝐹), -6 eV binding 

energy, at -3.5 eV binding energy just below the most intense Cu(110) d-band features, and at  -1 

eV binding energy. At a coverage of 3 ML and beyond, substrate features contribute little to the 

UP spectrum (Figure 8.7a). This evolution of the DOS is accompanied by a decrease of the work 

function (Φ) with increasing molecular coverage: Figure 8.7b plots the work function change 

relative to clean Cu(110)-(2x1)O (𝛷 = 4.9(1) eV) as a function of CuPc film thickness. The work 

function decreases monotonically to give 𝛥𝛷 = −0.54 eV at 4 ML. 𝛥𝛷 for the first monolayer of 

CuPc of ~320 meV establishes the interface dipole upon molecular adsorption. This value is 

Figure 8.7. (a) UPS spectral sequence for thin-film growth of CuPc on Cu(110)-(2x1)O. (b) Plot of work 

function change (ΔΦ) as a function of film thickness. 
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comparable to titanyl phthalocyanine molecules on Cu(110) and indicates that pushback of the 

surface electronic wave function is still significant even on the oxidized surface.193,194  

8.3.4: Influence of Molecular Growth on the Substrate Band Structure 

To assess the effect of thin-film growth on the surface electronic structure, we performed 

ARPES measurements for molecular coverages between 0 and 1 ML. Figures 8.8 and 8.9 show 

band structures measured for 𝑘∥ along 𝛤 − �̅� and 𝛤 − �̅� of the surface Brillouin zone, respectively. 

We will discuss the energy dispersion curves for each crystal direction separately before drawing 

conclusions on the collective angle-resolved data. Figure 8.8a shows the band dispersions of the 

clean Cu(110)-(2x1)O surface along 𝛤 − �̅�. Intense Cu(110) d-band features dominate the 

spectrum from -2 to -5 eV binding energy. Just below the d-band features near -6 eV binding 

energy, non-dispersive bonding bands derived from oxygen 2p orbitals (labeled O 2p) are 

observed.177,189,195 Conversely, their antibonding counterparts (labeled O 2p∗) are weakly 

dispersive, rising above the d-band features at -1.9 eV binding energy near the �̅� point (1.2 Å-1). 

The other feature labeled in the figure is the s,p-band direct transition that crosses 𝐸𝐹 near �̅�.59 

Panels b-d of Figure 8.8 show the results of ARPES measurements for molecular coverages in 

increments of ~0.25 ML CuPc up to just over 1 ML. From these data, we see that the O 2p band 

region is eventually dominated by a non-dispersive molecular DOS that spans a broad energy 

range. The O 2p* band and the s,p-band direct transition are still detectable at 0.75 ML CuPc 

(Figure 8.8d). At 1.1 ML, the s,p-band direct transition is effectively quenched and the O 2p* band 

is obscured by non-dispersive molecular features at -1 and -1.4 eV binding energy (Figure 8.8e). 
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Figure 8.8. The interfacial band structure for the growth of CuPc on Cu(110)-(2x1)O measured 

along 𝛤 − �̅� by ARPES. (a) Fully saturated, clean Cu(110)-(2x1)O. (b) 0.25 ML CuPc on 

Cu(110)-(2x1)O. (c) 0.5 ML CuPc on Cu(110)-(2x1)O. (d) 0.75 ML CuPc on Cu(110)-(2x1)O. 

(e) ~1.1 ML CuPc on Cu(110)-(2x1)O. 
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Figure 8.9. The interfacial band structure for the growth of CuPc on Cu(110)-(2x1)O measured 

along 𝛤 − �̅� by ARPES. (a) Fully saturated, clean Cu(110)-(2x1)O. (b) 0.25 ML CuPc on 

Cu(110)-(2x1)O. (c) 0.5 ML CuPc on Cu(110)-(2x1)O. (d) 0.75 ML CuPc on Cu(110)-(2x1)O. 

(e) ~1.1 ML CuPc on Cu(110)-(2x1)O. 
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Figure 8.9a shows the band diagram for the Cu(110)-(2x1)O surface along 𝛤 − �̅�. This 

direction corresponds to probing 𝑘∥ in the [001] direction, i.e. along the Cu-O chains in the 

reconstruction. Consequently, surface electronic bands are much more dispersive along 𝛤 − �̅� and 

can be resolved into individual components. O 2px and 2pz (bonding) bands are located just above 

-6 eV binding energy at 𝛤 and disperse below -6 eV binding energy at �̅� (0.87 Å-1). The O 2py 

(bonding) band disperses strongly to a minimum binding energy near -8 eV at �̅�. The O 2px
∗  and 

O 2pz
∗ (antibonding) bands disperse very clearly out of the Cu d-band region along 𝛤 − �̅� to a 

maximum binding energy near -1.4 eV at �̅�.175,176 Continuation through the deposition sequence 

in Figures 8.9b-e shows that non-dispersive molecular features again dominate the Cu(110)-

(2x1)O surface bands, though here the bandwidth of the molecular DOS is smaller than the surface 

band dispersion. This allows for a detailed inspection of the interfacial electronic structure to better 

understand the nature of the electronic coupling between surface and molecules. 

Figure 8.10 shows the angle-resolved data for 𝛤 − �̅� after an integral background 

subtraction to remove inelastic electron contributions to the spectra.196 The O 2p bands are labeled 

in Figure 8.10a for the Cu(110)-(2x1)O surface. At a coverage of 0.25 ML CuPc, these bands are 

largely unaffected (Figure 8.10b); even at 0.5 ML, the O 2py band is still observed dispersing 

downward out of the molecular DOS (Figure 8.10c). The feature is too diffuse to fit accurately 

even after background subtraction, which necessarily precludes a quantitative evaluation. 

Qualitatively however, we observe that electrons in this band are becoming localized since the 

band disperses less than on the bare surface. The O 2px
∗  and 2pz

∗ bands on the other hand disperse 

to the full extent. By 0.75 ML, dispersion of the O 2py band and perhaps the band itself is 

observable in the spectra no longer (Figure 8.10d). This evolution of the interfacial electronic 

structure is somewhat mirrored in the d-band region. A highly dispersive Cu d-band feature near  
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Figure 8.10. Waterfall plots of background subtracted ARPES spectra taken along 𝛤 − �̅�. (a) Fully 

saturated, clean Cu(110)-(2x1)O. (b) 0.25 ML CuPc on Cu(110)-(2x1)O. (c) 0.5 ML CuPc on Cu(110)-

(2x1)O. (d) 0.75 ML CuPc on Cu(110)-(2x1)O. (e) ~1.1 ML CuPc on Cu(110)-(2x1)O.(f) High angle 

resolution spectra for the Fermi region of ~1.1 ML CuPc on Cu(110)-(2x1)O. IL = interface layer. 
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-4.9 eV binding energy in both Figures 8.10c and 8.10d progressively localizes and is suppressed 

with increasing CuPc coverage. In contrast, electrons in the O 2px
∗  and 2p𝑧

∗  bands remain 

delocalized even at 0.75 ML, with both bands retaining the strong dispersion. The two bands are 

however less resolved due to overlap with the molecular DOS and some broadening. 

Figure 8.10e gives the angle-resolved data for just over 1 ML CuPc. At this coverage, the 

spectrum is dominated by non-dispersive molecular features, except for the O 2px
∗  and 2pz

∗ bands. 

Figure 8.10f shows data for the binding energy range from -0.5 to -2 eV with increased angle 

resolution. These data show the O 2px
∗  and O 2pz

∗ bands dispersing into the interface layer (IL) 

HOMO (the IL HOMO will be discussed in more detail below). In light of the (weak) coupling to 

the O 2py and Cu d bands, the strong dispersion of the O 2p∗ bands at this coverage is somewhat 

surprising. The fact that these bands remain dispersive while the HOMO does not disperse at all is 

strong evidence that the molecular wave function does not couple to this component of the surface 

electronic structure. Moreover, a significant distortion of the surface lattice upon adsorption of the 

molecule can also be precluded. The minimal interaction is not a question of energy, but instead 

one of phase or symmetry of the two electronic wave functions. Extended overlap between the 

localized molecular wave function and the delocalized O 2p∗ bands is not possible, preventing 

significant hybridization. This may also be true for the O 2px and O 2pz bands though the broad 

molecular DOS makes this difficult to verify. Remarkably, interaction with the  O 2py band is 

quite apparent, since this band is completely localized by 0.75 ML coverage. The phase or 

symmetry of the O and Cu orbitals in the O 2py band thus appear to provide favorable coupling 

with the molecular wave function. In agreement with the localization of the 2𝑝𝑦 band, this does 

not result in dispersive molecular bands,194 aided perhaps by limited long-range molecular order. 

This interesting observation would benefit from a complete theoretical treatment, which is 
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however beyond the scope of the present work. The conclusions drawn from band structure 

measurements for sub-monolayer coverages are that CuPc couples overall very weakly with the 

surface electronic structure, but preferential interaction with surface bands of specific symmetry 

is observed.  

8.3.5: Interfacial Energetics of Occupied Frontier Orbitals 

We now address the impact of interfacial energetics on the molecular electronic structure 

by analyzing the HOMO region in more detail. The peak located at -1.4 eV binding energy and 

labeled IL HOMO in Figure 8.10f first appears in sub-ML films. The molecules giving rise to this 

feature constitute the first layer of molecules on the surface, or the interface layer (IL) as observed 

also in STM.197 The IL HOMO intensity increases with film growth until a maximum is reached 

between 1 and 1.5 ML (see Figure 8.11a). Beyond 1.5 ML, the intensity of the IL HOMO 

decreases. An additional molecular feature at -1 eV binding energy appears only for coverages 

near a full monolayer and beyond, and continues to grow with increasing coverage (Figures 8.10f 

and 8.11a). We therefore attribute this feature to the HOMO of molecules located in the second 

layer of the film, and label it Film HOMO.83  

The relative binding energies of these two HOMOs is highly unusual. First, the fact that 

the IL HOMO binding energy is larger than that of the Film HOMO even though 𝛷 decreases with 

coverage is in contrast to the electronic structure of CuPc on other surfaces,198–203 and implies a 

dramatic change of the ionization energy between first and second layer molecules (Figure 8.7b). 

Second, this is not simply the result of vacuum level changes: Both first layer and second layer 

molecules exist in the 1.5 ML film and therefore share the same global vacuum level. Third, the 

shift occurs abruptly in the second layer of molecules instead of a continuous evolution as the film 

grows. In the remainder of the text, we discuss these points in greater detail.  
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The polarizability of metal and most inorganic semiconductor surfaces are in general 

greater than those of surrounding molecules in an organic semiconductor film. For most interfaces, 

this means that the photohole is more efficiently screened in the first molecular layer than in 

subsequent layers. Consequently, one anticipates that the binding energy of the IL HOMO is lower 

than in subsequent layers (decreases the ionization energy).197,204 This contrasts with the present 

situation, where the IL HOMO binding energy is much greater than that of the Film HOMO. Figure 

8.11c shows a fit with a single Gaussian (linear background) for each of the two HOMO features 

in the 1.5 ML film. The IL HOMO and Film HOMO are located at -1.421(3) and -1.070(4) eV 

Figure 8.11. (a) Normal emission UPS data showing the HOMO evolution with 

increasing film growth.  (b) Film HOMO intensity dependence on sample tilt. 휃(0) = 

sample orientation for normal emission. (c) Fit of the IL HOMO and Film HOMO in a 

1.5 ML thick film. (d) Fit of IL HOMO and Film HOMO in 4 ML thick film. 
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binding energy, respectively, giving the IL HOMO a binding energy that is greater by 350 meV. 

Not only is this qualitatively different from expectations for photohole screening, but the 

magnitude of the change is also quantitatively much greater than typically observed HOMO 

binding energy differences in subsequent layers, as compared e.g. to 1-2 ML CuPc on HOPG.202 

The magnitude is greater even than “band bending” effects in tens of layers of CuPc on 

HOPG,199,205 Si(111),198,203 Au(100),200 and Au(110).197 We may of course rule out band bending 

as the mechanism for the HOMO evolution simply because we are looking only at one or two ML, 

and because both features exist in the same film (same global vacuum level). We exclude also a 

collective phase transition in film structure again because both HOMOs are observed even in 

thicker films (Figure 8.11a). One report for CuPc on Cu(100) found a unique HOMO energy 

evolution with film coverage, but saw only one feature and gave no explanation for the energy 

evolution.206 We thus conclude that the two peaks in our data arise from fundamental differences 

in the local molecular environment between the IL and successive layers of the thin-film. 

One possible explanation for the abrupt change in HOMO ionization energy is strong 

coupling of the molecule to the surface, present only in the first layer and perhaps accompanied 

by charge transfer. We dismiss this explanation for the following reasons: The STM and ARPES 

data already show clearly that the surface-molecule interaction is significantly weaker for Cu(110)-

(2x1)O than for Cu(110), and substantial hybridization with the surface does not occur. No 

adsorbate-induced features are observed at 𝐸𝐹 (from a partially filled LUMO or otherwise) that 

would be commensurate with a negatively charged molecule. Furthermore, charge transfer to the 

molecule would increase electron density and enhance screening which would decrease the 

binding energy of HOMO electrons relative to neutral molecules. Thus surface-to-molecule charge 

transfer can be excluded. Additional support for this conclusion may be obtained e.g. by core-level 
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spectroscopy. We show next that a complete and consistent explanation for the observed interfacial 

energetics is provided by changes to the structure of the film that occur between 1 and 2 ML CuPc.  

8.3.6: Multilayer Growth Structure 

Instead of hybridization, the direction and magnitude of the HOMO shift suggests an abrupt 

transition of the molecular orientation in the second layer.171 Depending on the strength and type 

of the surface-molecule interaction, CuPc has been shown to adsorb flat on the surface and 

gradually reorient toward the bulk crystalline structure in successive layers,207 or adsorb in a 

standing orientation in the initial layer.203 A buried 3 nm thick interfacial layer of flat lying 

molecules followed by an immediate transition to standing molecules has been proposed for CuPc 

on polycrystalline gold.208 Here we propose a flat-lying seed layer of CuPc on Cu(110)-(2x1)O 

templating standing orientation in subsequent layers. Strong evidence for a vertical molecular 

orientation for molecules in the second layer stems from the intensity of the IL HOMO and Film 

HOMO as a function of photoemission angles. This is seen clearly in the angle-resolved data of 

Figures 8.10e and 8.10f: The Film HOMO intensity increases significantly with the rotation of 

surface normal (Figure 8.11b), in contrast to the IL HOMO (compare relative intensities at 0° and 

40° sample tilt). This observation indicates different orientation of the photoemission transition 

dipoles for molecules in the two layers, and supports a standing growth model.  

The proposed structure of the film affects our interpretation of the electronic structure 

measurements when considering a) the reported film thickness and b) the electrostatic potential at 

the surface. With the molecular plane oriented normal to the surface, the packing density changes 

dramatically for molecules in the second layer. This means that reported coverages above 1 ML, 

based on a hypothetical ML of flat-lying molecules, are in fact lower: Estimating the separation 

between standing molecules to be ~3.5 Å,209,210 approximately four times the number of molecules 
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are required to form a full layer of standing molecules. Our 4 ML coverage in Figure 8.11 is then 

likely closer to 1.75 ML, which explains why the IL HOMO is still readily detectable in 

photoemission even at nominal coverages of 4 ML. Figure 8.11d shows a fit to the HOMO region 

of the 4 ML (~1.75 ML) film, again with two Gaussian functions. We do not constrain the peak 

positions to coincide with those at lower coverages because of changes to the polarization energy 

provided by the surroundings due to e.g. growth of additional layers.211 With this model, we find 

that the IL HOMO is located at -1.24(3) eV binding energy and the Film HOMO is located at -

1.036(3) eV binding energy. The ionization energy of the IL HOMO has decreased, presumably 

due to photohole screening effects by the standing molecule overlayer, and the HOMO binding 

energy difference between molecules in the two layers has decreased to 205 meV.  

The orientation of molecules in the topmost layer helps us understand the surface 

electrostatics and the observed ionization energy of molecules in the second layer. The ionization 

energy of an adsorbed molecule is partly determined by the far field effect of the interface dipole 

that defines the global vacuum level and work function of the system. But the ionization energy is 

also subject to the near-field effects of the local environment, i.e. the charge distribution within 

the molecule. The molecular charge distribution gives rise to an intrinsic surface dipole that 

depends on the photoemission direction and momentum.171 Photoelectrons reaching the analyzer 

have left flat-lying molecules by interacting with a π-system charge distribution, while those 

leaving standing molecules sense primarily the hydrogen terminated periphery of the molecule. 

Therefore, the local charge distribution leads to a surface-dipole intrinsic to the molecular layer 

that changes with molecular orientation and fully accounts for the lower ionization energy in 

second layer molecules. The photoemission intensity dependence on sample orientation and the 
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energy offset of the Film HOMO together corroborate that molecules in the second layer orient 

with the molecular plane normal to the surface. 

8.3.7: Summary of Interfacial Energetics 

A summary of the interfacial energetics is presented graphically in Figure 8.12. We find 

that the first layer of CuPc on Cu(110)-(2x1)O adsorbs flat on the surface. The interface dipole of 

~315 meV shifts the HOMO to ~ -1.4 eV below 𝐸𝐹 (Figure 8.12a). Growth of the second layer 

immediately transitions to vertical standing CuPc with a different intrinsic surface dipole that 

decreases the Film HOMO ionization energy by ~350 meV relative to the interface layer HOMO 

(Figure 8.12b). As the second layer fills completely, screening from the surrounding metal and 

molecular overlayer decreases the IL HOMO ionization energy to within ~205 meV of that of the 

Figure 8.12. Energy-level diagram for the growth of CuPc on Cu(110)-(2x1)O. (a) 1 ML CuPc: Molecules 

lie flat on the surface in the interface (first) layer (IL) . (b) ~1.25 ML CuPc: Upon saturation of the IL, the 

next layer of molecules grows in a standing orientation. Due to the changing packing density, these 

coverages do not correspond to those in previous figures. (c) ~1.75 ML CuPc: The nearly full second layer 

of standing molecules. 
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second layer (Figure 8.12c). The ionization energy of a molecule in a full single layer and a 

molecule in a nearly full second layer changes from 6 eV to 5.4 eV (Figure 8.12a and 8.12c) which 

is similar to reports for reorientation of DH6T on Ag(111).171 To our knowledge, this is the first 

time that such electronic effects have been observed in phthalocyanine films. Furthermore, we 

have unambiguously demonstrated that these effects occur between exactly the first and second 

layer of the film. Echoing Duhm et al.,171 the results of our findings have important implications 

for organic electronics: Large energy-level offsets can be realized between exactly two thin-film 

layers and with only one molecular species, two properties that are important for the 

miniaturization and functionality of electronic devices.  

8.4: Conclusions 

In conclusion, we have shown that an oxygen chemisorption induced surface 

reconstruction of Cu(110) can be used to tailor the structural and electronic properties of interfaces 

formed with organic semiconductor thin-films. We demonstrate that the reconstruction striped 

phase can be used to template film growth and control the dimensions of self-assembled 

nanoribbons. We have also performed a full nanoscale investigation of the CuPc/Cu(110)-(2x1)O 

interface. We show that oxygen chemisorption passivates the surface and weakens the surface-

molecule interaction to facilitate ordered film growth. We further demonstrate that adsorbed 

molecules selectively couple to certain components of the surface electronic structure, specifically 

the O 2py-derived bonding band. We then analyzed the interfacial electronic structure as a function 

of thin-film growth to find that a change in the growth regime occurs after one layer of flat-lying 

molecules. Molecules in subsequent layers order in a standing orientation with a greater packing 

density and more efficient dielectric screening. The effect of this growth transition on interfacial 

energetics leads to a 600 meV ionization energy difference between molecules in the two layers.   
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CHAPTER 9 │ THE MOLECULAR KONDO EFFECT 

Introduction 

 Throughout this dissertation, I have described an investigative method for understanding 

and tailoring interfacial systems. The foundation for this method is understanding the atomic-level 

interactions on the surface because they drive the structural and electronic properties of the 

interface. Atomic-level interactions between the surface and the molecule also govern the 

correlation between electrons in molecular orbitals and electrons in the metal. In this chapter, I 

will describe the discovery of a highly-correlated phenomenon that results from an atomic-level 

shift in the surface-molecule coupling for one configuration of TiOPc on Cu(110). The 

phenomenon is ensemble activation of Kondo screening. Kondo screening, to be discussed in more 

detail below, is the result of a many-body interaction that exchanges spin between the orbital and 

conduction band electrons. The Kondo effect has important consequences on transport properties 

of the material as it introduces new scattering centers at low temperatures and, as a binary magnetic 

interaction, it is relevant in advanced computing and memory applications. The sections that follow 

will cover both theoretical and experimental aspects of the Kondo effect. 

 To give context for the experimental observations, a significant portion of the chapter is 

dedicated to an overview of many-body physics background required to understand the Kondo 

effect. In section 9.1, we summarize the single impurity Anderson model which explains the 

survival of local moments on magnetic impurities in a non-magnetic host metal. Section 9.2 is 

tasked with introducing the Kondo effect. In section 9.2.1 we advance the framework of the 

Anderson model to treat the interactions between conduction electrons and the localized electrons 

more explicitly. Section 9.2.2 describes the concept of Renormalization Group Theory necessary 

to elucidate the effects of high-energy excitations of the system on the low-energy physics. In 
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section 9.2.3 we describe the Schrieffer-Wolff transformation which makes the connection 

between the Anderson and Kondo models. In section 9.2.4 we summarize the theory discussion by 

providing an intuitive picture for the Kondo effect and the formation of a many-body quasi-

particle. 

 The remainder of the chapter covers the experimental results of ensemble switching of 

Kondo screening in molecular adsorbates. Section 9.3.1 provides background on the Kondo effect 

and implications of the effect in modern technology. The significance of the current findings are 

highlighted in section 9.3.2 before the statement of experimental methods in section 9.4. Section 

9.5 discusses the experimental results in detail. Section 9.5.1 gives a review of TiOPc adsorption 

on Cu(110) as covered in Chapter 4. The observation of an activated shift in surface-molecule 

coupling in “O-up” TiOPc is described in section 9.5.2. In section 9.5.3 we address the possibility 

of molecular degradation before performing a kinetic analysis of activation in section 9.5.4. In 

section 9.5.5, we characterize the electronic structure of the activated molecules and discover a 

sharp resonance in the local density of states (LDOS), a fingerprint of the Kondo effect. Section 

9.5.6 describes how charge transfer creates a spin ½ system to form the localized magnetic 

moment. In section 9.5.7 we present evidence that the mechanism behind activation is to turn-on 

Kondo screening in the strongly coupled systems. Finally, the suppression of activation at high 

molecular coverage and the possibility for tip-induced deactivation are addressed in section 9.5.8. 

We summarize the experimental results in section 9.6.1 and make conclusions for the chapter in 

section 9.6.2. 
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9.1: Local Moments: The Anderson Impurity Model 

9.1.1: The Anderson Hamiltonian 

 Prior to 1960, a curious experimental observation regarding magnetic impurities puzzled 

scientists. They found that after mixing low concentrations of magnetic atoms into nonmagnetic 

metals, sometimes the magnetic moments were detectable and other times they were not. In 1961, 

Philip Anderson formulated a model that addressed the survival or disappearance of such localized 

moments.212 His theory, termed the single impurity Anderson model (SIAM), offers a mechanism 

for the preferential filling of impurity spin states that leaves a local moment. The great insight that 

Anderson brought to the field was the inclusion of two essential electron interaction terms in the 

system Hamiltonian. The first term is the repulsive Coulomb interaction between electrons in the 

same orbital. In a mean-field approximation, the Coulomb integral is 

𝑈𝑙 =
𝑒2

4𝜋휀0
∫|𝜑𝑙(𝑟1)|

2
1

|𝑟1 − 𝑟2|
|𝜑𝑙(𝑟2)|

2𝑑𝜏1𝑑𝜏2   (9.1) 

where |𝜑𝑙|
2 is the charge density 𝜌𝑙(𝑟) of the localized state. 𝑈𝑙 gives the energy required to add 

another electron (of opposite spin) to the local orbital (Figure 9.1). We use the convention 𝜑𝑙 to 

describe any localized state such as a d or f atomic orbital (𝜑𝑑 , 𝜑𝑓) or a molecular orbital (𝜑𝑀𝑂). 

The second important interaction term is the coupling between the localized state and conduction 

band continuum of the metal (Figure 9.1). Given in second quantization, this interaction is 

𝐻𝑘𝜎𝑙𝜎 = ∑𝑉𝑘𝑙(𝑐𝑘𝜎
† 𝑙𝜎 + 𝑙𝜎

†𝑐𝑘𝜎)

𝑘,𝜎

(9.2) 

where 𝑐𝑘𝜎 is the creation operator for a conduction band electron in state 𝑘 with spin 𝜎 and 𝑙𝜎 is 

the creation operator for a localized electron with spin 𝜎.  𝑉𝑘𝑙 in equation (9.2) are the matrix 

elements between the local orbital and the Bloch free electron states 𝑘 
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𝑉𝑘𝑙 = ⟨𝑘|𝑉𝑙𝑎𝑡𝑡|𝑙⟩ = ∫𝑑3𝑟𝑒−𝑖𝑘∙𝑟𝑢𝑘(𝑟)𝜓𝑙𝑜𝑐(𝑟). (9.3) 

The value of these matrix elements determines the level of hybridization between the local orbital 

wave function and the conduction band wave function. The full SIAM Hamiltonian is then 

𝐻 = 𝐻0𝑘 + 𝐻0𝑙 + 𝐻𝑘𝜎𝑙𝜎 + 𝑈𝑙 (9.4) 

where 𝐻0𝑘 and 𝐻0𝑙 are the unperturbed energies of the free electron and localized states 

respectively.  

9.1.2: Solving the Schrödinger Equation 

Following Fermi’s golden rule (discrete state coupled to a continuum), the first three terms 

in (9.4) give rise to a Lorentzian resonance  

𝜌𝑙(휀) =
1

𝜋
∙

Δ

(휀 − 𝐸𝑙)2 + Δ2
. (9.5) 

with width Δ   

Figure 9.1. Energy-level diagram illustrating the 

effect of the Anderson model interaction terms. 𝑈𝑙 is 

the Coulomb repulsion when placing another electron 

in 𝑙. 𝑉𝑘𝑙 describes local orbital coupling to the 

continuum. 
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Δ = 𝜋𝜌𝑘(휀)〈|𝑉𝑘𝑙
2 |〉. (9.6) 

In equation (9.5), 𝜌𝑙 is the density of states (DOS) for the localized orbital. Note that the resonance 

width is proportional to both the density of free electron states 𝜌𝑘(휀) and the square of the coupling 

matrix 𝑉𝑘𝑙. The effect of Anderson’s Coulomb interaction is to split the DOS in spin and introduce 

an energy shift proportional to 𝑈. 

𝐸𝑙 → 𝐸𝑙𝜎 = 𝐸𝑙 + 𝑈𝑙〈𝑛𝑙−𝜎〉. (9.7) 

  

In equation (9.7), 〈𝑛𝑙−𝜎〉 is the average occupation number for the opposite spin state. To find the 

number of electrons of a given spin  

〈𝑛𝑙𝜎〉 =
1

𝜋
∫ 𝜌𝑙𝜎𝑑휀

𝐸𝐹

−∞

 (9.8) 

now requires solving equations (9.8) and (9.7) simultaneously where 𝜌𝑙𝜎 is given after modifying 

equation (9.5) with equation (9.7). In a simple interpretation, the self-consistent solution of these 

equations leads to a new total DOS that contains two Lorentzian peaks, one for each spin  

𝜌𝑙(휀) =
1

𝜋
[

Δ

(휀 − 𝐸𝑙 −
𝑈𝑙

2 )
2

+ Δ2

+
Δ

(휀 − 𝐸𝑙 +
𝑈𝑙

2 )
2

+ Δ2

] . (9.9) 

Looking at equations (9.9) and (9.6), we can make a few observations: Strong coupling to 

the continuum, and plenty of states to couple with (large 𝜌𝑘(휀)), reduces the effect of 𝑈 on the 

localized orbital. If the combination of these effects is greater than some critical Coulomb 

interaction, i.e. Δ > 𝑈𝑐, then the two spin distributions are essentially degenerate and one 

resonance is formed (Figure 9.2a). The resonance is half-filled because the total number of states 
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is twice that of electrons and the local moment is destroyed. If, however, coupling to the continuum 

is not very strong (Δ < 𝑈𝑐), the Coulomb interaction splits the resonance in proportion to 𝑈, 

leaving a spin-split DOS and the local magnetic moment survives (Figure 9.2b). In summary of 

the Anderson model for a magnetic impurity, we learn that if the local orbital hybridizes strongly 

with the free electron states, the nature of the hybrid state effectively screens the Coulomb 

repulsion between spin states and the local moment dies.   

9.2: The Kondo Effect 

9.2.1: Treating Electron-Electron Interactions Explicitly 

 Anderson’s mean-field theory provides an intuitive mechanism for when a local moment 

is formed. The model does not however provide a mechanism for how the Coulomb interaction is 

screened when Δ > 𝑈𝑐. Advancing beyond the mean-field approximation and considering two-

Figure 9.2. Results from the SIAM. (a) Strong coupling to the free electron states diminishes the Coulomb repulsion 

between spin states. The result is a single distribution for the DOS and no local moment. (b) Weak coupling to the 

free electron states results in spin-splitting of the DOS due to the Coulomb interaction and a local moment. 
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particle interactions explicitly, we assume that the local moment is in a coherent superposition of 

spin configurations 

𝑒𝑘↓
− + 𝑙↑

1 ⇌ 𝑒𝑘↑
− + 𝑙↓

1. (9.10) 

 Notice that conduction electrons are included in equation (9.10) to conserve the overall spin of 

the system. The Japanese physicist Jun Kondo was the first to treat the entanglement of localized 

and conduction band electron spins when explaining a curious resistivity minimum in dilute 

magnetic alloys.213 Understanding the physics of the screening mechanism is difficult because it 

involves many coupled degrees of freedom: conduction band electrons of all wavelengths interact 

with each magnetic impurity in the metal. It wasn’t until Ken Wilson’s numerical renormalization 

solution of the Kondo model that a full understanding of the effect was realized.214 The remainder 

of the section will highlight important aspects of the renormalization group treatment of the Kondo 

problem. 

 To get a sense of the excitation spectrum of the localized orbital electron, we will 

qualitatively consider a renormalization of the Anderson model resonance as the interaction 𝑈 is 

increased adiabatically. For 𝑈 = 0, the spectral function 𝐴𝑙(𝜔) is the Lorentzian from the previous 

section with width Δ (Figure 9.3a). Turning on the interaction 𝑈, while shifting 𝐸𝑙 below 𝐸𝐹 to 

ensure constant occupancy, again splits the spectrum into two broad features corresponding to 

valence fluctuations (the energy required to remove an electron from or add an electron to the local 

orbital) described by the SIAM (Figure 9.3b). It turns out that no matter how large 𝑈 becomes, 

there remains a sharp resonance at 𝐸𝐹. This is the Kondo resonance associated with spin 

fluctuations of the local moment. Exciting these spin fluctuations requires very little energy, hence 

the extremely narrow width of the resonance. 
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9.2.2: Renormalization Group Theory 

The picture just described demonstrates the existence of physics on widely spaced energy 

scales. The scale of local moment formation is on the order of the Coulomb interaction 𝑈 which 

can be several eV, whereas the Kondo effect occurs at a scale on the order of a few meV. 

Renormalization group theory uses the idea that the low-energy physics of the system only depend 

on certain gross aspects of the high-energy physics. We then use renormalization to fold key effects 

from the high-energy physics into a set of parameters that influence the low-energy physics. The 

basic idea is to parametrize the Hamiltonian of interest 𝐻(𝐷) by its cut-off energy scale 𝐷 

corresponding to the largest energy excitations (Figure 9.4a). The Hamiltonian can be divided into 

a block-diagonal form 

𝐻(𝐷) = (
𝐻𝐿 𝑉†

𝑉 𝐻𝐻
) (9.11) 

Figure 9.3. (a) Spectral function of the localized orbital in the Kondo treatment with 𝑈 = 0. (b) Localized orbital 

spectral function with 𝑈 ≠ 0. The function is split into excitations of different energy: Charge fluctuations on the 

order of 𝑈~1-5 eV and spin fluctuations on the order of 10-100 meV. 
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where the blocks 𝐻𝐿 and 𝐻𝐻 act on states in low-energy and high-energy subspaces, respectively, 

and the off-diagonal blocks, 𝑉 and 𝑉†, are the matrix elements between the two subspaces. The 

high-energy degrees of freedom may then be “integrated out” through a canonical transformation 

that eliminates the off-diagonal elements 

 �̃� = 𝑈𝐻(𝐷)𝑈† = (
�̃�𝐿 0

0 �̃�𝐻

) . (9.12) 

 

Figure 9.4. The process of renormalization. In each iteration, higher-energy excitations are integrated out 

and folded back into the low-energy Hamiltonian. The result each time is to narrow the energy window 

considered. 
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One can then project out the low-energy block of the Hamiltonian �̃�𝐿 = 𝑃�̃�𝑃. If we reduce the 

energy cut-off to 𝐷′ = 𝐷/𝑏 where 𝑏 > 1 and rescale the Hamiltonian 

𝐻(𝐷′) = 𝑏�̃�𝐿 , (9.13) 

we get a new Hamiltonian that describes the physics on the reduced scale. This process of 

integrating out higher-energy excitations and folding their effects back into the low-energy 

Hamiltonian is the essence of renormalization group theory. This process is typically repeated 

(Figures 9.4b and 9.4c) from 𝐷 → 𝐷′ → ⋯ → 𝐷′′. When the cut-off energy scale passes over the 

characteristic energy scales of a set higher frequency excitations, this is called a crossover. Figure 

9.4 considers only the excitations up to the Anderson valence fluctuations and therefore shows 

only one crossover. When the cut-off energy scale drops below the lowest energy scale in the 

problem, the Hamiltonian will no longer change upon iteration and the resulting Hamiltonian 

describes the essence of the low-energy physics. 

 Once the valance fluctuations are integrated out (Figure 9.4c), the remaining low-energy 

space no longer involves the 𝑙2 or 𝑙0 states and only contains the spin degrees of freedom. The 

residual spin degrees of freedom still interact with conduction electrons through virtual charge 

fluctuations given by 

𝑒↑ + 𝑙↓
1 ↔ 𝑙2 ↔ 𝑒↓ + 𝑙↑

1 

𝑒↑ + 𝑙↓
1 ↔ 𝑒↑ + 𝑒↓ ↔ 𝑒↓ + 𝑙↑

1
(9.14) 

where we see that spin exchange only occurs through the singlet channel state, 𝑆 = 0. 

9.2.3: The Kondo Model 

We close this section with a glance at the Schrieffer-Wolff transformation. This 

transformation is a renormalization that explicitly includes the interactions from the Anderson 
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model to build the Kondo model. This is done perturbatively by expanding the Hamiltonian in 

terms of the coupling interaction 

𝐻 = 𝐻1 + 𝜆𝒱. (9.15) 

Here, 𝐻1 is the Hamiltonian block diagonalized into the low and high energy subspaces. 

𝐻1 = (
𝐻𝐿 0
0 𝐻𝐻

) . (9.16) 

The high-energy block 𝐻𝐻 describes the valence fluctuations of adding or removing an electron 

from the localized orbital and therefore includes the Coulomb interaction 𝑈. The low-energy block 

describes spin-fluctuations in the localized orbital. 𝒱 provides the off-diagonal matrix elements 

connecting the two energy subspaces and for which we use the coupling interaction from equation 

(9.2)  

𝒱 = ∑𝑉𝑘𝑙(𝑐𝑘𝜎
† 𝑙𝜎 + 𝑙𝜎

†𝑐𝑘𝜎)

𝑘,𝜎

= (0 𝑉†

𝑉 0
) . (9.17) 

Performing the unitary transformation gives the renormalized Hamiltonian 

𝒰 (
𝐻𝐿 𝑉 †
𝑉 𝐻𝐻

)𝒰† = (
𝐻∗ 0
0 𝐻′) (9.18) 

where 𝐻∗ is the effective Hamiltonian for the low-energy physics. Treating this in the framework 

of perturbation theory gives to second order 

𝐻∗ = 𝐻𝐿 + 𝜆2Δ𝐻. (9.19) 

Δ𝐻 is an interaction term induced by virtual fluctuations into the high-energy manifold made 

possible by 𝑉𝑘𝑙. The interaction term is of the form  

Δ𝐻 = 𝒱𝐻𝐻𝒱. (9.20) 
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Looking at 𝒱 in equation (9.17) and the transformation in equation (9.20), we see that Δ𝐻 produces 

matrix elements between localized orbital electrons and conduction band electrons of mixed spin. 

This leads to a form of 

Δ𝐻 = 𝐽�⃗�(0) ⋅ 𝑆𝑙 (9.21) 

for the induced interaction where 𝑆𝑙 describes the spin of the localized electron, �⃗�(0) =

∑ 𝑐𝑘𝛼
† �⃗�𝛼𝛽𝑐𝑘′𝛽𝑘,𝑘′  is the spin density at the origin (�⃗�𝛼𝛽 is the Pauli matrix) and 𝐽 is the Kondo 

coupling constant  

𝐽 = 𝑉𝑘𝑙
∗ 𝑉𝑘𝑙 [

1

𝐸𝑙 + 𝑈
+

1

−𝐸𝑙
] . (9.22) 

Equation (9.22) shows the connection between the coupling matrix elements and the high-energy 

excitations that lead to the virtual charge fluctuations in equation (9.14). The full Kondo model 

describing the many-body physics of the conduction electrons is then 

𝐻 = ∑휀𝑘𝑐𝑘𝜎
† 𝑐𝑘𝜎 +

𝑘𝜎

 𝐽�⃗�(0) ⋅ 𝑆𝑙. (9.23) 

The antiferromagnetic sign of the interaction term (second term and equation (9.21)) lowers the 

energy for singlet combinations of conduction and localized electrons.  

9.2.4: Simple Picture of Kondo Model 

The results of the previous section can be thought of using the simple tunneling picture 

shown in Figure 9.5. The virtual charge fluctuations in equation (9.14) give a nonzero tunneling 

probability between spin states on the local orbital. This is akin to an electron temporarily 

migrating from the local orbital into the conduction sea. In so doing, the electron exchanges spin 

with the conduction electrons, polarizing the electrons near the localized moment. This forms a 
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quasi-particle electron cloud of opposite spin around the local moment that collectively screens 

the magnetic moment from the remaining conduction electrons. The tunneling rate between the 

spin configurations defines a temperature scale 

ℏ

𝜏𝑡𝑢𝑛𝑛𝑒𝑙
= 𝑘𝐵𝑇𝐾 (9.24) 

where 𝑇𝐾 is called the Kondo Temperature. This is the crossover temperature from free spin 

behavior (local moment) to an entangled spin-conduction electron singlet (no moment) as the 

temperature of the system is decreased. 

 The remainder of the chapter deals with experimental aspects of the Kondo effect. 

Specifically, we highlight the discovery of a novel manifestation of the Kondo effect in molecular 

adsorbates. Insights from the experiment will highlight the formation of a localized spin moment 

on the molecule which initially interacts with the conduction band electrons only weakly. An 

activation process alters the surface-molecule coupling, increasing the interaction (𝑉𝑘𝑙) between 

Figure 9.5. Simple picture describing virtual charge fluctuations. An electron temporarily tunnels 

out of the local moment orbital, exchanging spin with conduction electrons, and forming the 

many-body singlet characteristic of the Kondo effect. 
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the localized molecular orbital and the conduction electrons, which switches on Kondo screening 

in a subset of molecular adsorbates.  

9.3: Experimental Detection of the Kondo Effect in Molecules  

9.3.1: Evolution of Experimental Kondo Physics 

The Kondo effect is one of the most striking manifestations of many-body interactions at 

the nanoscale. It arises from coupling a localized spin moment to the conduction electrons in the 

host metal.215 A screening cloud of itinerant spins develops from the Fermi sea whose net magnetic 

moment diminishes that of the localized spin impurity.216 The fingerprint of the resulting Kondo-

singlet is the Abrikosov-Suhl-Kondo (ASK) resonance, a narrow feature in the density of states 

(DOS) located near the Fermi-level.  

Interest in Kondo physics began with the discovery of a surprising resistance minimum in 

dilute magnetic alloys,213,215 and has since been a major focus for understanding strongly correlated 

systems in condensed matter physics. Kondo impurities and heavy fermions play an intriguing role 

e.g. in quantum criticality, superconductivity, and topological insulators.217–219 When confined to 

surfaces, the ability to tailor the Kondo physics of adsorbates promises opportunities for bottom-

up design of scalable high-density architectures for information nanotechnology applications such 

as quantum computing, single molecule magnets and spintronics.220–222 This latter effort has been 

aided by the development of scanning tunneling microscopy and spectroscopy (STM and STS) 

and other tunnel junction devices capable of probing the electronic structure of single atoms and 

molecules.85,216,223  

Early surface science studies in Kondo physics were conducted on magnetic adatoms 

adsorbed on coinage metal surfaces.224–227 In recent years, organic semiconductors have 
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increasingly been utilized as spin impurities to exploit the much richer molecular electronic 

structure.228 The diversity of readily accessible molecular platforms, coupled with precise synthetic 

control over chemical functionalization, offers unparalleled opportunities for wave function 

engineering. This is important because the electron correlation responsible for the many-body 

singlet formation in Kondo systems requires entangling the surface and impurity electronic wave 

functions. Tailoring the adsorbate electronic structure therefore creates avenues for tuning 

magnetic interactions in nanomaterials that are unique to molecular thin-films. This characteristic 

feature of molecules has in part fueled a recent surge in experimental investigations of Kondo 

physics designed to take full advantage of the diversity of molecular properties. These experiments 

include studies of the effects on spin correlation induced in individual molecules by manipulating 

coordination chemistry,229–232 chemical bonding,233 or adsorption geometry.234–236 Building on 

single molecule experiments, other studies have documented the influence of self-assembly,237,238 

tip-assisted assembly,239 supramolecular interaction,240 and radical chemistry on various molecular 

Kondo systems.241 

9.3.2: Significance of the Current Study 

Beyond the mere existence of Kondo screening, switching and controlling the magnetic 

state of a Kondo impurity is of particular importance in the light of information storage and 

computing. Hence, reports of Kondo switching in molecules have attracted significant 

attention.230,233–235 In most of these, switching is achieved by addressing molecules individually 

with an STM tip. Collectively switching the magnetic state in populations of adsorbates offers 

however a potential “bottom-up” solution to applications where scalability barriers and tuning of 

the collective interfacial electronic and magnetic structure are of primary concern. To this end, 

some instances of Kondo control at the film level have been reported.240,242,243 Switching of 
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individual molecules in a collective fashion is however heretofore missing for both atomic and 

molecular adsorbates. Here we address this challenge and report with molecular detail on 

configuration-selective, ensemble-level control of Kondo screening that achieves tunable 

concentrations of screened molecular magnetic impurities. We first show that for a given film 

preparation a mild thermal annealing step collectively induces a molecular distortion in a specific 

subpopulation of phthalocyanine adsorbates. We then demonstrate that this induced molecular 

distortion activates Kondo screening in these adsorbates. Finally, we show that activation to the 

Kondo screening state can be controlled by tuning the molecular coverage on the surface.    

9.4: Experimental Methods 

Cu(110) was cleaned with repeated cycles of Ar+ sputtering (1 keV, 5.5 μA/cm2) and 

annealing (850 K). Commercially acquired TiOPc (Sigma-Aldrich, 95%) was purified by three 

cycles of gradient sublimation in a custom-built furnace. Molecular thin-films were prepared by 

physical vapor deposition using a home-built, water-cooled Knudsen cell in the sample preparation 

chamber (base pressure of 6x10-10 torr) of a CreaTec low-temperature scanning tunneling 

microscope (LT-STM). Film thickness is reported as a fraction of a hypothetical monolayer (ML) 

and corresponds to the percentage of substrate surface area covered (1 ML ≈ 4.44x1013 

molecules/cm2). Deposition rates and film thicknesses were monitored with a quartz crystal 

microbalance and calibrated by STM; films were grown typically at a rate of 0.1 ML / min on the 

room temperature Cu(110) substrate.  

Following surface preparation, the sample was transferred to the imaging chamber 

(pressure < 10-11 torr) and held at RT for 2 min before rapid quenching to 77 K and loading into 

the cryogenic STM. For details on the activation annealing steps, see the kinetic analysis section 

of the SI. All images shown were acquired in constant current mode with an electrochemically 
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etched tungsten tip at a temperature of 5 K. All 𝑑𝐼/𝑑𝑉 spectra were acquired with an 

electrochemically etched PtIr tip, using lock-in detection and a typical modulation voltage of 𝑉𝑚 =

5 mV. Care was taken to ensure that a non-functionalized metallic tip was used for each 

spectrum,32 though we note that the exact tip configuration did change over the course of the 

experiment as a result of routine tip conditioning. Additional experimental parameters such as 

imaging conditions, stabilization point (bias voltage and tunneling current) and sample 

temperature are specified where necessary. Where data was obtained above 5 K, the STM was 

warmed to temperature and held until equilibrium conditions allowed for minimal thermal drift in 

images. For the highest temperatures, the thermal equilibration time was ~ 24 hours. Microscope 

control and image processing were performed using the GXSM software package.79 

9.5: Experimental Results 

9.5.1: Review of TiOPc Adsorption  

Our chosen system, titanyl phthalocyanine (TiOPc) on Cu(110), exhibits two adsorption 

configurations corresponding to two orientations of the molecular dipole moment relative to the 

surface:61 The two configurations are assigned to molecules with the titanyl moiety directed either 

toward the surface, “O-down”, or toward vacuum, “O-up”, each with distinct contrast in constant 

current STM images (Figures 9.6a and 9.6b). Interfacial interactions unique to each configuration 

lead to a range of configuration-dependent phenomena. We start by briefly summarizing the most 

important characteristics of the two adsorption configurations and then detail how thermal 

activation leads to strong coupling in a tunable concentration exclusively of “O-up” molecules, 

resulting in unambiguous configuration-selective control of Kondo screening.  

The overview image in Figure 9.6a shows the preferred environments for each adsorption 

configuration and serves to highlight the difference in interfacial interactions experienced by 
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individual molecules. The tilted shuttle-cock configuration “O-down” molecules lack four-fold 

symmetry (inset) when adsorbed on the open Cu terrace, but primarily adsorb at step edges or form 

small linear aggregates. This is driven by dipole-dipole interactions between the “O-down” 

molecule and surface steps or adatoms.61 At elevated temperatures (~190 oC) and surface 

coverages (≳50 %), these dipole interactions dramatically texture the surface of Cu(110) via 

cooperative self-assembly with Cu adatoms:61,114 At approximately 1 monolayer (ML) coverage, 

the surface patterns into quasi-periodic extended nanoribbons comprised exclusively of “O-down” 

molecules, while the remaining terrace space is occupied predominantly by molecules in the “O-

up” configuration (Figures 9.6c and 9.6d). In contrast, “O-up” molecules adsorb coplanar to the 

surface, evidenced by their four-fold symmetry, and are found exclusively on the terraces and 

never in dense aggregates. The single, flat adsorption geometry of “O-up” molecules and their 

aversion to dense aggregation indicate that strong interactions between the π-system of the Pc 

Figure 9.6. (a) Constant current STM images of 0.4 monolayers (ML) TiOPc on Cu(110) (sample bias 𝑉𝑆 =

5 mV;  tunneling current   𝐼𝑇 = 0.2 nA). “O-down” molecules display a bright central protrusion under normal 

tunneling conditions. (b)  Cartoon of adsorption configurations. (c) 0.8 ML before self-assembly (𝑉𝑆 =

−10 mV,   𝐼𝑇 = 0.2 nA). (d) 0.8 ML after self-assembly (𝑉𝑆 = 100 mV,   𝐼𝑇 = 0.1 nA). 
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macrocycle and the sp- or d-bands of Cu(110) dominate over interactions with other molecules or 

surface defects.77  

9.5.2: Thermal Annealing Activates “O-up” TiOPc 

The extensive surface coarsening and widespread self-assembly seen in Figure 9.6d occurs 

only in films near 1 ML coverage. Below this coverage, however, thermal annealing transforms a 

fraction of exclusively the “O-up” population into a new adsorption state. “O-up” molecules in 

this thermally activated state differ from as-deposited “O-up” molecules by enhanced contrast on 

the Pc lobes and additional fine structure visible in constant current images (Figure 9.7a). Notably, 

activation is accompanied by a reduction in rotational symmetry from four-fold to two-fold, as 

already observed for several metal phthalocyanines on coinage metal surfaces.80,169 For TiOPc on 

Cu(110), this marked contrast in appearance between the two adsorption states is most apparent at 

low imaging bias; at higher bias, the characteristic features of activated molecules are less 

discernible (Figures 9.7b and 9.7c). Meanwhile, “O-down” molecules remain unaffected by the 

annealing step. 

Figure 9.7. Constant current images of  (a) activated (‘A’) and regular “O-up” TiOPc on Cu(110) (𝑉𝑆 = 5 mV,   𝐼𝑇 =

0.15 nA).  The three molecular adsorption motifs of  “O-down”, regular “O-up”, and activated “O-up” TiOPc are 

imaged at (b) (𝑉𝑆 = −400 mV,   𝐼𝑇 = 0.4 nA), and (c) (𝑉𝑆 = 10 mV,   𝐼𝑇 = 0.4 nA). The dashed ellipse in (a) 

emphasizes asymmetric interactions between ligand lobe pairs.  



181 

 

 Several different processes may be responsible for these observations. Both the change in 

image contrast and molecular symmetry indicate a shift in surface-molecule coupling upon 

activation of “O-up” molecules. Even though the precise atomically resolved geometry of both the 

molecule and the underlying lattice is not directly observable in the STM images of Figure 9.7, 

related studies have shown that Pc/metal systems can undergo a geometry relaxation that is driven 

by increased bonding of the aza-N to the surface atoms.244 For “O-up” TiOPc on Cu(110), a similar 

geometry relaxation would likely distort the molecule to conform to the rectangular surface 

symmetry. Support for this interpretation is derived from atomically resolved images on the related 

TiOPc / Cu(110)-(2x1)O striped phase system that indicate a more favorable arrangement of aza-

N and Cu atoms after annealing (Figure 9.8).The well-defined (2x1)O reconstruction aids in 

overlaying the lattice of bare Cu (110), which in turn permits assessment of atomically resolved 

interactions between molecule and surface. From this analysis, both “O-up” and “O-down” 

configurations appear to situate with the central moiety near either a short bridge or top site. In 

each case atomic rows of the rectangular Cu(110) lattice run centrally through the molecule.  

The superimposed cartoon molecules in Figure 9.8b tentatively indicate how distortion of 

the activated molecule may lead to improved aza-N to Cu overlap. This is a fingerprint of tighter 

coordination with the surface and suggests stronger surface-molecule coupling. Note however this 

procedure for establishing atomic-scale molecular arrangement does not account for the possible 

rearrangement of mobile (110) surface atoms during activation. Further, the potential energy 

landscape at the boundary of the O-reconstruction may influence molecular adsorption as well, 

subject of a detailed computational investigation of the adsorption geometry in the future. 
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Nevertheless, the closer N-Cu coordination on this surface is consistent with increased surface-

molecule coupling upon activation of TiOPc on Cu(110). 

9.5.3: TiOPc Deoxygenation 

As an alternative activation process, the titanyl moiety may deoxygenate, rendering the 

chemical identity of activated adsorbates different from the native “O-up” TiOPc molecules. 

However, such a process is expected to take place primarily in the “O-down” configuration.245 To 

verify that molecules showing Kondo screening are not deoxygenated “O-down”, we surveyed RT 

Figure 9.8. (a) Cu(110) lattice overlay derived from the Cu(110)-(2x1)O surface reconstruction. ‘A’ indicates a 

TiOPc “O-up” molecule with activated Kondo screening. (b) Superimposed molecular cartoons highlight the change 

in aza-N to Cu(110) lattice relationship following activation. 

fraction "O-up" fraction "O-down" total molecule count

0.52(1) 0.48(1) 5004

fraction "O-up" (activated + nonactivated) fraction "O-down" total molecule count

0.53(4) 0.47(4) 11498

Before thermal anneal

After thermal anneal

Table 9.1: Adsorption Configuration Survey
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deposited thin-films of 0.12 ML and 0.35 ML thickness. Table 9.1 contains the outcomes of the 

molecular configuration survey. For RT deposited films, approximately one half of molecules 

adsorb in the “O-down” configuration and one half adsorb in the “O-up” configuration. After 

annealing the surface, the counts for each configuration remain the same – within the margin of 

error – if activated molecules are considered as an “O-up” configuration. Given that annealing can 

activate >30% of all adsorbed molecules – well outside the margin of error – these results 

unequivocally affirm that activated molecules showing Kondo screening are not generated from 

“O-down” molecular adsorbates. The absence of the readily detectable (2x1) oxygen 

reconstruction that occurs even for very low concentrations of free oxygen on the surface further 

suggests that TiOPc in general does not deoxygenate.180 Taken together, these observations 

indicate that annealing noticeably enhances surface-molecule coupling in the “O-up” 

configuration. The salient finding is concentration-tunable activation exclusively of the molecular 

ensemble of “O-up” molecules that manifests in reduced molecular symmetry and enhanced low-

bias tunneling current without requiring recourse to tip-induced molecular manipulation. 

9.5.4: Activation Kinetics 

Remarkably, by extending both annealing temperature and duration, large fractions of the 

entire ensemble of “O-up” TiOPc can be converted to the activated state. This suggests that the 

initial adsorption of “O-up” TiOPc is kinetically trapped in a higher energy state. Supplying 

additional thermal energy triggers conversion to a lower thermodynamic minimum in the new, 

activated state. To exercise control over activation kinetics, we tested the effect of annealing 

temperature and duration on the number of molecules converted to the Kondo screening state. 

Figure 9.9 shows that switching of Kondo screening is clearly activated: The conversion follows 

Arrhenius behavior with an estimated activation energy,  𝐸𝑎~0.5 eV and attempt frequency of 
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𝐴~5500 s−1. Several experimental factors introduce appreciable levels of error in measurement 

values, e.g. complex time vs. temperature profiles during warm-up or cool-down in the annealing 

process, and finite image size in survey images. Each contributes to the uncertainty in the 

determined rates. We note that LT-STM is therefore an approximate method for performing a 

kinetic analysis of chemical processes. 

To obtain these data, we grew several thin-film coverages, ranging from 0.1 ML to 0.4 ML, 

and varied the annealing time and temperature for each surface. As an example, the experimental 

parameters for the highest temperature data point in Figure 9.9 were annealing to 480 K for 60 s. 

In each experiment, the substrate was warmed at a rate of ~1.5 K/s to the annealing temperature, 

where it was held (±5 K) for the specified annealing time. At the end of the designated time, the 

sample was then cooled rapidly (> 2 K/s) to 77 K. The rate of activation was then determined from 

the ratio of activated to non-activated “O-up” molecules counted in surveys before and after 

annealing and the duration of the annealing step. Overview images of each surface prepared were 

Figure 9.9. ln [k’] plotted against inverse temperature for 

activated Kondo screening where 𝑘′ =
𝑘

(# 𝑚𝑜𝑙∙𝑠−1)
 . The 

Arrhenius parameters 𝐸𝑎~ 0.5 eV and 𝐴~5500 s−1 are 

determined from the slope and y-intercept of the plot 

respectively. 
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collected to generate a sufficient sample size when surveying the number of molecules in the 

regular and activated state.  

The fraction of activated molecules in the ensemble can be fully tailored within a range of 

at least 0-67% of “O-up” adsorbates. The higher bound is a conservative estimate from the extent 

of our kinetic analysis experiments. Figure 9.10 illustrates this point and gives a side-by-side 

comparison of sample surfaces before and after activation by thermal annealing: Figure 9.10a 

shows a surface as prepared by room temperature (RT) molecular deposition. Under these 

conditions very few activated molecules are found on the surface (< 0.1% of molecules surveyed, 

none in the region shown in Figure 9.10a). Figure 9.10b shows a different low coverage film after 

annealing at 190 oC, where the majority of “O-up” molecules are activated. In the next section, we 

show that ensemble-level control of molecular activation is accompanied by switching of Kondo 

screening. 

Figure 9.10. Constant current STM images of two low coverage films of TiOPc on Cu(110). (a) Film 1: as 

deposited at RT (𝑉𝑆 = 5 mV,   𝐼𝑇 = 0.2 nA). (b) Film 2: RT deposition followed by annealing to 190 oC for 

220 s (𝑉𝑆 = 10 mV,   𝐼𝑇 = 0.2 nA). Most “O-up” molecules have been activated into the reduced symmetry 

configuration. 
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9.5.5: Activation Switches Kondo Screening 

Differential conductance spectra (𝑑𝐼/𝑑𝑉) acquired on the Pc lobes and over a wide bias 

window reveal a distinctive narrow resonance near the Fermi energy, superimposed on the 

relatively unstructured background of the joint tip-surface local DOS (LDOS). This resonance is 

only observed in activated TiOPc molecules and is completely absent in regular “O-up” molecules, 

“O-down” molecules or the bare Cu(110) surface (see Figure 9.11a). We now show that such a 

zero energy excitation of the many-body system is the result of Kondo screening and manifests as 

an ASK resonance in transport.215,216 We use a Fano model in order to accurately capture the effect 

of interfering pathways of i) direct tunneling between electrodes (tip and surface), and ii) tunneling 

mediated through the Kondo impurity level provided by the activated “O-up” molecule:226,246–248  

𝑑𝐼

𝑑𝑉
= 𝐶

(𝑞 + 휀)2

1 + 휀2
+ 𝜌𝑜 , (9.25) 

where 휀 =
𝑒𝑉−𝐸𝑜

Γ
 , Eo is the energy of the resonance with respect to EF, 2 Γ is the full width at half 

maximum (FWHM) of the resonance, q is the coupling parameter between the magnetic impurity 

and electrode continuum states, and 𝜌𝑜 is the background differential conductance. Such a fit of 

the ASK resonance measured at 5 K yields 𝐸𝑜 = −11.4(1) meV, 𝛤 = 15.8(1) meV and 𝑞 =

18(1), Figure 9.11b.  

The narrow peak width and small Eo are hallmarks of an ASK resonance and imply that 

activated “O-up” molecules act as spin-impurity levels in the sea of conduction band electrons. 

Consistent with the notion of enhanced surface-molecule coupling upon activation as discussed 

above, q is much greater than 1. The suppression of interference from the tip-to-substrate pathway 

may be enhanced by partial screening by the molecule of electric fields from the STM tip; related 
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effects have already been shown e.g. for fields generated by molecular dipoles that reside 

somewhat above the molecular -system.249   

ASK resonances have a strong temperature-dependence with a characteristic temperature 

scale given by TK, the Kondo temperature. Therefore, to substantiate the origin of the LDOS peak 

as an ASK resonance and obtain TK, we measured the peak width as a function of temperature. 

𝑑𝐼/𝑑𝑉 measurements were taken over approximately 45 different molecules and at a series of 

temperatures between 5 and 75 K. Example spectra are shown in Figure 9.12a. To obtain the 

intrinsic peak width 𝑤(𝑇), we account for broadening of the 𝑑𝐼/𝑑𝑉 peak width due to the 

temperature-dependent Fermi-Dirac occupation factor for the tip and substrate states, and the finite 

modulation voltage, each added in quadrature.250 We compare the resulting width to the 

characteristic temperature-dependence of the width of an ASK resonance,227 

𝑤(𝑇) = 2√(𝜋𝑘𝐵𝑇)2 + 2(𝑘𝐵𝑇𝐾)2. (9.26) 

Figure 9.11. (a) dI/dV spectra recorded on the Pc lobes over a wide bias window for regular “O-up”, 

activated “O-up”, and “O-down” molecules. (b) dI/dV spectrum and fit with a Fano profile of the LDOS 

resonance, recorded on a lobe of activated “O-up” TiOPc. 
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This model, with TK as the only fitting parameter, provides an excellent fit to the data and yields 

𝑇𝐾 = 135(2) K (Figure 9.12b). Taken together, these data unambiguously prove the formation of 

an ASK resonance in TiOPc. The fact that only activated TiOPc show this ASK resonance behavior 

thus demonstrates at a molecular level collective control and activation of Kondo screening in this 

system. 

As TK reflects the strength of the spin-bath coupling, a TK of this magnitude is consistent 

with our interpretation of strong hybridization of the molecule and surface electronic wave 

functions upon activation. Putting the measured TK into context with other reports of Kondo 

systems while acknowledging that dependence on tip-sample distance224,251 and alternative 

definitions for TK 241 may cause discrepancies among some studies,238,252 we note that TK in our 

system is unequivocally high when compared with atomic spin impurities.225,227 This is because 

molecules offer increased orbital overlap and hence stronger coupling to the Fermi sea. The 

measured TK is within the range reported for MPc’s on metal surfaces:228 For example, CuPc and 

NiPc on Ag(100) exhibit a TK of 27 K and 29 K respectively,191,244 dehydrogenated CoPc on 

Figure 9.12. (a) dI/dV spectra of the ASK resonance, recorded on the lobes of activated “O-up” 

molecules for  different temperatures. (b) Temperature-dependence of the intrinsic ASK 

resonance width w(T) and fit to equation (9.26). 
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Au(111) exhibits a TK of 208 K,233 and FePc on Au(111) gives a TK of 2.6 K, 357 K, or 598 K, 

depending on the adsorption configuration.238,252 This wide distribution of values notwithstanding, 

the sizeable TK reported here offers an excellent opportunity to investigate the strongly correlated 

regime at temperatures above the boiling point of N2, activated controllably and at the ensemble 

level.  

9.5.6: Interfacial Charge-Transfer Creates a Spin ½ System 

The emergence of an ASK resonance in the present system is striking because the ground 

state of the closed-shell TiOPc is diamagnetic (filled non-degenerate HOMO and a 4s03d0 

configuration on the Ti4+ metal center). With no occupied d-orbitals on the metal center, changes 

in ligand field may be excluded as a source of the spin moment; instead, upon adsorption to the 

surface, an electron is transferred from the surface to the molecule, generating the molecular spin 

½ system. Support for this interpretation stems from surface-to-molecule electron transfer reported 

in a variety of porphyrazine-like adsorbates on coinage metal surfaces.99,126,242 In particular, the 

closely related system of CuPc/Ag(110) has been shown to undergo electron transfer,169 and 

surface-induced electron transfer has also been shown for FePc on Cu(111).253 More generally, 

surface-induced electron transfer has been implicated in the Kondo physics of a range of metal 

phthalocyanines,191,239,244 and for some of these generation or quenching of a spin moment240 and 

redistribution of spin density throughout the macrocycle have been demonstrated.254 We thus 

consider electron transfer the most likely origin of the observed spin moment in TiOPc/Cu(110). 

This is also corroborated by the 𝑑𝐼/𝑑𝑉 spectra of Figure 9.11a, covering a 3 eV window in which 

no clear molecular peaks are observed either in the occupied or unoccupied manifold. This is 

expected for the case of strong surface-molecule hybridization which promotes electron transfer 

and also leads to strongly broadened molecular levels.240,245 
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The spatial dependence of the ASK resonance in activated “O-up” is concentrated largely 

on the ligand. This presents as a strong enhancement in ligand contrast in the low-bias constant 

current images (Figure 9.7), with only a small contribution to the LDOS at the metal center. The 

low LDOS on the O atom of the titanyl moiety is expected to suppress the ASK resonance in the 

low-bias STM image. The appearance of the activated molecules is however also fully consistent 

with electron transfer to the LUMO of TiOPc, which has vanishing probability density on the metal 

center. Thus, the resonance is most prominent on individual isoindole lobes and between lobe pairs 

in the [11̅0] direction, as indicated by the dashed ellipse in Figure 9.7a. Taken together, our data 

show that an electron is transferred from Cu(110) to TiOPc.  

9.5.7 Mechanism: Activated Screening Enables Kondo Effect 

To address the mechanism responsible for the appearance of spin correlation in activated 

“O-up” TiOPc, we consider two possible alternatives: i) Activated electron transfer, and ii) 

activated Kondo screening. Turning first to activated electron transfer, we note that no clear 

molecular features can be discerned in 𝑑𝐼/𝑑𝑉 spectra in either molecular configuration (Figure 

9.11a). This is consistent with sufficiently strong surface-molecule hybridization of TiOPc in both 

configurations, which is accompanied by electron transfer regardless of molecular configuration 

on the surface. As outlined above, such electron transfer is indeed expected already upon 

adsorption for TiOPc on Cu(110). The fact that only “O-up” molecules exhibit an ASK resonance 

renders therefore electron transfer unlikely as an activation mechanism for the observed Kondo 

behavior.  

Instead, we propose that annealing switches on Kondo screening. A possible explanation 

for such activation of Kondo screening has been recently put forward theoretically, proposing that 

molecular distortion in phthalocyanines activates Kondo screening as a consequence of ligand 
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lobe-lobe interactions.255,256 Such lobe-lobe interactions are expected to manifest in changes in the 

LDOS on the ligand, and a broken particle-hole symmetry (i.e. 𝐸𝑜 ≠ 𝐸𝐹).255 Our data agree with 

several aspects of these predictions: Prior to activation, “O-up” TiOPc molecules show clear nodes 

between all four ligand lobes, which appear as a low-signal cross aligned with the crystallographic 

directions in constant current STM images (Figure 9.7a); in contrast, activation leaves one well-

resolved node that runs centrally through the molecule in the [11̅0] direction. Hence, molecular 

distortion upon activation triggers an asymmetry in lobe-lobe interactions. Moreover, we find that 

𝐸𝑜 = −13(3) meV across all activated molecules measured, in agreement with a broken particle-

hole symmetry.  

“O-up” TiOPc are uniquely subject to this phenomenon because of their flat adsorption 

geometry in a single orientation on the surface, kinetically trapped in the native molecular fourfold 

symmetry prior to activation. Upon thermal activation, “O-up” molecules accommodate the two-

fold surface symmetry, resulting in molecular distortion to a reduced two-fold symmetry, a 

modified surface registry and likely a lifted degeneracy of the LUMO.169 The driving force for 

structural relaxations in “O-down” molecules is much smaller owing to their tilted shuttle-cock 

adsorption geometry on the surface, and activation is therefore only expected for “O-up” 

molecules. Atomically resolved images indeed support this interpretation, with changes to the 

surface registry only observed for “O-up” molecules (see Figure 9.8). In light of these 

observations, we conclude that the Kondo signature that appears in “O-up” TiOPc on Cu(110) 

results from an activated shift in surface-molecule hybridization, coupling the molecular spin 

moment and conduction electrons. Therefore, the configuration-selective mechanism for Kondo-

switching is activated screening of the localized spin-impurity. 
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9.5.8: Activation Suppression and Deactivation 

 Remarkably, the activation of Kondo screening can also be controlled by molecular 

coverage. Below the extensive self-assembly coverage threshold (~ 1 ML), thermal activation 

selectively and collectively generates Kondo impurities (i.e., activated “O-up” TiOPc), as 

demonstrated above. Near 1 ML however (Figures 9.6c and 9.6d), Kondo activation is suppressed. 

We attribute this to a balance of interfacial interactions:240 As coverage approaches 1 ML, steric 

constraints likely prohibit “O-up” molecules from reaching activation lattice registry.252 Other 

mechanisms involving a more global modification of the surface electronic structure upon 

nanoribbon formation can also be envisaged, potentially reducing the coupling strength of “O-up” 

molecules to the surface.  

Importantly, activated Kondo screening is suppressed at higher coverages rather than 

switched off, since molecules activated in low coverage films survive deposition of additional 

Figure 9.13. Constant current STM image of 0.8 ML TiOPc where 

molecules were added to a 0.4 ML film after an annealing cycle to 

90 oC. Some molecules are activated even in the crowded molecular 

environment. 
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molecules to form dense films as demonstrated in Figure 9.13. This film preparation consisted of 

depositing 0.4 ML TiOPc on a RT substrate and annealing to approximately 90 oC. Once the 

sample returned to RT, an additional 0.4 ML TiOPc was deposited before imaging. The overall 

density and appearance of the surface is identical to that of a typical 0.8 ML film deposited in one 

step at RT, except for the remarkable existence of a small number of randomly distributed activated 

“O-up” molecules. The presence of these activated molecules indicates that inhibited Kondo 

screening in annealed high-coverage films is indeed due to suppressed activation, and not the result 

of intermolecular forces overpowering coupling to the surface or decoherence due to electronic 

scattering from neighboring molecules.237 Instead, it is interfacial interactions that provide a handle 

for controlling Kondo screening at the ensemble level.  

It is apparent that the activated state is thermodynamically favored, as switching of Kondo 

screening in TiOPc on Cu(110) appears to be unidirectional. We attempted to “deactivate” 

molecules with field pulses from the STM tip, but to no avail. Figure 9.14 shows a series of images 

during a sequence of probe events that eventually leave the activated and neighboring “O-up” 

molecules partially fragmented. In each sequence, the initial tip-sample distance is established by 

the given stabilization point conditions. After turning the feedback off, a 1.5 Å decrease in the tip-

sample distance over 20 s continuously increases the electric field felt by the molecule. No 

observable change occurs for pulse sequence stabilization points of 𝑉𝑆 = 2 V,   𝐼𝑇 = 0.2 nA (Figure 

9.14a). The same sequence with a stabilization point of 𝑉𝑆 = 3 V, 𝐼𝑇 = 0.2 nA deactivates the 

molecule, accompanied by an apparent chemical change (Figure 9.14b). A similar sequence with 

a stabilization point 𝑉𝑆 = −3 V,  𝐼𝑇 = 0.2 nA severely fragments both molecules in the center of 

the frame (Figure 9.14c). Thus the enhanced coupling induced by activation is energetically 
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favored to the extent that deactivation from the Kondo screening state via tip perturbation without 

chemical change is not possible for TiOPc on Cu(110).  

The balance of configuration-dependent forces that control activated Kondo screening in 

TiOPc on Cu(110) naturally introduces leverage points for interfacial tailoring and helps to direct 

future experimental efforts. In seeking reversible switching that however maintains collective 

activation, one avenue may be to address the energy difference between regular and activated states 

in “O-up” TiOPc. Manipulating surface coupling by either surface or molecule modification may 

result in bi-stable adsorbates and thus allow for reversible activation-deactivation cycles. 

Achieving a bi-stable adsorbate without compromising the hybridization necessary for Kondo 

screening holds the key to reliably tuning interfacial electronic and magnetic properties on the 

nanoscale.  

Figure 9.14. Constant current STM image sequence of activated “O-up” TiOPc following field pulses from the STM 

tip. The initial tip-sample distance is fixed by the specified stabilization point values while the field pulse consists of 

decreasing tip-sample distance by 1.5 Å over 20 s. (a) 𝑉𝑆 = 2 V,   𝐼𝑇 = 0.2 nA. (b) 𝑉𝑆 = 3 V,   𝐼𝑇 = 0.2 nA. (c) 𝑉𝑆 =

−3 V,   𝐼𝑇 = 0.2 nA. 
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9.6: Conclusions 

9.6.1: Experimental Conclusions 

To bring the results of this study into greater relief, we close by providing perspective on 

the salient findings. Manipulating the nanoscale surface magnetic structure via Kondo switching 

has to date been restricted to either tip-induced serial molecule-by-molecule conversion or 

conversion at the level of the complete film structure. While film-level manipulation of the Kondo 

effect is an important instance of collective switching, it necessarily precludes control over spin 

impurity concentration in the same film, diminishing the extent to which magnetic moments can 

be tailored in a scalable bottom-up process at an interface. Here we demonstrate for the first-time 

molecular kinetic control over Kondo screening at the ensemble level to generate tunable 

concentrations of screened spin impurities. TiOPc on Cu(110) pairs a Kondo temperature of 135(2) 

K with concentration-controllable and simultaneous configuration-specific activation or 

suppression of the Kondo screening. Our study offers thus new insight into interactions that govern 

electronic structure and magnetic texture at organic semiconductor interfaces.  

9.6.2: Chapter Conclusions 

 This chapter began with an overview of the theoretical treatment of local magnetic 

moments coupled to an electron sea. We covered the single impurity Anderson model and used 

the Anderson interactions in renormalization group to introduce the Kondo model of electron 

correlation. We then turned to an experimental investigation of low coverage TiOPc on Cu(110) 

where a collectively controlled shift in surface-molecule coupling was shown to activate Kondo 

screening in the “O-up” configuration. We verified the presence of a Kondo resonance in the 

LDOS with a temperature-dependent study of the resonance width and compared the measured 𝑇𝐾 

to temperatures reported for other molecular adsorbates in literature. After offering evidence for 
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charge transfer upon adsorption and activated Kondo screening, we closed by addressing activation 

suppression at high coverages and the unidirectionality of activation. In all, the content of this 

chapter illustrates how atomic-level interactions influence electron correlation on the surface and 

enable tailoring of the magnetic nature of interfacial systems.    
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CHAPTER 10 │ CONCLUSIONS AND OUTLOOK 

10.1: Conclusions 

 In this dissertation, I have presented an experimental approach aimed at understanding and 

controlling the structural and electronic properties of interfaces formed between organic 

semiconductor thin-films and coinage metal surfaces. A key element in the method I have used 

focuses on understanding first the dominant atomic-level interactions at the interface, as these are 

the driving forces behind the interfacial magnetic, structural, and electronic properties (Figure 

10.1). After uncovering the dominant microscopic interactions leading to the observed interfacial 

physical and electronic structure, I sought ways to leverage control over these interactions and tune 

the properties of the interface. Some highlights of the success of this approach to tune interfacial 

properties include: i) Uncovering a temperature-controlled surface reshaping by configuration-

selective cooperative self-assembly; ii) tailoring configuration-dependent interfacial energy-level 

alignment; iii) templating and controlling organic semiconductor thin-film growth with oxygen 

chemisorption on Cu(110); and iv) ensemble-level activation of Kondo screening in molecular 

adsorbates. The body of work encapsulated in this dissertation thus provides a paradigm for 

investigating, understanding, and controlling important interfacial properties in a device-relevant 

class of advanced materials. 

 I began presenting experimental results in Chapter 3. Alongside condensed matter physics 

concepts relevant for metals, I used surface-sensitive experimental techniques to characterize the 

structural and electronic properties of clean Cu(110). Using LEED, I showed that the atomic 

structure of the Cu(110) surface is a rectangular lattice with rows of atoms oriented along the [11̅0] 

crystallographic direction. With LT-STM, I found that native surface defects, such as adatoms and 

step edges, generate electrostatic moments forming interaction sites for adsorbed molecules. 
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Finally, I measured the electronic structure along both high-symmetry directions using ARPES. 

This chapter thus laid the groundwork for investigating the evolution of interfacial properties when 

Cu(110) is coupled with organic semiconductor thin-films. 

In Chapter 4, I presented the discovery of a novel configuration-selective cooperative self-

assembly between TiOPc molecules and native adatoms on Cu(110).  Nanoscale imaging by STM 

revealed that self-assembly extensively patterns the surface with quasiperiodic arrays of 

nanoribbons composed of a Cu island core decorated by “O-down” TiOPc molecules. I then 

developed an entirely new simulation method in Chapter 5 to elucidate the dominant kinetic 

processes leading to nanoribbon formation. The simulation utilized a Kinetic Monte Carlo 

algorithm in an agent-based modeling environment to identify adatom capture by TiOPc and 

anisotropic adatom adsorption to established islands as the mechanism for nanoribbon elongation. 

Figure 10.1. Diagram summarizing the approach to investigating, understanding and 

controlling interfacial properties. Interactions on the atomic scale control the interfacial 

magnetic, structural and electronic properties. 
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In Chapter 6, I demonstrated how the cooperative self-assembly mechanism can be used 

both to interpret photoemission spectroscopy data and to control interfacial energy-level alignment 

with configuration specificity. The results of this chapter confirmed UPS in combination with STM 

as a valid experimental approach for investigating, understanding, and controlling interfacial 

electronic structure in strongly chemisorbed systems. 

  I briefly introduced a surface modification to Cu(110) by way of oxygen chemisorption 

in Chapter 7. Dissociative adsorption of molecular oxygen induces a (2x1) reconstruction that 

incorporates oxygen atoms into chains with copper atoms that run in the [001] crystallographic 

direction. Furthermore, the extent of surface reconstruction can be controlled by limiting the 

degree of oxygen exposure to generate a “striped” phase of alternating bare copper and oxygen 

reconstruction strips. In Chapter 8, I used oxygen chemisorption on Cu(110) to tailor the structural 

properties of the interface formed with CuPc. With it, I controlled the dimensions of self-

assembled nanoribbons, confined growth to single-molecule-wide molecular chains, and promoted 

highly ordered thin-film growth on the fully saturated surface. In the same chapter, I followed the 

electronic effects of CuPc film coverage on Cu(110)-(2x1)O to determine how molecules couple 

to the surface electronic bands in the first molecular layer, and how decoupling shifts orbital 

energetics in the second molecular layer. 

The main body of the dissertation concludes in Chapter 9 with a foray into the field of 

many-body physics and the discovery of an ensemble activation of Kondo screening in “O-up” 

TiOPc molecules on Cu(110). An activated shift in surface-molecule coupling hybridizes the two 

electronic wave functions and entangles spin of conduction electrons with the spin of electrons in 

molecular orbitals. This highly correlated phenomenon manifests as a sharp peak in the local 

density of states centered near 𝐸𝐹, and with a width defined by the Kondo temperature. The fact 
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that Kondo screening can be switched on simultaneously in a controllable concentration of 

molecular adsorbates demonstrates tailoring of the surface magnetic texture.  

10.2: Future Directions 

 A natural extension of the methodology for understanding and controlling interfacial 

properties, outlined in the previous section, deals with charge carrier dynamics at the interface 

(Figure 10.2). Once again, atomic-level interactions affect how molecules couple to and organize 

on a surface, and this in turn drives the energy-level alignment that controls how charges flow 

across the interface. As charge flow is critical to device performance, charge carrier dynamics is 

the next logical step in the progression of interfacial investigation and control.   

Progress has already been made toward this end. With the help of my fellow group 

members, we successfully implemented a time-resolved extension of two-photon photoemission 

spectroscopy (TR-2PPE) for measuring excited state lifetimes at organic semiconductor interfaces. 

An energy level diagram in Figure 10.3 inset (a) shows a scheme of the pump-probe TR-2PPE 

Figure 10.2. Building on the established approach to understanding and 

controlling interfacial properties leads to the future work of 

characterizing charge carrier dynamics.  
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technique. An initial laser pulse is absorbed by the sample to generate an excited state with an 

electron promoted to a formerly unoccupied molecular orbital. After some delay time Δ𝑡, a second 

laser pulse ionizes the sample. The kinetic energy of the photoejected electron is then analyzed 

just as in UPS. By changing the time delay Δ𝑡 between laser pulses, the population of the excited 

state can be monitored as a function of time.  

Depending on the relaxation pathway, excited state lifetimes for organic semiconductor 

interfaces are typically on the scale of 100 fs to 1 ns. Due to these very short excited state lifetimes, 

the limiting factor in our ability to characterize carrier dynamics is the temporal width of the laser 

Figure 10.3. Optical setup for TR-2PPE experiments. (a) Energy level diagram showing the two-photon 

photoemission process. (b) Intensity autocorrelation of the two compressed 3𝜔 laser pulses.  
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pulse. The main portion of Figure 10.3 shows a diagram of the optical setup built for the TR-2PPE 

experiment. The output pulse duration of the Ti:Sapphire laser is typically in the range of 80-100 

fs, but each optic the laser pulse encounters introduces some group velocity dispersion (GVD) that 

temporally broadens the pulse. This is especially significant as the pulse travels through the 

crystals used to generate higher energy photons through the process of sum frequency generation. 

If not corrected, the final temporal width of the laser pulse would preclude measuring charge 

carrier dynamics. A prism compressor is placed in the optical path to introduce negative GVD and 

compress the pulse. The pulse next encounters a Mach-Zehnder interferometer that splits the pulse 

and introduces a variable time delay with the use of a motorized stage. Finally, we use the two-

photon photoemission signal to characterize the final temporal width of the pulse. Inset (b) of 

Figure 10.3 shows an intensity autocorrelation of the two pulses exiting the interferometer as a 

function of Δ𝑡. This autocorrelation gives a pulse width of ~75 fs and proves the system is primed 

for interfacial charge carrier dynamics experiments.     

We have thus far studied dynamics in a thick film of fullerene (C60) deposited on Au(111) 

(sample in Figure 10.3). The lower portion of Figure 10.4 shows the static 2PPE spectrum for this 

interface. The three visible peaks correspond to the LUMO+1, LUMO+2 and HOMO of C60 

respectively. Locking the kinetic energy analyzer at the energy of the LUMO+1 peak and sweeping 

through the time delay Δ𝑡 generates the time-resolved data in the upper portion of Figure 10.4. A 

fit of the slow decay tail of the feature reveals a lifetime of 𝜏 = 690 fs for an electron in the 

LUMO+1 excited state. These results demonstrate our ability to measure charge carrier dynamics 

at the interface and point the way for future experimental endeavors. The intriguing HOMO 

evolution for CuPc films of varying thickness on Cu(110)-(2x1)O (Chapter 8) marks this interface 

as a promising candidate for probing charge carrier dynamics. The abrupt shift in HOMO energy 
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between just two molecular layers indicates a dramatic change in surface-molecule coupling on an 

atomic length scale. The unoccupied CuPc manifold likely also displays an interesting evolution 

as a function of film-thickness, thereby making film-growth an access point for tuning the 

interfacial electronic structure and carrier dynamics.  

10.3: Afterword 

The work of this dissertation is best described as fundamental surface science. While basic 

in nature, it has very important consequences for applied science, particularly in the fields of 

advanced materials and nanoelectronics. For example, the important finding of ensemble switching 

of Kondo screening in Chapter 9 has direct implications for data storage and quantum computing. 

Figure 10.4. Top: TR-2PPE time trace of the 

LUMO+1 of C60 on Au(111). Bottom: static 2PPE 

spectrum of C60 on Au(111).  
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Furthermore, the control over energy-level offsets discovered in Chapter 8 is immediately relevant 

to the miniaturization and improvement of molecular electronic devices. The aggregate results of 

my research thus contribute to the global quest for discovery of advanced materials to realize the 

next-generation of powerful, efficient functional-devices; devices which are essential for satisfying 

the energy and technological demands of the future.  
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APPENDIX A │ CALCULATED MOLECULAR ORBITALS 

Figure A.1. Calculated molecular orbitals for TiOPc 
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Figure A.2. Calculated molecular orbitals for H2Pc 
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Figure A.3. Calculated molecular orbitals for CuPc 
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APPENDIX B │ AB-KMC SIMULATION CODE 

The Netlogo script for this simulation can be found on the LabMonti NAS drive under: 

Data/AB-KMC simulation/script 

 

;; ABOUT THIS SIMULATION 

 

;;The simulation accounts for every possible transition that adatoms or molecules can make  

;;in any given local environment. This includes adsorption/desorption to/from step  

;;edges, diffusion on the surface, and nucleation events. The simulation uses the Kinetic Monte Carlo 

;;Method to propagate the trajectory of the system using the probability distributions for time of first 

;;escape in each agentset and to set the clock for each loop through the code "ticks". This "clock"  

;;defines a system time for each frame by polling an exponentially distributed random time from the  

;;distribution defined by the breed with the fastest escape time from its initial state.  

;;The fastest escape time is associated with the breed with the largest ktot (ktot= sum on kpossible). 

;;The time "drawn" from this distribution is then compared to an exponentially distributed random time  

;;called, for each agent, from the distribution characterized by the ktot for the breed in question. If the  

;;frame time for the system is greater than the time called for the agent, a transition occurs.  

;;Conversely, if the frame time for the system is less than the time called for the agent, a  

;;transition does not occur. 

 

;; OPERATION 

;;Setup consists of depositing a given amount of molecules and atoms randomly on the surface and 

;;restricting their locations to specific "lattice" sites. The rate constants for all transitions  

;;are adjustable parameters. Once the number of atoms dips below a certain number,  

;;new atoms desorb from the edges of the world to maintain an equilibrium concentration 

;;of atoms (if atom-generate is enabled).This model also includes a "blocking"  

;;mechanism that prohibits atoms from adsorbing to <110> steps if a molecule is already  

;;anchored there. This is in response to Rogero et al.'s publication on massive surface  

;;reshaping: DOI 10.1021/jp505802h 

 

;; NOTES 

;;There is no real-time feedback with this model. 

;;Changing sliders has no effect until the simulation is restarted. This is necessary  

;;to manage the system "time". All necessary calculations to determine which agentset  

;;controls the time scale are done BEFORE simulation starts. You must click "setup" if  

;;you want any of your changes to take effect! 

 

;;--------------------------------------------------------------------------------------  

;;---------------------------------------- CODE ---------------------------------------- 

;;--------------------------------------------------------------------------------------  

 

;; AGENT SETS 

;;Four breeds of turtle: stationary and mobile flavors of molecules and adatoms. 

;;The order that you define breeds determines which is visible if two turtles are  

;;superimposed. first = bottom, last = top. 

 

breed [satoms satom] 
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breed [matoms matom] 

breed [mmolecules mmolecule] 

breed [smolecules smolecule] 

 

patches-own 

[ 

  site-x 

  site-y 

] 

 

;;GLOBAL VARIABLES 

 

globals [time timedraw klist ktot klist_m ktot_m ktotlist_m klist_a ktot_a ktotlist_a  

  klist_af ktot_af ktotlist_af klist_ac ktot_ac ktotlist_ac klist_sa1 ktot_sa1  

  ktotlist_sa1 klist_sa2 ktot_sa2 ktotlist_sa2 klist_sa3 ktot_sa3 ktotlist_sa3 klist_sa4 

  ktot_sa4 ktotlist_sa4 klist_sa5 ktot_sa5 ktotlist_sa5 ktotlist larger smaller ] 

 

;;INITIALIZATION: runs upon pressing the 'setup' button 

to setup 

  clear-all 

  ;;random-seed .182948 

  setup-patches                 ;; name of patch creation procedure 

  setup-turtles                 ;; name of turtle creation procedure 

  setup-time                    ;; name of system time setup procedure 

  reset-ticks 

end 

 

to setup-time 

 

  ;;This block will be used to define the probability distributions for each agentset (agents in a  

  ;;specific local environment). Each variable corresponds to a rate constant for a given transition. 

  ;;The construction of ktotlist_* enables the use of the KMC method. See text by  

  ;;A. Voter. Each element in the list is a sequential sum of the rate constants 

 

   ;;mobile molecules 

    let km1 k_molecule_ud  ;up - 0 

    let km2 k_molecule_ud   ;down - 1 

    let km3 k_molecule_lr  ;left - 2 

    let km4 k_molecule_lr  ;right - 3 

    let km5 k_molecule_stick  ;stick close - 4 

    set klist_m (list km1 km2 km3 km4 km5) 

    set ktot_m sum klist_m 

    set ktotlist_m (list km1 (km1 + km2) (km1 + km2 + km3) (km1 + km2 + km3 + km4)  

      (ktot_m)) 

 

   ;;mobile atoms 

    let k1 k_atom_ud   ;up - 0 

    let k2 k_atom_ud   ;down - 1 

    let k3 k_atom_lr   ;left - 2 
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    let k4 k_atom_lr   ;right - 3 

    let k5 k_atom_adsorb_110  ;stick close - 4 (varies) 

    let k6 k_atom_adsorb_001  ;stick far - 5 (varies) 

    let k7 k_nucleate     ; nucleation - 6 (varies) 

 

   ;; atoms on the free and open terrace. No possibility of adsorbing to an island 

    set klist_a(list k1 k2 k3 k4 k7) 

    set ktot_a sum klist_a 

    set ktotlist_a (list k1 (k1 + k2) (k1 + k2 + k3) (k1 + k2 + k3 + k4) (ktot_a)) 

 

   ;; atoms within a large step of an island. one way to adsorb to an island 

    set klist_af(list k1 k2 k3 k4 k6 k7) 

    set ktot_af sum klist_af 

    set ktotlist_af (list k1 (k1 + k2) (k1 + k2 + k3) (k1 + k2 + k3 + k4)  

      (k1 + k2 + k3 + k4 + k6) (ktot_af)) 

 

   ;; atoms within a small step of an island. one way to adsorb to an island 

    set klist_ac(list k1 k2 k3 k4 k5 k7) 

    set ktot_ac sum klist_ac 

    set ktotlist_ac (list k1 (k1 + k2) (k1 + k2 + k3) (k1 + k2 + k3 + k4)  

      (k1 + k2 + k3 + k4 + k5) (ktot_ac)) 

 

   ;; Five different environments for stationary atoms 

 

   ;;(1)lone atom stuck to a <001> step 

    let s1k1 k_atom_desorb_110 

    let s1k2 k_atom_desorb_001 

    let s1k3 k_atom_desorb_001 

    set klist_sa1(list s1k1 s1k2 s1k3) 

    set ktot_sa1 sum klist_sa1 

    set ktotlist_sa1 (list s1k1 (s1k1 + s1k2) (ktot_sa1)) 

 

   ;;(2)lone atom stuck to a <1-1 0> step 

    let s2k1 k_atom_desorb_110 

    let s2k2 k_atom_desorb_110 

    let s2k3 k_atom_desorb_001 

    set klist_sa2 (list s2k1 s2k2 s2k3) 

    set ktot_sa2 sum klist_sa2 

    set ktotlist_sa2 (list s2k1 (s2k1 + s2k2) (ktot_sa2)) 

 

   ;;(3)<1-1 0> wires (terminal) 

    let s3k1 k_atom_desorb_110 

    let s3k2 k_atom_desorb_001 

    let s3k3 k_atom_desorb_001 

    set klist_sa3 (list s3k1 s3k2 s3k3) 

    set ktot_sa3 sum klist_sa3 

    set ktotlist_sa3 (list s3k1 (s3k1 + s3k2) (ktot_sa3)) 

 

   ;;(4)<001> wires (terminal) 
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    let s4k1 k_atom_desorb_110 

    let s4k2 k_atom_desorb_110 

    let s4k3 k_atom_desorb_001 

    set klist_sa4 (list s4k1 s4k2 s4k3) 

    set ktot_sa4 sum klist_sa4 

    set ktotlist_sa4 (list s4k1 (s4k1 + s4k2) (ktot_sa4)) 

 

   ;;(5)kinks? 

    let s5k1 k_atom_desorb_110 

    let s5k2 k_atom_desorb_001 

    set klist_sa5 (list s5k1 s5k2) 

    set ktot_sa5 sum klist_sa5 

    set ktotlist_sa5 (list s5k1 (ktot_sa5)) 

 

  ;; Below: klist and ktot are used in the time evolution of the system. 

  ;; They are determined by the agents with the shortest time of first escape (largest ktot). 

  ;; This will never be desorbing atoms (If adatom detachment had the shortest lifetime,  

  ;; no assembly would ever occur). 

 

  set ktotlist (list ktot_m ktot_a ktot_af ktot_ac ktot_sa1 ktot_sa2 ktot_sa3 ktot_sa4 ktot_sa5 ) 

  set ktot max ktotlist 

  print ktot 

  print position ktot ktotlist 

  set time 0 

end 

 

;; The ‘setup-patches’ procedure (or function) controls the creation of lattice sites.  

;; Lattice vectors are defined as the variables (left-right-step, up-down-step). 

;; The program asks each patch if its coordinates are integer multiples of the lattice vectors. 

;; If it meets the criteria to be a lattice site, the patch is assigned a value of 1  

;; to the site-x and site-y variables. These variables will be polled when determining  

;; where a given agent can move next. 

 

to setup-patches 

   set smaller min ( list left-right-step up-down-step );Identify short lattice constant 

   set larger max ( list left-right-step up-down-step ) ;Identify long lattice constant 

 

  ask patches 

  [ 

    set pcolor 0 

    if member? pxcor n-values max-pxcor [ [?1] -> ?1 * left-right-step ] 

    or member? pxcor n-values max-pxcor [ [?1] -> ?1 * (- left-right-step) ] 

    [ 

     ;; set pcolor blue 

      set site-x 1 

    ] 

   if member? pycor n-values max-pycor [ [?1] -> ?1 * up-down-step ] 

   or member? pycor n-values max-pycor [ [?1] -> ?1 * (- up-down-step) ] 

    [ 
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     ;; set pcolor green 

      set site-y 1 

    ] 

  ] 

end 

 

;; The ‘setup-turtles’ procedure defines the creation of each agentset 

 

to setup-turtles 

  set-default-shape matoms "dot" 

  set-default-shape satoms "dot" 

  set-default-shape smolecules "O-up3" 

  set-default-shape mmolecules "O-up3" 

  create-matoms ((atom-coverage / 100) * (count patches with [ site-x = 1 and site-y = 1])) 

  [                  ;; generate mobile atoms 

    set size 2 

    set color 7 

    set heading 0    ;; orient atoms to face "north" 

  ] 

  ask matoms 

  [ 

    move-to one-of patches with [ site-x = 1 and site-y = 1] 

  ] 

  create-mmolecules ((molecule-coverage / 100) * (count patches with [ site-x = 1 and site-y = 1])) 

  [                   ;; generate mobile molecules 

    set size 6 

    set heading 0     ;; orient molecules to face "north" 

  ] 

  ask mmolecules 

  [ 

    move-to one-of patches with [ site-x = 1 and site-y = 1] 

  ] 

 

end 

 

;; Once the initialization steps are complete, the simulation can be started by pressing 'go'.  

;; The ‘go’ procedure contains the simulation algorithm. 

;; The order that each procedure appears in determines the order in which they are processed. 

 

to go 

  set timedraw (- (1 / ktot)) * ln random-float 1.0 

  set time (time + timedraw) 

  make-atoms 

  mobile-molecules 

  mobile-atoms 

  stationary-molecules 

  stationary-atoms 

  tick 

end 
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;;---- The remaining code contains the procedures (functions) defined in the 'go' block---- 

;;---------------------------------This is the heart of the simulation-------------------------------- 

;;-----------------------------Each procedure controls a given breed (agenset)-------------------------- 

;;Within each procedure, all possible local environments for each agent are considered 

 

;;The KMC method is employed by drawing a random number between 0 and k_tot_* (the sum  

;;of all rate constants available to the agent) and comparing it to the elements in the 

;;list ktotlist_* to determine which transition is made. 

 

;; The make-atoms procedure is used when 'atom generate' is enabled. 

;; If enabled, an adatom is generated from the edge of the world when the total number  

;;of mobile atoms drops below a threshold defined within the first conditional 'if' statement 

 

to make-atoms 

  if atom-generate and count matoms < 1 * ((atom-coverage / 100) * (count patches with 

    [ site-x = 1 and site-y = 1])) 

   [ create-matoms (1 * ((atom-coverage / 100) * (count patches with 

     [ site-x = 1 and site-y = 1])) - (count matoms) ) 

      [set color 7 

      set size 2 

      move-to one-of patches with [ site-x = 1 and site-y = 1 and not any? turtles-here 

        ;;and ((pxcor > 55) or (pycor > 55)) 

        ] 

      ] 

   ] 

end 

 

;;MOBILE MOLECULES: Any molecule is mobile if it is not anchoring an adatom. 

;;Mobile molecules have five available transitions: Motion in the four cardinal directions,  

;;and anchoring an atom. Molecules cannot stack on other molecules, but they can climb on top of atoms. 

 

to mobile-molecules 

    ask mmolecules 

     [ 

      let draw (- (1 / ktot_m)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      let rand (random-float 1.0) * ktot_m 

      let element 0 

      while [ rand > (item element ktotlist_m)] [ set element (element + 1)] 

      if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? smolecules-on patch-at-heading-and-distance 0 up-down-step  

      and not any? mmolecules-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? smolecules-on patch-at-heading-and-distance 180 up-down-step  

      and not any? mmolecules-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 
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      if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? smolecules-on patch-at-heading-and-distance -90 left-right-step  

      and not any? mmolecules-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if element = 3 and patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? smolecules-on patch-at-heading-and-distance 90 left-right-step  

      and not any? mmolecules-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      if element = 4 and count satoms > 0  

      and (distance min-one-of satoms [ distance myself ] < .5)  

       [ set breed smolecules] 

      ] 

     ] 

 

end 

 

;;MOBILE ATOMS: These are atoms that are NOT being anchored by a molecule AND are more than  

;;one step away from an island. Mobile atoms can be found in several possible configurations  

;;relative to an island. Each of these blocks should consider every possible  

;;configuration that a mobile atom might find itself in. There are rates associated  

;;with moving left or right, up or down, nucleation, and adsorption at different  

;;lattice sites. Mobile atoms cannot share sites with any other agent. No superpositions or stacking. 

 

;;Three possible environments: Atoms out on the free and open terrace, atoms within one  

;;large step of an island, and atoms within one small step of an island. If 'blocking' is  

;;enabled, molecules block atoms from attaching to islands. 

 

to mobile-atoms 

    ask matoms 

     [ 

      ;; Until the first nucleation event occurs, all atoms roam around like open terrace atoms. 

      ;; Mobile atom ktot_a will never be > ktot. Hence no need for kill condition 

 

      if count satoms = 0 

      [ 

        let draw (- (1 / ktot_a)) * ln random-float 1.0 

        if timedraw > draw 

        [ 

        let rand (random-float 1.0) * ktot_a 

        let element 0 

        while [ rand > (item element ktotlist_a)] [ set element (element + 1)] 

        if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

         [ set heading 0 jump up-down-step] 

        if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

         [ set heading 180 jump up-down-step] 

        if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  
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         [ set heading -90 jump left-right-step] 

        if element = 3 and patch-at-heading-and-distance 90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

         [ set heading 90 jump left-right-step] 

        if element = 4 and count mmolecules > 0  

        and distance min-one-of mmolecules [ distance myself ] <= 0  

         [ set breed satoms ] 

        ] 

      ] 

 

;;---------------------------------------Three distinct scenerios------------------------------------;; 

 

      ;; free and open terrace 

      if count satoms > 0 and (distance min-one-of satoms [ distance myself ] > larger) 

      [ 

        let draw (- (1 / ktot_a)) * ln random-float 1.0 

        if timedraw > draw 

        [ 

        let rand (random-float 1.0) * ktot_a 

        let element 0 

        while [ rand > (item element ktotlist_a)] [ set element (element + 1)] 

        if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

         [ set heading 0 jump up-down-step] 

        if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

         [ set heading 180 jump up-down-step] 

        if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

         [ set heading -90 jump left-right-step] 

        if element = 3 and patch-at-heading-and-distance 90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

         [ set heading 90 jump left-right-step] 

        if element = 4 and count mmolecules > 0 and distance min-one-of mmolecules  

         [ distance myself ] <= 0 [ set breed satoms ] 

        ] 

      ] 

     

      ;; System time scaled to one of the next two scenarios. The definition of ktot handles this. 

      ;; No need for kill scenario. 

       

      ;; atoms within a large step of an island 

            if count satoms > 0 and (distance min-one-of satoms [ distance myself ] = larger) 

      [ 

        let draw (- (1 / ktot_af)) * ln random-float 1.0 

        if timedraw > draw 

        [ 

        let rand (random-float 1.0) * ktot_af 

        let element 0 
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        while [ rand > (item element ktotlist_af)] [ set element (element + 1)] 

        if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

         [ set heading 0 jump up-down-step] 

        if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

         [ set heading 180 jump up-down-step] 

        if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

         [ set heading -90 jump left-right-step] 

        if element = 3 and patch-at-heading-and-distance 90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

         [ set heading 90 jump left-right-step] 

        if element = 4 and blocking  

        and (distance min-one-of satoms [ distance myself ] = larger)  

        and not any? smolecules in-radius ( larger + .1)  

         [ set breed satoms]                  

        if element = 4 and not blocking  

        and (distance min-one-of satoms [ distance myself ] = larger)  

         [ set breed satoms] 

        if element = 5 and count mmolecules > 0  

        and distance min-one-of mmolecules [ distance myself ] <= 0  

         [ set breed satoms ] 

        ] 

      ] 

 

      ;; atoms within a small step of an island 

      if count satoms > 0 and (distance min-one-of satoms [ distance myself ] = smaller) 

      [ 

        let draw (- (1 / ktot_ac)) * ln random-float 1.0 

        if timedraw > draw 

        [ 

        let rand (random-float 1.0) * ktot_ac 

        let element 0 

        while [ rand > (item element ktotlist_ac)] [ set element (element + 1)] 

        if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

         [ set heading 0 jump up-down-step] 

        if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

         [ set heading 180 jump up-down-step] 

        if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

         [ set heading -90 jump left-right-step] 

        if element = 3 and patch-at-heading-and-distance 90 left-right-step != nobody  

        and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

         [ set heading 90 jump left-right-step] 

        if element = 4 and (distance min-one-of satoms [ distance myself ] <= smaller)  

         [ set breed satoms] 
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        if element = 5 and count mmolecules > 0  

        and distance min-one-of mmolecules [ distance myself ] <= 0  

         [ set breed satoms ] 

        ] 

      ] 

     ] 

end 

 

;; STATIONARY MOLECULES: Molecules that have anchored on an atom or step edge 

;; Stationary molecules have one possible transition - decoupling from stationary atoms. 

 

to stationary-molecules 

  ask smolecules 

  [ 

    let draw (- (1 / k_molecule_desorb)) * ln random-float 1.0 

    if timedraw > draw [ set breed mmolecules ] 

  ] 

end 

 

;;STATIONARY ATOMS: atoms that have attached to an island but are NOT currently anchored 

;;by a molecule. Each main block should pertain to a stationary atom in a very specific 

;;coordination with other stationary atoms. In every possible situation, the possible  

;;transitions are considered and weighted with the appropriate rate constant. In this model,  

;;all possible desorption events are approximated using the same two rate constants.  

;;One in the <1-1 0> direction and one in the <001> direction. 

 

to stationary-atoms 

  ask satoms 

  [ 

   let roll random-float 1.0 

   if count smolecules in-radius larger = 0  ;; only atoms not anchored by a molecule are considered  

   [ 

 

    ; <1-1 0> steps 

    if count other satoms in-radius larger = 3  

    and count other satoms in-radius smaller = 2 

    [ 

      let draw (- (1 / k_atom_desorb_001)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      if patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 
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    ; <001> steps 

    if count other satoms in-radius larger = 3  

    and count other satoms in-radius smaller = 1 

    [ 

      let draw (- (1 / k_atom_desorb_110)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      if patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 

      ] 

    ] 

 

    ;(1)lone atom stuck to a <001> step 

    if count other satoms in-radius smaller = 1  

    and count other satoms in-radius sqrt((smaller)^ 2 + (larger)^ 2) >= 2 

    [ 

      let draw (- (1 / ktot_sa1)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      let rand (random-float 1.0) * ktot_sa1 

      let element 0 

      while [ rand > (item element ktotlist_sa1)] [ set element (element + 1)] 

      if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if element = 0 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 

      if element = 1 and patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if element = 2 and patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 

 

    ;(2)lone atom stuck to a <1-1 0> step 

    if count other satoms in-radius larger = 1  

    and count other satoms in-radius smaller = 0  

    and count other satoms in-radius sqrt((smaller)^ 2 + (larger)^ 2) >= 2 

    [ 
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      let draw (- (1 / ktot_sa2)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      let rand (random-float 1.0) * ktot_sa2 

      let element 0 

      while [ rand > (item element ktotlist_sa2)] [ set element (element + 1)] 

      if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 

      if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if element = 2 and patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 

 

    ;<1-1 0> wires (central) 

    if count other satoms in-radius smaller = 2  

    and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

    and not any? turtles-on patch-at-heading-and-distance 90 left-right-step 

    [ 

      let draw (- (1 / (2 * k_atom_desorb_001 ))) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      if patch-at-heading-and-distance -90 left-right-step != nobody and roll > .5  

       [ set heading -90 jump left-right-step] 

      if patch-at-heading-and-distance 90 left-right-step != nobody and roll <= .5  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 

 

    ;<001> wires (central) 

    if count other satoms in-radius larger = 2  

    and count other satoms in-radius smaller = 0 

    [ 

      let draw (- (1 / (2 * k_atom_desorb_110 ))) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      if roll > .5 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 
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      if roll <= .5 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 

      ] 

    ] 

 

    ;(3)<1-1 0> wires (terminal) 

    if count other satoms in-radius smaller = 1  

    and count other satoms in-radius sqrt((smaller)^ 2 + (larger)^ 2) = 1 

    [ 

      let draw (- (1 / ktot_sa3)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      let rand (random-float 1.0) * ktot_sa3 

      let element 0 

      while [ rand > (item element ktotlist_sa3)] [ set element (element + 1)] 

      if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if element = 0 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 

      if element = 1 and patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if element = 2 and patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 

 

    ;(4)<001> wires (terminal) 

    if count other satoms in-radius larger = 1  

    and count other satoms in-radius smaller = 0 

    [ 

      let draw (- (1 / ktot_sa4)) * ln random-float 1.0 

      if timedraw > draw 

      [ 

      set breed matoms 

      let rand (random-float 1.0) * ktot_sa4 

      let element 0 

      while [ rand > (item element ktotlist_sa4)] [ set element (element + 1)] 

      if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if element = 1 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 
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      if element = 2 and patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if element = 2 and patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 

 

   ;(5)atoms at kinks 

   if count other satoms in-radius larger = 2  

   and count other satoms in-radius smaller = 1 

    [ 

 

      let draw (- (1 / ktot_sa5)) * ln random-float 1.0 

 

      if timedraw > draw 

      [ 

      set breed matoms 

      let rand (random-float 1.0) * ktot_sa5 

      let element 0 

      while [ rand > (item element ktotlist_sa5)] [ set element (element + 1)] 

      if element = 0 and patch-at-heading-and-distance 0 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 0 up-down-step  

       [ set heading 0 jump up-down-step] 

      if element = 0 and patch-at-heading-and-distance 180 up-down-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 180 up-down-step  

       [ set heading 180 jump up-down-step] 

      if element = 1 and patch-at-heading-and-distance -90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance -90 left-right-step  

       [ set heading -90 jump left-right-step] 

      if element = 1 and patch-at-heading-and-distance 90 left-right-step != nobody  

      and not any? turtles-on patch-at-heading-and-distance 90 left-right-step  

       [ set heading 90 jump left-right-step] 

      ] 

    ] 

    if count other satoms in-radius larger = 0 [ set breed matoms ] ;; If atom is alone, make it mobile. 

   ]                             

  ] 

end 
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APPENDIX C │ MATLAB CODE FOR UPS ANALYSIS  

These Matlab scripts can be found on the LabMonti NAS drive under: 

Data/matlab code for ups analysis 

 

Fermi Energy Determination: ‘UPSFermiFinder’ code 

This script will import the data from files in the directory with '_Fermi' in the filename.  

The program then fits the data using a smoothing spline function.  

The inflection point is found and displayed as the Fermi level.  

For multiple files in a directory, the script loops through each dataset, plots the spectrum, and finds Fermi.  

  

Variable initialization 

fermifiles=dir('*_Fermi*');   

numfiles=length(fermifiles);  

filenamesf=cell(numfiles,2);  

fermifiledata=cell(1,numfiles);  

  

Import data 

for k=1:numfiles             

    filenamesf{k,1}=fermifiles(k).name;  

end 

 

for l=1:numfiles 

    fermifiledata{l}=importdata(filenamesf{l,1}); 

end 

  

fermilist=zeros(numfiles,1);  

x=zeros(1,numfiles);  Energy data array 

y=zeros(1,numfiles);  Intensity data array 

  

The following block calls the energy and intensity data from the 'fermifiledata' cell array, one file at a time, and 

performs the Fermi finding algorithm.  

  

for j=1:numfiles 

    x=fermifiledata{j}(:,1); 

    y=fermifiledata{j}(:,2); 

    fitf=fit(x,y,'smoothingspline','smoothingparam',0.99999);  Change the precision here to alter the fit  

    d1f = differentiate(fitf,x);  

    [Md1,Md1I]=max(abs(d1f(:))); Array index for the inflection point 

    fermienergy=x(Md1I); Identifies the x-value coordinate (KE) of the inflection point. This is the Fermi energy 

     

Save the Fermi energy for each file      

fermilist(j,1)=fermienergy; 

    filenamesf{j,2}=fermienergy; 

    

    Plot the data and fit for verification 

    figure      

    hold on 

    plot(fitf,'r',x,y,'k')   

    axis([min(x) max(x) -0.2*max(y) max(y)+max(y)*0.2]) 

    grid on 

    yq=[0 max(y)]; 
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    xq=[fermienergy fermienergy]; 

    plot(xq,yq); 

end 

 

Print when complete 

disp('Here is the list of computed fermi energies') 

fermilist 

disp('The data can also be found in the "filenamesf" array') 

 

Workfunction Determination: ‘UPSSECO’ Code 

This script will import the data from files containing '_SECO' in the filename, fit each SECO, and determine where a 

line drawn from the inflection point crosses the energy axis. The work function is calculated from the Fermi energy, 

the secondary cutoff, and the photon energy.  

 

variable initialization 

secofiles=dir('*_SECO*'); struct of all files in the folder with the designated filename 

numfiles=length(secofiles);  

filenames=cell(numfiles,2); cell-array for filenames and work function data 

filedata=cell(1,numfiles); cell-array for imported  

  

Import data 

for k=1:numfiles             

    filenames{k,1}=secofiles(k).name;  

end 

 

for l=1:numfiles 

    filedata{l}=importdata(filenames{l,1}); 

end 

  

For accurate workfunction determination, you MUST input the correct Fermi energy.  

 

fermi=22.05; manually set the value of the FERMI ENERGY here. 

workfxnlist=zeros(numfiles,1);  

x=zeros(1,numfiles);  energy data array 

y=zeros(1,numfiles);  intensity data array 

  

The following block will call the energy and intensity data from the 'filedata' cell aray, one file at a time, and 

perform the SECO finding algorithm.  

  

for j=1:numfiles 

    x=filedata{j}(:,1); 

    y=filedata{j}(:,2); 

    fit1=fit(x,y,'smoothingspline','smoothingparam',0.99999); Change the precision here to alter the fit 

    d1 = differentiate(fit1,x);  

    [Md1,Md1I]=max(d1(:)) matrix index for the inflection point 

    xMd1=x(Md1I);  x-value (from KE) of inflection point 

    yMd1=y(Md1I);  y-value (from cts) of inflection point 

    b=yMd1-Md1*xMd1;  solving for the y-intercept 

    cutoff = -b/Md1; 

     

    Calculate the work function from the photon energy and spectral width 

    workfunction = 21.218-(fermi-cutoff);  

    l1=Md1*x+b; 

    workfxnlist(j,1)=workfunction;  Store the WF data 
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    filenames{j,2}=workfunction; 

     

    Plot the data and fit for verification 

 

    figure 

    hold on 

    plot(fit1,'r',x,y,'k') 

    axis([min(x) max(x) -0.2*max(y) max(y)+max(y)*0.2]) 

    grid on 

    plot (x,l1,'bl', 'linewidth',1)  

end 

 

Print when complete 

disp('Computed work functions') 

workfxnlist 

disp('Your data can also be found in the "filenames" array') 

 

 

ARPES Data Plotting: ‘ARPES_plot’ Code 

This script was written to search through files in a folder and import PES spectra to plot in 3D. NOTE: My 

convention for axis labels is: x=BE, y=Cts, z=angle. This differs from Matlabs designation in the figures. 

  

Inputs 

fermilevel=19.99; manually INPUT known FERMI ENERGY 

theta1=100;  manually INPUT the FIRST ANGLE in the series 

surfnorm=100;  manually INPUT the angle of SURFACE NORMAL 

dtheta=2;     manually INPUT a constant ANGLE INCREMENT 

bias=3;   manually INPUT the BIAS 

 

Initialization 

filenames={};  cell-array for file names  

plotfiles=dir('*_ARFull*');  struct of all the files to be imported 

numfiles=length(plotfiles);  

  

Import data 

for k=1:numfiles             

    filenames=[filenames,plotfiles(k).name];  

end 

  

file1=[];        

for i=1:numfiles    

    file1=[file1,importdata(filenames{i})]; 

end 

  

Organize each data type into separate arrays 

q=length(file1); 

x=zeros(q,numfiles);  

y=zeros(q,numfiles); 

 

for i=0:numfiles-1 

    x(:,i+1)=file1(:,(2*i+1));  

    y(:,i+1)=file1(:,(2*i+2)); 

end 
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Convert to momentum space 

KE=x-bias;        

kpar=zeros(q,numfiles); 

z=zeros(q,numfiles); Vector representing angle of photoemission 

for m=0:numfiles-1 

    z(:,m+1)=(theta1-surfnorm)+(m*dtheta); 

end 

 

for m=1:numfiles 

    kpar(:,m)=sqrt(2*(9.109*10^-31)*KE(:,m)*(1.602*10^-19)).*sin(z(:,m)*pi/180)/((6.626*10^-34)/(2*pi))*(10^-

10); 

end 

  

Convert KE to BE 

BE=x-fermilevel;   

 

Plot the data: Customize as you like 

figure('Position',[100 0 600 500]) 
set(gca,'Position',[0.1 0.2 0.7 0.7]) 
surf(kpar,BE,y) 
colormap(hot(400)) 
shading interp 
brighten(-0.1) 
view(0,89.99) 
colorbar('westoutside') 
axis([ min(min(kpar)) max(max(kpar)) min(BE(:,1)) max(BE(:,1)) -0.1*max(y(:,1)) max(y(:,1))+max(y(:,1))*0.5]) 
caxis([0,20000]) 
set(gca,'fontsize',16,'Xtick',[0:0.2:1.5]) 
ylabel('Binding Energy (eV)','FontSize',20) 
xlabel('k_{||} (Å^{-1})','FontSize',20,'Units','Normalized','Position',[0.7 -0.12]) 
zlabel('Cts','FontSize',20,'Units','Normalized','Position',[-0.2 0.5 0.5]) 
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