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CHAPTER 2 

Fundamentals 

The purpose of this chapter is to familiarize the reader with the 

experimental and theoretical background used for performing and 

analyzing the experiments presented in this thesis. First self-assembly is 

discussed which is the essential method for the preparation of the various 

samples that are presented throughout this thesis. As measurement 

techniques scanning tunneling microscopy (STM), x-ray photoelectron 

spectroscopy (XPS) and x-ray standing wave (XSW) are introduced. In 

the last part, the experimental setup as well as sample preparation is 

presented. 
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2.1 Molecular self-assembly1 

2.1.1 Introduction 

Supramolecular chemistry is the science of the intermolecular 

bond based on non-covalent interactions. Since 1987, when the Noble 

Prize in chemistry was given to Pedersen, Cram, and Lehn for their work 

in supramolecular chemistry, this topic has been under intensive 

investigation in varied scientific and technological areas. The main 

common concepts in supramolecular chemistry are molecular self-

assembly and molecular recognition. Molecular self-assembly has been 

defined as “the spontaneous association of molecules under equilibrium 

conditions into stable, structurally well-defined aggregates joined by 

non-covalent bonds” [Whi91]. Molecular recognition is the specific 

binding between molecules through non-covalent interactions. 

The key to applications based on self-assembly is represented by 

the design of the molecular building blocks2 (with predetermined 

intermolecular binding properties or specific recognition sites) that 

organize themselves into desired patterns exhibiting certain functions. 

The molecular programming, which leads to the formation of the desired 

functional nanostructures with predefined dimensionality and 

connectivity, is ensured by the nature and positioning of recognition sites 

within the structure of the molecular building blocks (Figure 2.1b). The 

desired structures can be generated through self-assembly involving 

                                                            
1 This short overview is based on a the following reviews: [Bar05], [Cic08], [Stö12], 
[Bon09], [Lia09], [Sla11] 
2 Also called “tectons” [Sim91] or construction units, which are structurally and 
energetically defined active molecular units bearing within their backbone an 
assembling programme based on molecular recognition processes [Hos04]. 
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either a self-complementary component or several complementary 

components. The molecular recognition event between the 

complementary units can take place through a variety of reversible non-

covalent intermolecular interactions. The toolbox of non-covalent 

interactions available to supramolecular chemists consists of hydrogen 

(H)-bonding, electrostatic interactions, π π  interactions, van der Waals 

forces, metal-metal interactions and metal coordination bonding (Figure 

2.1a). 

Even though a vast majority of supramolecular chemistry research 

has taken place in solution and has led to the creation of a variety of 

structures with an increasing number of potential applications [Rei02], 

solid state supramolecular chemistry is also a highly developed research 

field and is closely related with the field of crystal engineering. However, 

surface-based supramolecular chemistry, which favors the formation of 

two-dimensional structures, represents a particularly intriguing research 

field which has started to be exploited only recently [Aak10]. 
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Figure 2.1 Schematic representation for the formation of (multi-dimensional) 
desired functional structures through self-assembly via molecular recognition. 
(a) Schematic illustration of the toolbox of reversible non-covalent interactions 
(Adapted with permission from [Hos04]. Copyright (2016) American Chemical 
Society). (b) Schematic representation of 1D, 2D and 3D assemblies formed 
through molecular recognition processes between complementary building 
blocks. The yellow torus (circle in (a)) represents the pre-programmed 
recognition pattern, and their translation into 1, 2 and 3 directions in space are 
represented by the black arrows. 

The use of molecular self-assembly to fabricate well-defined 

nanostructures on solid surfaces is not only an intriguing subject for 

fundamental surface science studies, but also closely related to many 

emerging technologically important applications, especially in the field 

of molecular electronics. Understanding the underlying interaction 

mechanisms for the formation of these well-defined self-assembled 

nanostructures is a key towards the controllable fabrication of complex 

functional surfaces with desired properties and functions. Accordingly, 

due to the local probe character of the STM (see section 2.2), which 
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allows for real space investigations with sub-nanometer resolution of the 

assembled networks, a broad range of self-assembled systems of 

increasing size and complexity have been investigated over the past 

years, some of which will be later briefly discussed in the following.  

That self-assembly can occur on metal surfaces, and accordingly 

the desired supramolecular patterns develop, several parameters 

(molecular adsorption, diffusion, and the underlying interaction 

energetics) must be balanced, and the following requirements must be 

met:  

(i) The individual building blocks must be mobile on the surface, 

meaning that they can diffuse freely on the surface in order to position 

themselves in such a way that molecular recognition takes place as 

intended. At the same time, the interplay between molecule-molecule 

and molecule-substrate interactions needs to be considered. If molecule-

substrate interactions prevail over molecule-molecule interactions, the 

molecules will be pinned in predefined substrate sites. Consequently, the 

directional intermolecular bond formation will be most probably 

prevented and the supramolecular pattern formation is hampered. (ii) The 

individual building blocks must bear the appropriate information 

encoded in their geometric structure in order to provide the correct 

binding sites at the right places. (iii) The bonding between different 

components must be reversible. 

From the above mentioned remarks, it is obvious that the rules that 

govern the formation of supramolecular structures in the liquid or in the 

solid state cannot necessarily be applied to surface-supported 

supramolecular systems. Furthermore, due to the (chemical) influence of 

the substrate, together with the reduction of the molecules’ degrees of 
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freedom due to confinement in two dimensions, the molecular bonding 

motifs are likely to be modified. For example, in the case of H-bonding, 

the bond length, bond angle and energetics might be affected, while for 

electrostatic interactions screening effects of the metal substrate have to 

be considered. In addition, metallic substrates can have a catalytic 

influence on the adsorbate and modification of the functional molecular 

groups can occur. For the case of van der Waals interactions, it is worth 

mentioning that they are always present. However, their contribution 

towards pattern formation is rather difficult to evaluate due to their 

relatively weak bonding strength. An overview of typical non-covalent 

bonds and their associated energies (barriers) is given in Table I. 

Interaction 
type 

Energy range 
[eV] 

Distance 
[Å] 

Character 

Van der Waals 0.02 0.1   10 Nonselective 
Hydrogen 
bonding 0.05 0.7   1.5 3.5   

Selective, 
directional 

Electrostatic 
ionic 0.05 2.5   Long range Nonselective 

Metal 
coordination 0.05 2   1.5 2.5   

Selective, 
directional 

Table I. Intermolecular interaction types with typical interaction energies and 
bond lengths (Adapted with permission from [Bar07]) [Küh08]. 

This thesis focuses on supramolecular assemblies on metal 

surfaces at the vacuum-metal interface visualized by STM under UHV 

conditions. A brief literature survey will be given in the following, which 

is intended to support the understanding of the results presented in this 

thesis. 
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2.1.2 Assemblies based on H-bonding 

The formation of supramolecular nanostructures on solid 

substrates (particularly on single crystal metal surfaces) based on H-

bonding has been intensively exploited due to the high directionality and 

selectivity of the bonding scheme. The threefold symmetric 

benzenetricarboxylic acid (trimesic acid, TMA, 9 6 6C H O ) is a textbook 

example of a self-assembling molecule on solid surfaces which forms 

extended H-bonded networks. In particular, for TMA adsorbed on 

HOPG (highly ordered pyrolytic graphite) [Gri02], the co-existence of 

two different structures was revealed: honeycomb (Figure 2.2a and c) 

and flower (Figure 2.2b and d) structures. In both structures, the TMA 

molecules adsorb planar and are stabilized by H-bonds. While the 

honeycomb structure is exclusively stabilized by dimeric H-bonding, the 

flower structure also contains trimeric H-bonding (Figure 2.2b and d). It 

is known that graphite is a weakly interacting surface, therefore self-

assembly is mainly governed by intermolecular interactions. Changing 

the substrate to a more reactive Cu(100) substrate results in stronger 

molecule-substrate interactions that hamper the self-assembly and 

facilitate only a highly defective, strained TMA honeycomb network 

[Dim02]. On a reconstructed (22 3) Au(111)   surface (a less reactive 

surface than Cu) both structures were reported [YeY07]. Furthermore, 

other structures were found on the Au(111) surface, with higher 

densities, where the densest packing being a hexagonal pattern, 

consisting exclusively of H-bonded trimers. 
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Figure 2.2 STM images for TMA adsorbed onto HOPG. (a) The honeycomb 
structure. (b) The flower structure. (c) and (d) represent the molecular models 
for (a) and (b) (Adapted with permission from [Gri02]). 

H-bonding interactions have been used to direct the self-assembly 

of multicomponent systems as well. Another textbook example is the 

binary system formed by perylene tetracarboxylic di-imide (PTCDI) and 

1,3,5-triazine-2,4,6-triamine (melamine) (Figure 2.3a, b) on Ag/Si(111) 

and Au(111) [The03] [Per06]. The structures formed by PTCDI and 

melamine (M) are shown in Figure 2.3. The choice of molecules is 

motivated by the formation of triple H-bonds between the PTCDI-M pair 

(Figure 2.3c), which leads to the formation of highly stable networks 

(Figure 2.3d). Melamine is a molecular unit with threefold symmetry and 

forms the vertices of the porous network, whereas PTCDI molecules sit 

at the edges. The pores of the network, larger than the ones of the TMA 

honeycomb network, are large enough to host up to seven 60C  molecules 
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within a single cavity. This result is particularly important, as it 

demonstrates that the dimensions of the network can in principle be 

systematically tailored through the appropriate selection of the 

molecules. Accordingly, a wide range of template structures, with varied 

pore dimensions, which can trap (host) different molecular species, can 

be constructed on metal surfaces. 

Figure 2.3 Molecular models of (a) PTCDI and (b) M. (c) The PTCDI-M 

junction which is stabilized through triple H-bonding. (d) STM image of the 
porous hexagonal network formed by PTCDI and melamine. The inset shows 

an atomically resolved STM image of the Ag/Si(111)- o3× 3R30 substrate. 

Scale bars, 3 nm (Adapted with permission from [The03]). 

Another H-bonding recognition motif, the rather weakly bound, 

yet versatile uracil diacetylamino pyridine complex (U∙DAP, Figure 

2.4d) has proven to be an often used motif for engineering a large variety 

of supramolecular nanostructures both in solution and at interfaces 

[Mar13]. The U∙DAP complex is characterized by an alternating 

distribution of the H-bonding donor (D) and acceptor (A) sites (Figure 

2.4d). Accordingly, due to their high complementarity, the molecular 

recognition units within the U∙DAP complex interact via three parallel 

H-bonds. 

In our group, using the U∙DAP complex, pre-programmed linear 

chain-like structures were assembled on Ag(111) from a bicomponent 
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system consisting of two specially designed linear linkers (1 and 2 in 

Figure 2.4a, b) bearing complementary recognition units [Pal08]. 

Furthermore, control over the length of the 1D chains was achieved 

through the introduction of a stopper molecule (3, Figure 2.4 c) [Pal08]. 

In Chapter III of this thesis the controlled formation of H-bonded 

bicomponent networks on metal surface based on the U∙DAP recognition 

pattern is presented. 

Figure 2.4 (a), (b) and (c) represent the chemical structure for the linear linkers 
1, 2 and for the stopper molecule 3. (d) The U∙DAP bonding motif. (e) STM 

images 2
t t(43× 43 nm ,U = -1.3V, I = 12 pA) for a mixture of 1 and 2 on 

Ag(111) after annealing at 383 K. The area marked in blue is shown in detail 

in (f). (f) Detailed STM image 2
t t(12× 12 nm ,U = -1.3V, I = 12 pA)  of the 

molecular assembly in which molecules 1 and 2 are alternately arranged in a 
linear fashion through triple H-bonds. The molecular models of 1 and 2 are 
superimposed on the STM image (Adapted with permission from [Pal08]). 
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2.1.3 Assemblies based on metal coordination 

While the bond strength for H-bonding is in the range of 0.05 – 0.7 

eV (Table I), the one for metal-ligand coordination interactions are in the 

range of 0.5 – 2 eV (Table I). Furthermore, similar to H-bonding, 

specificity and directionality characterize this interaction type as well. 

There are two possibilities to supply the metal adatoms on the surface: 

(i) by co-deposition (via evaporation), or (ii) by the substrate itself, by 

“evaporation” from step edges at elevated temperatures. 

A pioneering example is presented in [Spi03] where a systematic 

study regarding the formation of 2D networks from Fe atoms and 

different polyaromatic carboxylates was reported. For TMA codeposited 

with Fe atoms on Cu(100), chiral 4Fe(TMA)  clusters are formed (Figure 

2.5a). This is associated with the deprotonation of the carboxylic acid 

groups of TMA upon adsorption on the substrate at temperatures above 

250 K. Upon annealing of the 4Fe(TMA)  clusters at 400 K, hierarchical 

homochiral porous network structures were formed (Figure 2.5b). The 

cavities of these networks have been used as hosts for the 

accommodation of 60C  and small biomolecules [Ste06]. Furthermore, in 

the same research group, for a library of linear dicarboxylates and 

bipyridines co-deposited with Fe atoms on Cu(100), other important key 

factors for self-assembly based on metal-coordination (such as self-

recognition, self-selection, self-repair, and dynamic self-organization) 

were investigated [Lan07].  
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Figure 2.5 Co-adsorption of TMA and Fe adatoms on Cu(100). (a) At 300 K, 

chiral 4Fe(TMA)  clusters form which exist as S and R enantiomers. (b) 

Annealing the sample at 400 K results in the formation of homochiral 

nanocavity domains which are built up from 4Fe(TMA)  clusters in a 

hierarchical fashion. The inset shows a high resolution STM image of a S-type 

nanocavity. Corresponding models (c) and (d) for the chiral 4Fe(TMA)  

clusters and for the S enantiomer of the nanocavity array (Adapted with 
permission from [Spi03]. Copyright (2016) American Chemical Society). 

Another example of a metal-coordinated network is represented by 
the perylene derivative 4,9-diaminoperylene-quinone-3,10-diimine 
(DPDI) (Figure 2.6a) on Cu(111). More precisely, the network is 
obtained for coverages below 0.73 ML, upon annealing at 200° C. At 
elevated temperatures DPDI eliminates three molecules of H2 resulting 
in the so-called 3deh-DPDI (Figure 2.6a), which interacts with Cu 
adatoms to form a highly ordered and stable porous network [Mat14]. 
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Figure 2.6 (a) Chemical transformation of DPDI into its dehydrogenated 

derivative 3deh-DPDI upon annealing the sample at 200° C (b) STM image 
2(50× 50 nm ,5 K)for submonolayer coverage of DPDI adsorbed on Cu(111) 

held at room temperature. (c) STM image 2(18× 11 nm ,77 K)  for 

submonolayer coverage of DPDI adsorbed on Cu(111) after annealing the 
sample at 200° C. The molecules form a highly stable porous network. (d) DFT 
calculations which reveal the adsorption site of DPDI with respect to the 
substrate: DPDI molecules adsorb preferably with their perylene core centered 
above a bridge position and with each nitrogen atom on top of a surface atom. 
(e) Molecular model for the porous 3deh-DPDI network. The three native 
adatoms in each vertex interact with the N functionalities of three 3deh-DPDI 
molecules. Each adatom coordinates two adjacent molecules. The adatoms are 
illustrated darker than the surface atoms. (Adapted with permission from 
[Mat14]. Copyright (2016) by the American Physical Society). 

2.1.4 Assemblies based on electrostatic interactions 

Electrostatic interactions are nonselective. The polar moieties can 

be involved in H-bonding or in other electrostatic coupling schemes and 

screening effects due to the substrate can occur. The first example where 

the variability of the dipolar cyano group was exploited to build up 0D, 

1D, and 2D structures on a surface will be shortly presented. In 
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Yokoyama et al. [Yok01], porphyrins which are substituted with either 

one or two cyano groups were used to form 0D monomers, trimers, 

tetramers and extended 1D wire-like assemblies on Au(111).  

Trimeric structures are formed from porphyrins to which only one 

cyano group is attached and thereby, three molecules interact via weak 

CH NC  H-bonds (trimeric motif). The tetrameric structures are 

obtained from porphyrins substituted with two cyano groups at the right 

angle (cis-isomer) (Figure 2.7a, d). For the wire-like structures, the cyano 

groups are substituted opposite to each other (trans-isomer) (Figure 2.7b, 

e). Both, the tetrameric and wire-like structures, are stabilized through 

antiparallel dipole-dipole interactions. 

In our group, the trans-isomer was deposited on the more reactive 

Cu(111) and a 2D hexagonal porous network was observed (Figure 2.7c 

and f) [Win07]. In this case, the porphyrins interact via the same trimeric 

motif as in the case of the porphyrins substituted with only one cyano 

group deposited on Au(111). 

The dominating molecule-substrate interaction is the reason for the 

change in bonding scheme since the molecules adsorb in certain 

positions with respect to the principal directions of the underlying Cu 

substrate. This strong porphyrin-substrate interaction enables a much 

broader variety of structures, including also less favorable intermolecular 

bonding motifs and geometries. Continuing our studies on differently 

modified porphyrins and their behavior on surfaces, we elongated by one 

phenylene unit each arm of the porphyrin where the cyano groups were 

substituted. In Chapter V the behavior of such extended porphyrins 

adsorbed on Cu(111) is reported. 
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Figure 2.7 Self-assembly of cyanophenyl-substituted porpyhrins into 0D (a, d), 

1D (b, e) and 2D (c, f) structures. (a) STM image 2(5.3× 5.3 nm )  and (d) 

corresponding model for the cis-isomer adsorbed on Au(111). (b) STM image 
2(5.3× 5.3 nm )  and (e) corresponding model for the trans-isomer adsorbed 

on Au(111) (Adapted with permission from [Yok01]). (c) STM image
2(12.5× 12.5 nm ) and (f) corresponding model for the trans-isomer adsorbed 

on Cu(111) (Adapted with permission from [Win07]. 
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2.2 Scanning tunneling microscopy3 

2.2.1 Introduction 

Scanning tunneling microscopy (STM) was invented as an imaging 

technique in 1981 by Binnig and Rohrer ([Bin82] [Bin87]) at the IBM 

Research Laboratory in Rüschlikon, Switzerland. Their invention made 

it possible to obtain real space images, with atomic resolution, of 

conductive surfaces. Later on, in 1986, they were awarded the Nobel 

Price for their invention. The phenomenon behind STM is the quantum 

mechanical tunneling effect of electrons between two electrodes 

separated by a thin (typically a few Å) classically impenetrable potential 

barrier. Precisely, a sharp conductive tip is brought within proximity of 

a planar sample surface (Figure 2.8). When a bias voltage (U, with values 

between ±0.01 and ±3 V) is applied between tip and sample, a finite 

probability exists that electrons will tunnel through the barrier between 

them, causing an electrical current to flow (typically in the pico to 

nanoampere range) (Figure 2.8). This phenomenon has been known since 

the early days of quantum mechanics, and the first observation of 

vacuum tunneling was made in 1971 [Yon71a]. Nevertheless, no 

spatially resolved tunneling was possible until the successful 

combination of vacuum tunneling and scanning capabilities into the 

development of STM4. The idea of Binnig and Rohrer was to mount a 

                                                            
3 This section is based on [Che93] and [Wie94]. 
4 The ‘topografiner’ was the predecessor of the STM. It had two orthogonal (x and y) 
piezodrives, allowing raster scanning of the tip relative to the sample. Using a servo 
system containing the z piezodrive, the tip was kept at a constant distance of a few 
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sharp tip, which acts as a local probe, on a three-dimensional 

piezoelectric drive (which consists of three mutually orthogonal 

piezoelectric transducers5: x, y and z piezo). Using the x and y piezo, the 

tip is scanned in the x – y plane above the sample, while the z piezo is 

used to control its height. The technological breakthrough happened 

when the distance between the sample and the tip and the lateral position 

of the tip could reach picometric precision and extensive knowledge in 

vibration isolations was gained.6 

In Figure 2.8 the working principle of an STM is shown. The STM 

can be operated in two different modes. In the so called constant height 

mode, the tip is raster scanned over the surface at a constant vertical 

position (the vertical position of the tip is not changed), the potential 

between the tip and the surface (the bias voltage) is kept at a constant 

value, while the tunneling current is measured (Figure 2.9a). In general, 

the constant height mode is used for fast scanning (dynamic atomic scale 

processes like diffusion can be studied), with the conditions of imaging 

an almost perfectly flat surface (corrugations not higher than a few Å) 

and as less as possible thermal drift (in order to prevent the tip from 

crashing into the surface). 

                                                            
hundred Å from the sample. In this way, a first topographic map z(x,y) of the surface 
was obtained [Yon71b] [Yon72]. 
5 By applying a voltage, a piezoelectric transducer expands or contracts. 
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Figure 2.8 Schematic illustration of the working principle of STM. (a) 
Macroscopic view, showing its principal components. The piezoelectric tube 
scanner is shown in (light) red and the moving directions are represented by 
(x,y,z) axes, the tip is shown in magenta and the sample is yellow. (b) Atomic 
view. The sample is represented by a (111) metal surface on which a 
supramolecular porous structure is present (the backbones of the molecules are 
represented in black). The tunneling process between the tip (more precisely, 
the tip apex, shown by the pink atom of the tip) and the sample is illustrated. A 
negative bias has been applied to the tip, and electrons can tunnel from the tip 
into the sample. This process is shown with the red (helical) arrow. The final 
result (an STM image) after a complete raster-scan of the surface line by line 
in the x–y plane is represented on the computer monitor in (a). 

The other imaging mode, actually the most frequently used one, is 

the constant current mode (Figure 2.9b), where during scanning a 

feedback loop adjusts the height of the tip in order to keep the tunneling 

current between tip and sample constant.7 The height adjustments are 

achieved by applying an appropriate voltage ZU  to the z piezo, while the 

lateral tip position (x,y) is obtained by the corresponding voltages 

X YU , U  applied to the x and y piezo, respectively. By monitoring the 

vertical position z of the tip as a function of the lateral position (x,y), the 

recorded signal can be interpreted as the ‘topography’ z(x,y). Even 

though the contour maps z(x,y) are usually referred to as ‘topographic 

                                                            
7 All the images presented in this thesis are recorded in the constant current imaging 
mode.  
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images’ of the sample surface, to interpret them appropriately, the correct 

contributions of specific sample and tip properties to the tunneling 

current have to be considered (see Section 2.2.2). As these maps are 

derived from the tunneling current, it is important to mention that they 

contain information on both the topographic and the electronic properties 

of the sample. 

Figure 2.9 STM operating modes. (a) Constant height imaging mode. (b) 
Constant current imaging mode. The magenta line represents the trajectory 
followed by the tip during the respective scanning mode. 

2.2.2 Basic theory of STM 

The simple 1D potential barrier (with height U, and width d, Figure 

2.10a) problem from quantum mechanics text books captures the basic 

principle of how STM works. 

Consider an electron of mass m and energy E moving in the 

following potential (a): 

U z
0				for		z 0,					 I 															
U				for		0 z d,										 II
0				for		z d,					 III 												

			 (1) 
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In classical mechanics, an electron with E U cannot penetrate the 

barrier (the region inside the barrier, II, is classically forbidden). The 

electron can overcome the barrier U only if E > U, otherwise it is 

reflected. In quantum mechanics, however, the electron is described by 

a wave function ψ(z), and has a nonzero probability to tunnel through 

such a potential barrier. 

Figure 2.10 Schematic illustration of a 1D rectangular potential barrier. (a) 
Schematic drawing of a 1D rectangular barrier with height U and width d. The 
potential is 0 in regions I and III, but U in region II. (b) A schematic 
representation of the wavefunction of an electron penetrating the potential 
barrier is shown in (a). The electron travels from left to right.  is the incoming 
wave function of the electron(z 0)  and it shows an oscillatory behavior.  

is the wave function of the electron inside the barrier (classically forbidden 
region) (0 < z < d)  and it shows an exponential decay.	  is the outgoing 

wavefunction of the electron, which has a reduced amplitude (probability). (d) 
Schematic illustration of a tip–vacuum–sample junction (extrapolation of (a) to 
the STM case). The tip (sample) is represented in blue (orange). The filled blue 
(orange) area represents the occupied density of states of the tip. A positive 
bias U has been applied to the sample, which means that the electrons are 
tunneling from occupied tip states into unoccupied sample states. The size of 
the horizontal blue/orange arrows indicates the different tunneling 
probabilities for electrons of different energies. Φt (Φs) is the work function of 
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the tip (sample); n (n )st  represents the density of states of the tip (sample); 

F,t(E )  represents the Fermi level of the tip. 

ψ(z)  : Wave function of the electron 

m  : Mass of the electron. 

The solutions for the different regions are: 

Region I: ikz -ikz
Iψ Ae Be   (2) 

Region II: 
'' ik 'z -ik z - z

II
zψ C e D'e Ce De      (3) 

Region III: ikz
IIIψ Ge , where  (4) 

2 '2
2

2m(U-E)
-k 


   (5) 

  : Decay rate 

k : Wave vector 

A, B, B ',C, C ', D,G  : Coefficients which can be found 

from the boundary conditions and from the requirements 

that the wave function and the derivatives should be 

continuous. 

The incident current density Ij , and the transmitted current density 

IIIj can be described by: 

I

k
j

m



  (6) 
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*
2* III III

III 3 3

i dψ (z) dψ (z) k
j ψ (z) ψ (z) G

2m dz dz m

 
    

 

 
, (7) 

The transmission coefficient T is given by the transmitted current 

density divided by the incident current density: 

2III

I

j
T G

j
   (8) 

In order to construct the overall wave function of the system, by 

matching the wave-functions and their derivatives at the discontinuity of 

the potential U(z) (at z = 0 and z = d), the coefficient G and the 

transmission coefficient (which is of importance in this model) can be 

obtained:  

2

2

2

2

2

2

1
T

(k )
1

4 sinh ( )k d


 




 (9) 

If we consider ≫ 1 (strong attenuating barrier) T becomes: 

2
2

2

2
d

2

16k
T e

(k )






, with (10) 

2m(U E)





 . 

As the main contribution in T is given by the exponential factor 

2 de  , tunneling in this model depends exponentially on the barrier width 

d times the square root of the effective barrier height U E.  This extreme 

sensitivity of T as a function of d led Binnig, Rohrer and coworkers to 

the idea that a microscope based on tunneling should provide extremely 
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high spatial resolution (atomically resolved images). A good rule of 

thumb is that the tunneling current increases with about an order of 

magnitude for every Angstrom that the tip-sample distance is reduced 

with. The lateral resolution in STM is in the range of ~1 Å, while the 

vertical resolution is in the sub-Å regime. 

Although the simple model presented above captures the 

exponential dependence of the tunneling current on the tip-sample 

distance, it fails to explain any dependence of the current on the 

electronic structure of the tip or the sample. To explain the electron 

tunneling between two weakly coupled electrodes, Bardeen used first-

order time-independent perturbation theory [Bar61], and expressed the 

value of the elastic tunneling current I in the following form: 

  2

t s s t ts s tts

2π
I f (E )[1 f(E eU)] f(E eU)[1 f(E )] M δ(E E )


        

 (11) 

f (E)   : Fermi distribution function (in the low temperature regime 

can be approximated as a step function) 

U  : Applied sample bias voltage 

tsM  : Tunneling matrix element between denoting the wave 

function overlap between tip and sample 

tE   : Energy of the state ψ  in the absence of tunneling 

sE  : Energy of the state ψ  in the absence of tunneling 
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δ E E  : Term which describes (ensures) the energy conservation in 

the case of elastic tunneling.  

The difficulty of the problem is given by the calculation of the 

tunneling matrix element, which according to Bardeen [Bar61] is given 

by: 

2
* *

ts t s s tM (ψ ψ ψ ψ )dS
2m


      (12) 

The integral has to be evaluated over any surface lying entirely 

within the vacuum barrier region separating the two electrodes. In 

analogy with Eq. 7, the term within parentheses can be identified as a 

current density tsj . To derive tsM  from Eq. 12, explicit expressions for 

tψ  and sψ  are required. Unfortunately, the atomic structure of the tip is 

generally not known and thus its wavefunction cannot be determined 

explicitly. Consequently, a model tip wave function has to be assumed 

in order to calculate the tunneling current. 

Tersoff and Hamann8 [Ter83], [Ter85] used the simplest possible 

model for the tip, assuming a tip with a local spherical symmetry9. In this 

model, tsM  is evaluated for an s-type tip wave function. Any other 

contributions from the tip wave functions were neglected. 

In the limits for low temperature and small applied bias voltage, 

Eq. 11 becomes: 

                                                            
8 Who were the first to apply the transfer Hamiltonian approach to STM. 
9 The ideal tip would consist of a mathematical point source (as for maximum 
resolution the smallest possible tip is required. Furthermore, one would like to 
measure the properties of the bare sample and not of the more complex surface-tip 
system).  
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2
2

ts s F t Fts

2πe
I U M δ(E E )δ(E E )


    (13) 

In the s-wave approximation for the tip, the expression for I 

becomes: 

R
2

22
t F s 0 s Fs

2πe
I Un (E )e ψ (r ) δ(E E )


   (14) 

t Fn (E )  : Density of states of the tip at the Fermi level 

R  : The tip radius 

0r  : The center of curvature of the tip 

s F 0n (E , r )  : Local density of states (LDOS) of the surface at the Fermi 

level10 

2

s F 0 s 0 s F s Fs
n (E , r ) ψ (r ) δ(E E ) LDOS (E )    (15) 

Therefore, the STM images obtained at low bias voltages in the 

constant current mode represent contour maps of constant surface LDOS 

at FE  evaluated at the center of curvature of the tip. In other words, the 

tip properties can be taken out from the problem, and the STM image 

reflects only the properties of the sample (instead of the joint surface-tip 

system). 

                                                            
10 The charge density from the electronic states at	E  evaluated at the center of curvature 
r  of the tip. 



CHAPTER 2 ‐ FUNDAMENTALS 

33 

Accordingly, for low bias voltages11 and low temperatures12, 

combining Eq. 14–15, and considering that s F 0n (E , r )  and t Fn (E )  are 

constant in this energy range, the expression of I becomes: 

s F 0 t FI U n (E , r ) n (E )    (16) 

which is well known as the Tersoff-Hamann expression for the 

tunneling current and shows the sensitivity of the tunneling current to the 

electronic structure of the sample. In other words, in terms of the Tersoff-

Hamman approximation, the variations of the tunneling current while 

scanning the tip over the sample depends only on the local properties of 

the sample (and not on the tip). 

However, the Tersoff-Hamann model failed to explain the atomic 

resolution observed on the fcc metal surfaces. Eventually, this was 

achieved by C. J. Chen in 1990 when the 2z
d  states of the tip were 

accounted for. 

To summarize, although rough simplifications were used to 

deduced the expression of the tunneling current I, Eq. 16 contains the 

essential information and is good enough for qualitative (and under 

certain conditions quantitative) discussions and will be used to interpret 

the STM images in this thesis. 

 

 

                                                            
11 The bias and energy dependence of T can be disregarded. 
12 The integration limits are reduced. 
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2.2.3 Imaging adsorbates with the STM 

Until the first successful STM images of organic adsorbates were 

reported [Bar85] [Gim87], it was debated whether it would be possible 

to image molecules. The doubts were mainly generated from Tersoff and 

Hamman’s result that the tunneling current is proportional to the LDOS 

at the Fermi level. As most organic molecules have a relatively large gap 

between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) as compared to the low bias 

voltages applied in STM, due to this relatively large energy gap one 

might expect that the molecules are not visible in STM at low biases. But 

the adsorbate states (or molecular orbitals) away from the Fermi level 

can also induce changes in the LDOS at the Fermi level as they interact 

not only with a single state, but rather with a continuum of states in the 

(conduction) band of the metal substrate [Lun79]. Accordingly, the 

adsorbate’s molecular orbitals (e.g. HOMO and LUMO) are altered (e.g. 

hybridization) in such way that imaging of the molecule becomes 

possible. 

Lang [Lan85] [Lan86] was the first who tried to clarify the contrast 

mechanism of simple atomic adsorbates on a metal surface. Lang’s 

results proved that the results of Tersoff and Haman are also valid for 

atomic adsorbates. Thus, adsorbates are imaged as either protrusion or 

depression depending on how they modify the LDOS at the Fermi level 

(as compared to the bare surface), i.e. if they add or deplete the electron 

density. As a rule of thumb, with increasing electronegativity (decreasing 

polarizability) of the atomic adsorbates, they tend to be imaged as 

depressions [Sat97] [Til98]. 
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Based on Lang’s theory, Eigler et al. [Eig91] discussed 

(qualitatively) for the first time what makes an ‘insulating’ atom visible 

in STM. In particular, the case of Xe adsorbed on Ni(110) was discussed. 

The Xe atom is imaged in the STM as a protrusion with a height of 1.5 

Å, even though the gap between the highest occupied Xe5p states and the 

lowest Xe6s states is approximately 12 eV in gas phase. Physisorption 

causes a weak mixing of the Xe6s state with the metal substrate states, 

generating a strong broadening of the atomic resonance. Nevertheless, 

the contribution to the density of states at the Fermi level is low and 

cannot explain the observed corrugation of Xe atoms in STM. However, 

the Xe6s resonance13 extends considerably further out into vacuum than 

the bare surface wave functions, which leads to the ‘visibility’ of Xe. 

For (larger) molecular adsorbates, the appearance in the STM 

images can depend on various factors such as: (i) applied bias voltage, 

[Bjö10] (ii) adsorption site, [Krö07] (iii) surface orientation, [Jun97] (iv) 

tip contamination. Furthermore, due to intermolecular interactions, a 

single molecule (or one molecule at the edge of a network) can look 

different as compared with one within a network (Figure 3.5, Section 

3.2). Some ligands, such as alkyl chains, attached to a central molecular 

core, can continuously change their configuration14 while the molecular 

core itself is immobile on the surface. When the movement of such a side 

group is faster than the characteristic scanning speed of the STM, a 

certain fuzziness in the STM images occurs. 

From this short introduction it is obvious that the imaging 

mechanism in STM is not straightforward. A detailed discussion of 

                                                            
13 The size of the orbital associated with that resonance. 
14 If the molecule is not confined into a network, or if the entire system is not yet 
frozen on the surface. 
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different theoretical approaches to the contrast mechanism of adsorbates 

in STM is for example given in [Sau97a]. 

As already mentioned, in the STM experiments the tip is scanned 

over a sample and the signal of interest (z, I) is recorded. As the tip is 

usually raster scanned (in the x-y plane) over a square area, the output of 

an STM measurement is a two dimensional data array15 which is shown 

in an image format by using a color code.16 The most common color code 

is the greyscale code, where bright and dark tones of grey correspond to 

high and low values of the recorded signal. 

2.3 The x-ray standing wave technique 

With the x-ray standing wave (XSW) technique, the adsorption 

height of adsorbates relative to the Bragg planes of a substrate lattice can 

be accurately17 determined with chemical sensitivity. The prerequisites 

for this technique are a tunable monocromatized photon source, a sample 

that has a distinct lattice spacing (such as a single crystal), and a 

vertically well-defined interface (preferably adsorbates that possess a 

long range order). This technique is described in detailed in [Bat64] 

[Woo05] [Woo98] [Zeg93][Zeg13] and only a brief introduction will be 

given here. 

First, a short description of how the x-ray standing wavefield is 

created at the sample will be given. After that, the deduction of the x-ray 

                                                            
15 Thereby, for the STM measurements the expression ‘STM images’ is used. 
16 For the STM images in this thesis the so called “gold” color mode was used 
[Hor07]. 
17 Usually, the statistical errors within the experiment are below 0.05 Å. 
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standing wavefield intensity formula will be described. Further, the 

discussion will focus on how to detect the x-ray standing wavefield. 

Finally, how the adsorption height of an atom is derived will be 

presented. 

The basic principle of the XSW technique is summarized in Figure 

2.11 and shortly described below. When a substrate (e.g. single crystal) 

is exposed to an incoming photon beam and a Bragg scattering condition 

is met, the incident and the scattered X-ray travelling waves interfere and 

generate a standing wavefield18. The X-ray standing wavefield exists not 

only within the crystal, but also above the crystal. Accordingly, atoms 

which are adsorbed on the crystal surface are immersed in the x-ray 

standing wavefield. With the XSW technique, structural investigations 

of atoms and molecules on surfaces are possible. 

As mentioned, the scattering occurrence is determined by Bragg’s 

law, which can be expressed as: 

Bragg hkl Braggλ 2d sin(θ )  (17) 

or in the vector form (Laue equation) as: 

H 0 hklK K K 
  

(Figure 2.11c) (18) 

0 HK ,K
 

: Propagation vectors of the incident (reflected) wave 

hklH


: Scattering vector (Figure 2.11c) 

hkld : Lattice plane spacing of the family {hkl} of lattice planes 
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Braggλ : x-ray wavelength 

Braggθ :  Bragg angle with respect to the lattice planes 

Considering the two planar x-ray waves (incident and reflected) 

having their electric field vectors given by the following equations: 

002π(ν t K r)
0 0ε E e  

 
 (19) 

H02π(ν t K r)
H Hε E e  

 
 (20) 

o Hε ,ε
 

: Electric field vector of the incoming (reflected) wave 

0 HE ,E : Amplitude of the incident (Bragg-reflected) wave 

0 Hυ ,υ : Frequency of the incident (reflected) wave 

r


:  Vector which defines the position at which the intensity is 

measured (the atomic adsorber position). 

If the two waves are coherent (and thus their frequencies are 

identical 0 Hυ υ υ  )19, one can relate the two electric field vectors by an 

amplitude and a phase via: 

iυ
H 0E RE e  (21) 

R:  Reflectivity (the reflected fraction HI of the incident 

intensity 0I ), which depends on the photon energy and scattering angle, 

and its value is given by: 

                                                            
19 And H 0K = K
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2
HH

2
0 0

EI
R

I E
   (22) 

The x-ray standing wavefield (in the overlap region between the 

incident and reflected plane waves) is characterized by: 

0 hkl

0 H

2πi(υt K r) i(υ 2πH r)
0ε ε ε E e (1 Re )      

     
 (23) 

If z is defined to be the vertical distance (relative to the Bragg 

plane) between the point r


 and the lattice plane, the scalar product 

between hklH


and r


can be written as (Figure 2.11c): 

hkl

hkl

z
H r

d
 

 
.20 (24) 

Finally, the intensity of the x-ray standing wavefield is given by:21 

XSW
hkl

z
I 1 R 2 R cos υ 2π

d

 
    

 
 (25) 

                                                            
20 The periodicity of the standing wavefield is given by the (Bragg) lattice plane 

spacing, 
1

hkl hkld H λ / 2.
   

21
*

XSW 2
0

εε
I

E
  the normalized intensity of the wavefield. 
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Figure 2.11 (a) Schematic representation of the x-ray standing wavefield which 
is created by the interference of the incident and scattered waves inside the 
crystal and above the surface, at a Bragg reflection. The position of the minima 
and maxima (or the nodes and antinodes) of the x-ray standing wavefield is 
determined by the phase υ . When the photon energy is scanned through the 
Bragg condition, υ changes its value by π . Accordingly, the nodes and the 
antinodes change their positions. Thus, the intensity of the standing wavefield 
depends on both, the height of the adsorbate where the intensity is measured, 

and the photon energy. (b) The intensity of the XSW field XSW(I )  is shown as a 

function of z axis (  on the Bragg planes). The maximum intensity of the 
standing wavefield (dashed red lines) coincide with the position of the lattice 
planes parallel to the surface (gray circles represent the atoms the crystal 
atoms). The periodicity of the wavefield intensity is given by the lattice plane 

spacing hkld . (c) The wave vector of the incident (scattered) wave 0K H(K ) 

fulfilling the Bragg condition (Eq. 18). hkld  is the spacing of the {hkl} Bragg 

planes. Braggθ  is the angle formed by the incident (scattered) wave vector and 

the Bragg plane. λ  is the wavelength of the incident wave.  

Up to this point, the x-ray standing wavefield is created and its 

intensity is given by Eq. 25. Having the standing wavefield present at the 

sample, the next step is to use XPS as a detection method for the 

detection of the photoelectrons emitted from the sample. Alternative 
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methods which detect fluorescence or Auger electrons signals can also 

be used for this purpose, but XPS is surface and chemical sensitive, 

because one can distingue not only different elements within a sample, 

but also the same element in different chemical environments. If the 

incident photon energy hυ  is greater than the sum of the electron binding 

energy BE  and the work function Φ ( B(hυ E Φ)  , photoelectrons are 

emitted from the sample. From the detection of the photoelectrons 

emitted by atoms at a certain position z (the photoelectron yield XSWY (z)

), the absorption a(I (z))  of the XSW from a specific element at the 

position z can be measured and is given by the following equation: 

xsw aY (z) I (z)   (26) 

Furthermore, in the dipole approximation [Zeg93], the photon 

absorption is proportional to the intensity of the standing wavefield: 

a XSWI (z) I (z)  (27) 

All the above equations neglect the fact that the atoms of interest 

can have different positions on the surface. This is accounted for with 

the help of two parameters: coherent position cp  and coherent fraction 

cf . The coherent position represents the average position modulo hkld . 

hklc d

z
p  , or more correctly: c hkl 0z (p n)d ,n N   . (28) 

The coherent fraction represents a measure for the structural order 

of the atoms relative to the Bragg planes, and it can have values between 

0 and 1. 
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If one considers an atom at a position r


 above the surface, the 

integrated photoelectron signal, the so-called photoelectron yield XSWY , 

is proportional to the x-ray intensity ( xsw xswI Y ). We can use Eq. 28 to 

directly fit the yield profile and extract, the distance above the Bragg 

plane of the atom at position r


. However, the example of a single atom 

is not realistic, because in the real experiment, it will be an ensemble of 

N atoms which will therefore show a certain z distribution instead of a 

single distance. To account for this, a distribution of the adsorbates needs 

to be introduced: 

n

i
i 1

1
f (z) δ(z z )

N 

  , which fulfills the normalization: (29) 

hkld

0
f (z)dz 1. Eq. 25 now becomes: 

 XSW cI 1 R 2 R cos υ 2πp     (30) 

Up to now only the dipole approximation (used to describe the 

photoemission process) was taken into account. This approximation is 

valid if the wavelength of the incident beam ( λ  in Figure 1a) is larger 

than the dimension of the atom probed. In the experiment described in 

this thesis the wavelength of the incident beam is 4.3 Å, while the 

diameter of a Cu atom is 2.55 Å. Furthermore, in an NIXSW experiment 

(see section 2.3.1), there are simultaneously incident and reflected x-ray 

waves with opposite propagation directions. As a consequence, the 

photoemission cross sections for the absorption of the incident photon 

wave and of the reflected wave are different. In this case, the 

photoemission signal is not proportional to the total x-ray absorption, and 

hence not proportional to the intensity of the XSW at the absorbing atom. 
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Accordingly, deviations from the dipolar approximations have to be 

taken into account. Vartanyants and Zegenhagen [Var99] developed the 

following expression for the photoelectron yield within the quadrupole 

approximation: 

 XSW R c I cY (z, E) 1 S R(E) 2F R(E) S cos φ(E) 2πP Ψ ,      (31) 

The parameters R IS , S and Ψ  are the so called non-dipolar 

correction parameters. The parameter IS  is a complex number with the 

absolute value IS  and the phase iΨ
I IΨ, S S e .  Another 

parameterization of these non-dipolar contributions was introduced by 

Nelson [Nel02] and consists of the two independent parameters q and Δ.   

2.3.1 Normal incidence x-ray standing wave technique 

(NIXSW) 

For investigation of molecules on metal surfaces, the XSW 

experiment has to be performed under (near-)normal incidence geometry 

of the incident photon beam with respect to the Bragg planes (for Bragg 

angles close to 90°). The reason for this requirement is the lower degree 

of perfection of metal single crystals, as compared to semiconductor 

crystals for example [Woo05]. The mathematical explanation for this 

requirement is given by the fact that the width of the Darwin reflectivity 

curve (the ‘rocking curve width’) is extremely narrow, depends on the 

Bragg angle and is proportional to Braggtan(θ ) [Hua89]. Thus, for 

Braggθ π / 2  it approaches infinity. Furthermore, if the sample (e.g. 

single crystal) mosaicity is larger compared with the rocking curve 
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width, the effect of the standing wave is washed out. A more detailed 

study shows that for Braggθ π / 2  the width of the reflectivity curve 

becomes significantly large (in the order of hundreds of meV) 

[Woo94][Zeg13].  

As an example, let us assume an atom (blue circle in Figure 2.12) 

adsorbed at the Bragg plane22 on top of a (111) surface. The following 

situations can occur during an XSW scan (while the photon energy is 

tuned around the Bragg energy Bragg(E ) ): 

(i) If the photon energy hυ  is far below BraggE ,  the amplitude of the 

reflectivity is 0 (Figure 2.12b). Under the assumption that there is no 

absorption inside the crystal, the intensity of the incident x-ray wave is 

constant inside the substrate and above it (Figure 2.12a, c). Thus, the 

(normalized) absorption yield value of the atom is 1 (i.e. the intensity of 

the incident x-ray wave, Figure 2.12c). 

(ii) As the photon energy reaches the Bragg energy Bragg(h υ E ),  

the incident wave is diffracted, and a standing wave can form. Thus the 

reflectivity increases (Figure 2.12d, e). The nodal planes of the standing 

wavefield coincide with the Bragg planes, which in this case are also the 

atomic planes. 

(iii) As hυ  is scanned through the Bragg condition, the following 

changes take place: 

                                                            
22 Bragg plane doesn’t necessary has to coincide with the crystal/surface plane. Here, 
for simplicity, this assumption is made. 
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- The phase φ shifts, while the amplitude of the reflectivity is still 

large (but lower compared with the previous case (ii)) (Figure 2.12h). 

Actually, the XSW is still present but its nodal and antinodal planes are 

shifted with hkld

2
 (as compared with the previous case (ii)). Accordingly, 

the atom sits now at the node of the XSW. 

(iv) For Bragghυ E  no diffraction is taking place (no XSW), 

hence the reflectivity is again zero. The values for the absorption 

profile are back to the values as in the initial case (i). The phase φ 

completed the shift and equals to zero.23 

                                                            
23 The asymmetric shape of the reflectivity is due to X-ray absorption inside the 
substrate, which increases as the XSW antinodes approach the atomic planes. 
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Figure 2.12. Schematic representation of the formation of the XSW in a (111) 
single crystal. While tuning the photon energy the following (i) – (iv) situation 
can occur: (i) the photon energy is far below the Bragg energy; (ii) the photon 
energy approaches the Bragg energy; (iii) the photon energy is scanned 
through the Bragg condition; (iv) the photon energy is far above the Bragg 
energy. For each case, the intensity of the incident x-ray wave (a, j) or of the x-
ray standing wave (d, g) is shown as a function of the position (z) and displayed 
in figures (a, d, g, j). In figures (b, e, h, k) the corresponding reflectivity and 
phase are shown. In figures (c, f, i, l) the corresponding absorption profiles of 
the considered atom are displayed. Adapted from [Zeg93], [Woo05][Mer12]. 

To conclude, the strong correlation between the absorption profile 

and the vertical distances of an absorber (with respect to the scatterer 
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planes) gives access to the structural properties of the absorber. The 

NIXSW technique was exploited for the XSW measurements shown in 

Chapter IV of this thesis.

2.4 Experimental details 

2.4.1 UHV systems and sample preparation 

At the University of Basel24 three operational UHV-STM systems 

were available: two homebuilt room temperature STMs (RT-STM) and 

a commercial low temperature STM (LT-STM from Omicron 

NanoTechnology GmbH). At the University of Groningen, an Omicron 

LT-STM was available. The experiments were performed in an ultrahigh 

vacuum (UHV) system (base pressure in the low 10-10 mbar region) 

consisting of different chambers for sample preparation and 

characterization. The (111) oriented single crystals (Au, Ag, Cu) were 

prepared by repeated cycles of Ar+ ion bombardment and subsequent 

annealing at 550-700 K in order to obtain an atomically flat surface. The 

molecules were deposited onto the surface by thermal evaporation from 

a quartz crucible heated at the desired sublimation temperature using 

either a commercial (Kentax UHV equipment) or a homebuilt 3-cell 

evaporator. The preparation chambers of the LT-STM systems provide 

the possibility to deposit molecules on a cold or heated sample. The 

deposition rate was controlled by a quartz crystal microbalance. The 

                                                            
24 The first 26 months of the PhD project were conducted at the University of Basel. 
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constant current images were obtained with a PtIr tip and the bias 

voltages are given with respect to a grounded tip.  

For the RT-STMs, the Nanonis SPM control system (Specs 

GmbH) was used. The LT-STM was operated with either the Nanonis or 

the Matrix (Omicron Nanotechnology GmbH) control system. The free 

software WSxM [Hor07] was used for the data processing of the STM 

images. The principal substrate directions were obtained from atomically 

resolved STM images of the clean metal surface. All lateral dimensions 

reported are valid within an accuracy of <10%. 


