
One-dimensional aggregates

of the organic dye quinacridone

on metallic and dielectric surfaces

DISSERTATION

zur Erlangung des Doktorgrades (Dr. rer. nat.)

der Mathematisch-Naturwissenschaftlichen Fakultät

der Rheinischen Friedrich-Wilhelms-Universität Bonn

vorgelegt von
HANS NIKLAS HUMBERG

aus Troisdorf

Bonn, 2024





Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät
der Rheinischen Friedrich-Wilhelms-Universität Bonn.

Gutachter/Betreuer: Prof. Dr. Moritz Sokolowski

Gutachterin: Prof. Dr. Meike Stöhr

Tag der Promotion: 30.08.2024
Erscheinungsjahr: 2025



Meinen geliebten Eltern.



Abstract

The present work addresses the question of to what extent the motif of intermolecular hydrogen
bonds (H-bonds) can be used to create isolated, i.e., spatially separated, one-dimensional (1D)
structures, i.e., “chains”, of organic molecules on surfaces through self-assembly. For this, the
structures of 5,12-dihydro-quino[2,3-b]acridine-7,14-dione (quinacridone, QA) were investigated
by low-energy electron diffraction and scanning tunneling microscopy. Of particular interest was
the question of whether such molecular chains could be self-assembled, besides on metallic sub-
strates, also on thin layers of wide band gap materials, where they may be electronically decou-
pled from the underlying metallic substrate.

As a first step, the self-assembled structures of QA on the Ag(100) and Cu(111) surfaces were
investigated. It was found that QA does, as expected, form homochiral molecular chains that
are held together by intermolecular H-bonds on both surfaces. The chains adapt distinct az-
imuthal orientations that are determined by the substrate-adsorbate interactions. Furthermore,
these chains are metastable and stabilized by a kinetic barrier. Upon annealing, the molecular
chains undergo phase transitions into heterochiral structures on both surfaces. These heterochi-
ral structures contain fewer H-bonds per molecule, but this energy loss is overcompensated by
stronger bonds between the molecules and the substrates. The kinetic barriers for these phase
transitions are given by the breaking of the intermolecular H-bonds and presumably by a slight
reconstruction of the first layers of the metal substrates.

The second step was to electronically decouple the molecular chains of QA from the underlying
metallic substrates. For this, QA was deposited onto thin layers of wide band gap materials,
where the substrate-adsorbate interactions are usually weaker than on the pure metal surfaces,
namely epitaxial layers of potassium chloride (KCl) on Ag(100) and a single layer of hexagonal
boron nitride (hBN) on Cu(111). Interestingly, on both KCl and hBN, molecular chains of QA with
distinct orientations were observed. For QA on thick epitaxial layers (> 4 monolayers) of KCl on
Ag(100), it was found that the adsorption energy of QA on KCl is too small with respect to its bulk
sublimation enthalpy for chains to form, which causes the formation of three-dimensional QA
clusters. However, on thin KCl layers (2 – 3 monolayers), the van der Waals interactions between
the QA molecules and the underlying Ag substrate contribute to the adsorption energy of QA,
which enables the formation of homochiral molecular chains. The distinct orientations of the
chains on KCl are determined by the interactions between the QA molecules and the KCl surface,
while those on hBN are determined by patches of bare Cu that serve as nucleation points for the
chain growth.

Because the formation of self-assembled QA chains only occurs on thin KCl layers, where the QA
structures are stabilized by interactions with the metal substrate, as a last step, it was investigated
whether the QA structures can be stabilized on KCl by introducing an increased amount of steps
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to the system, which may serve as favorable nucleation sites. First, the structures of QA on a
pure vicinal Ag(100) surface were investigated. It was found that at room temperature the growth
of QA chains begins on the Ag terraces and the step edges have no influence on the azimuthal
orientations of the chains. In contrast, elevated growth temperatures cause the chain growth to
nucleate at the Ag step edges, which induces a preferential growth of distinct orientations. Sec-
ondly, the growth of epitaxial KCl layers on the vicinal Ag(100) surface was investigated. The KCl
layer grows across the step edges of the vicinal surface in a carpet-like growth, which leads to a
slight deformation of the KCl lattice. This has implications for the growth of QA structures on the
KCl layer. The deformation of the KCl lattice leads to more possible adsorption configurations for
QA molecules and thus a wider range of azimuthal chain orientations.

Overall, the investigation of the present thesis show that the formation of intermolecular H-bonds
is a strong motif that can be used to create one-dimensional organic structures on metal surfaces
and thin layers of wide band gap materials. However, the substrate also plays an important role,
as all the observed structures are the result of a delicate balance between the intermolecular and
the substrate-adsorbate interactions.
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1 Introduction

Throughout the entire history of mankind, one-dimensional (1D) structures of different forms
have played a very important role in human societies. Robust ropes are indispensable for the
transportation of wares and the construction of buildings, pipes and cables are used for the trans-
portation of water and electricity, and today information is transmitted through optical fibers. So,
with the recent trend of modern technology to very small devices, a focus in research for the last
three decades has been on atomic and molecular wires that are 1000 times thinner than human
hair. Such atomic and molecular wires are considered to be essential building blocks for mod-
ern devices in (neuromorphic) computing, energy storage, photonics, photovoltaics, and other
important applications [1–7].

Besides their use in technological applications, 1D structures are also very attractive objects for
probing the fundamental physical properties of organic molecules. In science, reducing the di-
mensionality of a system and comparing its properties to those of the same material with a higher
dimensionality is a common and rewarding approach because it helps us to understand the re-
lation between individual atoms or molecules and the properties of the system that arise from
them at a fundamental level. It has been shown that the so-called quantum confinement effect,
which results from the confinement of the electron movement to (in the case of 1D structures)
only one dimension, can change the chemical and physical properties of a material significantly
[8]. An impressive example of this is that the optical properties of a material strongly depend on
the size, shape, and dimensionality of the nanostructures [9–13]. The resulting unique properties
are another reason why the investigation of 1D structures is of particular interest.

An organic molecule that is known to form 1D molecular chains in its bulk crystal structures
[14] and on surfaces [15–17] that are connected via intermolecular hydrogen bonds (H-bonds) is
quinacridone (QA). In the last two decades, QA has gained some attention besides its use as a dye
for printer toners and varnishes because Głowacki et al. have found that it shows very promising
properties for applications in electronic devices [18, 19]. In particular, they found a hole mobility
of 0.1 cm2 V−1 s−1 and a photocurrent of about 1 mA cm−2. Both observations were attributed
to the strong intermolecular H-bonds in the QA chains. Examples of QA-based applications are
organic field-effect transistors (OFETs) [20–24], organic light-emitting diodes (OLEDs) [25–27],
and organic photovoltaics (OPVs) [28–30]. A summary of the potential optoelectronic applications
of QA and its derivatives is given in a review by Wang et al. [31].

A particularly interesting property of QA is that the transition dipole of a single QA molecule
is pointed along the direction perpendicular to the long molecular axis inside of the molecu-
lar plane [32]. This direction is parallel to the direction of the intermolecular H-bonds. In a
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chain of QA molecules then, the transition dipoles are arranged in a head-to-tail configuration
(J-aggregate), which makes such chains of QA very interesting for optical investigations because
the absorption band of such aggregates usually shifts to longer wavelengths and exhibits an in-
creased sharpness in comparison to those of the corresponding monomers. For these reasons, QA
was chosen for the experiments described in the present thesis. However, since the observation of
unperturbed electronic and excitonic states of molecules is prohibited on metal surfaces, for such
optical investigations it is necessary to decouple the molecules from the metal surface. This can
be achieved for example by inserting thin layers of wide band gap materials, such as thin layers
of an alkali halide (AH), between the molecular layer and the metal substrate [33]. Thus, the goal
of the present thesis was to utilize the intermolecular H-bonds, which are a strong motif promot-
ing chain formation, to create long QA chains on thin layers of wide band gap materials through
self-assembly.

In the present work, the structures of QA on various metal surfaces and thin layers of wide band
gap materials were investigated with scanning tunneling microscopy (STM) and low-energy elec-
tron diffraction (LEED). The objective was to elucidate the complex interplay between the differ-
ent interactions1 that determine the formation of different QA structures on these different sur-
faces. Of particular interest was the question of whether spatially isolated 1D chains of QA can be
formed and observed on insulating layers, where the interfacial bonding between the molecules
and the surface is typically weaker than on pure metal surfaces. This turned out to be a delicate
task. The structures of QA were investigated on three different groups of surfaces, which will be
introduced below. The reasoning behind the choice of these specific surfaces is as follows:

I The structures of QA were investigated on the Ag(100) and Cu(111) surfaces. These two sur-
faces are commonly used and are known to support the formation of ordered layers of many
different organic molecules [34–37]. The comparison between the QA structures on Ag(100),
Cu(111), and those on Ag(111), which were investigated by Wagner et al. [15], allowed a
better understanding of the mechanisms at play. Lastly, Ag(100) and Cu(111) are known
to be good templates for the growth of two very commonly used layers of wide band gap
materials, namely potassium chloride (KCl) [38] and hBN, respectively [39, 40].

II Furthermore, the structures of QA were also investigated on KCl and hBN layers on the
Ag(100) and Cu(111) surface, respectively. These two layers were chosen with the goal in
mind to prepare QA chains that are electronically decoupled from the metal substrates and
hence are interesting subjects for optical investigations.

III Lastly, the influence of Ag step edges on the growth of QA was investigated on a vicinal
Ag(100) surface. This was done in order to find out, whether the unidirectional step edges
may serve as favorable nucleation points for the growth of QA chains and thus facilitate

1These interactions include, for example, the intermolecular H-bonds, the substrate-adsorbate bond (chemisorptive
vs. physisorptive), and the van der Waals interactions.
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the chain growth on layers of KCl on the vicinal Ag(100) surface. Furthermore, it was ex-
plored whether a reduction of the surface symmetry may lead to a decrease in the amount
of symmetry-equivalent QA domains.

The present thesis will cover these topics in the following order. Chapter 2 will give an introduc-
tion to the theoretical background regarding the QA molecule and the experimental methods that
were used. An overview of the related literature will be given in Chapter 3 and the experimen-
tal methods will be explained in Chapter 4. The structures of QA on Ag(100) and Cu(111), on
KCl/Ag(100) and hBN/Cu(111), and on Ag(35 1 1) and KCl/Ag(35 1 1) will be discussed in Chap-
ter 5, Chapter 6, and Chapter 7, respectively. In Chapter 8, the lateral structure of blue phosphorus
on Au(111) is discussed, which is another potential candidate layer for the growth of QA struc-
tures. Finally, the results of the present thesis will be summarized and concluded in Chapter 9 and
an outlook regarding open questions and potential strategies to address them will be given.
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2 Background information

This chapter will give some background information regarding the properties of the QA molecule,
the experimental methods, and other important concepts. First, the molecule of interest in the
present thesis, quinacridone, will be introduced. Then, the concept of 2D chirality on surfaces
will be explained, and lastly, an introduction to the theory of the utilized experimental methods,
namely LEED and STM1, will be given.

2.1 Quinacridone

2.1.1 General information

The full IUPAC name of QA is 5,12-dihydro-quino[2,3-b]acridine-7,14-dione. It is a planar organic
molecule of the symmetry group C2h with the molecular formula C20H12N2O2 and a molar mass
of 312.32 g · mol−1. It has four different isomers [41] of which in this work only the linear trans
isomer was considered, and the abbreviation QA only refers to this isomer. A structural formula
and a hard-sphere model of QA are shown in panel a) of Figure 2.1. Its molecular skeleton consists
of five annulated carbon rings and has thus some similarities with the very well-known molecule
pentacene. The difference between the two molecules is that QA contains four functional chemical
groups, namely two ketone and two secondary amine groups. These functional groups break the
intramolecular π-conjugation of the molecule, but they enable it to exhibit strong intermolecular
interactions in the form of H-bonds (N–H· · ·O) between the amine group of one molecule and the
ketone group of another molecule. QA is a prochiral molecule and exhibits therefore 2D chirality
when adsorbed on a surface. This concept will be explained in more detail in Section 2.2.

Under standard conditions, QA is a crystalline solid with four known different crystal structures
[14, 44] that is insoluble in water and most common organic solvents [41]. The crystal struc-
tures are illustrated in Figure 2.2 and will be discussed in further detail below. At a pressure of
0.4 mbar, the sublimation temperature of QA is 695 – 702 K depending on its crystal structure [45].
In gradient sublimation experiments (p = 10−8 mbar) by Berg et al. [23], it was observed that QA
sublimated at 673 K and the main fraction deposited at 583 K, while a black solid remained at the
place of the loaded material. Due to the different crystal structures, the color of QA crystals can
range from orange to violet. In solution, QA is yellow (cf. Fig. 2.1). This and its other properties
make QA an excellent candidate for use as a dye. It does not undergo a color change up to tem-
peratures of 460 K [46] and does not melt or decompose when heated to 673 K [47]. It also exhibits
excellent lightfastness at all levels of dilution [46]. Lastly, QA can be produced at a large scale with

1All abbreviations that are used in the present thesis can be looked up in the List of abbreviations on page 237.
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Figure 2.1: a) Structural model and a corresponding hard-sphere model of QA. The hard-sphere
model was drawn with the program graphics layout engine [42] using bond lengths and van der
Waals radii from literature [43]. b) Illustration of the 2D chirality of QA. The color code of the
atoms is as follows: black = carbon, gray = hydrogen, blue = nitrogen, and red = oxygen. c) Images
of QA that show the colors of the four bulk crystal structures and of QA in a solution of boiling
DMSO at 185 ◦C.

good yield with a simple four-step synthesis using aniline and diethyl succinate as reagents [48],
which are both cheap and easily obtainable [49, 50]. Because of the above reasons and the fact that
QA is not toxic [51], it is a widely used organic pigment (also known under the name Violet 19). It
is utilized as high-performance paint, for example in varnishes and printer toners [41, 47, 52], and
was first sold by Du Pont in 1958 [46].

2.1.2 The QA bulk crystal structures

It is particularly interesting to compare the bulk crystal structures to the structures that form on
surfaces because the potential parallels and differences allow us to draw conclusions about the
interactions at play. Over the years, various crystal structures of QA have been reported in journals
and patents [14]. However, many of those described the same structures or were mixtures of
two already known crystal structures. Now, four crystal structures of QA, which are illustrated
in Figure 2.2, can be distinguished: the αI

B- and αII
B-, the βB-, and the γB-phases.2 All of these

crystal structures of QA have in common that the structure-determining element is given by the
intermolecular H-bonds [14, 53, 54].

The αI
B- and αII

B-phases (cf. Fig. 2.2, top half) are very similar. Both consist of 1D aggregates
of QA molecules that are facing each other with their functional groups and which are linked
through two intermolecular H-bonds per molecule.3 These aggregates will be referred to as QA

2The letter B in the subscripts stands for the word “bulk” to distinguish these names from the ones of the QA phases
on surfaces that will be discussed later on.

3In the present thesis, an H-bond between two molecules will be counted as 0.5 H-bonds per molecule.
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chains within the scope of the present thesis. The QA chains in the two above-mentioned crystal
structures have small steps of roughly 0.35 Å to the right of each molecule, as is illustrated by the
dashed black lines in Figure 2.2. These chains form stacks, in which the molecules of one chain are
facing the molecules of another chain with their flat sides, which allows π-π-interactions between
the molecules of neighboring chains. The difference between the two phases lies in the packing
of the chain stacks. In the αI

B-phase all stacks are parallel while in the αII
B-phase they are arranged

in a herringbone structure. Interestingly, the βB-phase (cf. Fig. 2.2, bottom left) also consists of
the same type of stacked QA chains. But here, neighboring chain stacks are mutually rotated
by 69.4 ◦ with respect to one another. The fact that three out of four known crystal structures
consist of these molecular chains is a strong indicator that the formation of molecular chains is
very favorable for QA and may hence also be expected to occur on surfaces, too. In contrast to
the other three structures, the γB-phase (cf. Fig. 2.2, bottom right) does not consist of molecular
chains. Instead, it consists of stacks of QA molecules that are held together by π-π-interactions.
Neighboring stacks are tilted with respect to one another so that every molecule is connected
to four other molecules via a single H-bond resulting in a criss-cross pattern. Overall, it can be
said that the most important structure-determining factors in the QA crystal structures are the
intermolecular H-bonds and the π-π-interactions within the stacks. The crystallographic data of
the four phases is summarized in Table 2.1.

Table 2.1: Crystallographic data of the four known crystal structures of QA.

phase ref. a / Å b / Å c / Å α / ◦ β / ◦ γ / ◦

αI
B [14] 3.802(2) 6.612(3) 14.485(6) 100.68(8) 94.40(6) 102.11(5)

αII
B [55] 7.1 28.4 3.9 90 100 90

βB [14] 5.692(1) 3.975(1) 30.02(4) 90 96.76(6) 90

γB [14] 13.697(9) 3.881(3) 13.402(1) 90 100.44(1) 90

Finally, the stability of the different crystal structures will be compared. Gorelik et al. have found
through density functional theory (DFT) calculations [55] that the lattice energies of the αI

B- and
αII

B-phases are very similar. The relative lattice energies of the βB- and γB-phases with respect to
those of the αI

B- and αII
B-phases are more favorable (βB : −4.3 kJ mol−1;γB : −5.5 kJ mol−1), which

yields the following order of stability for the four phases: γB > βB ≫ αI
B ≊ αII

B .

2.2 2D chirality at surfaces

Chirality is a very important concept in the field of stereochemistry. A molecule is chiral when
it is incongruent with its mirror image. Similarly, the term prochiral is used to describe molecules
that can be transformed from achiral into chiral molecules in a single step, e.g., by substituting
one functional group with another. Due to the lower dimensionality at surfaces, only symmetry
elements that are orthogonal to the surface can exist. Hence, the breaking of symmetry is a very
common phenomenon there. 2D chirality on achiral surfaces can be caused by several different
effects, such as the adsorption of a molecule at a tilted angle, deformation of an achiral molecule
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0.35 Å

69.4°

I II

Figure 2.2: Bulk crystal structures of QA. Shown are two or three different perspectives (indi-
cated by the coordinate systems) for all four crystal structures and the unit cells are depicted in
orange. The structure coordinates were taken from refs. [14] and [55] and were drawn with the
software VESTA 3 [56]. The color code of the atoms is as follows: black = carbon, gray = hydrogen,
blue = nitrogen, and red = oxygen. For more information, see text.
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upon adsorption, and chemical reactions with the surface. In-depth information on the topic of
2D chirality can be found in the reviews by Ernst [57] and Raval [58].

The most common cause for 2D chirality, which is also applicable to the adsorption of QA, is
rather simple. The adsorption of a planar prochiral molecule in a flat-lying geometry creates a
chiral center where the surface represents the fourth attached group. Another way to look at this
is that the adsorption on the surface causes the molecules to lose their σh mirror plane. This leads
to two different enantiomers, depending on with which of its two sides the molecule adsorbs on
the surface. In panel b) of Figure 2.1 the two corresponding enantiomers of QA on Ag(100) are
displayed. The two enantiomers are rotated by +γ and −γ with respect to the [10] direction,
respectively. They can be projected onto each other by a mirror operation at the mirror plane
that is parallel to the [10] direction and perpendicular to the surface and are thus on identical
adsorption sites. Within the scope of the present work, these two enantiomers will be labeled with
the letters R and L.4

Considering the fact that organic molecules can exist as two different enantiomers on the surface
raises an interesting question: Do aggregates of chiral molecules on surfaces have a preference
towards hetero- or homochiral packing? It is known that for the three-dimensional (3D) crystal
structures of chiral organic molecules heterochiral packing is more common [59]. However, in the
case of 2D chirality on surfaces, this is not so clear. In a recent review, Dutta and Gellmann found
no relevant statistical preference for hetero- or homochiral packing [60]. Overall, it is assumed
that the packing is determined by a subtle balance between various forces. Even a small change in
experimental parameters, for example, the sample temperature or the coverage, can induce phase
transitions between hetero- and homochiral phases.

2.3 Scanning tunneling microscopy

The first scanning tunneling microscope was developed in 1981 by Binnig and Rohrer [61]. Five
years later, in 1986, they were awarded the Nobel Prize in physics for this historic accomplishment.
Today, it is one of the most common methods in the field of surface science because it is capable of
imaging small surface areas in real space with atomic or molecular resolution. In the following, a
brief introduction to this method will be given. A more in-depth explanation can be found in the
pertinent literature [62–65].

The concept of an STM is rather simple: A sharp tip, usually an etched or cut Pt/Ir or W wire, is
brought within a few ångströms of a conducting surface. At the same time, a potential difference,
the so-called bias voltage UB, is applied between the tip and the sample. This shifts the Fermi
levels of the tip and the sample with respect to each other, which creates an incentive for a current
to flow. However, the space between the sample and the tip represents a potential barrier that is
given by the work functions of the sample or the tip (Φs and Φt). These are usually several eV

4The typical nomenclature in chemistry for the classification of chiral centers uses the letters R (rectus, Latin: right)
and S (sinister, Latin: left) according to the Cahn-Ingold-Prelog convention. However, in the field of surface science, it
is not uncommon to use the letters R (right) and L (left), instead.
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high and thus larger by two orders of magnitude than the thermal energy of electrons at room
temperature (RT). Nevertheless, a measurable current (up to 1 nA) can flow between the tip and
the sample. This is explained by the quantum tunneling effect. It describes the phenomenon that
particles with a total energy E can tunnel through potential barriers of a limited height V0 > E,
which they would otherwise not be able to overcome according to the rules of classical physics.
The transmission coefficient can be calculated with the distance d, the mass of the electron me,
the reduced Planck constant h̄, the inverse decay length of the electron wave function κ, and the
height of the potential barrier V0, and is given by [62]:

Ttun(d, E) = e−2κd with κ =

√
2me(V0 − E)

h̄2 . (2.1)

A schematic illustration of the quantum tunneling effect of an electron between the sample and
the tip is shown in Figure 2.3. It shows the Fermi levels EF,s and EF,t of the sample and the tip,
which are shifted by EB = e · UB with respect to each other. Depending on the sign of UB, the
electrons tunnel from the occupied states of the sample into the unoccupied states of the tip or
vice versa. The tunneling electron itself is represented by its wave function Ψ. It does not lose any
energy in the process, hence the wavelength of the wave function is identical on both sides of the
barrier. The probability of presence of the electron is significantly lower behind the barrier which
is reflected in the lower amplitude of the wave function.

sample tip

d

EF,s

EF,t

Φs

e · UB

barrier

Φt

Evac

Figure 2.3: Schematic illustration of an electron tunneling through a potential barrier. The two
Fermi levels EF,s and EF,t are shifted with respect to each other by EB = e · UB. The red curve
describes the wave function of the electron. In the barrier, the wave function decays exponentially
according to equation 2.1. The wavelength before and after the tunneling is identical because the
tunneling does not cause the electron to lose energy. The probability of presence of the electron
behind the barrier is lower, which is reflected in the smaller amplitude of its wave function.
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The exact calculation of the resulting tunneling current Itun is very complicated because Itun is
the result of a convolution between the electronic states of the tip and those of the sample. The
geometry and thus the electronic states of the tip are unknown. To circumvent this problem, the
Tersoff-Hamann model is very commonly used, which approximates the electronic states of the tip
as those of a spherical s-orbital [66]. Under this assumption, the tunneling current Itun is propor-
tional to the local density of states (LDOS) of the sample at the Fermi edge of the sample EF,s at the
position of the center of the tip, which is described by the vector r0. Under consideration of equa-
tion 2.1 and with the extension to final bias voltages, the tunneling current can be approximated
as:

Itun ∝
∫ EF,s+UB

EF,s

∣∣Ψ(r0)
∣∣2 dE. (2.2)

The Tersoff-Hamann model can be extended, i.e., the electronic states of the tip can also be approx-
imated as those, for example, of p- or d-orbitals. In this case, the tunneling current is proportional
to an expression that is related to a simple derivative of the sample wave function at r0. This was
derived by C. J. Chen and is explained in detail in refs. [65, 67].

In practice, the STM tip scans line by line over an area of the surface, which is usually between
5 × 5 nm2 and 1000 × 1000 nm2 in size. The precise tip movement in all three dimensions (x, y, z)
of such a small scale is achieved through the utilization of piezoelectric crystals on which the tip
is mounted. After a calibration of the piezoelectric crystals, the applied voltages can be translated
into distances. During the scanning process, the tunneling current Itun and the tip height z are
measured as a function of the lateral position (x, y). A proportional–integral–derivative (PID)
feedback loop controls the scanning process, reacts to alterations in the tunneling current, and
adjusts the height z accordingly. If the parameters of the PID feedback loop are set in a way that
the tunneling current Itun remains constant, then the tip height z adjusts quickly to and reflects
the corrugation of the surface. This mode is called the constant current mode. It is mainly used on
samples with a high corrugation to prevent the tip from crashing into the surface. Hence, it was
used for the STM experiments on Ag(100) and Cu(111) within the scope of the present thesis. A
disadvantage of this mode is that the scan velocity is quite slow compared to the so-called constant
height mode. As the name suggests, in this mode the height z is kept at a constant value during
the scan. That means that the corrugation of the surface is reflected in the tunneling current. The
disadvantage of this mode is that it can only be employed on very flat surfaces without the risk of
crashing the tip into the surface. A schematic illustration of the two modes is shown in Figure 2.4.

In the present work, the tunneling parameters were not chosen beforehand in order to image
the LDOS corresponding to distinct molecular orbitals. Instead, they were varied systematically
during the experiments and those parameters were chosen that yielded the best image quality and
molecular resolution. Thus, negative bias voltages between −1 V and −2 V were routinely used
to image the QA molecules on metal surfaces. Theoretical DFT calculations and angle-resolved
photoemission experiments by Lüftner et al. have found that the orbital energies of the highest
occupied molecular orbital (HOMO) and the HOMO – 4 of single QA molecules in the gas phase
lie within an energy range of only 2 eV [69]. It can expected that the different molecular orbitals
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Figure 2.4: Illustration of the two measurement modes of an STM. In panel a) the constant current
mode is displayed. Here, the height of the tip is adjusted to the corrugation of the sample during
the scan while the current is held constant at a set value. Panel b) shows the constant height mode.
In this mode, the height z is kept at a constant value and the corrugation of the sample is reflected
in the tunneling current. The figure is taken from ref. [68].

of the adsorbed molecules lie within a similar energy range. Thus, for bias voltages in the above-
mentioned range, it is likely that the electron densities corresponding to all orbitals between the
HOMO and HOMO – 4 contribute to the observed structures in the STM images, although it can
be expected that the HOMO makes the largest contribution.

Finally, it is important to note that STM images are not purely a representation of the topologi-
cal structure of the scanned surface. There are a few aspects that need to be considered when it
comes to their interpretation. The first aspect is that the recorded STM image is a convolution of
the electronic structure of the sample and tip. The topography of the tip, and thus its electronic
structure, during the experiment are often unknown.5 The Tersoff-Hamann model (see above) ne-
glects the electronic states of the tip, and all the observed structures are attributed to the electronic
or topological structure of the surface. In this context, it is important to keep in mind that the
electronic structure of the surface can sometimes vary drastically from the topological structure.
Secondly, the appearance of structures in STM images is also dependent on the tunneling parame-
ters (Itun and UB) because they influence the distance between the tip and the sample. Depending
on said distance, more or less electronic states of the sample and the tip contribute to the tunneling
current, which influences the result of the convolution and can change the observed image drasti-
cally. Lastly, it is also important to keep in mind that STM always only shows a very tiny area of
the surface. It is impossible to know for certain whether the observed structures are representative

5However, it is possible to conduct STM measurements with a tip of a defined and known shape to some degree.
This is done, for example, by adsorbing a CO molecule at the tip during low-temperature measurements [70, 71].
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of the structures on the whole surface. Therefore, it is important to achieve a large enough sample
of images recorded at different locations or to complement the STM results with results from a
method that yields structural information as an average over a large area, for example, LEED.

2.4 Low-energy electron diffraction

The discovery of electron diffraction by Davisson and Germer in 1927 [72] led to the development
of several methods utilizing different ranges of electron energies for the investigation of structures
on surfaces. One of the standard methods is LEED. Electrons with low energies (20 – 300 eV) are
directed towards a surface and only the elastically scattered electrons are detected. The resulting
diffraction image contains precise information on the geometry and two-dimensional order of
the surface. The de Broglie wavelengths λe of electrons with a kinetic energy Ekin in the above-
mentioned range can be calculated via

|k0| =
2π

λe
=

√
2me Ekin

h̄
, (2.3)

and are between roughly 1 Å and 3 Å, which is in the same order of magnitude as the atomic and
molecular structures on the surface. Therefore, electrons in this energy range (20 – 300 eV) are well
suited for structure analysis on this length scale. In contrast to X-rays, electrons exhibit very strong
interactions with matter, which leads to a large cross-section for elastic or inelastic scattering. As
a consequence, for electrons with energies in the above energy range, the mean free path in solid
matter is only roughly 5 – 7 Å, which makes LEED a surface-sensitive method [63, 64].

The surface atoms or molecules of an adsorbate layer can be understood as a two-dimensional
(2D) diffraction grating with the lattice spacings a, b in both dimensions. The scattered electrons
represent a wavefront in which, according to the Huygens-Frensel principle, every point is the
source of spherical wavelets that can mutually interfere. Hence, the resulting diffraction pattern,
i.e., the LEED spots, is the result of constructive interference between these waves, which occurs
when the path length difference is an integer multiple of the electron wavelength. For a spot
of high intensity to appear in the diffraction pattern, the conditions for constructive interference
must be fulfilled for both dimensions at the same time, which are given by:

sin(φa) = i
λe

a
; sin(φb) = j

λe

b
. (2.4)

Here, φa and φb refer to the diffraction angles relative to the surface normal, and the letters i, j
denote integer numbers. Now, substituting λe with an expression from equation 2.3 yields a for-
mula for the so-called two-dimensional reciprocal lattice vector G, which describes the positions
of constructive interference in the reciprocal lattice:

G = ∆k|| = i
2π

a
+ j

2π

b
, (2.5)
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where k|| denotes the component of momentum of the scattered electron parallel to the surface,
and the variables a and b refer to the real space lattice spacings in both dimensions.

A graphic and accessible way to understand the diffraction pattern is the so-called Ewald sphere.
A two-dimensional section through the Ewald sphere is depicted in Figure 2.5. The incident wave
vector of the electron k0 is scattered in several directions illustrated by the wave vectors kij. These
vectors go from the center of the sphere (where the sample is located) towards the points where
the reciprocal lattice (the dashed lines) intersects with the sphere, which has a radius given by |k0|.
These intersection points mark the directions where the spots in the diffraction pattern appear.
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Figure 2.5: Schematic drawings of an MCP-LEED, a conventional LEED and the Ewald sphere
(from left to right). The drawing was taken from ref. [73] and slightly modified. The gray points
in the black bars represent the corresponding spots of the diffraction pattern.

Diffraction patterns contain useful information regarding different aspects of the corresponding
structures. The analysis of the positions of the superstructure spots (with those of the known unit
cell of the substrate as a reference) yields the unit cell of the adsorbate superstructure and the
corresponding superstructure matrix. Here, a disadvantage of LEED becomes apparent, which is
that a single diffraction pattern yields the periodicity of the superstructure, but it does not give
any information about the atomic or molecular arrangement within the unit cell. However, this
can be achieved by measuring the spot intensities versus the incident electron energies (so-called
I-V curves) [74]. An advantage of LEED is that the electron beam hits roughly 1 mm² of the sample
and hence the information that the diffraction pattern contains is averaged over this area. Hence,
in contrast to STM, LEED will only show diffraction patterns if the corresponding structure is
present on a significant portion of the observed area.

The shapes of the spot profiles contain information about the surface morphology. In particular,
the full width at half maximum (FWHM) of the spots is influenced by two factors. One factor is the
roughness of the surface. A high amount of step edges can lead to a broadening of the spots due
to destructive interference between electrons that are scattered at terraces of different heights [75].
However, this phenomenon is dependent on the electron energy (no spot broadening at electron
energies where constructive interference occurs) and is thus distinguishable from the other factor,
which is a spot broadening due to deviations from the ideal surface, e.g., domain boundaries.
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In practice, a traditional LEED apparatus utilizes a hemispherical phosphorescent screen with the
sample in its center to detect the scattered electrons. The diffraction pattern is recorded with a
camera from the back of the screen. In the present work, two variants of LEED were used. The
microchannel plate low-energy electron diffraction (MCP-LEED) is very similar to the traditional
LEED and is illustrated on the left-hand side of Figure 2.5. In this variant of LEED, the electrons
pass through a microchannel plate before being detected on a detector plate. The diffracted elec-
trons are multiplied by the microchannel plate, and hence a more intense signal on the detector is
achieved. The diffraction patterns obtained by an MCP-LEED are distorted because the multichan-
nel and detector plates are not hemispherical. For the same scattering angle φ in an MCP-LEED,
the resulting spot is further apart from the specular spot than it is the case in a traditional LEED.
This can be seen in Figure 2.5, the distances x’ and x, as well as the relation between them, can be
calculated according to the following simple equations:

x = r · sin(φ), x′ = r · tan(φ), x = x′ · cos(φ). (2.6)

In the present thesis, the distortion of the images was corrected according to the above equations
with a small program called MCPDeskew, which was written by J. Ikonomov [76]. This method of
MCP-LEED was used within the scope of the present thesis because it leads to lower beam currents
than in traditional LEED. All images were recorded with a beam current of about 10 nA. This is
useful for investigating organic structures because it is well-known that some organic structures
decompose when they are exposed to electron bombardment. In particular, Wagner et al. reported
that the LEED patterns, recorded with a traditional LEED apparatus, for QA on Ag(111) usually
vanished after a couple of seconds [15].

The other LEED variant that was used within the scope of the present work is spot profile analysis
low-energy electron diffraction (SPA-LEED). The SPA-LEED apparatus does not detect the scat-
tered electrons on a phosphorescent screen. It contains an octupole consisting of 8 plates to make
use of electrostatic deflection in order to modify the track of the electrons before and after they
were scattered at the sample. The scattered electrons are scanned over the aperture of a stationary
point detector and electron multiplier, the channeltron. This technique yields a higher lateral res-
olution than traditional or MCP-LEED. That means that two close spots that appear as one spot in
traditional LEED may be visible as two separate spots in SPA-LEED. A disadvantage of SPA-LEED
is that the scanning process also requires significantly more time. The intricacies of this variant
of LEED will not be discussed in detail here, but more information on the topics of LEED and
SPA-LEED can be found in relevant textbooks and review articles [74, 75, 77]. Within the scope
of the present thesis, on the one hand, SPA-LEED was also used to record 2D diffraction patterns
of the QA structures with high lateral resolution and good signal-to-noise ratio. These images
were used to determine the corresponding real space unit cells with high accuracy. On the other
hand, SPA-LEED was used to investigate the phase transitions of QA on the Ag(100) surface by
analyzing the shape and width of the QA spot profiles at different temperatures (cf. Section 5.4).
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3 Review of literature

This chapter will present an overview of the scientific fields of which the topics of the present
thesis are a part. The integral part of this thesis deals with the self-assembled structures of QA
on metal surfaces and dielectric layers. Therefore, Section 3.1 will summarize what is already
known about the self-assembly of QA and some of its derivatives on surfaces. In order to view the
self-assembled structures of QA in a broader context of similar structures, Section 3.2 will give an
overview of the different types of 1D aggregates that are already known on metal surfaces. Lastly,
Section 3.3 will cover the field of alkali halide (AH) layers on surfaces and what is already known
about organic molecules adsorbed on them.

3.1 Self-assembly of quinacridones on surfaces

In contrast to some other well-known organic molecules that have been objects of interest in
the field of surface science for many years, for example 3,4,9,10-perylene tetracarboxylic dian-
hydride (PTCDA) or pentacene, structures of QA on surfaces have not been investigated so much.
Structures of QA were reported on Ag(111) [15], on highly oriented pyrolytic graphite (HOPG)
and MoS2 [16, 17, 78], and on SiO2 [79, 80]. In this chapter, a summary of the previous results on
QA structures on surfaces will be given.

For the present thesis, the publication by Wagner et al. on QA on Ag(111) [15] is of particular
interest because it is the only work in which identical preparatory and analytical methods were
utilized, i.e., the QA was deposited in ultra-high vacuum (UHV) onto a metal sample via chem-
ical vapor deposition (CVD), and the structures were investigated by LEED and STM. Two cor-
responding STM images are displayed in Figure 3.1. The authors found that the growth of QA is
heavily influenced by its ability to form intermolecular H-bonds and its 2D chirality on the surface.
After deposition onto the sample at RT, QA grows in molecular chains with six distinct orienta-
tions, which are determined by the interactions between the QA molecules and the Ag substrate.
In the following, this phase will be referred to as the α∗-phase. The bonding motif for the chain
formation is the formation of the intermolecular H-bonds between the functional groups of the
QA molecules, as was explained in Chapter 2.1.2. Since H-bonds can only form between QA mol-
ecules of the same handedness, the authors concluded that the molecular chains are enantiopure
with an intermolecular distance of b1 = (7.0 ± 0.1)Å. Furthermore, they assumed that even the
whole domains are enantiopure because different azimuthal orientations can be associated with
different 2D enantiomers. They also found randomly distributed defects in the domains, which
cause larger intermolecular distances within the chains. This was explained by molecules with the
wrong handedness (fraction of 18 %) that were trapped in the domains during the growth process.
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b2

b1

a) b)

Figure 3.1: Structure of a close-packed QA monolayer on the Ag(111) surface. a) The α∗-phase
of QA, which forms after deposition onto the sample at RT. The graph in the inset of the top
left corner shows a line profile along the arrow at the bottom. A structure model of the phase is
shown in the inset in the bottom left. The molecules with the green background have a different
handedness than the rest of the molecules in the chains, which leads to increased intermolecular
distances. b) The so-called β∗-phase, which forms after annealing the α∗-phase at 550 K. It is a
commensurate structure that consists of periodically indented and heterochiral chains. The letters
A and B stand for equivalent adsorption sites. For more information, see text. A structure model
is displayed in the inset at the bottom left. The green background highlights a dimer of two
molecules with the same chirality. The images were taken from ref. [15] and slightly modified.

The distance between neighboring chains was found to be b2 = (20.3 ± 1.2)Å and is determined
by the corrugation of the molecule-substrate potential. Although the authors state that the pa-
rameters of the vector b2 are rather speculative, they propose that the structure of the α∗-phase is
high-order commensurate.

The α∗-phase is thermodynamically not stable and changes into a different phase that is commen-
surate upon annealing at 550 K, which will be called the β∗-phase in the following. The β∗-phase
is very well-ordered and consists of large domains that are comprised of long and periodically
indented chains. In contrast to the α∗-phase, the β∗-phase is heterochiral, i.e., it consists of a 1:1
mixture of both enantiomers. The corresponding structure model (cf. inset of Fig. 3.1b) shows
that the chains consist of homochiral pairs, but the handedness of the pairs switches periodically.
That means that in the β∗-phase every QA molecule exhibits 1.5 H-bonds on average, which is 0.5
H-bonds less than in the α∗-phase.1 The unit cell has the lengths b1 = 14.4 Å and b2 = 16.1 Å,
and an angle of α = 111◦ between the two unit cell vectors. Overall, the authors explain the two
observed structures as the result of the competition between the strong intermolecular interactions
on the one hand, and the 2D chirality and its influence on the molecular arrangement on the other

1Reminder: in the present thesis an H-bond between two molecules will be counted as 0.5 H-bonds per molecule.
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hand. These motifs are also very important in context of the structures of QA on various surfaces
that were observed within the scope of the present thesis.

As mentioned above, structures of QA were also investigated on HOPG and MoS2 [16, 17, 78]. In
contrast to Ag(111), here, the structures were prepared by the so-called organic solid-solid wet-
ting deposition (OSWD). In this method, small crystals of QA are dispersed in a liquid dispersion
agent, which is then deposited onto the sample. More information on OSWD and its exact mech-
anism can be found in the corresponding literature [16, 17, 78]. Nevertheless, the same kind of
molecular QA chains that are connected via intermolecular H-bonds and exhibit the same inter-
molecular distance as the α∗-phase on Ag(111) can also be found on these two surfaces. Within
the scope of these publications, no annealing experiments were conducted. Hence, it is unknown
whether a similar phase transition as on Ag(111) would take place on HOPG or MoS2.

Furthermore, QA was also investigated by R. Priya on Ag(111) and Ag(110) [81, 82] by SPA-LEED,
thermal desorption spectroscopy (TDS), and infrared (IR) spectroscopy. The TDS investigations
yielded desorption energies of the QA multilayer on Ag(110) and Ag(111) of 1.9 eV and 1.8 eV, re-
spectively. This indicates stronger QA-substrate interactions for Ag(110) as compared to Ag(111),
which is also confirmed by IR spectroscopy. Moreover, an interfacial dynamical charge trans-
fer (IDCT) was found, which is stronger for QA/Ag(110). Interestingly, this IDCT has completely
vanished for the heterochiral structures after annealing, which is ascribed by the author to a filling
of the former lowest unoccupied molecular orbital (LUMO). It was also found that in the hete-
rochiral phases, the oxygen atoms that are not involved in the formation of H-bonds exhibit a
stronger bonding to the metal substrate. Lastly, new structures for QA on Ag(110) were reported,
which will also be compared to those on Ag(100) and Cu(111) of the present work. However, it
is important to note that the results by R. Priya that are used in the present work are preliminary
and have not been published yet.

Beyond this, several studies of QA derivatives on various surfaces have been conducted [83–92].
All of the derivatives that were used in the mentioned studies had various alkyl chains attached
to the two nitrogen atoms of the QA molecule. Thus, a chain formation similar to the one that
was observed on Ag(111) did not occur with these derivatives. However, in all studies ordered
layers of flat-lying molecules were reported in which the order also depends on intermolecular
interactions and the 2D chirality of the molecules.

Lastly, the author of the present thesis would like to mention that within the scope of a cooperation
with Rémi Bretel from the Université Paris-Saclay, QA was also measured on hBN on Cu(111)
together with him at the University of Bonn. The results are already published in his doctoral
thesis [93], but will also be evaluated and discussed in Chapter 6.3 of the present thesis. In his
thesis, R. Bretel also investigated QA on KCl on the Cu(111) surface. These results will not be
summarized in this chapter, but they will be compared to the data for QA on KCl on Ag(100) in
Chapter 6.2.
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3.2 Self-assembled one-dimensional aggregates on surfaces

One-dimensional aggregates are not only very interesting systems to investigate because of their
enormous potential for applications in nanotechnology, but also because their electronic proper-
ties can be easily tuned by many experimental parameters such as their length, their width, and
the interatomic/intermolecular distances within the chains. Consequently, many different types
of 1D aggregates have been investigated over the years, for example, those that grow via liquid-
assisted self-assembly [94] or on surfaces along the surface normal [95]. This chapter will focus on
1D aggregates that form via surface-assisted self-assembly and grow parallel to the surface. The
preparation of such 1D aggregates of metal atoms or organic molecules on metal surfaces is a topic
that has been studied intensively throughout the last decades. Especially in the field of atomic 1D
aggregates hundreds of articles have been published [96, 97].

One common method to prepare atomic chains on metal surfaces is to prepare them manually
with the help of an STM [98–100]. However, manipulating atoms with an STM tip requires con-
siderable time investment and is hence unsuitable for the construction of long atomic chains, in
particular at an industrial scale. An alternative is the diffusion and self-assembly of atoms into 1D
aggregates. Here, one challenge is that metal atoms are in good approximation spherical and do
not exhibit any inherent asymmetry. Hence, the self-assembly of atoms into isolated 1D aggregates
on flat surfaces is unlikely. In order to circumvent this problem, the substrate surface must have
some asymmetry, for example in the form of unidirectional step edges on a vicinal surface. Indeed,
metallic atomic wires were reported on vicinal metal surfaces [101–106], where they usually grow
along the unidirectional step edges. An example is illustrated in Figure 3.2, which shows STM im-
ages of long Fe wires that have grown along the step edges of a vicinal Cu(111) surface. Of course,
metallic wires were also prepared and investigated on vicinal semiconductor surfaces [107–109].
Moreover, metallic 1D aggregates were also found on metallic fcc(110) surfaces growing along the
[110] direction of the substrate [110–113]. This growth of metallic 1D aggregates is of course also
temperature dependent. A sample temperature that is too low leads to slow diffusion and hence
to roughness. If the sample temperature is too high, it may lead to a fusion of the metals and the
formation of an alloy. A good overview of the field of atomic 1D aggregates is given by the review
articles [96, 97].

In the context of the present thesis, where molecular chains of QA were investigated, it is more in-
teresting to look at the field of molecular 1D aggregates on surfaces. By considering basic chemical
and physical principles it is possible to design organic molecules that form a desired structure, for
example, 1D aggregates, on the surface. An overview of the field of self-assembled 1D organic ag-
gregates is also given in ref. [114]. From a chemical point of view, a very straightforward idea is to
synthesize long 1D polymers through coupling reactions on the surface. A wide range of such cou-
pling reactions are known including dehalogenation, dehydrogenation, dehydration, and other
reactions. On surfaces, the most commonly used method is the dehalogenation in which carbon-
halogen bonds are thermally cleaved and the resulting radicals react and form covalent bonds
(Ulmann reaction). An in-depth description of the reactions that can be utilized to form covalent
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Figure 3.2: STM images (UB = 30 mV, Itun = 10 nA) of atomic Fe wires on a vicinal Cu(111)
surface. a) The clean Cu surface at RT. b) Image of Fe wires at the Cu step edges at 60 K. The two
insets show line profiles along the corresponding arrows. The images were copied from ref. [106].

bonds through on-surface synthesis can be found in ref. [115]. The most prominent example of 1D
aggregates on surfaces that were synthesized by the chemical reactions mentioned above are the
so-called graphene nanoribbons (GNRs) [116–120]. GNRs can be considered as quasi-1D stripes
of HOPG with a band gap that is related to the structural confinement. Although, it is important
to note that not all GNRs are semiconductors. The width of GNRs is usually between 5 and 20
carbon atoms and most GNRs have lengths below 100 nm, although lengths of up to 200 nm have
been reported, as well [118]. The electronic and optical properties of the GNRs are determined by
their width and edge configuration [121, 122]. Besides GNRs, many different kinds of hydrocar-
bon chains of varying lengths and forms have been reported [123–126]. Examples of a GNR and
another hydrocarbon chain are illustrated in panels a) and b) of Figure 3.3.

Another path towards molecular 1D aggregates on surfaces is the usage of metal-organic frame-
works (MOFs). MOFs are a very common and widely used concept in chemistry and can be used
to tailor 1D, 2D, and even 3D structures. They consist of metal atoms or cations (electron accep-
tors) and organic ligands (also often referred to as linkers) that have at least two electron donor
functional groups that can coordinate to the metal ions. Depending on the amount and the ge-
ometry of the donor groups of the organic molecules and the preferred coordination number of
the metal (usually between 2 and 6), a wide range of very different networks can be created. A
comprehensive overview of 2D MOFs is given in ref. [129]. The formation of 1D MOFs can be
achieved by linkers that only have donor groups on two opposite sites and metal atoms or cations
that prefer low coordination numbers. Unfortunately, the exact preferred coordination numbers
of metals remain ambiguous. However, it is known that the coordination number depends on
(1) the size, the charge, and the charge-accepting ability of the metal and (2) the size, the charge,
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Figure 3.3: Examples of molecular 1D aggregates on surfaces. a) Ultra-long GNRs on the Au(111)
surface. The image on the left-hand side shows a high-resolution STM image that was recorded
with a CO tip. The molecular structure of the GNR is superimposed on the lower part of the image.
The images in the middle and on the right-hand side show overview images of GNRs, including
one that is 200 nm in length. The images were copied from ref. [118]. b) Long chains of polyacety-
lene on Cu(110) that were synthesized from n-alkanes through a cascade of on-surface dehydro-
genation reactions. The inset shows hard-sphere models of such chains that were calculated by
DFT. The images were taken from ref. [125]. c) Metal-coordinated chains of dimethyl-substituted
dicyanovinyl-quinquethiophene on Au(111). The chains are connected via Na atoms. The inset
shows DFT-calculated chains, which shows that four different molecules are coordinated to a sin-
gle Na atom (blue circles). The images were reproduced from ref. [127]. d) Homochiral chains
of indigo on Cu(111) that are connected via H-bonds. The insets show the dimensions of a hard-
sphere model of the molecule and a structure model of the chains. The images were taken from
ref. [128].
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and the charge-donating ability of the ligand [130]. Several examples of 1D MOFs have been re-
ported on metal surfaces [127, 131–134]. Depending on the coordinating metal and the substrate
surface, the chains using the same ligand can be straight, curvy, or even branched [131]. An ex-
ample of a metal-coordinated 1D chain is illustrated in panel c) of Figure 3.3.

Lastly, and most importantly within the scope of the present thesis, 1D molecular aggregates can
also be prepared by making use of non-covalent intermolecular interactions. These can be van der
Waals dispersion interactions, which is for example the case for chains of pentacene on the Cu(110)
surface [135]. However, since the attractive dispersion force acts between all atoms, it is not very
reliable for the preparation of 1D structures. A more promising alternative is the use of intermolec-
ular H-bonds, which is also the most prominent intermolecular interaction for all structures that
were observed within the scope of the present thesis. H-bonds can only occur between distinct
functional groups of the molecules and hence favor a more directed growth. Similar to the coordi-
nating bonds in MOFs, H-bonds can be used to tailor 1D and 2D aggregates on surfaces [136] and
hundreds of articles have been published reporting a wide range of different structures that are
determined by intermolecular H-bonds. Only a small fraction of those articles deal with 1D ag-
gregates. Nevertheless, 1D molecular chains of various molecules that are connected by H-bonds
have been reported on many different surfaces [128, 137–147]. Of particular interest for the present
work is the article on indigo on Cu(111) [128] because the molecular structure of indigo is similar
to that of QA. It was reported that, upon evaporation, QA can thermally crack yielding indigo
as a product [79, 80]. A corresponding STM image of indigo chains is illustrated in panel d) of
Figure 3.3. Whether or not this thermal cracking occurs within the experiments of the present
thesis will be discussed in detail in Appendix D. Another article that is of particular interest for
the present work is the one about 2,6-naphthalene-dicarboxylic acid on a vicinal Ag(110) surface
[147]. The authors found one-dimensional molecular chains that are connected via H-bonds and
the growth of the chains even continues across the Ag step edges. A similar behavior was ob-
served for QA and will be discussed in Chapter 7.1 of the present thesis.

In general, the azimuthal orientations of the molecular 1D aggregates are determined by a combi-
nation of the interactions between the molecules and the underlying substrate and the intermolec-
ular interactions. This often leads to a limited amount of distinct equivalent azimuthal orientations
due to the symmetry of the substrate. However, similar to the structure of the atomic chains, it
may be possible to influence the azimuthal orientations, for example by unidirectional step edges
on vicinal surfaces. Indeed, examples of organic molecules that form 1D aggregates along the step
edges of vicinal surfaces have also been reported [148–150].

3.3 Organic molecules adsorbed on alkali halide layers

The use of dielectric surfaces or thin dielectric films on conducting surfaces (e.g., AH layers
on metal surfaces) is motivated by the following reasons. The adsorption and bonding of or-
ganic molecules to metal surfaces changes their properties because this kind of bond is usually
chemisorptive, which means that electronic hybrid states form between the molecule and the



24 Chapter 3. Review of literature

metal [151]. Thus, the observation of unperturbed electronic and excitonic states is prohibited
there. This problem can be circumvented by inserting thin dielectric layers between the molecules
and the metal substrates. The bonding of organic molecules to dielectric surfaces is usually of
physisorptive nature and is driven by van der Waals interactions. Hence, on dielectric surfaces the
electronic states of the molecules remain mostly unchanged upon adsorption [152]. In addition,
the band gap of the dielectric layer prevents excitonic states from being quenched by the metal.

Several different materials can be used to achieve the decoupling of organic molecules from a
metal substrate. Organic molecules have been investigated, for example, on various metal oxides
[153–157], hBN [158, 159], silicates [160, 161], and carbonates [162, 163]. The most common mate-
rial class to decouple organic molecules from the metal surfaces, which is also used in the present
work, is the class of alkali halides. Layers of AH have been reported for NaCl [152, 164–170],
LiCl [171], KBr [172, 173], KCl [38, 174], LiF [175, 176], KF [177], NaBr [178], and RbCl [171] on
many various metal surfaces.

The epitaxial growth and structure of most AH layers on metal surfaces is very similar. In general,
epitaxial layers of AH grow incommensurately as monoatomic AH(100) layers in a layer-by-layer
growth mode on metal surfaces. This is an advantage because it allows to tune the thickness of
the layer. The first layer (also known as the wetting layer) is 1 or 2 atomic monolayers (ML) in
height depending on the sample temperature at which the layer was grown and the strength of the
interaction between the AH and the metal. For instance, for NaCl on Ag(100) it was reported that
only at low sample temperatures a single ML can be grown, but at higher temperatures the growth
of a 2 ML wetting layer is always preferred [179]. In contrast, on more reactive metal surfaces like
Ir(111) and Pt(111) a NaCl wetting layer with a height of only 1 ML is stable [169, 170]. The
stronger interactions between the NaCl and these metal surfaces even cause a buckling of the AH
layer, which was not observed on less reactive metals. There, the wetting layer is flat because
the inter-ionic Coulomb interactions of the AH are significantly stronger than interactions between
the AH and the metal substrate. The AH layers exhibit distinct azimuthal orientations and the
AH⟨10⟩ directions are usually aligned with the high-symmetry directions of the metal substrate.
In some cases, for example for NaCl on Ag(100), a rotational mosaicity was observed [167]. In
the present work, epitaxial layers of KCl on the Ag(100) surface were used. The structure of such
layers was already investigated by Müller et al. [38]. Nevertheless, the growth and structure of the
investigated KCl layers will be discussed in detail in Chapter 6.1, in which some details from new
observations will be added.

Layers of AH on metal substrates have been platforms for the investigation of many different
organic molecules for several years. Regarding the structure of organic films on AH layers, two
cases can be distinguished: the intermolecular interactions are (1) stronger or (2) weaker than
the interactions between the molecules and the AH layer. In case (1), dewetting or non-wetting
of the organic layers and the formation of bulk-like nanocrystals is observed, sometimes only
at elevated temperatures or after certain amounts of time [180]. Examples of this phenomenon
are PTCDA on NaCl/Ag(100) [181], C60 and C70 on NaCl/Au(111) [182], and tin phthalocya-
nine (SnPc) on NaCl/Au(111) [183]. On bulk AH crystal surfaces, this phenomenon is even more
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common, and several examples have been reported [184–189]. Nevertheless, if the surface diffu-
sion of the molecules is suppressed (low sample temperature during deposition) and the mole-
cules do not have any neighbors (very low coverages), individual molecules adsorb on terraces in
a flat-lying geometry and can be observed by STM or atomic force microscopy (AFM) [190, 191].
In case (2), the formation of 2D ordered layers is observed. Known examples include PTCDA on
KCl/Ag(100) [38], copper-octaethyl porphyrin (CuOEP) on NaCl/Ag(111) [192], and a curcumi-
noid on KCl/Au(111) [174].

Generally speaking, the interaction energy between the molecules and the AH layers has two
shares: the attractive van der Waals interactions and the Coulomb interactions between the local
charges of the AH layer and the partial charges of the molecules. The reason why the interaction
energy between the AH layer and the molecules is smaller for the example systems in the above-
noted case (1) is that, there, the share of the Coulomb interaction is smaller. That may be due to
a lack of partial charges on functional groups of the adsorbed molecules (C60 and C70) or due
to mutual compensation of repulsive and attractive Coulomb interactions across the molecule-AH
interface. The relevance of a geometric matching between opposite partial charges leading to a
high adsorption energy has been highlighted by publications on substituted helicene molecules
on ionic Suzuki surfaces [193, 194]. Depending on the substituents and the ionic lattice, different
adsorption configurations were observed. Furthermore, it has been reported that, for AH layers
of thicknesses between 1 and 3 ML, the van der Waals interactions between the molecules and the
underlying metal substrate also play a role [192, 195]. Overall, these different observations show
that the structural order of layers of organic molecules on thin AH films on metal surfaces is
determined by an interplay of many factors.

The electronic and optical properties of organic molecules on AH layers were also investigated.
The visualization of the HOMO and LUMO of organic molecules with STM was first reported
for pentacene on NaCl/Cu(111) by Repp et al. [33]. This motivated the investigation of different
molecules on thin NaCl layers on different metal substrates in different charge states, which can
be controlled by transferring electrons between the molecules and the STM tip [196–201]. These
observations prove that the organic molecules can be sufficiently decoupled from the metal sub-
strates by thin layers of AH. Besides thin layers of AH, molecules can also be decoupled by other
insulating layers, such as metal oxides, including MgO [202, 203] and Al2O3 [86], or 2D materials,
including hBN [159, 204] and MoS2 [205]. Of particular interest are the works regarding pentacene
on MgO by Sterrer and coworkers [202, 203] because, there, the pentacene molecule gets charged
via a charge transfer (CT) from the metal into the molecule across the dielectric MgO layer. This
phenomenon of molecules getting charged through a thin dielectric layer by a CT between the
metal and the molecules is also known for layers of NaCl and happens for example with PTCDA
on NaCl/Ag(111) [206] and PTCDA on MgO/Ag(100) [207]. However, at present, no examples
of charged molecules on a thin layer of KCl are known to the author of the present thesis. This
leads to the following interesting question: What determines whether CT between a metal sub-
strate and an organic molecule across a dielectric layer occurs? At present, this question is not
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fully understood. However, it is clear that an energy level alignment between the Fermi level of
the substrate and the involved molecular orbitals is very important for CT to occur.

The decoupling of the molecules from the metal substrate via dielectric layers enables the in-
vestigation of the electronic and optical properties of the molecules. For example, the electronic
properties of several different organic molecules have been investigated with tip-enhanced photo-
luminescence spectroscopy [208, 209] and STM-induced molecular luminescence [196, 210, 211].
In particular, the STM-induced luminescence of QA on NaCl on Au(111) and Ag(111) has been
reported very recently [212]. In this work, it was found that the ground state of QA on 4 layers of
NaCl on Ag(100) is a positively charged doublet. Overall, this work has shown that four different
charge states of QA (QA−, QA, QA+, QA2+), involving three spin multiplicities (singlet, doublet,
triplet), can be populated with a single sweep of the bias voltage. However, whether the above-
noted decoupling from the metal substrates is sufficient for optical investigations, in particular
fluorescence spectroscopy, remains to be tested in each individual case. So far, the energy-selected
fluorescence of single molecules and the influence of different adsorption sites on the fluorescence
spectra have been reported for PTCDA on KCl/Ag(100) [213, 214].
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4 Experimental

In this chapter, the experimental set-ups and procedures, the sample preparation, as well as the
data acquisition and evaluation are explained.

4.1 The UHV chambers

Within the scope of the present work, two different UHV chambers were utilized. In one chamber
(the STM chamber, see Section 4.1.1), the STM and MCP-LEED measurements were conducted.
The other UHV chamber (the SPA-LEED chamber, see Section 4.1.2) was used for experiments
utilizing a SPA-LEED apparatus. The chambers were equipped with an ionization gauge for pres-
sure measurements and were operated at a base pressure p of roughly 2 · 10−10 mbar, which was
reached after a 48 h bake-out at 150 ◦C. A detailed description of the two chambers will be given
in the following.

4.1.1 The STM chamber

The STM chamber was divided into three smaller sub-chambers: a chamber that was used to
prepare the samples (the preparation chamber) and a chamber in which the STM experiments
were conducted (the measurement chamber). The third chamber (the transfer chamber) contained
a transfer system, which could be used to move the samples between the different chambers and
an airlock. Between the sub-chambers plate valves were installed, which allowed to completely
prevent all flow of gas between them. A detailed schematic representation of the whole STM
chamber is shown in Figure 4.1. A very detailed description of the chamber and the STM can be
found in the PhD thesis of I. Kossev [215].

The preparation chamber

The central part of the preparation chamber was the manipulator that held the sample holder.
To be able to do that, the manipulator had a U-shaped rail, which could hold onto the U-shaped
bottom plate of the sample holder. The manipulator could rotate around its z-axis by close to
360◦ and move in all three spatial directions. It was equipped with a 50 W tungsten filament and
a continuous-flow nitrogen cryostat that allowed it to reach sample temperatures in the range of
150 − 850 K. Higher temperatures of up to 1000 K could be reached by applying a high positive
potential (up to 600 V) to the sample and heating it by electron bombardment, resulting in currents
of up to 6 mA. The temperature of the manipulator itself, as well as the sample temperature,
could be measured with type-K thermocouples. The latter was enabled by two contacts at the
manipulator that connected to the thermocouple wires of the sample holder.
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Figure 4.1: Schematic drawing of the STM chamber in the top-down view. The drawing is not true
to scale. For a detailed explanation, see text.

The chamber was furthermore equipped with a sputter gun and an argon line for cleaning the
samples. For depositing adsorbates on the surfaces, three different self-built evaporators were in-
stalled at the chamber, in which the substances were evaporated from glass crucibles. The largest
one was capable of evaporating three different substances, two smaller ones could evaporate a
single substance each. The large one was used to evaporate QA, and one of the smaller ones
was used to evaporate KCl onto the samples. Additionally, liquid borazine for the preparation of
hBN layers was stored in a glass container that was constantly cooled to −5◦C with a removable
peltier cooler in order to prevent decomposition. It could be dosed into the preparation chamber
through a system of metal pipes and dosing valves. For the purpose of analyzing the residual gas
of the chamber, and monitoring the deposition of organic or inorganic layers onto the surfaces, a
quadrupol mass spectrometer (QMS) of the type QME 200 was installed in the chamber. Lastly,
the preparation chamber was also equipped with an MCP-LEED, which could be used to check
the prepared metal surfaces for cleanness and good structural quality, and to conduct LEED mea-
surements on the prepared layers. It is also important to note that the whole inner wall of the
chamber was lined with µ-metal1 plates, which were used for shielding against magnetic fields.
This was done to protect the interior of the chamber against external magnetic fields that may
disturb the electrons at low kinetic energies.

The measurement chamber

The heart of the measurement chamber was a beetle-type STM (type UHV 300) connected to an
SPM 100 scanning probe microscope control from RHK Technology. It consisted of two main parts:

1µ-metal is a soft ferromagnetic alloy with very high permeability (µr = 50000 – 140000) consisting of nickel and iron.
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the measurement table where the sample was placed and the scan head that could be lowered
onto the sample holder. Like the manipulator in the preparation chamber, the measurement table
had a U-shaped rail that could hold the sample holder in place, where two contacts connected to
its two thermocouple wires. The table was also equipped with a 50 W tungsten filament and a
continuous-flow helium cryostat which allowed to conduct STM measurements at temperatures
in the range of 20 − 300 K. The temperature of the sample and the table could be measured with
type-K thermocouples. Temperatures below 70 K were measured via a Si diode.

The scan head had three piezo tubes with ruby balls at the bottom that landed on the three ramps
of the sample holder. In the center between the three piezo tubes was the scan piezo, which con-
tained the tip holder with the tip. The tip was a self-cut Pt/Ir(90:10) wire and was held at ground
potential. The bias voltage UB refers to the sample and was applied via one of the thermocouple
wires.

Apart from the STM, the measurement chamber also contained a storage system for samples and
STM tips, a small round plateau where the samples could temporarily be placed to rotate them,
and a wobble stick that could be used to move samples between the transfer fork, the storage
system, and the STM measurement table.

The transfer chamber

The transfer chamber had a rather simple setup. It consisted of a long tube that had a long rod
inside of it. At the end of the rod was a transfer fork, which could be used to grab the sample
holder. This rod was connected via a large magnet to the outside. By moving the magnet, the rod
in the chamber could be moved and be utilized to transfer the samples between the three different
sub-chambers. Besides that, the transfer chamber included two plate valves with a gate between
them, forming an airlock that was used to transfer samples into and out of the chamber.

4.1.2 The SPA-LEED chamber

A schematic drawing of the chamber is displayed in Figure 4.2. It consisted of the measuring
area, which contained only one SPA-LEED apparatus from the company Scienta Omicron2, and
the preparation area. These two areas could be separated by a shutter. This shutter was not
airtight and only served to block some impurities that arose for example during sputtering from
reaching the SPA-LEED apparatus. The preparation area contained a QA evaporator and a sputter
gun. Furthermore, it also had a QMS (type QME 200) which served to monitor the molecule flux
during QA deposition. The sample was mounted on two tungsten rods that were attached to the
manipulator. It could be moved in all three spatial directions and rotated by nearly 360◦ around
the z-axis. The sample could be heated and cooled via a 50 W tungsten filament and a constant-
flow nitrogen cryostat, respectively, which allowed the usage of sample temperatures in the range

2Formerly known as Omicron Vakuumphysik and then Omicron NanoTechnology, not to be confused with
OMICRON electronics.
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Figure 4.2: Schematic drawing of the SPA-LEED chamber in the top-down view. The drawing is
not true to scale. For a detailed explanation, see text.

of 110 − 800 K. As already described above, the inner wall of the chamber was also lined with
µ-metal to protect to electrons at low kinetic energies from external fields.

4.2 The preparation procedures

All experiments were carried out on the Ag(100), Ag(35 1 1), and Cu(111) surfaces of Ag and Cu
single crystals. The crystals were not transferred between the two chambers, which means that
SPA-LEED and STM experiments were never carried out on the same sample. Nevertheless, the
preparation procedures were always identical. This chapter will cover the preparation of the metal
surfaces, the deposition of QA molecules, and the preparation of KCl and hBN layers.

4.2.1 Preparation of the metal surfaces

All crystals were prepared in a similar manner, which consisted of the iteration of two steps. First,
the crystals were exposed to a bombardment with Ar+ ions (this process is called sputtering) with
an energy of 1 keV at an Ar background pressure of 2 · 10−5 mbar. The samples were sputtered
from a distance of roughly 130 mm at 45◦ and −45◦ angles with respect to the surface normal
for 15 minutes each. The resulting sample current was in the range of 4 − 8µA. Afterwards, the
crystals were annealed for between 30 and 60 minutes to heal the defects that were caused by the
Ar+ ion bombardment. The Cu and Ag crystals were annealed at 850 K and 700 K, respectively. At
first, STM experiments on the clean Ag(100) surface were conducted after annealing temperatures
of 850 K. However, it was found that this high temperature lead to the formation of Ag clusters on
the surface, which were seen as ellipsoid protrusions in the STM images. A similar observation
was made by the group of M. Sterrer [216]. These clusters were pinned to the step edges and
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caused them to follow wide concave curves. In order to avoid this, the annealing temperature for
the Ag crystals was adjusted to 700 K. This phenomenon is illustrated by examples and discussed
in more detail in Appendix B.1. After the preparation, the good structural quality of the surfaces
was confirmed by LEED.

4.2.2 Preparation of QA layers

QA was evaporated onto the metal surfaces with a deposition rate of roughly 0.5 ML per minute
from glass crucibles in home-built evaporators at crucible temperatures between 670 − 720 K,
while the samples were held at a constant temperature. The distance between the glass crucible
and the sample was about 90 mm during the deposition. The sample temperature was usually
held at 300 K, however, several other distinct sample temperatures in the range of 80 – 500 K were
utilized for different experiments, which will be specified accordingly when the corresponding
results are discussed. For the deposition at very low temperatures of about 80 K, the sample was
cooled down with liquid He on the STM table before deposition and transfer.

During deposition, the molecular flux was constant (variations within ± 10 %) after a short initial
decrease due to the opening of the shutter, which caused a small temperature decrease in the cru-
cible. The flux was monitored by the QMS, i.e., the intensity of the signal for the mass-to-charge
ratio m/zc = 128, which corresponds to the [C18H12N2]2+ fragment of QA, was recorded over
time. Here, m refers to the relative mass of the fragment and zc refers to the charge number. The
coverage θQA and deposition rates were then determined from the corresponding relative depo-
sition integrals in combination with information from STM images. Details on the calibration for
this method are given in Appendix B.2. A closed layer of flat-lying QA molecules in the β-phase
(see Chapter 5) is defined as 1 ML. The preparation of QA layers on KCl and hBN was done by
the same procedure. There, the QA coverage was also determined from the QMS integrals, which
only works under the assumption that the sticking factor on all used surfaces is constant.

4.2.3 Preparation of KCl and hBN layers

In order to conduct STM measurements on KCl, it was necessary to prepare thin layers with thick-
nesses of at most 6 ML. On thicker layers, STM measurements were not possible due to the large
band gap of KCl. The KCl was evaporated from a glass crucible (the distance to the sample was
roughly 90 mm) at a temperature of 870 K, resulting in deposition rates of roughly 0.1 ML per
minute. The evaporated amount of KCl was monitored by measuring the QMS signal of the K+

ion (m/zc = 39). The QMS signals corresponding to the charged KCl+ molecule (m/zc = 74 and
m/zc = 76) could also be observed with a ratio of about 1:3, however, the signal of the K+ ion was
higher due to fragmentation in the QMS. The nominal thickness θKCl was determined from the
integrated QMS signal and comparing it to that of a reference layer, where 1 ML corresponds to a
nominal single atomic KCl layer covering the complete surface. During the deposition, the sample
was held at a constant temperature of 400 K to create thin and smooth wetting layers covering the
whole Ag substrate. This sample temperature was chosen very carefully to find a good balance
between enabling surface diffusion on the one hand and preventing the dewetting of KCl on the
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other hand. The observation that a sample temperature of 400 K leads to thin and smooth layers
was made by STM within the scope of the present thesis but was also found by M. Mühlpointner
by SPA-LEED within the scope of his Bachelor’s thesis [217]. After the deposition was finished,
the sample was usually cooled down to RT, but for experiments on KCl layers that did not cover
the entire surface it was annealed for an additional 15 minutes at 500 K to induce dewetting of
the KCl layer. It is important to note that this KCl preparation for STM measurements differs fun-
damentally from KCl preparations for SPA-LEED and optical experiments (see for example the
PhD thesis of C. Marquardt [218] where very thick KCl layers (≥ 10 ML) with a focus on good
structural quality and large terrace widths were used).

The hBN layers were prepared with the molecule borazine as a precursor, which was evaporated
into the chamber from its glass container at a pressure of 1.5 · 10−6 mbar for 30 minutes, while the
Cu(111) sample was held at a temperature of 1000 K. This amounts to a dosage of 2000 L. More
in-depth information on the preparation of hBN layers and the storage and cleaning of borazine
can be found in the PhD thesis of C. Brülke [219].

4.3 Data acquisition and evaluation

Most STM measurements were conducted at RT. Some experiments were carried out at low sam-
ple temperatures in order to reduce to mobility of the QA molecules (cf. Chapter 5.1.4 on page 43
and Chapter 6.2.3 on page 79). All images were recorded with the software XPMPro version 2.0.1.5
by RHK Technology [220]. The images were processed and analyzed using the programs Gwyd-
dion version 2.58 [221] and SPIP version 4.8.7.0 [222]. Usually, the processing included filtering
out horizontal, vertical, and non-directional noise, and an adjustment of the contrast. Addition-
ally, on some images with many step edges a Prewitt or Roberts filter for edge enhancement, both
of which are included in the SPIP software [222], was used. Typical tunneling parameters for
measurements of QA on metal surfaces were UB = ±1.5 V and Itun = 25 pA. However, on metal
surfaces, a wide range of tunneling parameters worked well for imaging QA molecules. Most of
the time the molecules looked like featureless rods. In some cases, it was possible to observe a
sub-molecular resolution at negative bias voltages. However, this was not reproducible at con-
stant tunneling parameters in a reliable way, indicating that it was very reliant on the condition
of the tip, possibly including the adsorption of a small molecule (e.g., CO) at the tip. For imaging
QA on insulating hBN and KCl layers, low tunneling currents (< 10 pA) and negative bias volt-
ages were usually used, because otherwise the tip was too close to the surface and its interactions
with the molecules were too strong. This led to the case in which the tip was dragging the QA
molecules along, which was visible in the STM images as lines in the direction of the scan. It was
possible to image QA with molecular resolution with these tunneling conditions on hBN and KCl,
however, no sub-molecular resolution was achieved.

The SPA-LEED measurements were normally conducted at a sample temperature of 110 K to min-
imize the thermal diffuse background. In order to avoid potential beam damage, which was
reported by Wagner et al. for QA on Ag(111) [15], only small sample currents (< 5 nA) were
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used. The images were recorded with the program WinSPA by P. Kury [223]. The Ag(100) and
Cu(111) crystals that were used for the SPA-LEED experiments had transfer widths in the range
of (300 – 350) Å. One set of specific experiments (cf. Chapter 5.4 on page 52) required SPA-LEED
measurements at temperatures of up to 500 K. To prevent the magnetic field of the heating filament
from interfering with the measurements, a current chopper was used. This chopper controlled the
filament current in such a way that is was only operated in periods in which the detector did not
collect the diffracted electrons. The details on the functionality of the chopper and the influence
of the chopper on the SPA-LEED images are given in Appendix B.3.
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5 Quinacridone on Ag(100) and Cu(111)

Some results of the following chapter have been published in J. Phys. Chem. C 2020, 124, 45, 24861–24873
(cf. Appendix A.1). The acquisition and evaluation of the data, and the writing of the manuscript were done
by the author of the present thesis. The acquisition and evaluation of the data regarding QA on Cu(111)
was performed together with R. Bretel [93] who was an exchange student at the University of Bonn.

In this chapter, the lateral structures of different QA phases on Ag(100) and Cu(111) will be pre-
sented in Sections 5.1 and 5.2, respectively. These results have partly been published (cf. Ap-
pendix A.1) and will be supplemented with additional information regarding questions that were
not addressed in the publication. In addition, the lateral structure of the second QA layer on
Ag(100) and Cu(111) will be discussed in Section 5.3, and SPA-LEED investigations regarding the
phase transitions on Ag(100) will be presented in Section 5.4.

5.1 Structures of quinacridone on Ag(100)

5.1.1 The α- and the β-phase

The structures of QA on Ag(100) can be divided into two main phases: the phase that forms
on the surface after deposition of the QA molecules onto the sample at a sample temperature of
300 K, which will be named α-phase in the following, and the so-called β-phase that forms after
annealing the α-phase at 500 K for 15 minutes. Additionally, a third phase that coexists with the
β-phase was found, but it did not occur in all experiments. This phase will be named γ-phase and
is discussed in more detail in Appendix C.1.1.

The α-phase

The α-phase of QA on Ag(100) consists of domains of parallel molecular chains with four distinct
azimuthal orientations. These four orientations will be named A – D in the following. Two STM
images of a full ML of QA in the α-phase are displayed in panels a) and b) of Figure 5.1. The
image with molecular resolution in panel b) shows that the chains consist of parallel flat-lying
molecules. That means that the chains are connected via intermolecular H-bonds between the
keto and amine groups that are located on the long edges of the molecules (see structure model
in panel c) of Fig. 5.1). Every QA molecule in such a chain forms two H-bonds to each of its two
neighbors unless it is located at the end of a chain. That means that in a theoretical infinitely long
chain there are twice as many H-bonds as there are molecules. Thus, in the following the QA
molecules in a chain form two H-bonds per definition, although each of them participates by 50 %
in the formation of 4 H-bonds.
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Figure 5.1: Structure of a complete ML of QA on Ag(100) in the α-phase. a) Overview STM im-
age (UB = −1.5 V, Itun = 25 pA) that shows that the α-phase consists of domains of parallel
chains with four distinct azimuthal orientations (indicated by the white lines). b) A close-up of
the structure showing the molecular arrangement. The black dashed lines on the right-hand side
of the image highlight a situation where the molecules of neighboring chains are shifted in the
direction of b1 with respect to each other. The molecules exhibit a characteristic S-shape that
is highlighted in the inset and which can be explained by the HOMO of isolated QA molecules
in the gas phase. The model of the orbital was taken from ref. [69]. c) Structure model of the
α-phase of QA on Ag(100). The unit cell is depicted in red. The color code of the atoms is as
follows: black = carbon, gray = hydrogen, blue = nitrogen, and red = oxygen. d) SPA-LEED image
(T = 100 K, E = 81.4 eV). The right-hand side of the image is superimposed with the corre-
sponding simulated diffraction pattern. Two unit cells that resemble different mirror domains are
depicted in red and blue. Two different rotational domains of the same enantiomer are depicted as
triangles and circles of the same color. Spots that are not reproduced by the simulated diffraction
pattern can be explained by multiple scattering. The smearing of the spots is due to a lack of cor-
relation between neighboring chains. The figure was taken from ref. [224] and slightly modified.
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A structure model of a full ML of QA in the α-phase is displayed in panel c) of Figure 5.1. The
chains are homochiral because, due to the C2 symmetry of the QA molecule, these H-bonds can
only form between QA molecules of the same handedness. Furthermore, the entire domains are
homochiral because different azimuthal angles with respect to the <10> direction of the substrate
can be associated with different 2D enantiomers. The formation of enantiopure domains does not
only reveal a high mobility of QA on Ag(100) at RT but also indicates that the QA molecules are
capable of rotating around their long molecular axis and switch their handedness (L↔R), which
is not an uncommon phenomenon for molecules of similar size [225, 226]. The handedness of
the QA molecules can also be observed with STM in some images because the molecules exhibit a
characteristic S-shape that corresponds to the LDOS of the HOMO [69] of an isolated QA molecule
in the gas phase (cf. panel b) of Fig. 5.1). The same shape was observed for QA on HOPG [17].
However, whether this shape could be observed is strongly dependent on the quality of the tip
and possibly other scanning parameters and most of the time the QA molecules were imaged as
featureless ellipsoid protrusions.

A SPA-LEED image of a full ML of QA in the α-phase with a superimposed simulation is dis-
played in panel d) of Figure 5.1. The analysis of the diffraction pattern yields a primitive rect-
angular (i.e., α = 90◦ ± 1◦) unit cell with the intermolecular distance within the chains of
b1 = (6.8 ± 0.1)Å, and the distance between neighboring chains of b2 = (16.4 ± 0.1)Å. Spots
that are not reproduced by the simulation are caused by multiple scattering. This unit cell is in
good agreement with the STM results and the corresponding superstructure matrix is:

Mα =

(
2 1.25

−3 4.80

)
.

The integer values in the first column of the matrix show that the structure is of the point-on-
line (POL) type [227]. This means that every lattice point of the superstructure falls on a substrate
lattice line of the [10] direction. This shows that the interactions between the QA molecules and
the Ag(100) surface are substantial and are responsible for the four distinct azimuthal orientations
of the chains. The smearing of the spots in the diffraction pattern can be explained by a lack of
correlation between neighboring chains in the direction of b1. That means that neighboring chains
are shifted with respect to one another in the direction of b1, which was also observed by STM.
An example of this is illustrated by the black dashed lines on the right-hand side in panel b) of
Figure 5.1.

At coverages below 1 ML, the α-phase consists of the same type of molecular chains with the same
intermolecular distance b1, given by the H-bonds. (For corresponding STM and SPA-LEED im-
ages, see Appendix A.1.) But there is one striking difference to the structure described above. The
distance between neighboring chains b2 increases with decreasing coverage. That can be explained
by a substrate-mediated long-range repulsive interaction that is induced by charge density waves
in the 2D electron gas of a surface state [138, 228]. This kind of interaction and its ramifications
will be discussed in Section 5.1.2 in more detail. It was also found for pentacene on Cu(110) [135]
and L-methionine on Ag(111) [229] and Cu(111) [137].
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Figure 5.2: Structure of a complete ML of QA on Ag(100) in the β-phase. a) Overview STM image
(UB = −1.5 V, Itun = 25 pA) that shows two different mirror domains of the β-phase at a double
Ag step edge. Every bright ellipsoid corresponds to an individual QA molecule. b) Zoom-in of the
structure in panel a) for better visibility of the molecular arrangement. The unit cell is indicated
in red. c) SPA-LEED image (T = 100 K, E = 81.3 eV) of a full ML of QA in the β-phase. The
right-hand side of the image is superimposed with a simulation. The unit cells of two mirror
domains are illustrated in red and blue. The inset shows the area around the specular spot at
an energy of 51.3 eV showing some additional spots that are not visible at 81.3 eV. d) Structure
model of a full ML of QA in the β-phase. Different enantiomers are highlighted by the green
and yellow background of the molecules. The unit cell is indicated in red and corresponds to
the red unit cell in panel c) but depicts a different domain than the one that is shown in panel
b). STM and SPA-LEED measurements yield the unit cell that is given by the vectors b1 and b2.
However, this unit cell does not take into account the different enantiomers. The large unit cell
that is composed of two small ones takes that into account. The figure was taken from ref. [224]
and slightly modified.
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The β-phase

The phase transition into the β-phase can be induced by annealing the sample at 500 K for 15 min-
utes and is irreversible, which means that the α-phase is metastable and stabilized by a kinetic
barrier that is partly given by the strong intermolecular H-bonds. In the corresponding publica-
tion (cf. Appendix A.1) it is stated that the α-phase dissolves into a disordered 2D gas phase at
higher temperatures that transforms into the β-phase upon cooling down to RT. However, later
SPA-LEED experiments have shown that the situation is more complicated because the transition
temperature and whether or not the phase transition includes a disordered phase depends on the
coverage. This aspect will be discussed in detail in Section 5.4.

Two STM images of a complete ML of QA in the β-phase are displayed in panels a) and b) of
Figure 5.2; a corresponding structure model is displayed in panel d) of the figure. As the images
and the model show, the β-phase consists of domains of parallel chains, as well. But in contrast
to the chains of the α-phase, the chains in the β-phase consist of dimers and exhibit periodic
indents. It is clear that the two molecules of the dimer have the same handedness (RR or LL) in
order to form two H-bonds. The periodic offsets in the chains do not allow the formation of two
H-bonds between neighboring dimers. Instead, the handedness switches with every dimer (RRLL
or LLRR), and the dimers are connected via only one H-bond. This means that in the β-phase, on
average, every molecule only forms 1.5 H-bonds, which constitutes an energy loss with respect to
the α-phase.

A SPA-LEED image of a full ML QA in the β-phase is displayed in panel c) of Figure 5.2 and the
right-hand side of the image is superimposed with a simulation that accounts for all the observed
spots. The diffraction pattern consists of sharp and bright spots indicating large ordered domains,
which is in good agreement with the STM results. The analysis of the pattern yields a unit cell with
α = 112.2◦, b1 = 14.445 Å, and b2 = 16.848 Å that is also in agreement with the STM results. The
corresponding superstructure matrix is:

Mβ =

(
4 3

−5 3

)
.

The fact that all entries of the matrix are integers means that the structure is commensurate. Com-
mensurability is generally related to a gain in energy [227]. In this case, this energy gain over-
compensates for the energy loss with respect to the α-phase due to the reduced amount of formed
H-bonds. The reduced amount of H-bonds also means that every second QA molecule has one
oxygen atom that does not exhibit any intermolecular bonding. According to results from IR-
spectroscopy experiments by R. Priya for QA on the Ag(111) surface (where a very similar phase
was observed [15]), these oxygen atoms exhibit a stronger bonding to the Ag substrate than the
oxygen atoms in the α-phase [81].

This unit cell, which is given by the vectors b1 and b2, stems from the analysis of the STM and
SPA-LEED results and contains two QA molecules. However, the structure model in panel d)
reveals that this unit cell does not take the handedness of the molecules into account. This is
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because the structure factors of the two QA enantiomers are very similar, and hence this difference
could not be observed by SPA-LEED. Furthermore, in the β-phase, the two enantiomers could not
be discerned by STM, either.1 The unit cell that takes the handedness of the QA molecules into
account is doubled in the direction of the vector b1 and contains four QA molecules.

A particularly interesting question regarding the β-phase is the following: Why does the β-phase
not form directly upon deposition at RT? It is thermodynamically more stable than the α-phase
and it is clear that the molecules are very mobile on Ag(100) at RT. Thus, there must be an ad-
ditional kinetic barrier that prevents the formation of the β-phase directly upon deposition. This
may be in the form of a small reconstruction of the top layers of the Ag substrate involving small
lateral and vertical displacements of the Ag atoms, which enables a stronger bonding between
the molecules and the surface atoms. Such reconstructions that are induced by the adsorption of
organic molecules were already observed by Held et al. [230–232]. Thus, investigating the α- and
β-phase with other experimental methods like X-ray photoelectron spectroscopy (XPS), normal
incidence X-ray standing wavefield (NIXSW), and LEED I-V may be interesting.

5.1.2 Charge density waves induced by QA chains

As mentioned in Section 5.1.1, there is some evidence that the QA chains of the α-phase induce
a standing wave field of charge density waves in the 2D electron gas of a surface state [138, 228].
These waves not only cause a substrate-mediated long-range repulsive interaction between neigh-
boring chains that leads to large distances between chains at coverages below 1 ML, but they are
also responsible for the parallel alignment of QA chains despite the large distances (up to 5 nm)
between them. The fact that the QA chain induces these charge density waves in the substrate is
very interesting because it is also indicative of strong interactions between the QA molecules and
the substrate, and thus points towards a chemisorptive bonding of the QA molecules on Ag(100).

A corresponding schematic drawing is illustrated in panel a) of Figure 5.3. The thick red vertical
line in the center of the image represents a QA chain that induces charge density waves (as is illus-
trated by the light and dark gray lines) in the 2D electron gas of the substrate. This model works
under the assumption that the wavelength of the charge density waves is of the same order of
magnitude and at least roughly twice as long as the thickness of the chain (which is given by the
length of a QA molecule). Furthermore, this model assumes that the chain is placed in a valley of
the waves because the π electrons of the molecules are likely repulsed by a high electron density
in the substrate. The three dashed red lines indicate the other three potential chain directions. It
can be seen that chains that grow in these directions would cross several wave peaks and valleys.
This can be assumed to be an energetically less favorable situation than the one in which a chain
lies parallel to the wave fronts (indicated by the thin red line that is parallel to the QA chain).
Hence, a parallel alignment of the chains is preferred. This model, which only considers a sin-
gle chain, simplifies the situation. In practice, every QA chain in a domain induces such charge

1STM is able to distinguish between the two enantiomers of QA in the α-phase with a good quality tip shape and a
distinct scanning parameters (cf. Section 5.1.1), but within the scope of the present work a distinction between the two
enantiomers in the β-phase via STM was not achieved.
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Figure 5.3: a) Schematic model of a QA chain (thick vertical red line in the center) on Ag(100)
that induces charge density waves (vertical light and dark gray lines) in the 2D electron gas of a
surface state. The curve at the bottom illustrates the electron density at the different horizontal
positions. The 3 thin red dashed lines correspond to the other three azimuthal orientations. It can
be seen that chains in these directions would cross several peaks and valleys of the charge density
waves. In contrast, a chain that grows in the same direction as neighboring chains (as indicated
by the thin vertical red line) grows only in a valley of the charge density waves. b) Distribution
of 180 measured distances between neighboring QA chains at a coverage θQA = 0.5 ML. The
distribution roughly follows a Gauss distribution around the average chain distance of 3.1 nm, a
corresponding fit is illustrated by the red line.

density waves and the waves interfere with one another. However, all interfering waves have the
same wavelength, which means that the wavelength of the resulting standing wave field does not
change.

The above model also suggests that distinct distances between neighboring chains are favored. To
be precise, the most favorable adsorption sites for parallel chains should be at distances that are
integer multiples of the wavelengths of the charge density wave. A distribution of distances be-
tween neighboring QA chains at a coverage of θQA = 0.5 ML, which was acquired by measuring
180 distances in STM images, is shown in panel b) of Figure 5.3. It shows that the distribution
roughly follows a Gauss distribution (a corresponding fit is illustrated by the red curve) around
the average distance of 3.1 nm, which is about twice as long as the inter chains distance b2 for
a full ML. This supports the assessment that there are repulsive interactions between the chains
because, for non-interacting chains, a geometric distribution would be expected [233].

5.1.3 Influence of Ag atoms on the phase transition

Another interesting question is whether the coordination of the molecules via metal atoms that
are supplied by the substrate may alternatively or additionally play a role in the formation of the
β-phase. This possibility is motivated by the fact that metal-coordinated structures were reported
for many organic molecules [234]. If the formation of the β-phase were dependent on the presence
of a sufficient amount of metal atoms, this would also explain why the β-phase only forms after
annealing. Additionally to the arguments against a metal coordinated β-phase that were already



42 Chapter 5. Quinacridone on Ag(100) and Cu(111)

brought forward in the corresponding publication (cf. Appendix A.1), this section will present the
results of additional SPA-LEED experiments that were specifically targeted towards answering
this question.

The idea of the experiments is rather simple: silver atoms are deposited into the α-phase on
Ag(100). If the presence of Ag atoms in the structure caused a spontaneous local or even com-
plete transformation into the β-phase or decreased the transition temperature significantly below
500 K, this would be a strong indicator that the molecules in the β-phase are coordinated via Ag
atoms. However, if this is not observed and the Ag atoms lead to a higher degree of disorder in the
α-phase, then there are no metal coordination bonds involved, and the model for the β-phase de-
scribed above (cf. Section 5.1.1) is correct. The Ag evaporator was constructed (cf. Appendix B.4)
and the experiments were carried out within the scope of the bachelor thesis by T. Bald [235].

Half a ML of QA in the α-phase was prepared on Ag(100) and subsequently 0.54 ML of Ag atoms
(1 ML refers to a full (100) layer of closely packed Ag atoms) was deposited onto this layer and
annealed at 350 K for 15 minutes. The two corresponding 2D SPA-LEED images (not shown here,
cf. ref. [235]) before and after the deposition of Ag did not differ in a significant manner. After the
deposition of Ag, the spots that correspond to the distance between neighboring chains (described
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*
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*

θQA = 0.47 ML

Figure 5.4: SPA-LEED line profiles (T = 110 K, E = 53.1 eV) of QA on Ag(100) in the α-phase
along the vector b∗

1 (cf. Fig. 5.1d) after deposition of 0.47 ML QA (green) and after the subsequent
deposition of 0.54 ML of Ag atoms (red). The two spectra were normalized to identical intensities
of the two specular spots. It can be seen that the intensity of QA spots decreases significantly
after the deposition of Ag. Furthermore, these line scans show that the positions of the spots that
correspond to the intermolecular distance b1 within the chains are identical before and after the
deposition of Ag. In contrast, the spots corresponding to the distance b2 between neighboring
chains have slightly ( 5 %) moved to larger reciprocal distances. The line profiles were measured
by T. Bald [235].
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by vector b∗
2, cf. Fig. 5.1) have smeared out. Besides that, the two SPA-LEED images are identical,

showing that the deposition of the Ag atoms did not induce a phase transition.

The more subtle differences between the two diffraction patterns can better be seen in line scans.
Figure 5.4 shows two line scans along the vector b∗

2 before (green) and after (red) the deposition
of Ag. These line scans contain the specular spot, as well as two spots corresponding to the in-
termolecular distance and the distance between chains, respectively. It stands out that there is a
drastic decrease in the intensity of the QA superstructure spots after the deposition of Ag. Fur-
thermore, these line scans show that the FWHMs of the superstructure spots have increased by
20% and the FWHM of the specular spot has increased by 95%. Lastly, the reciprocal distance b∗2
has slightly increased by 5%, which means that the average distance between neighboring chains
b2 has decreased by the same percentage. These results show that the deposition of Ag atoms into
the α-phase only leads to the formation of Ag islands between the chains, which leads to a com-
pression and a significantly higher degree of disorder in the structure, but does not in any way
facilitate the phase transition into the β-phase.

Additionally, the same experiment was carried out for the β-phase in order to investigate how
the β-phase reacts to the deposition of Ag atoms. But as for the α-phase, no alteration to the
structure was observed. Only a decrease in intensity and broadening of the superstructure spots
was observed. Overall, these experiments show that the Ag atoms do not alter the structures
of QA on Ag(100). Hence, the possibility that one of the structures involves metal-coordinated
bonding between the QA molecules can safely be dismissed.

5.1.4 Growth of QA at low temperatures and Ostwald ripening

As stated above (cf. Section 5.1.1), the formation of the α-phase on Ag(100) requires the QA mole-
cules to be very mobile on the surface. In this section, the growth of QA on Ag(100) with decreased
mobility of the molecules will be presented and discussed. These experiments yield information
about the mobility of the molecules at different temperatures and allow us to draw some conclu-
sions about the growth mechanism of the chains.

For these experiments, QA was deposited onto the sample at a sample temperature of 120 K. The
temperature was increased step by step and STM images were taken at different temperatures,
which are displayed in Figure 5.5. Panel a) shows chains of QA at a sample temperature of 85 K
with molecular resolution. The chains are very short (5 – 15 nm) and contain many defects and
kinks, as well as intersections where two or more chains meet. Interestingly, all molecules exhibit
an azimuthal orientation that is within ± 5◦ of the azimuthal orientations that are known from the
α-phase. The small models in panel c) show the typical molecular arrangements that can be found
frequently in the observed structure. Model (i) shows a small area of a homochiral straight chain,
similar to the ones in the α-phase. In model (ii), a chain of molecules with alternating handedness
is shown. This leads to a periodic offset in the chain, similar to the ones in the β-phase. On the
left, two molecules with different handedness but no offset are shown, which leads to no H-bonds
and a larger distance between the two molecules. Model (iii) displays a chain with a molecule of
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Figure 5.5: STM images (UB = −1.5 V, Itun = 13 pA) of QA (θQA = 0.2 ML) on Ag(100). The
molecules were deposited onto the sample at a temperature of 120 K. The temperature was in-
creased step by step and STM images were recorded at a) 85 K, b) 150 K, d) 220 K, and e) 300 K.
These images do not show the same area of the sample. It can be seen that with increasing temper-
ature the structures change from short and very disordered chains at 85 K to long chains with no
defects at 300 K. c) Zoom-ins into the image of panel a) that are superimposed with models of QA
molecules. These models illustrate the molecular arrangement of chains without defects, chains
with alternating handedness of the molecules, chains with defects due to single molecules with
the wrong handedness and intersections between two or more chains.
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the “wrong” handedness in the middle that causes a slight bend in the chain. Moreover, models
(iv) – (vi) show three different examples of how an intersection between two chains may look like.
Despite the fact that some molecules are bound by only one or even no H-bonds to their neighbors,
the observed structure is very stable at 85 K. Over a span of 30 minutes, several STM images could
be recorded with every molecule at the exact same position. Another interesting aspect is that
no single molecules with no neighbors could be observed. The smallest observed assemblies of
molecules consisted of two to three molecules.

These results indicate that, after the deposition at 120 K, the molecules diffuse on the surface (with-
out being able to flip to change their handedness) until they meet and bond to another molecule.
The kind of bond (cf. panel c) of Fig. 5.5) depends on the handedness and the relative geometry
of the two molecules when they meet. If two or three molecules have formed a small assembly,
the interactions with the Ag substrate are strong enough to stabilize it on a terrace, and it stops
diffusing. When more single molecules meet the small assembly, it continues to grow into the
observed chains. Because of the low temperature, even the weaker intermolecular bonds cannot
be broken, which is why the chains exhibit so many defects and kinks.

With increasing temperature, and hence increasing mobility of the molecules, these structures
begin to change. At a temperature of 150 K, the small chains have vanished and the remaining
ones have increased in length (15 – 25 nm). A corresponding STM image is shown in panel b) of
Figure 5.5. However, the chains still exhibit the same amount of kinks and defects as the chains
that were observed at 85 K. This means that the small chains, which are the least stable, have
dissolved and the longer and more stable chains have increased in length. This process is known
as Ostwald ripening and is a very well-known concept that describes the growth process of solid
crystals [236].

Increasing the temperature further to 220 K changes the structure significantly, which can be seen
in the corresponding STM image in panel d) of Figure 5.5. Now, all chains are completely straight,
even longer (50 – 80 nm) than those at 150 K, and adapt one of the known four azimuthal orien-
tations A – D of the α-phase, but no domains of parallel chains can be observed, yet. This shows
that at 220 K the molecules are significantly more mobile on the surface and their thermal energy
is large enough to break the energetically less favorable bonds that cause kinks and defects. These
bonds get replaced by the more stable bonds between molecules of the same handedness with 2
H-bonds per molecule. The resulting molecular chains align themselves in the four distinct az-
imuthal orientations A – D that are known to be the most favorable for QA chains on the Ag(100)
surface. Furthermore, at this temperature, an increased amount of lines along the scan direction
was observed in the STM images, which was not seen at lower temperatures. This is an indication
that molecules were dragged along by the STM tip, which points towards an increased occurrence
of single molecules that are diffusing on the surface.

Lastly, after annealing the structure to 300 K, the chains are even longer (up to 200 nm) and are
aligned in domains of parallel chains. The driving force behind this is that the alignment in parallel
domains is thermodynamically more stable than an arbitrary distribution of chains with different
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azimuthal orientations (cf. Section 5.1.2). A corresponding STM image is illustrated in panel e) of
Figure 5.5. The change into a parallel alignment of the chains is very interesting because it means
that one of the following scenarios occurs: (1) At 300 K, some of the chains that are not parallel to
the neighboring chains dissolve completely and the molecules form new chains that are parallel
to existing chains or (2) the chains are mobile to a certain degree and are able to rotate and diffuse
on the surface. It seems very unlikely that molecular chains with lengths of up to 80 nm are able
to diffuse on the surface. The diffusion barrier of such a large assembly, which is expected to
be flexible and not completely rigid, is expected to be quite large. Additionally, no diffusion of
similar large structures has been reported in literature. Hence, scenario (1) appears to be more
likely in which some of the chains dissolve completely and subsequently form chains that are
parallel to neighboring chains. This scenario is also supported by the fact that the chains at 300 K
are significantly longer on average than those at 220 K. However, it is important to note that chains
that are aligned in domains of parallel chains do not dissolve at 300 K and such domains of parallel
chains are very stable. That is also in line with STM observations where these domains could
be imaged without significant alterations over long periods of time (several hours). The higher
degree of stability with respect to chains that are not parallel to their neighbors is supposedly due
to the stabilization of the chains by the charge density waves (cf. Section 5.1.2).

In summary, these experiments support previous conclusions and allow us to draw some addi-
tional conclusions about the growth of QA chains on Ag(100).

(i) The diffusion of QA molecules on Ag(100) is possible at temperatures way below RT. At
120 K the molecules can form disordered assemblies after deposition. Already at 150 K the
smaller assemblies dissolve and the larger ones grow (Ostwald ripening). At 220 K the dif-
fusion has increased further and is noticeable by STM because the tip starts to pick up mol-
ecules, which was observed as an increased amount of lines in the scan direction.

(ii) At 300 K the QA molecules are very mobile on the surface and this mobility is also neces-
sary for the formation of the observed domains of homochiral and parallel chains. If the
mobility of the molecules is reduced upon deposition, then the resulting structures are very
disordered.

(iii) The flipping of QA molecules (changing their chirality, R↔L) is possible at 300 K, but at
lower temperatures (< 220 K) it is suppressed.

(iv) Single and even double H-bonds between QA molecules can be broken at 300 K. It is likely
that during the deposition at 300 K chains of QA form and dissolve again until stable do-
mains of parallel chains are formed.

5.2 Structures of quinacridone on Cu(111)

Now, the structures of QA on the Cu(111) will be discussed. This is interesting for two reasons.
The first is that Cu has a higher chemical reactivity than Ag, and thus the interactions between
the QA molecules and the substrate are expected to be larger than on Ag(100). The second is
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that Cu(111) has a higher symmetry than Ag(100). The influence of these two aspects on the QA
structures will be addressed in this chapter.

The structures of QA on Cu(111) are similar to those on Ag(100) but with some distinct and very
important differences. After deposition at 300 K, QA forms homochiral molecular chains, the so-
called α′-phase. Upon annealing, it transforms into a heterochiral phase, which will be called the
β′-phase from now on. A third heterochiral structure, the γ′-phase, was only observed in a few
rare instances and will be discussed in Appendix C.2. This section will briefly summarize the
published results and, in particular, work out the important differences between the structures on
Ag(100) and on Cu(111). Corresponding SPA-LEED images and a more in-depth discussion of the
observed structures can be found in Appendix A.1.

STM images and a corresponding structure model of a full ML of the α′-phase on Cu(111) are
displayed in panels a) and b) of Figure 5.6. As the α-phase on Ag(100), this phase consists of ho-
mochiral chains in which each molecule is involved in the formation of 4 H-bonds to its two neigh-
bors. Due to the symmetry of the substrate, these chains adapt six distinct azimuthal orientations
instead of four like on Ag(100). The intermolecular distance and the distance between neighbor-
ing chains in a full ML are identical to the ones observed on Ag(100) within the margin of error.
A very striking difference between the two phases is that the domains of the α′-phase are very
small, often only consisting of 2 – 4 parallel QA chains or even single chains that have no parallel
neighboring chains. Another difference is that the chains on Cu(111) contain significantly more
defects than the chains on Ag(100) in the form of offsets due to molecules with the wrong hand-
edness. Furthermore, at coverages below 1 ML, QA on Cu(111) forms molecular chains, which are
not homochiral and differ from those described above in their azimuthal orientations after differ-
ent annealing steps. A similar observation was not made on Ag(100) and these structures will be
discussed in detail in Appendix C.2.

A full ML of the β′-phase can be prepared by annealing a full ML of the α′-phase at 500 K for
15 minutes. Corresponding STM images and a structure model are shown in panels c) and d)
of Figure 5.6. The left-hand side of the STM image shows an ordered structure with many small
holes and larger defects (indicated by the blue circles), which are caused by molecules of the wrong
handedness. Such defects were not observed in the β-phase on Ag(100), which indicates that they
are induced by the stronger interactions with the substrate. The exact molecular arrangement can
be seen in the STM image in the inset of panel c) and the structure model in panel d) of Figure 5.6.
The structure of the β′-phase is very similar to the one of the β-phase on Ag(100). It also consists of
heterochiral chains with periodic offsets that contain homochiral dimers. However, in the β′-phase
on Cu(111), there are two additional molecules, which lead to two additional offsets, between the
dimers (RRLRLL instead of RRLL). The ordered structure gradually changes into separated chains
on the right-hand side of the image. A transition of the ordered phase into these chains was very
commonly observed at the domain boundaries of the β′-phase, but this was never observed on
Ag(100). The chains are very similar to those that can be observed after annealing sub-monolayers
of the α′-phase (cf. Appendix C.2).
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Figure 5.6: a) STM image (UB = −1.5 V, Itun = 25 pA) of the α′-phase of QA on Cu(111). It
shows very small domains of homochiral QA chains. The inset shows a zoom-in onto a small area
with molecular resolution. b) A corresponding structure model for the α′-phase. The unit cell
vectors for the substrate and the QA chains are depicted in white. c) STM image (UB = −1.5 V,
Itun = 25 pA) of the β′-phase of QA on Cu(111). The upper left of the image shows an ordered
domain of QA molecules. The molecular arrangement is illustrated in the inset. The structure
contains many defects (indicated by the blue circles) that are caused by molecules of the wrong
handedness. The right lower and right-hand side of the image shows the border of the domain,
which is composed of chain-like structures with many defects. d) Structure model for the β′-phase,
including an illustration of how a molecule of the wrong handedness causes the observed defects.
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Overall, these results show that the intermolecular interactions between QA molecules favor the
formation of structures that are very similar to those on Ag(100). However, the interactions be-
tween the QA molecules and Cu are significantly stronger than the ones with Ag due to the higher
chemical reactivity of Cu. The stronger interactions also cause a large barrier for the diffusion of
QA molecules and inhibit their ability to flip their handedness on Cu(111), even at elevated tem-
peratures. This reduced mobility of the molecules leads to a significantly higher degree of disorder
in the QA structures on Cu(111) in the form of smaller domains and many defects.

To conclude this section, it is important to clarify that the structure of the β′-phase described here
consists purely of QA molecules. In Appendix C.2, structures of QA on Cu(111) that were ob-
served after annealing at 500 K and 600 K are described. There, evidence for a decomposition of
the QA molecules into indigo molecules was found, which raises the question why the decom-
position occurred in one experiment and not the other, although similar annealing temperatures
were used. This can likely be explained by the fact that, in the experiments that are described in
Appendix C.2, several annealing steps and slightly longer annealing times were used. In addition,
it is also possible that the differences in coverage had an influence on the decomposition of QA,
as well.

5.3 Structure of the second QA layer on Ag(100) and Cu(111)

In this section, the structures of QA in the second layer on Ag(100) and Cu(111) will be presented
and discussed. In this context, one of the main questions regarding epitaxial growth over the last
few decades comes up, namely whether and how the QA structures in the second layer differ from
the structures in the first layer. It can be expected that the interactions between the molecules in
the second layer and the metal substrate are weaker than those between the first layer and the
metal due to the larger distance. Additionally, it can be expected that the interactions between the
molecules in the second and those in the first layer play an important role in the formation of the
QA structures in the second layer. These questions and aspects will be addressed in this section.
First, the structures of the second layer of QA on Cu(111) will be discussed. Here, two cases need
to be distinguished: (1) the structures of QA on top of the α′-phase and (2) the structures of QA
on top of the β′-phase.

Regarding case (1), an STM image of 0.40 ML QA on top of a full ML QA in the α′-phase is dis-
played in panel a) of Figure 5.7. Both layers were deposited in one step at a sample temperature
of 300 K. It shows that the second QA layer consists of the same kind of molecular chains with
the same intermolecular distances between neighboring molecules. In contrast to the chains of
the first layer, the chains in the second layer are curved and exhibit a broader range of azimuthal
orientations. However, the majority of chains exhibit azimuthal orientations that are still within
±10◦ of those in the first layer.2 This is likely due to a weaker bonding between the second layer
and the first layer in comparison to the bonding of the first layer to the Cu(111) surface. From the

2In the corresponding publication (cf. Appendix A.1) it is stated the the chains in the second layer adopt fully
arbitrary orientations. A more thorough analysis of the data has shown that this is not accurate.
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Figure 5.7: a) STM image (UB = −1.5 V, Itun = 25 pA) of QA on Cu(111) at a coverage of
θQA = 1.40 ML after deposition at 300 K. The bright molecular chains are in the second layer, and
the dark background corresponds to a full ML of the α′ -phase. The inset shows a corresponding
LEED image. Highlighted are the [10]-direction (black line) and the two vectors of the unit cell of
the α′-phase b∗

1 and b∗
2 (red lines). The dashed red lines indicate the vectors of the unit cell of a

mirror domain. b) STM image (UB = −1.5 V, Itun = 25 pA) of QA on Cu(111) at a coverage of
θQA = 1.80 ML after deposition at 500 K. The bright molecular chains are in the second layer and
the dark background corresponds to a full ML of the β′-phase. A corresponding LEED image is
shown in the inset. c) SPA-LEED image (T = 110 K, E = 53.1 eV) of QA on Ag(100) at a coverage
of θQA = 1.20 ML after deposition at 300 K and subsequent annealing at 475 K. The diffraction
pattern shows some resemblance to the one of the α-phase on Ag(100), but all the spots are very
smeared out. The vector b∗

1 is illustrated in red; spots corresponding to the vector b∗
2 could not be

resolved. This image was taken from ref. [237] and slightly modified.

STM data, it cannot be concluded for certain whether the azimuthal orientations of the chains in
the second layer are determined by the interactions between the first and the second layer or by
indirect interactions between the Cu(111) surface and the second layer. However, the fact that the
chains in the second layer mostly do not follow the path of the chains right below them suggests
that the interactions between the second layer and the Cu surface have a stronger influence on the
azimuthal chain orientations in the second layer.

A corresponding LEED image of 1.40 ML QA is shown in the inset of panel a). The diffraction
pattern looks similar to the one of the α′-phase (cf. Appendix A.1), but here, the spots that are
given by the vector b∗

1 exhibit some additional radial broadening due to the broader range of
azimuthal orientations in the second layer. In particular, the LEED image contains 6 circular arcs
of roughly 40◦ in the distance b∗1 from the specular spot. These arcs can be described by two mirror
equivalent vectors b∗

1 with a radial broadening of ±10◦ each (2 × 20◦ = 40◦), which is illustrated
in the inset of panel a) by the black arcs. Hence, the LEED results confirm the STM observation
that the azimuthal orientations of the chains deviate by up to ±10◦ from the orientations of the
chains in the first layer. Interestingly, all the superstructure spots in the diffraction pattern have
very low intensity and are smeared out. This is surprising because, for an incomplete second layer
on top, the diffraction pattern of the first layer is usually expected to be visible. Since this is not
the case here, the order of the first layer is likely perturbed by the incomplete second layer on top
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of it, which is indicative of strong interactions between the two layers. These observations again
reveals that the azimuthal chain orientations in the second layer is related to the Cu surface and
not the first QA layer.

Regarding case (2), structures of QA on top of a full ML QA in the β′-phase were prepared by
directly depositing 1.80 ML onto the surface at a sample temperature of 500 K. Interestingly, the
structure of QA in the second layer consists of the same kind of molecular chains as the α′-phase,
despite the high sample temperature that causes a phase transition into the β′-phase in the first
layer. In the second layer, the molecular chains are more stable than the β′phase because, here, the
smaller amount of H-bonds in the β′-phase cannot be overcompensated by stronger interactions
with the Cu substrate.

A corresponding STM image is displayed in panel b) of Figure 5.7. It shows that the second QA
layer consists of two kinds of structures. There are closely packed domains of parallel chains
that are up to 50 nm in length and width. The chains in the domains exhibit six azimuthal ori-
entations that are identical to those in the first layer of the α′-phase with an azimuthal spread of
roughly ±10◦. Domains of that size do not exist in the second QA layer on the α′-phase, which
can be explained by the lower mobility of the molecules during the preparation of the two phases
(300 K vs. 500 K). The space between those domains is filled with single QA chains that have dis-
tances to neighboring chains of 2 – 5 nm. These chains are less strictly defined in their azimuthal
orientations than the domains and also exhibit many small waves and curves. It is not clear why
some of the chains maintain a distance from neighboring chains and do not become part of the
close-packed domains. On the bare metal surfaces the distance between neighboring chains at
coverage below 1 ML is explained by the charge density waves in the 2D electron gas of a surface
state (cf. Section 5.1.2), but this explanation does not seem plausible for the chains in the second
QA layer.

A LEED image of 1.80 ML QA on Cu(111) after deposition at 500 K is displayed in the inset of
panel b) of Figure 5.7. It consists of many sharp spots and a smeared-out ring around the specular
spot with a radius of b∗1 . All the sharp spots belong to the β′-phase (cf. the SPA-LEED image in
Figure 6 of Appendix A.1 on page 121) of the first layer. It is interesting to note that the spots of
the β′-phase in the first layer are significantly more intense than those of the α′-phase (cf. the inset
of panel a) of Fig. 5.7). This indicates that the order of the first QA layer in the β′-phase is less
perturbed by a second QA layer on top of it compared to the first layer of the α′-phase. This can
explained by the fact that the α′-phase is thermodynamically less stable than the β′-phase, which is
in particular given by stronger interaction between the QA molecules and the Cu substrate. Hence,
the order of the β′-phase is less susceptible to changes induced by interactions with the second
layer. The only part of the diffraction pattern that can be assigned to the QA chains in the second
layer is the ring with radius b∗1 around the specular spot, which corresponds to the intermolecular
distance within the chains. It is difficult to draw any conclusion regarding preferred azimuthal
orientations of the chains from this LEED image because very intense spots of the β′-phase lie on
the circle line, as well. The spots corresponding to the vector b∗

2 of the second layer could not be
distinguished from the spots of the β′-phase in the first layer.
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Finally, the structure of the second QA layer on Ag(100) will be discussed. This was investi-
gated with only SPA-LEED experiments within the scope of the focusing laboratory course of
J. Roth [237]. It was found that after depositing additional QA onto a full ML QA in the α-phase at
300 K, a disordered second layer forms on top of the α-phase, which is only detectable in the form
of a more diffuse diffraction pattern of the first layer. If QA is deposited onto a ML of a mixture
of the β- and the γ-phase (cf. Appendix C.1.1 on page 197) and subsequently annealed at 475 K
the intensity of the spots of the first layer decreases drastically and a diffraction pattern that looks
like a very diffuse and smeared out diffraction pattern of the α-phase appears. A corresponding
SPA-LEED image is displayed in panel c) of Figure 5.7. It contains 8 spots with the distance b∗1
from the specular spot and an azimuthal broadening of roughly ±10◦. That indicates that chains,
which are similar to those that were observed in the second QA layer on Cu(111), are also present
in the second QA layer on Ag(100).

In summary, these results have shown that molecular chains of QA grow in the second layer of
QA on Ag(100) and on Cu(111). The molecules in the chains still have the same intermolecu-
lar distance, which is given by the H-bonds. The azimuthal orientations of the chains are still
influenced by the underlying metal substrates, but this influence is significantly weaker due to
the larger distance. Lastly, the chains in the second layer do not undergo a phase transition into
the β- or β′-phase because there the loss of H-bonds can not be overcompensated by a stronger
bonding to the metal.

5.4 The phase transition on Ag(100) investigated by SPA-LEED

The phase transition from the α- into the β-phase of QA on Ag(100) is an interesting phenomenon
because it is a temperature-induced and irreversible transition from a metastable structure into a
commensurate one. Hence, many interesting questions regarding, for example, the mechanism or
the order of the phase transition can be asked. Therefore, in this section, the phase transition of QA
on Ag(100) from the α- into the β-phase will be investigated in more detail. For this, the evolution
of the α-phase with temperature at different coverages will be investigated, and the results will be
used to construct a kinetic phase diagram of QA on the Ag(100) surface. Furthermore, the thermal
stability and decomposition of the β-phase will also be investigated in a similar manner.

Before the results are discussed, it is important to clarify a very important aspect regarding this
section, which is the role of the time. In order to investigate the evolution of a phase, a series of
SPA-LEED measurements was conducted at different temperatures between 200 K and 500 K. Usu-
ally, the sample was heated in steps of 5 K, 10 K, or 20 K and SPA-LEED measurements were con-
ducted at each temperature. In this procedure, the time between the start of two subsequent mea-
surements was usually between 5 and 30 minutes. Of course, this raises the question of whether
a phase at a specific temperature would continue to change if it were given more time. This was
tested on a sample basis. At a few select temperatures, additional SPA-LEED measurements at
the same temperature were conducted after an increased time span of about 2 – 3 hours. These
experiments were conducted at some temperatures at which the diffraction pattern had already
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started to change with respect to the diffraction pattern before annealing. The important point
here is that after the initial temperature induced change, the diffraction patterns did not further
change over time while the sample was being held at the same temperature. Hence, it is assumed
that the structures that are presented in this section are in a local thermodynamic equilibrium.
Nevertheless, it can not be excluded with certainty that structures at distinct other temperatures
would not have evolved over time.

5.4.1 Qualitative analysis of the evolution of the α-phase with temperature

First, the evolution of the α-phase with temperature will be analyzed qualitatively by comparing
2D images of the α-phase at different temperatures and for two different coverages. Panel a) of
Figure 5.8 shows a series of 2D SPA-LEED images at six different temperatures between 250 K
and 450 K of the α-phase of QA on Ag(100) at a coverage of θQA = 0.78 ML. It can be seen that
the diffraction pattern of the α-phase decreases in intensity and the superstructure spots broaden
with increasing temperature. Already at a temperature of 350 K the spots are barely visible and,
at 430 K, only a diffuse background intensity around the specular spot can be seen. Increasing the
temperature further (up to 500 K) causes the intensity, which belongs to the α-phase, to decrease
further until only the substrate spots are visible (not shown). The fact that the superstructure
spots vanish completely upon heating means that the molecules exhibit a disordered structure
that is likely in the form of a 2D molecular gas phase in which the molecules diffuse randomly on
the surface. Upon cooling down the sample, the spots of the β-phase slowly start to appear and
increase in intensity. This shows that the disordered phase transforms into the β-phase, which is
thus thermodynamically more stable than the α-phase.

Now, the thermal evolution of the α-phase at an increased coverage of θQA = 0.97 ML, which
changes the situation significantly, is considered. Panel b) of Figure 5.8 shows a corresponding
series of 2D SPA-LEED images that is very similar to the one for a coverage of θQA = 0.78 ML
(cf. Fig. 5.8a). This series shows the same trend: upon annealing the sample, the spots of the
α-phase lose intensity and broaden.3 However, there are some crucial differences between the
two coverages. The first difference is that, at a coverage of θQA = 0.97 ML, the α-phase is signifi-
cantly more resistant to thermal decomposition than at a coverage of θQA = 0.97 ML. This can be
seen by comparing the two SPA-LEED images at a sample temperature of 430 K (right-hand side
of Figure 5.8). The image for θQA = 0.78 ML only shows a very low and diffuse intensity around
the specular spot, while in the image for θQA = 0.97 ML, all the spots of the α-phase have low in-
tensity, but they are clearly visible. This higher resistance against thermal decomposition at higher
coverages can be explained as follows. As already stated in Section 5.1.1 (page 35), the distance
between neighboring chains increases with decreasing coverage due to a substrate-mediated re-
pulsive long-range interaction. This means that at a coverage of θQA = 0.78 ML, there is a larger
distance between the QA chains (b2 = 21.0 Å, 4.6 Å distance between the chains on average), while
at a coverage of θQA = 0.97 ML, all the chains are directly next to one or two chains with the same

3The broadening of the spots may be difficult to see in the 2D images in Figure 5.8 but it will be analyzed with the
help of 1D scans, see below.
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Figure 5.8: Evolution of the α-phase of QA on Ag(100) with temperature. The time between
the subsequent images was between 30 and 60 minutes. However, as described in the text, the
structures are assumed to be in thermal equilibrium during the measurement, which means that
they do not change over time at a constant temperature. a) Series of SPA-LEED images that were
recorded at an electron energy of E = 51.3 eV and a QA coverage of θQA = 0.78 ML. The unit cell
is depicted in red. Line profiles were measured along the dashed blue lines and are illustrated in
Figure 5.10. b) Series of SPA-LEED images that were recorded at an electron energy of E = 51.3 eV
and a QA coverage of θQA = 0.97 ML. The scale is true for all images in the figure.
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orientation, which stabilizes the structure through van der Waals dispersion interactions between
the chains.

An even more pronounced difference between the two coverages is that, at θQA = 0.97 ML, the
α-phase does not transform into a disordered 2D gas phase but transforms into the β-phase upon
annealing. In panel b) of Figure 5.8, it can be seen that, at 460 K, the spots of the α-phase have
vanished, which indicates that this transformation goes via a disordered phase. At 480 K, the spots
of the β-phase are visible. The reason for this direct transition is that, at a high coverage close to
1 ML, there is no space for a disordered 2D gas phase, i.e., the surface is so full of QA molecules
that they do not have any space to randomly diffuse on the surface. Hence, the mechanism of the
phase transition from the α- into the β-phase does not go via the disordered 2D gas phase but a
different kind of disordered phase. The α-phase is homochiral, while the β-phase is heterochiral.
That means that the phase transition is likely to happen through a flipping in place of roughly 50%
of the QA molecules in a domain of the α-phase, changing their handedness, and a subsequent
slight rearrangement of the molecules into the β-phase.

5.4.2 Evolution of the spot profiles of the α-phase with temperature

In this section, the evolution of the α-phase will be considered in more detail. The profile shapes
of the α-spots at different coverages and temperatures will be discussed. In this context, it is
important to differentiate between the two different sets of α-spots that correspond to the different
distances in the α-phase. Hence, from now on, the term α1-spots will refer to the spots that are
given by the vector b∗

1 and correspond to the distance between molecules within a QA chain.
Accordingly, the term α2-spots refers to the spots that are given by the vector b∗

2 and correspond
to the distance between neighboring chains. This nomenclature will be used both in 2D images
and in 1D line scans. The time between the measurements of two subsequent line profiles at
different temperatures was 5 to 10 minutes. But, once again, it is assumed that the structures were
in a local thermodynamic equilibrium at the time of the measurements.

Before the evolution of the profiles with temperature is discussed, the general difference between
the spot profile shapes of the α2-spots at two different coverages will be addressed for the same
temperature of 300 K. In panel a) of Figure 5.9, two line profiles at coverages of 0.78 ML (red line)
and 0.97 ML (black line) across a line through the specular spot and two α2-spots (as illustrated
by the dashed blue line in Figure 5.8) are shown. Both profiles were recorded directly after the
preparation of the QA layer at a temperature of 300 K. There are three distinct differences between
the two profiles: (i) the α2-spots of the black line are located at larger values for k||, (ii) the α2-spots
of the black peaks exhibit significantly lower peak intensities than those of the red line in relation
to the specular spot but exhibit a significantly larger FWHM, and (iii) the α2-spots of the black
curve exhibit a Gaussian shape, while the spots of the red curve follow a more Lorentzian form.

All three of the above differences can be explained by the different coverages. (i) At a higher
coverage (Fig. 5.9a, black curve) the distance between neighboring chains is smaller and hence
the distance in reciprocal space is larger. (ii) The higher coverage also leads to a reduced mobility
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Figure 5.9: a) Two line scans through the specular spot and two α2-spots that correspond to the
distance between neighboring chains at two different coverages. It can be seen that the profile
shape of the shown spots changes with the coverage. b) The evolution of the normalized peak
intensity (black) of the α2-spots in relation to the intensity of the specular spot with temperature
for three different coverages. In addition, the FWHMs of the corresponding peaks are shown
(blue).

of the molecules due to a lack of space, which leads to the formation of smaller domains during
the growth. This can also be seen in the STM images (cf. figs. 2 and 3 in Appendix A.1 on
page 113). The smaller domains explain the smaller peak intensities and larger FWHMs of the
spot corresponding to the larger coverage (black curve). (iii) The profile shape of this α2-spot
(Gaussian vs. Lorentzian) is given by the distribution of distances between neighboring chains in
real space. At the larger coverage (θQA = 0.97 ML, black curve) the distances between the chains
follow a Gauss distribution4 around the average of b2 = 16.9 Å. In contrast, at the lower coverage
(θQA = 0.78 ML, red curve), the distance between the chains is given by a distribution that follows
an exponential decay5 around the average distance of b2 = 21.0 Å. This distribution following an
exponential decay is likely related to the repulsive interactions between the chains.

Now, the evolution of the α-spots with increasing temperature will be addressed. It is of particular
interest to analyze the peak intensities and profile shapes of the α1- and α2-spots with increasing
temperature leading up to the phase transition. This can give some insight into the nature of the
phase transition, such as its order. A corresponding waterfall plot showing line profiles across
the spots of the α-phase at six increasing temperatures is displayed in Figure 5.10. These line
profiles include both the α1- and α2-spots because the angle between the two unit cell vectors
of the substrate and the angle between those of the α-phase are both 90◦, respectively (the line
profiles were recorded along the dashed blue line in panel a) of Figure 5.8). In this waterfall plot
(Fig. 5.10), it can be seen that, at roughly 400 K, the peak intensities of all α1- and α2-spots start
to decrease, and, at 460 K, the spots have vanished completely (except for small bumps in the
background). This is an indication that, for a coverage of θQA = 1.00 ML, the decomposition of the
α-phase is taking place in this temperature interval (400 K – 460 K). This evolution of the intensity
of the α-spots will be analyzed in more detail below (Section 5.4.3), and the results will be utilized

4The 1D Fourier transform of a Gauss function yields a Gauss function.
5The 1D Fourier transform of a Lorentz function yields an exponential decay function.
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Figure 5.10: The evolution of the superstructure spots of the α-phase of QA on Ag(100) at a cov-
erage of θQA = 1.0 ML with temperature. The right-hand side of the figure shows a waterfall plot
of line scans through the dashed blue line in Figure 5.8 at increasing temperatures from top to
bottom. The profiles were not normalized, which is the reason why the heights of the specular
spots decrease with increasing temperature. The intensity scale is logarithmic. The plots contain
the specular spot, and the α1- and α2-spots on both sides. The points show the raw data points,
and the black lines correspond to the same data set after smoothing (Savitzky-Golay, 5th-degree
polynomial, 12 points). The two insets on the left-hand side highlight the profile shapes of the
α2-spot at 300 K and 420 K, respectively. The black points are the raw data points, and the red
curves correspond to fits with pseudo-Voigt functions.
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to construct a kinetic phase diagram of the α-phase. Furthermore, the waterfall plot (Fig. 5.10)
shows that the α1- and α2-spots remain at the same positions during the annealing process until
they vanish, i.e., until the α-phase decomposes. This shows that the distances within the α-phase
do not change in a significant manner due to the annealing, which means that the α-phase does
not stretch or compress before its decomposition.

A quantitative description of the evolution of the peak intensity of the α2-spot, which corresponds
to the distance between the chains, is illustrated in panel b) of Figure 5.9. It shows the normalized
relative (with respect to the specular spot) peak intensity of the α2-spot with increasing temper-
ature for three different coverages, namely θQA = 1.00 ML, 0.85 ML, and 0.70 ML (black squares,
circles, and triangles, respectively). It can be seen that, for each coverage, the peak intensity starts
to decrease at a distinct temperature and continues to decrease with increasing temperatures until
the peak has completely vanished. This decrease in peak intensity is given by the decomposi-
tion of the α-phase. It is also noticeable that the decomposition of the α-phase begins at higher
temperatures for larger coverages. Furthermore, at high coverages, the decline of the intensity
is significantly more steep, which indicates that the decomposition of the α-phase occurs more
suddenly than at lower coverages. These observations are in agreement with the above results
and confirm that the α-phase is more resistant against thermal decomposition at higher coverages
due to a stabilization due to the attractive forces between neighboring chains. Lastly, it is also
important to note that this loss of peak intensity is irreversible, i.e., cooling down from any tem-
perature does not bring back the lost peak intensity of the spots (see Fig. 5.11b). From Section 5.1
it is already known that the transition into the β-phase is irreversible. In addition, the SPA-LEED
experiments also show that the decomposition of the α-phase, even if the β-phase has not formed
yet, is irreversible.

Furthermore, the FWHM of the α2-spots increases with increasing temperature. This is also illus-
trated in panel b) of Figure 5.9. The FWHMs corresponding to the evolutions of the peak inten-
sities of the α2-spot at the three different coverages are plotted in the same diagram (small blue
symbols). It can be seen that at the same temperature where the peak intensities of the α2-spots
start to decrease drastically, the corresponding FWHMs of the α2-spots begin the increase. This
loss of the peak intensity of the α2-spots could potentially only be caused by the broadening of
the spots and their change in profile shape. However, the relative area of the α2-peaks also ex-
hibits a decrease around the same temperature as the α2-peak intensity. Hence, the decrease of
the peak intensity of the α2-spots is a combined effect of the broadening of the spots and an actual
loss of intensity. Lastly, besides the loss of intensity, it can also be observed that profiles of the
α2-spots change their shape with increasing temperature. This is illustrated on the left-hand side
of Figure 5.10, which shows zoom-ins of the line profiles of the α2-spot (black points) at 300 K and
420 K, respectively. The red curves illustrate pseudo-Voigt functions that were fitted to the data.
The α-spots at 300 K exhibit a shape that can be described as a mixture of Gauss and Lorentz (50:50),
while at 420 K it can be described by a pure Lorentzian shape.

The fact that the FWHM of the α2-peak increases during the dissolution of the α-phase is indica-
tive of a second-order phase transition [238]. Close to a second-order phase transition (i.e., the
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temperature is close to the transition temperature) strong fluctuations in the structures appear.
This causes a lack of correlation in the structures and thus leads to an increase of the FWHMs
of the corresponding spots. In contrast, first-order transitions occur abruptly. That means that
large ordered domains exist on the surface until the transition temperature is reached and hence
the FWHM of the corresponding spots would not increase. Furthermore, the transition of the
α2-peaks to a more Lorentzian shape can be explained by an oscillation or wobbling of the chains
at an increased temperature, which leads to a broader distribution of distances between the chains.

The above results only concern the α2-spots. To conclude this section, a general remark about the
evolution of the α1-spots is in order. In general, the peak intensities and FWHMs of the α1-spots
followed a similar trend as those of the α2-spots. However, the α1-spots are strongly broadened
in the direction of b∗

2 due to lack of correlation between neighboring chains (cf. Chapter 5.1.1
on page 35). This makes the analysis and interpretation of the evolution of the α1-spots more
complicated.

5.4.3 Construction of a kinetic phase diagrams for the α-phase

In this section, the above-described evolution of the α2-peak intensity with temperature at dif-
ferent coverages will be utilized to draw a kinetic phase diagram for the decomposition of the
α-phase. Only the evolution of the α2-spot was used for this purpose and not the α1-spot due
to the above-mentioned broadening of the α1-spots. Panel a) of Figure 5.11 shows an example
of the evolution of the normalized α2-peak intensity relative to the peak intensity of the specular
spot of the α-phase at θQA = 0.78 ML (it is similar to the ones that were already shown in Fig. 5.9,
but at a different coverage). As stated above, at each temperature the spot profiles were assumed
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Figure 5.11: a) The evolution of the normalized peak intensity of the α2-spots in relation to the
peak intensity of the reciprocal spot with temperature for a coverage of θQA = 0.78 ML. The two
insets contain 2D SPA-LEED images measured at 260K and 350 K, respectively. The vertical red
lines divide the evolution into four temperature intervals K/L/M/N that describe different stages
of the evolution of the α-phase upon annealing. For more info, see text. b) Probing of the re-
versibility of the intensity loss in interval L. The black points show the rel. norm. intensity at the
given temperature. After each black point was measured the sample was cooled down and the
corresponding red point was measured at 300 K.
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Figure 5.12: a) Kinetic phase diagram for the α-phase of QA on Ag(100). This diagram is only true
for increasing temperatures. A decreasing temperature or variation in coverage is not accounted
for in this diagram. The line that is marked by a black arrow is not directly based on data points
and is only a reasonable estimation for the position of the phase boundaries. For more information
regarding the measurements of this phase diagram and all the different phases, see text. b) SPA-
LEED image after cooling down from the δ-region, as indicated by the red and black points. c)
SPA-LEED image that was recorded in the ε-region. Both panels b) and c) show a mixture of the
α- and β-phase. The corresponding spots are marked by dashed ellipses and small black arrows,
respectively.
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to be constant over time at the given temperature. In order to understand the decomposition of
the α-phase, it is useful to think of it happening in different stages. Hence, the evolution of the
α-peak intensity (see panel a) of Fig. 5.11) is divided into four temperature intervals (indicated by
the vertical red lines) that are labeled with the capital letters K/L/M/N and will be explained in
the following.

• Interval K: In this interval, the intensity of the α-spots remains about constant. Occasion-
ally, a slight increase of the peak intensity of the α2-spots can be observed in this interval
(cf. Fig. 5.9b or Fig. 5.11a), which can potentially be explained by a thermally induced better
ordering of the structure before it decomposes.

• Interval L: This interval describes a steep decline of the peak intensity of the α2-spots by up
to 95%. For larger coverages, the temperature at which this decline begins increases, and the
width of the interval L decreases, as can be seen in panel b) of Figure 5.9.

• Interval M: This interval is a plateau of very low peak intensity of the α2-spots after the steep
decrease that is described by interval L. The border between intervals L and M is defined by
a decrease of the intensity to only 5%.

• Interval N: The interval in which the α-spots have disappeared completely, i.e., the α-phase
has completely decomposed.

The evolution of the relative peak intensities of the α2-spots was investigated at six different cov-
erages in the range of θQA = 0.60 – 1.0 ML. For each coverage, the following four temperatures were
determined and plotted into a phase diagram:

(i) The temperature at which the steep decrease of the relative peak intensity of the α2-spots
begins is given by the black line. Alternatively, the temperature at which the FWHMs of the
α2-spots increase could be used as a criterion because as panel b) of Figure 5.9 shows, the
decrease of the peak intensities and increase of the corresponding FWHMs occurs at almost
identical temperatures within an interval of ±(5 − 10)K.

(ii) The temperature at which the steep decrease of the relative peak intensity of the α2-spots
ends is described by the red line. The end of the steep decline is defined by the temperature,
at which the relative peak intensity of the α2-spots is only 5% of their initial peak intensity.

(iii) The temperature at which the spots of the α-phase have vanished completely (i.e., in a line
profile the spots cannot be distinguished from the background) is given by the blue line.

(iv) The temperature at which the spots of the β-phase first appear (i.e., they are clearly visible
in 2D images) is illustrated by the olive line.

The corresponding phase diagram is shown in panel a) of Figure 5.12. The areas of the diagram
that result from the above criteria and the corresponding phases will be discussed in the following.

The area below the black line (corresponding to interval K) is the normal α-phase because in this
area the peak intensity of the α-spots remains unchanged. Above the black line and below the red
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line is the area that corresponds to the interval L. This area corresponds to a disordered α-phase,
which is the reason for the steep decrease of the α-spot peak intensity. This decrease in intensity
cannot be explained by a dissolution of the α-phase into the disordered 2D gas phase because
that would mean that cooling down the sample from this area of the phase diagram leads to the
formation of the β-phase, which was not observed. Instead, cooling down from area L does not
lead to a significant change in the LEED pattern, i.e., the intensity of the α-spots does not increase
again. Hence, the intensity loss is likely caused by an irreversible transition into a disordered
α-phase upon heating. This disordered α-phase will be named αd-phase in the following.

The area above the blue line (corresponding to the interval N) is the temperature region, where
the α-phase has completely dissolved. Here, two different scenarios can occur depending on the
QA coverage. Below a coverage of roughly 0.82 ML, only the substrate spots are visible in the
diffraction pattern. However, upon cooling back down to RT, the spots of the β-phase start to
occur. Hence, the area above the blue line for coverages of θQA < 0.82 ML can be attributed to a
2D gas phase of QA molecules. In the area above the blue line for coverages of θQA > 0.82 ML,
the spots of the β-phase are clearly visible in the diffraction pattern. Hence, this area of the phase
diagram is attributed to the β-phase.

Lastly, the area between the red and the blue lines will be discussed. This area corresponds to the
interval M, which is the most complex temperature interval. Therefore, the area between the red
and blue lines is divided into three regions corresponding to three different mixtures of phases
that occur at different coverages and that will be named the δ-, ε-, and λ-regions. In the following,
these three regions will be discussed in detail.

In the δ-region, which exists for coverages of θQA < 0.8 ML, the diffraction pattern only contains
the substrate spots and very weak spots of the α-phase. Interestingly, cooling down the δ-region
leads to a mixture of the α- and the β-phase. A corresponding SPA-LEED image that was recorded
at 200 K after cooling down from 350 K at a coverage of θQA = 0.68 ML is shown in panel b) of
Figure 5.12. It contains very weak and smeared α-spots and sharp β-spots. This shows that in the
δ-region, a mixture of the α- and a disordered 2D gas phase is present on the surface. Upon cooling
down, the disordered 2D gas phase transforms into the β-phase, which is thermodynamically
more stable than the α-phase, leading to a mixture of the two phases.

The ε-region only exists in a very small coverage window in the range of θQA = (0.80 – 0.85) ML. In
this small window, the α- and the β-phase coexist at an elevated temperature. A corresponding
SPA-LEED image of this mixed phase that was recorded at a temperature of 390 K and a coverage
of θQA = 0.82 ML and is displayed in panel c) of Figure 5.12.

The third and last region between the red and blue lines, which will be named the λ-region, exists
for coverages above 0.85 ML. Judging by the diffraction pattern, this region is very similar to the
δ-phase because it only contains the substrate spots and very weak and smeared spots of the
α-phase. However, the existence of a 2D gas phase is not plausible here because further heating
the λ-region leads to a formation of the β-phase, while cooling down the sample does not lead
to the formation any additional spots in the diffraction pattern. Hence, it is concluded that the
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λ-region is a mixture of the α-phase and another disordered phase. This disordered phase could
be explained by an incomplete phase transition from the α- into the β-phase, which, as stated
above, potentially includes a flipping of 50 % of the molecules followed by a slight rearrangement
of the molecules.

5.4.4 Analysis of the spot profiles of the β-phase

The evolution of the β-phase of QA was investigated in a similar manner as the α-phase. This
was done in order to answer the following interesting questions. Does the β-phase also exhibit a
phase transition into a disordered 2D gas phase upon annealing? If so, can the phase transitions
(β ↔ 2D gas phase) be crossed reversibly for an arbitrary amount of times? Is the transition
temperature also dependent on the coverage? These questions will be addressed in this section.

For this, similar to the investigation of the evolution of the α-phase (see above), line profiles across
the β-spots were recorded at different temperatures between 200 K and 500 K in steps of 5, 10,
or 20 K. The time between subsequent measurements was 5 – 30 minutes. Importantly, as already
described above, it is assumed that the structures did not change over time at a given temperature.
A quadrant of a SPA-LEED image of the β-phase that illustrates the scan lines across the β-spots is
displayed in panel a) of Figure 5.13. As for the α-spots, a differentiation between the two β-spots
needs to be made. The β1-spots are the spots that are given by the b∗

1 vector and correspond to
the intermolecular distance within the chains in the β-phase. Accordingly, the β2-spots are given
by the b∗

2 and correspond to the distance between the neighboring chains.

Two waterfall plots across the β1- and β2-spots for six different temperatures between 300 K and
450 K at a coverage of θQA = 0.70 ML are shown in panel a) of Figure 5.14. These plots show that,
similar to the evolution of the α-spots with temperature, the intensity of both β-peaks decreases
with temperature until they both have completely vanished at the same temperature (440 K for
this coverage, not shown here). This vanishing of the β-spots is caused by a decomposition of
the β-phase and is reversible. If the sample is cooled back down to RT, then the spots of the
β-phase reappear. These observations show that the β-phase does indeed decompose and form a
disordered 2D gas phase upon annealing, which forms the β-phase again upon cooling. However,
these phase transitions (β ↔ 2D gas phase) can not be repeated indefinitely because, after 2 – 3
cycles of annealing and cooling, it was observed that the spots of the β-phase are smeared out
(not shown). This shows that repeated heating leads to more disorder in the β-phase. A potential
explanation for this may be that some of the molecules undergo thermal cracking after several
cycles of heating and the products of this cracking interfere with the order of the β-phase.

The exact structural reasons for the peak intensity loss of the β-spots upon annealing are not
entirely clear. In the following, two potential causes will be explored. One potential reason for
this intensity loss may be thermally induced point defects that form in the domains of the β-phase
upon annealing. This process would likely be irreversible upon cooling. The peak intensity loss
may also be caused by a partial transition of the β-phase into the disordered 2D gas phase, leading
to a coexistence of the two phases. This process would be reversible upon cooling. However, the



64 Chapter 5. Quinacridone on Ag(100) and Cu(111)

T / K

 peak intensity β2

FW
HM

 / 
Å

-1

re
l. 

no
rm

. i
nt

.

peak intensity β1
 FWHM β1

 FWHM β2

5 A-10.

β2-spot

β1-spot

b1
*

b2
*

a)

b)

Θ = 1.00 ML

T = 110 K

Figure 5.13: a) A quadrant of a SPA-LEED image of the β-phase on Ag(100) (E = 51.3 eV). The
β1- and β2-spots that were used to record line profiles (cf. Fig. 5.14) are marked by black arrows,
which also show the scan direction. For the measurements of line profiles across a β1-spot, a
second-order spot was used because this spot had a higher intensity than the corresponding first-
order one. The unit cell of the β-phase is depicted in red. Note that the two β2-spots (marked by
the red and black arrow) are mirror equivalent. b) The evolution of the relative (with respect to
the specular spots) normalized peak intensities of the β1- and β2-spots (black squares and circles)
and the evolution of the corresponding FWHMs (red squares and circles) with temperature.
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Figure 5.14: Two waterfall plots across the β1- and β2-spots at different temperatures. The pro-
files are not normalized to illustrate to temperature-induced intensity loss. The lines along which
these profiles were measured are illustrated as black arrows in Figure 5.13. All line profiles were
recorded at an electron energy of 51.3 eV. The intensity scale is logarithmic and identical for both
plots. Already at a temperature of 440 K, both spots had completely vanished and only the back-
ground could be observed (not shown). The small shift of the peaks at about (400 – 420) K is likely
caused by an experimental artifact and does not have any physical meaning regarding the struc-
ture of the layer.
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reversibility of the peak intensity loss of the β-spots (before the spots had vanished completely)
was not probed explicitly. The above-described decomposition of the β-phase was only observed
for coverages of up to about 0.85 ML. This will be illustrated below in the following Section 5.4.5
where the evolution of the peak intensities of the β-spots will be utilized for the construction of a
kinetic phase diagram.

The decomposition of the β-phase can be investigated further by considering the evolutions of the
spot profiles and the FWHMs of the β-spots with temperature. In contrast to the evolution of the
α-spots, the profile shapes of both the β1- and β2-spots remain constant at about 50% Gauss and
50% Lorentz over the whole temperature range. Hence, there is no indication of a temperature-
induced oscillation or wobbling of the chains of the β-phase, which would lead to a wider dis-
tribution of distances in the structure, as was observed and discussed for the α-phase above.
Furthermore, the FWHMs of the β1- and β2-peaks start to increase at a temperature at which
their peak had already dropped to about 10%. This is illustrated in more detail in panel b) of
Figure 5.13. This shows that the dissolution of the β-phase is, in contrast to the dissolution of the
α-phase, not a second-order phase transition. The broadening of the spots is likely caused by a
partial transition into the disordered 2D gas phase, which would cause a shrinking of the domains
of the β-phase and would hence also lead to an increase of the FWHMs.

5.4.5 Construction of a kinetic phase diagram for the β-phase

In this section, the evolution of the β-spots will be utilized to draw a kinetic phase diagram for
the β-phase. The evolution of the β-phase with temperature at different coverages was investi-
gated in the same manner as that of the α-phase, as described above. The layers of the β-phase
were usually prepared by depositing the QA on the sample at 500 K and subsequent cooling. The
coverage was determined from the QMS integrals (cf. Section 4.2.2).

In panel b) of Figure 5.15, the evolution of the relative normalized β-spot peak intensity with tem-
perature is shown for three different QA coverages, namely θQA = 0.60 ML (black), 0.70 ML (red),
and 0.85 ML (blue). For all QA coverages, the evolution of the β-spot intensity follows the same
trend and can be divided into three temperature intervals that are identical to the intervals K/L/N
that were described above for the α-phase. For the coverage of 0.85 ML (blue triangles and line),
these three intervals are highlighted by the vertical lines in panel b) of Figure 5.15. The β-spot
intensity stays constant (interval K) until a temperature is reached, at which the intensity starts
to decrease. The peak intensity of the β-spots continues to decrease with increasing temperature
for several tens of Kelvin (interval L) until a temperature is reached at which the spots have van-
ished completely (interval N). The plateau of low intensity (interval M) that was described for the
α-phase (see above) was not observed for the β-phase. It can also be seen that the temperature at
which interval L begins increases with increasing QA coverage, which indicates that the β-phase
is, like the α-phase, more resistant to thermal decomposition at higher coverages.

This evolution of the β-spot intensity was investigated for five different coverages between 0.5 ML
and 1.0 ML. Because the temperature evolution always follows the same trend, the phase diagram
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can simply be divided into three areas. The phase diagram6 is is shown in panel a) of Figure 5.15.
In the area in the bottom right of the phase diagram, the peak intensity of the β-spots is constant
(interval K), which means that this area corresponds to the stable β-phase. In contrast, the area
in the top left corresponds to the temperatures at which the β-spots had completely vanished
(interval N). Upon cooling, the β-spots reappear, and thus this area is attributed to a disordered 2D
gas phase. Lastly, the area in the middle corresponds to the temperature interval in which the peak
intensity of the β-spots decreases (interval L). This area likely corresponds to a situation where
the β-phase has already partially dissolved into the 2D gas phase and the two phases coexist.
Interestingly, for coverages close to θQA = 1 ML, the β-phase is still stable at a temperature of 500 K.
That can be explained by a lack of space on the surface that prevents the decomposition of the
β-phase into the disordered 2D gas phase. However, the heating to 500 K leads to a smearing of
the corresponding β-spots. This is illustrated in panel c) of Figure 5.15, and could potentially be
explained by thermally induced cracking of the QA molecules, which interferes with the order of
the layer.

Lastly, it is important to note that these phase diagrams have some uncertainties. On the one
hand, there are errors of the coverage and the temperature. The error in the coverage is estimated
to be ∆θQA = ± 0.05 ML. The error of the temperature is estimated to be ∆T = ±10 K. On the
other hand, these experiments worked under the assumption that at each temperature step, the
thermodynamic equilibrium of the system was reached before the profiles were measured. In
a few instances, it was tested whether a profile at an elevated temperature changed within the
span of roughly 30 minutes, and no such example was found. However, it cannot be excluded
for certain that very slow processes may happen at distinct temperatures, which would have an
impact on the phase diagrams.

Overall, the main result of this section is that the phase transition from the α-phase into the
β-phase is very dependent on the QA coverage and may happen in three different ways. For
medium and low coverages (θQA < 0.77 ML), the phase transition goes via a 2D gas phase of QA
molecules that forms the β-phase upon cooling down to RT. In contrast, for a very small cover-
age window (0.78 < θQA < 0.83 ML) it happens via a mixture of the α- and β-phase, and for high
coverages (θQA > 0.84 ML) the phase transition happens via an unknown disordered phase that
transforms into the β-phase at high temperatures.

5.5 Discussion of the phase transition

To end Chapter 5, the phase transition between the α- and β-phases of QA on Ag(100) and the
electronic structures of the QA molecules in the two phases will be discussed in more detail. As
described in Section 5.1.1, the β-phase exhibits only 1.5 intermolecular H-bonds per molecule,
while in the α-phase 2 H-bonds per molecule are formed. In the β-phase, this loss in energy in
terms of intermolecular interactions is overcompensated by stronger interactions between the QA

6It is important to note that this phase diagram is only true for increasing temperatures. The phase diagram for
cooling would likely look similar, however, this was not investigated in detail.
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Figure 5.15: a) Kinetic phase diagram for the β-phase of QA on Ag(100). This diagram is only
true for increasing temperatures and constant coverages. For more information regarding the
measurements of this phase diagram and all the different phases, see text. b) Evolution of the
relative normalized peak intensities of the β-spots for three different coverages. c) SPA-LEED
image of a full ML β-phase after it was heated to 500 K and cooled back down.
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molecules and the Ag substrate. Hence, it is reasonable to assume that the electronic structures
of the QA molecules, and the vertical distances between the QA molecules and the Ag substrate
differ significantly in both phases.

An impressive example of such differences between the electronic structures of molecules in differ-
ent phases was reported by Kilian et al. [239] for PTCDA on Ag(111). They compared a disordered
structure consisting of dendritic clusters of PTCDA molecules at low temperatures to an ordered
herringbone structure at RT. They found that in the disordered phase, the bonding of the PTCDA
molecules to the Ag substrate is stronger, and the molecules exhibit a stronger intramolecular dis-
tortion, and a smaller vertical distance to the Ag substrate than in the herringbone phase. The
reason for these observations is that the intermolecular interactions in the herringbone phase pos-
sibly withdraw some electron density from the carboxylic oxygen atoms. This weakens the bond
between the carboxylic oxygen atoms and the Ag substrate.

A similar behavior may be expected for the phase transitions of QA on Ag(100) and other metal
surfaces. Only that here, the phase transition goes from the α-phase, which is determined by the
strong intermolecular H-bonds, to the β-phase with less intermolecular H-bonds. It was found
by Priya et al. for QA on Ag(111) that in the homochiral α∗-phase on Ag(111) IDCT occurs, but
for the heterochiral β∗-phase, this IDCT vanishes completely. This was attributed by the authors
to a filled former LUMO in the β∗-phase [81], which is indicative of a stronger bonding of the
QA molecule to the Ag substrate. This shows that the electronic states of QA on Ag(111) in the
α∗- and β∗-phases differ significantly from each other. A similar process may be expected for
QA on Ag(100) and Cu(111). Hence, it may be expected that in the β-phase, the averaged verti-
cal distance between the QA molecules and the substrate is overall smaller than in the α-phase.
Furthermore, the carboxylic oxygen atoms of the β-phase that are not involved in the formation
of an intermolecular H-bond anymore, may exhibit a stronger local bond to the surface. This
could lead to an asymmetric distortion of the corresponding QA molecules. Interestingly, in the
β-phase, the molecules of only every second dimer contain oxygen atoms that are not involved
in the formation of an intermolecular H-bond.7 Thus, 50% of the molecules in the β-phase have
such an oxygen atom and can exhibit a stronger bonding to the surface than the other 50% of
molecules. This indicates that a vertical corrugation of the β-phase may be expected, where every
second dimer exhibits a smaller vertical distance to the surface. The discussion above shows that
a thorough investigation of the electronic structure and vertical distances of the QA molecules in
the α- and β-phase with methods such as ultraviolet photoelectron spectroscopy (UPS), XPS, or
NIXSW would be of high interest.

Lastly, another interesting aspect is that QA on Ag(100) exhibits a similar disordered structure,
consisting of 2D clusters after deposition at low temperatures (cf. Section 5.1.4, page 43), as
PTCDA on Ag(111) [239]. The molecules in this disordered structure exhibit fewer intermolec-
ular interactions than those in the molecular chains of the α-phase. Hence, the molecules in these

7This can be seen the structure model in panel d) of Figure 5.2 on page 38. Only the molecules with one of the
two chiralities (the ones with the green background) have an oxygen atom that is not involved in the formation of an
intermolecular H-bond.
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2D clusters may be more strongly bound to the Ag substrate than the ones in the molecular chains
of the α-phase. This would mean that the bonding between the QA molecules and the substrate
would weaken upon the formation of the α-phase (2D clusters → α-phase) and strengthen again
upon the formation of the β-phase (α → β).

5.6 Conclusions

In this chapter, the lateral structures of QA on Ag(100) and Cu(111) were investigated. It was
found that the intermolecular H-bonds are a dominant motif for the structure formation of QA.
On both surfaces, QA forms one-dimensional homochiral molecular chains consisting of flat-lying
QA molecules that are connected via intermolecular hydrogen bonds after deposition at sample
temperatures of 300 K (the α- and α′-phase). On Cu(111), the mobility of the QA molecules is
significantly reduced due to the stronger interactions in comparison to those on Ag(100), which
leads to more defects and kinks in the chains of the α′-phase.

On both surfaces, the chains undergo an irreversible phase transition into heterochiral structures
(the β- and β′-phase) if the sample is annealed at 500 K for 15 minutes, which shows that the
chains on both surfaces are only metastable structures. These heterochiral structures also consist
of chains, but with periodic kinks, which leads to fewer H-bonds per molecule. However, this
energy loss in terms of intermolecular interactions is presumably overcompensated by stronger
interactions between the QA molecules and the underlying metal substrate.

The QA structures in the second layer are defined by weaker interactions between the molecules
in the second layer and the metal substrate. This leads to molecular chains in the second layer
that exhibit a larger spread of azimuthal orientations than those in the first layer. Furthermore,
it was found that the order in the first layer is perturbed by the molecules in the second layer.
The structures of QA in the second layer do not change significantly upon annealing. Phases
similar to the β- and β∗-phases do not form in the second layer because, there, the loss in terms
of intermolecular interactions can not be overcompensated by a stronger bonding to the metal
substrate.

Lastly, the phase transition between the α- and β-phase on Ag(100) was investigated with SPA-
LEED. It was found that for lower coverages, the phase transition goes via a disordered two-
dimensional gas phase that transforms into the β-phase upon cooling the sample back down to
RT. For larger coverages, the phase transition goes directly from the α- into the β-phase upon
annealing the sample. Moreover, the evolutions of the relative spot intensities were used to draw
kinetic phase diagrams for the dissolution of the α- and the β-phase.
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6 Quinacridone on layers of KCl and hBN

Some results of the following chapter have been published in J. Phys. Chem. C 2023, 127, 49, 23814–23826
(cf. Appendix A.2). The acquisition and evaluation of the data, and the writing of the manuscript were done
by the author of the present thesis. The DFT calculations were performed by Prof. T. Bredow (University
of Bonn). The acquisition and evaluation of the data concerning QA/hBN, which are also presented in this
chapter, were performed together with R. Bretel [93] who was an exchange student at the University of
Bonn.

In this chapter, the growth of QA on thin layers of wide band gap materials will be discussed. In
particular, QA structures on epitaxial thin films of KCl on Ag(100) will be considered in Section 6.2.
These results have been published and can be found in Appendix A.2. The results will also be
compared to the results for QA on epitaxial thin films of KCl on Cu(111), which was investigated
by R. Bretel within the scope of this doctoral thesis [93, 240]. In addition, the structures of QA on
a thin layer of hBN on Cu(111) will be presented in Section 6.3.

6.1 KCl on Ag(100)

6.1.1 Structure and growth of KCl on Ag(100)

The structure of epitaxial layers of KCl on Ag(100) has been investigated previously by Müller et
al. [38]. In this section, the known aspects of the structure and growth of epitaxial layers of KCl
on Ag(100) will be summarized and some new insights and details from additional observations
will be added.

KCl grows on Ag(100) in monoatomic KCl(100) layers that are identical to the layers that make
up the KCl bulk crystals, which exhibit the typical face-centered cubic (fcc) crystal structure. The
surface unit cell of the KCl layer is quadratic and the corresponding vectors are aligned with
those of the Ag(100) surface and exhibit lengths of 4.45 Å [38]. This length is exactly the bulk
lattice constant of KCl of 6.29 Å [241] divided by

√
2 (yielding the lattice constant of the KCl(100)

plane), which shows that the structure of the KCl layers is given by the Coulomb interactions
between the ions, which are significantly stronger than the interactions between the ions and the
Ag substrate. Hence, the growth of epitaxial KCl layers on Ag(100) is incommensurate and the
mismatch between the two lattices is about 53%. A corresponding hard-sphere structure model
for the structure of KCl on Ag(100) is illustrated in Figure 6.1. It shows an on-top view and two
different side views of a KCl wetting layer that is two ML in height (cf. Appendix A.2), with a
third layer on top that is only one ML in height. The KCl island displayed in the model is located
at a Ag step because this a a preferred nucleation point for the growth of KCl. The Ag step runs
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Figure 6.1: Hard sphere structure model of KCl on Ag(100) showing an on-top view and two
different side views. The model shows the wetting layer (faint colors) that is 2 ML in height and
which grows across a Ag step edge in ⟨10⟩ direction replicating the Ag step edge in the KCl layer.
On top of the wetting layer is a small quadratic island (full colors) that is only one ML in height.
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Figure 6.2: Bias dependency of the apparent step height of a step between the Ag(100) surface
and the KCl wetting layer. a) The apparent step height in dependency of the positive bias voltage.
The corresponding STM images were taken with a tunneling current of 10 pA. The error bars
correspond to the standard deviation of the measured step heights. b) STM image (UB = 1 V,
Itun = 10 pA) of the corresponding step edge. The darker area on the left-hand side corresponds
to the Ag substrate and the bright area on the right-hand side to the KCl layer. The black and red
lines in the inset show two examples of two line profiles across the Ag-KCl step at bias voltages of
UB = 2 V and UB = 4 V, respectively.
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through the center of the KCl island and is replicated in its vertical structure (cf. side views in
Fig. 6.1).

The growth mode of KCl on Ag(100) is strongly dependent on the sample temperature during
the deposition. Within the scope of the present thesis, the sample temperature was systemati-
cally varied in order to achieve thin (2 – 3 ML) and closed KCl layers that are suitable for STM
measurements. It was found that for sample temperatures of 400 K and below, KCl grows in a
layer-by-layer (Frank-van der Merve) growth type, while at sample temperatures above that, the
KCl layer dewets and forms islands that are several layers in height, leaving large areas of the
Ag(100) surface uncovered (Vollmer-Weber growth type). The same observation was made with
SPA-LEED experiments that were conducted within the scope of the bachelor’s thesis of M. Mühl-
pointner [217]. An exception from the layer-by-layer growth of KCl on Ag(100) is the wetting
layer. Although it was previously postulated by Müller et al. [38] that the wetting layer is only one
monoatomic KCl layer in height, experiments that were conducted within the scope of the present
thesis yielded strong evidence that the wetting layer is two ML in height, similar to the wetting
layer of NaCl on Ag(100) [179] (see Appendix A.2).

Moreover, in the thesis by Mühlpointner [217] it was also observed that, for sample temperatures
below 400 K during deposition, the KCl layers exhibit a significant rotational mosaicity. This mo-
saicity is stronger for lower sample temperatures, which indicates that it is a consequence of the
reduced mobility of the KCl molecules1 during the deposition. Furthermore, at lower temper-
atures (below 400 K) the nucleation on terraces plays an increasingly important role, which also
leads to the formation of domains that are rotated away from the ⟨10⟩ orientations of the substrate.
At higher sample temperatures, the nucleation of the KCl layers occurs predominately at the Ag
steps, which causes the KCl layers to grow in good alignment with the underlying Ag substrate.

Lastly, another aspect that is of particular interest for the growth of QA (and other organic ad-
sorbates) on KCl is the fact that the Ag step edges are replicated by the KCl layer (cf. side views
in Fig. 6.1). This has very interesting ramifications because it leads to two different kinds of step
edges in the KCl layer. On the one hand, there are the step edges in ⟨11⟩ direction that limit the
KCl layer and, in particular, the quadratic islands in the topmost layer. These step edges consist of
alternating K+ and Cl− ions and will thus be referred to as non-polar step edges in the following.
On the other hand, the Ag step edges, which are usually oriented along the ⟨10⟩ orientations of
the substrate and which are replicated by the KCl layer, consist of ions of the same charge and
are thus polar step edges. The two different kinds of KCl step edges are illustrated in Figure 6.1.
More in-depth information regarding the structure and growth of KCl on Ag(100) can be found in
ref. [38], and in Appendix A.2, as well as in the doctoral thesis of A. Husseen [242].

1KCl is a salt, i.e., it consists of positively charged K+- and negatively charged Cl−-ions. It is assumed that during
the growth of KCl on Ag(100) the ions initially diffuse on the surface as K+Cl− ion pairs (see Appendix A.2). For the
sake of simplicity the ion pairs will be referred to as KCl molecules, even though they are not covalently bonded and
hence are no molecules in a chemical sense.
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6.1.2 KCl layer thickness and bias-dependency of the apparent step heights

The exact determination of the KCl layer thickness by STM turns out to be rather difficult. The
reason for this is that KCl is an insulator with a band gap of 8.69 ± 0.07 eV [243, 244], which
means that the tunneling current across the KCl layer is significantly smaller than on the bare
metal substrate. This leads to apparent heights that are significantly smaller than the geometric
height of the KCl layer when a metal-KCl step edge is measured. Furthermore, the apparent
height of a monoatomic KCl layer decreases with its distance from the metal substrate due to the
exponential decay of the tunneling current with distance (cf. eq. 2.1, p. 10). For example, within
the STM experiments of the present thesis, an apparent height of the KCl wetting layer (which
consists of two monoatomic KCl layers) between 310 and 350 pm was found. The height of the
third KCl layer was only 140 pm, which is less than half of the height of the wetting layer.

Another interesting aspect of the apparent height of KCl layers is that it depends on the polarity
of the bias voltage. For negative bias voltages, the apparent height of a Ag-KCl step edge was
found to be constant (within about 10%) for voltages between −0.5 V and −5 V (not shown). In
contrast, for positive bias voltages, a strong dependency of the apparent height on the value of the
bias voltage was observed. This is illustrated in panel a) of Figure 6.2 and a corresponding STM
image of the measured step edge is displayed in panel b). The graph in panel a) shows that the
apparent height of the measured Ag-KCl step edge slightly increases between 1 and 3 V. Between
3 and 3.5 V, there is a steep increase, which roughly doubles the observed apparent height of the
KCl layer. A similar observation was made by Guo et al. for layers of NaCl on Cu(100) [245] and
by Sun et al. for layers of NaCl on Au(111) [246]. Guo et al. explained the sudden increase of the
apparent height at distinct bias voltages with electrons tunneling from the STM tip into image
potential states (IPS) of the NaCl. This is also consistent with peaks that they observed in dI/dV
curves from scanning tunneling spectroscopy (STS) experiments. The increase in the apparent
height that was observed within the scope of the present thesis (see Fig. 6.2a) can potentially be
explained by the same phenomenon. However, in order to prove the existence and to determine
the exact energetic positions of IPS for KCl on Ag(100), additional experiments (for example STS or
photo emission experiments) would be required. To the best of the author’s knowledge, detailed
results concerning to image potential states of thin epitaxial KCl layers have not been reported,
yet.

In the following, the structures of QA on KCl layers with different nominal thicknesses will be
discussed. Obviously, the local thickness of the KCl layer may vary from its nominal thickness,
which was determined from the QMS integrals, due to spatial variations. Nevertheless, within the
scope of the present thesis, a systematic change in the growth behavior of QA in correlation with
the nominal KCl film thickness was observed. Hence, it is assumed that the nominal thickness of
the KCl films is a meaningful value for the interpretation of the STM results that will be discussed
in Section 6.2, although small local variations of the KCl film thickness may apply.
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6.2 Growth of quinacridone on KCl layers

In this section, the results concerning the growth of QA on KCl/Ag(100) will be summarized
and supplemented with additional information. The corresponding publication can be found in
Appendix A.2. To conclude the section, the results will be compared to those for the growth of
QA on KCl/Cu(111) [240].

6.2.1 Non-wetting of quinacridone on KCl layers

The preparation of ordered monolayer domains of QA on epitaxial layers of KCl on Ag(100) is
not easily achieved. The reason for this is that the adsorption energy (Eads) of QA on KCl is rather
low in comparison with other organic molecules such as PTCDA, which is known to form ordered
structures on KCl and NaCl [38, 187]. This can be explained by an unfavorable geometric match
between the partial charges of a QA molecule and the periodic charges of the ions in the KCl lattice,
which leads to only a small electrostatic attraction between the QA molecule and the KCl surface.
The Eads of a single QA molecule on a semi-infinite KCl surface was calculated with DFT and
amounts to E1 = 1.46 eV.2 Roughly 50 % of this energy is given by the dispersion energy (Edisp)
between the QA molecules and the KCl. In comparison, all calculated Eads for PTCDA on KCl and
NaCl are larger than E1 of QA by a factor of at least 1.7 [247, 248], although both molecules exhibit
a similar footprint size. Hence, the larger Eads of PTCDA on KCl is related to a better geometric fit
between the local charges of the PTCDA molecule and the local charges of the KCl. Furthermore,
the QA molecules are very mobile on the KCl surface and can overcome the Ehrlich-Schwoebel
barrier for KCl-KCl, and KCl-Ag step edges. This is conceivable in view of the low Eads because
for organic molecules the correlation between Eads and the Ehrlich-Schwoebel barrier was found to
be roughly linear [249].

The high mobility and low Eads of QA on KCl cause the QA molecules to diffuse from the KCl
layers onto bare Ag surface patches, where the Eads of QA is larger than on KCl. The diffusion
also leads to a lateral compression of the formerly nucleated QA chains on the Ag(100) surface.
This phenomenon was frequently observed for QA on KCl layers that did not cover the entire Ag
surface. Corresponding STM images for a medium coverage of QA (θQA = 0.5 ML) on such a
KCl layer are displayed in Figure 6.3. In panel a), an overview STM image is displayed featuring
two KCl islands with an apparent height of roughly 500 pm (3 KCl layers) on the left-hand side.
The dark area corresponds to the QA-covered Ag surface. No QA molecules are adsorbed on the
KCl layer and the layer could be imaged with atomic resolution (see Figure S1 of the supporting
information (SI) in Appendix A.2). Instead, the vast majority of QA molecules are adsorbed on
the Ag surface as is shown in panel b) of Figure 6.3. The molecular arrangement there strongly
resembles the molecular chains of the α-phase on Ag(100), but the chains exhibit more kinks and
defects due to the lateral compression as mentioned above.

2The denotation En (n = 1, 2, 3) refers to the calculated Eads per molecule of a QA mono-, di-, and timer on KCl,
respectively. This includes the intermolecular interactions between neighboring molecules.
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Figure 6.3: QA (θQA = 0.5 ML) on a thick KCl layer (θKCl = 6 ML) that does not completely
cover the Ag(100) surface. a) An overview STM image (UB = −1.5 V, Itun = 8 pA) that shows
two KCl islands that are three ML thick on the left-hand side. The darker area on the right-hand
side corresponds to the QA-covered Ag surface. A height profile across a KCl-Ag step edge is
superimposed with the dark area of the image. b) A zoom-in (UB = −1.5 V, Itun = 8 pA) of the
darker area showing an assembly of QA molecules that is very similar to the α-phase of QA on
pure Ag(100), but which is significantly more disordered here.
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Figure 6.4: Growth of QA on a thick KCl layer (θKCl = 5 ML), which completely covers the Ag(100)
surface. a) Constant current STM image (UB = −1.5 V, Itun = 10 pA) of a small coverage
(θQA = 0.05 ML) QA on the KCl layer. The step edges of the Ag(100) surface are replicated in
the KCl layer and the QA clusters are visible as bright ellipsoid protrusions mostly at the step
edges. The inset shows a zoom-in onto two of such clusters. b) Constant current STM image
(UB = −1.5 V, Itun = 25 pA) of a medium coverage (θQA = 0.3 ML) QA on a KCl layer of similar
coverage. The dashed white lines highlight KCl step edges. c) A height profile along the black
line in panel b) crossing several QA aggregates. d) A schematic drawing of a candidate structure
model for the observed structures. The model is based on a similar structure that was found for
QA on SiO2 [79].
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The above results show that it is essential to prevent the diffusion of the QA molecules from
the KCl islands onto the Ag surface in order to prepare ordered QA structures on KCl. This
could be done for example via deposition of QA at a low sample temperature in order to inhibit
the diffusion of the QA molecules (see Section 6.2.3), or by deliberately preparing a KCl layer
with many defects that serve as favorable nucleation sites for the QA structures as was done
by R. Bretel within the scope of his PhD thesis [93]. In the present thesis, this diffusion was
prevented by preparing closed KCl layers completely covering the Ag(100) surface so that there
are no Ag patches to which the QA molecules can diffuse. On such closed layers, two cases need
to be distinguished: structures of QA on thin (≤ 3 ML) KCl layers, which will be discussed in
Section 6.2.2, and structures of QA on thick (≥ 4 ML) KCl layers, which will be discussed in the
following.

On thick KCl layers (≥ 4 ML), the Eads per molecule of small ensembles (including intermolecular
interactions) of flat-lying QA molecules is smaller than the sublimation enthalpy (Hsub) of QA. The
calculated values for Eads per molecule of a QA dimer and trimer3 on KCl are E2 = 1.79 eV and
E3 = 1.86 eV (including the intermolecular interactions), respectively, and the values indicate that
it does not significantly increase further for longer chains. The Hsub of QA has not been reported
in literature but, within the scope of the present thesis, a Hsub for QA of 2.54 eV was calculated.
This value of 2.54 eV is within 20% of the zero-order desorption energy of QA on SiO2 (2.1 eV)
found by Scherwitzl et al. [80] and the lattice energy of QA (2.1 – 2.3 eV) calculated by Panina et al.
[53], which both should also be close to Hsub. Hence, the Eads per molecule of a QA trimer (1.86 eV)
and longer chains is only between 73 % and 90 % of the Hsub of QA. Consequently, QA prefers the
formation of bulk-like 3D clusters over the formation of ordered 2D structures on KCl.

Corresponding STM images of QA structures on a closed KCl layer of 5 ML thickness are dis-
played in Figure 6.4. Panel a) shows an STM image of a very low coverage of QA (θQA = 0.05 ML)
on such a KCl layer. The QA is only visible as small bright protrusions that are attributed to small
3D clusters of QA. These clusters are predominantly located a Ag step edges that are replicated in
the KCl layer. This shows that these step edges are favorable nucleation points for the growth of
QA. The clusters have apparent heights of (5 ± 1)Å and have widths between 30 Å and 80 Å in
both lateral dimensions. At larger QA coverages (e.g., θQA = 0.3 ML, cf. Fig. 6.4b), long chain-like
QA clusters form that have apparent heights between 10 Å and 15 Å, widths between 50 Å and
100 Å, and variable lengths. A one-dimensional height profile across several chain-like clusters
revealing their profile is displayed in panel c). The width of the chain-like clusters exceeds both
dimensions of a QA molecule. Consequently, the clusters consist of several parallel molecular
rows, which also explains the observation that not all clusters exhibit the same width. Another
observation is that most of these chain-like clusters have one of their ends located at a KCl step
edge (cf. Fig. 6.4b). This supports the above assessment that KCl step edges are preferred nucle-
ation points for the growth of QA. Furthermore, the nucleation at the KCl step edges also appears

3The words dimer and trimer are used here to describe a very small chain of QA that consists of only 2 or 3 molecules,
respectively.
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to have a strong influence on the azimuthal orientations of the chain-like clusters because the clus-
ters are usually oriented at an angle of (90 ± 10)◦ with respect to the corresponding KCl step edge
(cf. Fig.6.4b).
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Figure 6.5: QA on a thin KCl layer. a) STM image (UB = −3 V, Itun = 10 pA) of a very small
coverage QA (θQA = 0.05 ML) on a KCl layer with an average thickness of 2.5 ML. The image shows
small domains of parallel QA chains. The inset (UB = −1.5 V, Itun = 10 pA) shows one domain
consisting of five parallel chains with molecular resolution. b) A hardsphere model depicting the
structure of the domains in panel a).

The long chain-like clusters are explained by QA molecules standing upright on their short edge
with the flat side of the molecules facing one another allowing intermolecular π-π interactions.
This structure is very similar to a phase that was observed for QA on SiO2 by grazing incidence
X-ray diffraction [23, 79]. A corresponding structure model is displayed in panel d) of Figure 6.4.
It shows that the molecules are tilted by 20◦ with respect to the surface normal. This tilt is not
based on experimental evidence for QA on KCl/Ag(100), but is purely based on the QA structure
found by Scherwitzl et al. [79] for QA on SiO2. The smaller clusters that were observed for lower
QA coverage cannot be explained by this model because their apparent height is significantly
smaller (by 33 – 50 %) than the height of the chain-like clusters. Hence, the small clusters are
explained with a very similar structure in which the molecules are standing upright on their long
edge instead of their short edge. A potential reason for this difference between the two structures
may be the following. At low QA coverages (θQA = 0.05 ML), the most important interaction is the
one between the molecules and the substrate. Hence, the molecules adsorb with their long edge
on the KCl, i.e., the functional groups of the molecules face the KCl and the vacuum side. This
configuration allows the maximization of the Coulomb interactions between the partial charges
of the functional groups and the ions of the KCl lattice.4 With increasing coverage, the relative
importance of the interactions between the molecules and the KCl decreases because it can be

4Note that the adsorption in a flat-lying geometry is likely less favorable due to an unfavorable geometric match as
was described above. This may lead to an overall Coulomb interaction that is partially repulsive.
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overcompensated by intermolecular interactions, which play a more important role at a larger
coverage (θQA = 0.3 ML). Thus, the molecules stand on their short edge because this enables the
formation of intermolecular H-bonds in one lateral dimension, i.e., orthogonal to the long axis of
the chain-like clusters, while along the long axes of the clusters, the molecules interact with one
another through π-π interactions.

6.2.2 Growth of quinacridone chains and domains on thin closed KCl layers

The previous section has shown that on thick KCl layers (> 4 ML) the Eads of QA on KCl is too small
for the formation of 2D ordered monolayers (cf. Fig. 6.4). In contrast, on thin KCl layers (2 – 3 ML),
the Eads of QA is increased because, there, the van der Waals interactions between the QA molecules
and the metal substrate contribute to Eads. This is not the case (or only to a negligible degree) on
thick KCl layers, where the distance between the QA molecules and the Ag substrate is too large.
A theoretical work by Robledo et al. considering benzene on 1, 2, and 3 layers of NaCl on Cu(111)
has shown that the Eads of benzene on NaCl increases with decreasing NaCl layer thickness and
that the van der Waals dispersion forces between the benzene molecules and the Cu(111) substrate
contribute to Eads by 0.3 – 0.5 eV [195] for NaCl layer thickness of up to 3 ML. This contribution
is expected to be even larger for QA because benzene only exhibits roughly 20 % of the footprint
size of QA. With the contribution of these van der Waals dispersion interactions, the Eads of QA is
larger than its Hsub on thin KCl layers. Thus, the growth of structures of flat-lying QA molecules,
which are connected via intermolecular H-bonds, is supported there.

An STM image and a corresponding structure model of a small coverage of QA (θQA = 0.05 ML)
on a thin (θKCl = 2.5 ML) are displayed in Figure 6.5. The STM image in panel a) shows five small
domains that consist of 2 – 5 parallel QA chains each. The inset shows an STM image with molec-
ular resolution that reveals that these chains consist of parallel molecules that are connected via
intermolecular H-bonds, similar to the chains in the α-phase on Ag(100). The intermolecular dis-
tance of b1 = (6.6± 0.2) Å within the chains is identical to that of the molecules in the chains of the
α-phase on Ag(100). The distance between neighboring chains of b2 = (20.0± 0.5) Å is larger by
20% than the distance between the closely packed chains in a full ML of the α-phase on Ag(100).
A corresponding structure model is depicted in panel b) of Figure 6.5. The exact structure is dis-
cussed in more detail and supported by DFT calculations in Appendix A.2.

6.2.3 Adsorption of quinacridone on KCl at low sample temperatures

One possible way to inhibit or prevent the diffusion of organic molecules on surfaces is to reduce
the sample temperature. This section reports about the possibility of preventing the unwanted
diffusion of the QA molecules from the KCl island to the bare Ag surface by depositing the QA
molecules at low sample temperatures of about 150 K. The experimental setup of the STM chamber
(cf. Chapter 4.1.1) did not allow the in-situ deposition of QA molecules onto the sample, while it
is placed in the STM table with the helium cooling. Thus, in order to deposit the QA onto the cold
sample, it was pre-cooled on the STM table to about 80 K and then transferred to the preparation
chamber. There, the QA was deposited onto the sample and it was transferred back. During this
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process, the sample temperature increased and was usually between 120 K and 150 K when the
sample was back on the cold STM table.

Figure 6.6 shows STM images of 0.5 ML of QA on a KCl layer with an average thickness of 3 ML
that was measured at a sample temperature of 120 K after the QA was deposited at 150 K as de-
scribed above. The image in panel a) shows a KCl island on the right-hand side and a small stripe
of the Ag(100) surface on the left-hand side. The right-hand side of the KCl island has an addi-
tional monoatomic KCl layer on top. The Ag-KCl step edge has an apparent height of 600 pm.
Based on this apparent height, the KCl island is estimated to be 4 – 5 ML in height. Both the KCl
layer and the Ag(100) surface are covered with QA molecules. On the Ag(100) surface the mole-
cules are assembled into disordered 2D aggregates. These structures are very similar to the ones
that were already discussed in Chapter 5.1.4 and are thus not further covered in this chapter.

A zoom-in onto the QA structures on the KCl layer is displayed in panel b) of Figure 6.6. At first
glance, this structure is very disordered. It consists of ellipsoid structures that appear to be in two
different layers (bright and dark ellipses) and which are not arranged in any regular or periodic
manner and vary in size. The ellipsoids have lengths between 11 Å and 17 Å, widths between
4 Å and 8 Å, and apparent heights of up to 3 Å. The observed sizes are very similar to the width
and length of a hard-sphere model of QA (8 Å and 16 Å, respectively), which indicates that each
ellipsoid corresponds to a single QA molecule. However, it can not be excluded that some of
the larger ellipsoids correspond to small clusters of 2 – 3 QA molecules. The different apparent
sizes of the ellipsoids suggest that the molecules exhibit a wide range of different adsorption
configurations. In particular, the apparent heights of up to 3 Å (the apparent height of flat-lying
QA molecules on a think KCl layer on the Ag(100) surface is only about 1.2 Å) are indicative of
molecules are tilted with respect to the KCl surface. Overall, this structure consists of a disordered
monolayer of QA on the KCl layer with a partial second disordered QA layer on top. However,
the exact geometries of the adsorption sites cannot be determined from the present data. Upon
warming up the sample to RT the molecules regain their mobility on the KCl surface. This leads
to the two processes that are discussed above. The molecules diffuse from the KCl layer to the
Ag(100) and form chains or they form large clusters on the KCl layer as described in Section 6.2.1.

The above results (cf. Fig. 6.6) show that the mobility of the QA molecules on KCl is drastically
reduced at lower sample temperatures. It would be interesting to utilize this reduced mobility
of QA molecules on KCl at low sample temperatures to image individual QA molecules or very
small assemblies of QA molecules on a thick KCl layer. However, within the scope of the present
thesis, this could not be observed. When smaller coverages of QA were deposited on a thick
KCl layer on Ag(100) at reduced temperatures, only the existence of QA clusters was observed,
similar to the observations described in Section 6.2.1. In contrast to the above observations, this
is an indication, that at low sample temperatures (150 K) and low coverages, the QA molecules
are still sufficiently mobile to form 3D clusters on the surface. This contradiction between the two
data sets for different QA coverages can be explained as follows. The layer with the higher QA
coverage (cf. Fig. 6.6) was deposited in a short time span of about 60 seconds. The high molecule
influx on the surface resulted in a disordered first layer that is stabilized by a kinetic barrier in
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Figure 6.6: STM images (UB = −1.5 V, Itun = 13 pA) of QA on a KCl layer with an average
thickness of 3 ML. The QA was deposited at a sample temperature of 150 K and the STM images
were recorded at a sample temperature of 120 K. a) Overview image showing a KCl island that is
4 ML high with a fifth layer on top on the right-hand side. A small stripe of the Ag(100) surface can
be seen on the left-hand side. It can be seen that the KCl island is covered with QA molecules. b) A
zoom-in onto the KCl layer showing the arrangement of individual QA molecules. The ellipsoid
protrusions correspond to individual QA molecules of different adsorption configurations. For
more information, see text.

the form of intermolecular interactions. The molecules in the second layer are stabilized by the
interactions between them and the molecules in the first layer. In contrast, at a lower coverage such
a kinetic barrier does not exist, and hence the molecules form the thermodynamic most favorable
structures (3D clusters). In summary, the results of this section have shown that the mobility of
the QA molecules on Ag(100) is significantly reduced at lower temperatures with respect to the
mobility at RT. However, the temperatures that could be realized during the deposition with the
experimental setup, which was used for these experiments, were not sufficiently low in order to
observe individual single molecules on the surface.

6.2.4 Comparison to quinacridone on KCl on Cu(111)

To close the chapter about QA on KCl layers on Ag(100), the above results will be compared to
the results for QA on KCl layers on Cu(111) [240]. On both substrates, it was found that QA
spontaneously forms 1D chains of molecules that are connected via H-bonds with intermolecular
distances that are identical within the margins of error.

However, some differences in the adsorption geometries of the QA chains with respect to the
underlying KCl can be found. In the present work, four symmetry equivalent azimuthal chain
orientations were found that are rotated by (12 ± 3)◦ with respect to the ⟨11⟩ direction of the
KCl layer. In contrast, Bretel et al. found a wider range of azimuthal chain orientations. The QA
chains on KCl/Cu(111) are favorably oriented along the ⟨11⟩ direction of the KCl lattice, how-
ever, an azimuthal spread of about ±15◦ was observed, including angles of +2.5◦, −7.5◦, and +9◦
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with respect to the KCl ⟨11⟩ direction [240] (For the ⟨11⟩ direction, see Fig. 6.1). Furthermore,
in the QA chains on KCl/Ag(100), the chain orientation is always perpendicular to the long axis
of the molecules, while in the chains on KCl/Cu(111) the long axes of the molecules are rotated
away from the direction that is perpendicular to the chain direction by up to ±5◦. The adsorption
geometries of QA chains on KCl/Ag(100) that were observed in the present thesis are consis-
tent with DFT calculations for QA on a KCl bulk surface (see Appendix A.2). This shows that
the azimuthal chain orientations on KCl/Ag(100) are given by the interactions between the QA
molecules and the KCl. Hence, it is likely that the deviations in the adsorption geometry of the
chains on KCl/Cu(111) from those of the chains on KCl/Ag(100) are caused by the underlying
Cu(111) substrate. However, Bretel et al. also concluded that the azimuthal orientations of the QA
chains on KCl/Cu(111) are determined by the direction interactions between the QA molecules
and the KCl layer [240]. They deduced this from from a comparison of the azimuthal QA chain
orientations on two different KCl islands with different azimuthal orientations with respect to the
Cu(111) substrate. A possible explanation for this is that the KCl layer on Cu(111) exhibits some
kind of corrugation or stress due to the mismatch between the symmetries of the KCl layer and
the Cu(111) surface (4-fold vs. 6-fold symmetry, respectively). This would lead to a wider range
of different adsorption sites on KCl/Cu(111), and thus to different adsorption configurations for
QA on KCl/Cu(111), which would explain the different azimuthal orientations.

Another difference between the chains on KCl/Ag(100) and those on KCl/Cu(111) is that the
chains on KCl/Cu(111) are very short in comparison. Bretel et al. did not find any chains that
consist of more than 20 molecules. In contrast, the QA chains on KCl/Ag(100) reach lengths
of up to 80 nm, which corresponds to about 115 QA molecules. This can likely be attributed to
the fact that Bretel et al. prepared the QA chains at low temperatures (between 78 K and 300 K),
which reduces the mobility of the QA molecules. In contrast, in the present thesis, the chains were
prepared at RT. Moreover, Bretel et al. also prepared the KCl layer at low temperatures (between
78 K and 300 K), which leads to a higher degree of defects. They reported two kinds of defects in
the KCl layer. The first kind are point defects on the KCl terraces, and the second kind is in the
form of rough step edges of the small KCl islands in the top layer. Both kinds of defects can serve
as favorable nucleation points for the QA molecules, and thus lead to a higher nucleation density
and thus shorter chains.

6.3 Growth of quinacridone on hBN

The structure of the hBN layer on Cu(111) has been investigated very intensively throughout the
last decade [39, 40, 250]. Hence, it will not be discussed in the present work. A good overview
of this topic is given in the PhD thesis of C. Brülke [219]. Furthermore, the formation of self-
assembled structures of organic molecules on hBN on Cu(111) has also been investigated [251–253].
In this chapter, the self-assembled structures of QA on hBN on Cu(111) will be discussed.

Before the QA molecules were deposited on an hBN layer, the quality of the hBN layer was
checked by LEED (not shown) and STM. The diffraction pattern exhibited the same features that



6.3. Growth of quinacridone on hBN 83

were observed by Brülke et al. with SPA-LEED [40], however many of its intricacies could not be
resolved with the MCP-LEED. A corresponding STM image of an hBN layer is shown in panel a)
of Figure 6.7. It shows that the complete Cu(111) surface is covered by the hBN layer, which
consists of different hBN domains that are separated by small cracks. These cracks are 200 pm
in apparent depth, i.e., the apparent height of the hBN layer is 200 pm, which is lower than the
geometric height of the layer (320 pm) due to the insulating character of the hBN. The cracks are
often decorated by small bright protrusions that can likely be explained by small clusters of BN.
It was also possible to observe different Moiré patterns with different lattice constants (shown in
the inset of Fig. 6.7a) that are caused by the mismatch between the hBN and the Cu(111) lattices
in combination with the azimuthal spread of the hBN layer as was reported by Joshi et al. [39].

First, the QA structures on hBN for a low QA coverage of θQA = 0.2 ML will be discussed. A
corresponding STM image of QA on a single layer hBN on Cu(111) is displayed in panel b) and an
image with molecular resolution is shown in panel c) of Figure 6.7. They show several QA chains
with six distinct orientations with respect to the Cu(111) substrate that will be discussed in more
detail below (for a illustration of all azimuthal chain orientations with respect to the substrate,
see page 215). The chains are very straight and without defects, which shows that, similar to
the chains observed on metal surfaces, these chains are homochiral. Moreover, the fact that the
chains exhibit significantly less kinks and defects than those on Cu(111) indicates that the QA
molecules are more mobile on hBN than on Cu(111). This is an indication that the corrugation of
the surface potential on hBN is not as strong as on Cu(111). Furthermore, it is likely that also the
interfacial interactions and the bonds between the QA molecules and the hBN are weaker than
on Cu(111). This is because a chemical bonding between the QA molecules and the hBN layer
can not be expected and the adsorption of QA is likely only of a physisorptive nature, similar to
the one of PTCDA on hBN [219]. The intermolecular distance within the chains is (6.8 ± 0.2) Å
and is thus identical to the intermolecular distance within QA chains on Cu(111). Similar to QA
on KCl/Ag(100), the chains are assembled into domains of parallel chains, which shows that the
charge density waves that are induced on Ag(100) and Cu(111) by the QA chains and that are
responsible for the long-range repulsive interactions between the chains are not present here. A
structure model for the domains of QA on hBN is shown in panel d). It is important to note that
the relative azimuthal angle between the QA chains and the hBN layer does vary due to the large
azimuthal spread of hBN on Cu(111) [40].

After the deposition of QA onto the hBN layer, the cracks between the different domains of the
hBN layer only have an apparent depth of roughly 50 pm and, in some cases, some larger clusters
have formed along the cracks that even exceed the height of the hBN layer by up to 150 pm (see
Fig. 6.8, below). This shows that a large amount of QA molecules adsorbs at such cracks and
defects, indicating that an adsorption on Cu(111) is preferred over the adsorption on hBN. This
supports the above assessment that the bond between QA and Cu is stronger than the bonding
between QA and hBN. Hence, it is likely that only after all cracks and patches of the bare Cu(111)
surface have been covered an by QA molecules, the observed QA chains on hBN are formed.
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Figure 6.7: QA on a single layer hBN on Cu(111) at a low QA coverage (θQA = 0.2 ML). a) STM im-
age (UB = −1.5 V, Itun = 25 pA) of the hBN layer on Cu(111) showing several different domains.
The inset shows a zoom-in that shows several different domains of hBN exhibiting different kinds
of Moiré patterns that can be explained by slightly different azimuthal orientations of the domains
[39]. b) STM image (UB = −5 V, Itun = 15 pA) showing several QA chains on the hBN layer.
c) STM image (UB = −1.5 V, Itun = 25 pA) of QA chains on hBN with molecular resolution.
d) Structure model of QA chains on hBN. This model refers to the case in which the underlying
hBN domain is perfectly aligned with the Cu(111) substrate. The relative orientations of the QA
chains with respect to the hBN layer may vary because the hBN layer exhibits an azimuthal mo-
saicity with respect to the Cu(111) substrate, but the azimuthal orientations of the QA chains on
hBN/Cu(111) are identical to those of the QA chains on pure Cu(111).
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Interestingly, the six azimuthal chain orientations are identical to those on Cu(111) within the
margins of error. The same phenomenon was observed for QA chains on thin layers (2 – 3 ML)
KCl on Ag(100) (see Section 6.2 and Appendix A.2). There, the fact that the azimuthal orientations
of QA chains on KCl/Ag(100) are identical to those on pure Ag(100) was explained with the direct
interactions between the QA molecules and the KCl, which was investigated by DFT calculations
(cf. Appendix A.2). However, on hBN/Cu(111) it is not plausible that the azimuthal orientations
of the QA chains are only given by the interactions between the QA molecules and the hBN.
This holds true because the hBN layer itself exhibits a large azimuthal spread with respect to the
underlying Cu(111) substrate [40]. Thus, if the azimuthal orientations were determined by the
underlying hBN layer, this would lead to a wide range of different azimuthal orientations of the
QA chains, which was not observed. This means that the azimuthal orientations of the QA chains
on hBN must be determined by the underlying Cu(111) substrate in some way.

A plausible explanation for this phenomenon may be similar to the one C. Brülke gave for results
found for PTCDA on hBN/Cu(111) with SPA-LEED [219]. In that case, the structure of PTCDA
exhibits a large degree of azimuthal disorder on a completely closed hBN layer of good quality,
however, on a hBN layer of bad quality with many defects and bare Cu patches the structure
of PTCDA is very similar to the one of the β-phase of PTCDA on Cu(111). This means that, on
bad-quality hBN layers, the interfacial interactions between the PTCDA and the substrate involve
the Cu(111) substrate, which is not (or to a significantly lower extent) the case for a hBN layer of
good quality. Thus, C. Brülke concluded that, on bad-quality hBN layers, the growth of PTCDA
begins at bare Cu patches and continues onto the hBN layer with the same distinct azimuthal
orientations, which is not possible on closed hBN layers of good quality. A similar mechanism
may explain the six distinct chain orientations of QA on hBN/Cu(111), since, as mentioned above,
many cracks and small patches of bare Cu were observed in the hBN layers that were prepared
within the scope of the present thesis.

Indeed, the STM images of QA on hBN on Cu(111) show that very often one end of the QA chains
lies at cracks or defects in the hBN layer, which can be seen in panel a) of Figure 6.8. Image
(i) and (ii) show domains of QA chains that are located at a crack in the hBN layer and a QA
cluster that has formed at a crack, respectively. In addition, image (iii) shows an assembly of QA
molecules at a small patch of bare Cu with molecular resolution in the lower half of the image.
It can be seen that this small patch of bare Cu is completely covered by QA molecules forming
small chains. The molecules in the chains exhibit the same azimuthal orientations as the ones that
were observed in chains on the hBN layer. Furthermore, panel b) of Figure 6.8 shows individual
QA molecules at small cracks and holes in the hBN layer that also exhibit the same six distinct
azimuthal orientations. These molecules may serve as starting points for the growth of the QA
chains on the hBN layer. Overall, these images indicate that the growth of the QA chains starts a
such defects in the hBN layer, however, the exact growth mechanism for this cannot be deduced
from the STM images. Two candidate mechanisms will be discussed in the following.

A first possible candidate mechanism concerns the case in which the chain growth starts on bare
Cu patches that have dimensions of a few nanometers. In this case, the QA molecules can form
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Figure 6.8: STM images (UB = 1.5 V, Itun = 25 pA) of a low coverage QA (θQA = 0.2 ML) that
was deposited at RT on an hBN layer on Cu(111). a) Images (i) and (ii) show cases where domains
of QA chains begin at a crack in the hBN layer and at a QA cluster at a crack in the hBN layer,
respectively. Image (iii) shows a hole in the hBN layer. The patch of bare Cu is covered with small
chains of QA. b) Images (i) – (iii) show cases of individual molecules at cracks or small holes in
the hBN layer. These molecules exhibit the same azimuthal orientations as the chains on the hBN
layer and may serve as starting points for the chain growth. The long axes of the single molecules
are indicated by the dashed black lines.
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Figure 6.9: QA on a single layer hBN on Cu(111) at a high QA coverage (θQA = 0.8 ML). a) STM
image (UB = −1.5 V, Itun = 5 pA) of QA chains on hBN after the deposition of QA onto hBN at
a sample temperature of 300 K. b) STM image (UB = −1.5 V, Itun = 5 pA) of the same QA layer
as in panel a) after annealing at 500 K for 30 minutes. It can be seen that there are significantly less
QA chains on the surface. Instead many QA clusters can be observed.
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small chains on the Cu(111) and these chains can grow across the Cu-hBN step edge and onto the
hBN layer. It will be shown in Chapter 7.1, that the QA chains are capable of growing across Ag
step edges without a break. Hence, it is not unplausible that the QA chains are also capable of
growing across a Cu/hBN step edge. A second candidate mechanism concerns the case in which
the growth of QA chains starts at very small holes or very narrow cracks in the hBN layer that
are smaller in size than a single QA molecule as is shown in panel b) of Figure 6.8. These may
be filled by single molecules that are partly tilted vertically towards the Cu(111) substrate and
are thus partially adsorbed on the hBN layer and partially on the Cu(111) surface. Panel b) of
Figure 6.8 shows two examples of such molecules. The molecule in image (ii), and the molecule
in the lower left corner of image (iii) are darker on one end, i.e., one end of the molecule has
an apparent height that is roughly 40 pm lower than the apparent height of the other end of the
molecule, which indicates that the molecules are tilted with respect to the surface. Overall, these
mechanisms can explain the observed growth of QA chains on hBN with 6 distinct orientations.
Although, there are also many chains on terraces that do not have such a visible crack or defect
near them. However, these could be explained by the fact that very small holes that serve as
nucleation points are often barely visible when occupied by a molecule.

An alternative explanation for the azimuthal orientations could be that the Cu(111) substrate in-
teracts across the hBN layer with the QA molecules and determines the azimuthal orientations
of the chains. However, it seems very unlikely that long-range dispersion interactions across an
insulating layer can exert influence on the azimuthal growth direction of the chains on the hBN
layer. For the QA chains on metal surfaces, the favored azimuthal orientations are determined by
the direct chemisorptive bonding between the QA molecules and the metal atoms. Furthermore,
it was found that for QA chains on KCl/Cu(111) [240] and on KCl/Ag(100), the azimuthal chain
orientations are given by the direct interactions between the QA molecules and the ions of the KCl
layer, and not by dispersion interactions with the metal substrate. Hence, considering the above
arguments and the results by C. Brülke regarding the structures of PTCDA on hBN on Cu(111),
this explanation seems unlikely.

Now, the structures of QA on hBN/Cu(111) at a higher coverage of θQA = 0.8 ML will be discussed.
A corresponding STM image is shown in Figure 6.9. Panel a) shows domains of QA chains that are
identical to those that were observed at a lower coverage (see above). An important difference is
that, here, the chains are slightly bent and the azimuthal orientations of the chains are less strictly
defined. The majority of the chains still adapt the same azimuthal orientations as those on the
Cu(111) surface with an azimuthal spread of roughly ±10◦. The larger azimuthal disorder at a
higher QA coverage can be explained by two reasons. The first is due to the fact that the surface
is more crowded with QA chains. This leads to significant steric interactions between the chains,
which may cause chains to exhibit slight curves or different orientations in order to avoid other
chains. The second reason is that there is only a limited amount of defects, cracks, and bare Cu
patches in the hBN layer that may serve as nucleation points for the chains (discussed above).
When all of these nucleation points are already covered by QA molecules, additional QA chains
will nucleate on defect-free hBN terraces free from the directional influence of the Cu substrate.
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This may lead to chains of different orientations and thus to a larger degree of azimuthal disorder.
Furthermore, it cannot be excluded that the quality of the hBN layer was of higher quality than to
one on which QA at lower coverage was investigated. A higher quality hBN layer would likely
also lead to a larger degree of azimuthal disorder [219].

Lastly, an interesting question is whether it is possible to prepare other QA structures on an hBN
layer by annealing, similar to those that were already observed on metal surfaces. A correspond-
ing STM image after annealing at 500 K for 30 minutes is displayed in panel b) of Figure 6.9. It
can be seen that there are significantly less QA chains present on the hBN layer after annealing.
At the same time, the amount of clusters and disordered structures on the hBN has drastically
increased. This shows that the annealing led to a dewetting of the QA chains and the formation
of QA clusters. This is not surprising because the interactions between QA molecules and hBN
are weaker than those between QA molecules and Ag or Cu surfaces. A common characteristic
of all heterochiral QA structures that were observed on metal surfaces after annealing is that they
exhibit fewer H-bonds per molecule, but this loss in energy is overcompensated by stronger inter-
actions with the underlying substrate. Hence, due to the weak interactions between QA and hBN,
such phases are not stable on the hBN layer and instead, the formation of clusters is preferred.

6.4 Conclusions

In this chapter, the lateral structures of QA on thin layers of wide band gap materials, in particular
on KCl/Ag(100) and hBN/Cu(111), were reported. It was deduced that the adsorption energy of
QA on KCl is significantly smaller than the one of QA on Ag(100). This leads to non-wetting and
the formation of QA clusters on thick (> 3 ML) KCl layers. However, on thin KCl layers (2 – 3 ML),
the QA van der Waals dispersion energy between the QA molecules and the Ag substrate across
the KCl layer contributes to the adsorption energy and thus enables the formation of molecular
chains that consist of flat-lying QA molecules that are connected through intermolecular hydrogen
bonds. Despite the low adsorption energy of QA on KCl, the azimuthal orientations of the QA
chains are determined by the direct interactions between the QA molecules and the ions of the
KCl layer.

On hBN/Cu(111), QA forms the same kind of QA chains that were observed on Cu(111) with the
same six distinct azimuthal orientations, even though the hBN layer exhibits an azimuthal spread
on Cu(111). This is explained by bare patches of the Cu substrate at which the growth of the QA
chains starts and continues onto the hBN layer with the same azimuthal orientations. Annealing
the QA layer on hBN/Cu(111) does not lead to a phase transition, but only a dewetting of the QA
on the formation of QA clusters. This is explained by a weaker adsorption energy of QA on hBN
than on bare Cu(111).
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7 Quinacridone on a vicinal Ag(100) surface

Some results of the following chapter have been published in Beilstein J. Nanotechnol. 2024, 15, 556-568
(cf. Appendix A.3). The acquisition and evaluation of the data, and the writing of the manuscript were
done by the author of the present thesis.

Vicinal surfaces are very appealing for the growth of 1D structures [254]. The adsorption of or-
ganic molecules at step edges is often more favored than the adsorption on terraces because the
additional interactions between the molecules and the atoms of the step edge contribute to Eads.
This additional contribution to Eads at steps may also potentially help to stabilize organic struc-
tures on surfaces where they otherwise would form 3D clusters, such as 1D chains of QA on layers
of KCl, which is one of the aspects that will be investigated in this chapter. Furthermore, the uni-
directional step edges also break the rotational symmetry of the substrate further and add an
anisotropic array, which may favor the growth of structures with distinct azimuthal orientations.

In this chapter, the growth of QA on epitaxial layers of KCl on the vicinal Ag(35 1 1) surface will
be discussed. First, in section 7.1, the vicinal Ag(35 1 1) surface is introduced, and the observed
surface (in particular its terrace width distribution) will be compared to that of the ideal surface.
Afterwards, the growth of QA on the bare Ag(35 1 1) surface will be presented. Here, especially
the influence of the Ag steps on the growth will be considered in detail. The growth of KCl
on Ag(35 1 1) will be discussed in Section 7.2, and the differences to the growth of KCl on the
Ag(100) surface will be highlighted. Finally, the growth of QA on a KCl layer on Ag(35 1 1) will
be discussed in Section 7.3, and the growth of QA will be compared to its growth on KCl/Ag(100)
and on KCl/Cu(111) [93, 240].

7.1 Structures of quinacridone on the Ag(35 1 1) surface

In this section, the growth of QA on the bare Ag(35 1 1) surface after deposition at different sample
temperatures will be discussed. The results of this section can be found in the corresponding
publication in Appendix A.3. The results will be summarized and supplemented with additional
information.

7.1.1 The Ag(35 1 1) surface

The Ag(35 1 1) surface is a vicinal Ag(100) surface, where the direction of the unidirectional step
edges is oriented along the [10] direction of the substrate. A model of the ideal surface is illustrated
in panel a) of Figure 7.1, which shows that the ideal surface has a terrace width of 17.5 atom rows,
which corresponds to a terrace width of 50.5 Å. The reasons why this surface was chosen for the
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experiments will be explained in the following. The goal is the stabilization of the growth of short
1D chains of QA on several layers of KCl at the periodic Ag steps that are replicated in the KCl
layer. Since the growth of KCl on Ag(100) is already understood quite well [38, 217, 258], a vicinal
Ag(100) was chosen. Now, two aspects need to be considered regarding the terrace width. On
the one hand, if the terrace width is too small compared to the KCl lattice constant (4.44 Å), it is
likely that the KCl will grow in a carpet growth mode. This would lead to a case in which the
Ag steps are not replicated in the KCl layer. Furthermore, the terraces need to be wide enough
to allow the growth of QA structures. On the other hand, the step density should be as high as
possible because this increases the amount of favorable nucleation points for the QA structures.
Considering the above aspects, a terrace width of 50.5 Å was chosen. This terrace width allows,
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Figure 7.1: The Ag(35 1 1) surface. a) Model of the ideal Ag(35 1 1) surface that was created with
Surface Explorer [255]. b) STM image (UB = +1.5 V, Itun = 25 pA) of the clean surface. It shows
that the step edges are not evenly distributed, but there are large terraces and areas with very small
step edges that are closely bunched together. c) The terrace width distribution of the sample. It was
obtained by evaluating four large-scale STM images with a Python script by Bastidas et al. [256].
It shows a prominent peak around 10 atom rows. For larger terrace widths it roughly follows
a geometric distribution. A corresponding fit of such a distribution is indicated by the dashed
orange line. The local peaks at n > 25 are caused by the fact that because of the finite number of
evaluated STM images, individual large terraces are oversampled by the script because it analyzes
every horizontal line of the image. The images in panels b) and c) were recorded by L. Grönwoldt
within the scope of this focusing laboratory course [257].
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in theory, the growth of three QA chains per terrace that are parallel to the step edges (b2 = 16.4 Å)
and the growth of short chains of up to 7 molecules orthogonal to the steps (b1 = 6.8 Å).

A corresponding STM image showing a large area of the bare Ag(35 1 1) surface is shown in
panel b) of Figure 7.1. This image shows that the step edges on the surface, which are running
vertically through the image, are not evenly spaced with a constant distance of 50.5 Å. Instead,
the surface consists of large terraces that can reach terrace widths of up to 100 atom rows (∼300Å)
and areas where many step edges are bunched very closely together, which results in average ter-
race widths of only about 7 atom rows (∼20 Å). It is not uncommon for the step edges on vicinal
surfaces to show such a behavior. The reason for this behavior is that the steps are mobile on the
surface during the annealing process, and the resulting distribution of the steps can be influenced
by many different aspects, e.g., attractive or repulsive interactions between them. Similar obser-
vations were made for example on vicinal Cu(100) surfaces [259], as well as on vicinal Si(100) and
Si(111) surfaces [260].

The distribution of the terrace widths on the Ag(35 1 1) surface, which was acquired by using a
Python script by Bastidas et al. [256], is shown in panel c) of Figure 7.1. A detailed analysis of the
terrace width distribution was made by L. Grönwoldt within the scope of this focusing laboratory
course [257]. Here, the results will only be summarized. The terrace width distribution exhibits a
dominant peak at 10 atom rows (∼30 Å) and a continuous decline for terrace widths larger than
10 atom rows. This decline roughly follows a geometric distribution, i.e., the probability P(L) of
finding a step at a terrace width L (in atom rows) is: P(L) ∝ p (1 − p)(L−1). A corresponding
fit of a geometric distribution is illustrated by the dashed orange line in panel c) of Figure 7.1.
This indicates that the Ag step edges at distances larger than 10 atom rows are not interacting
with one another [261]. For distances smaller than 10 atom rows, the terrace width distribution
exhibits a very steep decline. The analysis of this decline shows that for terrace widths of 4.5 atom
rows (13 Å) or less there is a strong (40 meV) repulsive interaction between neighboring steps.
Giesen et al. [262] found similar repulsive interactions between metal step edges on vicinal Cu(111)
surfaces for mean terrace widths between 10 Å and 50 Å. This repulsive interaction between the
step edges at small terrace widths combined with the fact that the step edges are non-interacting
at larger terrace widths leads to the observed terrace width distribution (Fig. 7.1c).

In panels a) and b) of Figure 7.2, LEED images of the clean Ag(35 1 1) surface are shown at
in-phase and out-of-phase conditions for the specular spot, and the first-order spots with respect
to monoatomic Ag step edges. An integer phase factor (Sn; with n = 0, 1, 2 denoting the order of
the spots) means that the corresponding spot is at in-phase conditions. If the phase factor is of
the form n + 1/2, where n is a natural number, then the spot is at out-of-phase conditions. More
in-depth information about the in-phase and out-of-phase conditions for LEED measurements can
be found in ref. [75]. Panel a) of Figure 7.2 shows a LEED image that was recorded at an electron
energy of 59 eV (S0 = 2.55 and S1 = 2.95). It can be seen that the specular spot is strongly broad-
ened in the [01] direction and is sharp in the [10] direction and the first-order spots are round and
sharp. This uniaxial broadening of the specular spot is attributed to the unidirectional step edges
in the [10] direction. For an ideal surface with equidistant step edges, a splitting of the substrate



92 Chapter 7. Quinacridone on a vicinal Ag(100) surface

(10)
(01)

(10)

(01)

(00)

(00)

a)

b)

Figure 7.2: a) LEED image of the Ag(35 1 1) surface recorded for out-of-phase conditions (S0 = 2.55)
for the specular spot and in-phase conditions (S1 = 2.95) for the first-order spots with respect
to monoatomic Ag step edges. b) LEED image recorded for in-phase conditions (S0 = 3.15) for
the specular spot and out-of-phase conditions (S1 = 3.55) for the first-order spots with respect to
monoatomic Ag step edges. Both images in panels a) and b) were recorded by L. Grönwoldt
within the scope of this focusing laboratory course [257].

spots would be expected, where the new spots would be sharp and at a reciprocal distance that
corresponds the terrace width [263, 264]. However, in the present case, the step edges are not
equidistant and hence the observed terrace width distribution only leads to a broadening of the
substrate spots. The LEED image in panel b) was recorded at an electron energy of 89 eV (S0 = 3.15,
and S1 = 3.55). Thus, here the first-order spots exhibit a strong broadening in the same direction
and have very low intensity, while the specular spot is round and sharp.

In summary, it was found that the real vicinal Ag(35 1 1) surface differs significantly from its ideal
counterpart. It does not exhibit equidistant steps with a constant terrace width but instead exhibits
a broad terrace width distribution. Nevertheless, the structures of QA and KCl on Ag(35 1 1), and
QA on KCl/Ag(35 1 1) will be presented and discussed in the following.

7.1.2 Directed growth of QA on Ag(35 1 1)

Now, the structures of QA on the bare Ag(35 1 1) surface will be addressed. After the deposition
of QA onto the Ag(35 1 1) surface at 300 K, QA forms the same molecular chains with the same
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four distinct azimuthal orientations A – D that are known from the Ag(100) surface (cf. Chap-
ter 5.1). Despite the fact that the unidirectional Ag step edges break the four-fold symmetry of
the substrate, all four azimuthal chain orientations A – D were observed on the surface with equal
probabilities. A corresponding LEED image showing the spots of all four orientations with equal
intensities is shown in panel a) of Figure 7.3. Hence, it is assumed that the chains nucleate on ter-
races where all four azimuthal orientations are energetically equivalent. The growth of the chains
continues on both ends until the step edges are reached. There, the adsorption of a QA molecule at
the step edge causes a local charge in the electron density of the step, which serves as a preferred
nucleation site for a QA chain on the neighboring terrace. This mechanism explains the fact that
it was often observed by STM (not shown here, cf. Appendix A.3) that the QA chains cross the
steps and continue on the neighboring terrace. In roughly 50% of the cases, there was a visible
break in the chains, and in the other 50% of cases, the chains grew continuously without a break
across the Ag steps. This can be explained as follows: the initial nucleation site of a QA chain on
a terrace determines the distance between the last QA molecule in the chain and the Ag atoms of
the step, i.e., this distance can vary by one lattice constant of the Ag(100) surface (2.89 Å). In the
case in which the QA molecules are closer to the step, H-bonds may form and the chain continues
without a break across the Ag step. In the other case, the distance between the last QA molecule of
the chain and the step is larger, which prevents the formation of H-bonds across the step. Hence,
a visible break in the chain can be observed by STM. This phenomenon is explained in more detail
in Appendix A.3.

In addition to the orientations A – D, a fifth orientation E that does not exist on the nominally
flat Ag(100) surface is also observed on Ag(35 1 1). The corresponding LEED image in panel a) of
Figure 7.3 shows additional spots (labeled with E) in the [01] direction. This is the same direction
in which the specular spot is broadened at out-of-phase conditions (cf. Fig. 7.2), which means that
these chains are parallel to the Ag step edges, which is also confirmed by STM (cf. Appendix A.3).
This chain orientation E is less favorable than the orientations A – D in terms of direct interactions
with the underlying Ag(100) surface. However, this energy loss is overcompensated by the fact
that these chains of orientation E often grow directly along the Ag step edges, and every molecule
is subject to attractive van der Waals dispersion interactions with the atoms of the Ag step edge
over the whole length of the chain, which significantly contributes to Eads. Another important
aspect is that these chains of orientations E do not encounter any distortions from the Ag steps
edges as the chains of the other four orientations because they grow parallel to the Ag steps.

Interestingly, if QA is deposited onto Ag(35 1 1) at elevated sample temperatures, the unidirec-
tional Ag step edges start to have an influence on the azimuthal orientations of the QA structures.
After the deposition of QA at a sample temperature of 400 K, only chains of orientations A, C,
and E have formed on the surface, while orientations B and D have completely vanished. A corre-
sponding LEED image is shown in panel b) of Figure 7.3. It only shows sharp spots corresponding
to the orientations A, C, and E (for corresponding STM images, see Appendix A.3). The prefer-
ential growth of orientations A and C, which are symmetry-equivalent at the Ag step edges, over
orientations B and D is explained as follows. At elevated temperatures (> 400 K), the chains now
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Figure 7.3: LEED images (left-hand side) and drawn or simulated diffraction pattern for better
visibility (right-hand side) of QA on Ag(35 1 1) after deposition at different sample temperatures.
The red and blue unit cell vectors in panels a) and b) correspond to the known α-phase and the
new orientation E, respectively. a) Deposition at 300 K. b) Deposition at 400 K. c) Deposition at
500 K.
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preferably nucleate at the Ag step edges. There, the nuclei of orientations A and C are more stable
than those of orientations B and D. Thus, the nuclei of orientations A and C grow, while the less
stable nuclei of orientations B and D dissolve (Ostwald-ripening). The higher stability of the nuclei
of orientations A and C is explained by favorable adsorption sites of molecules with these two
orientations A and C at the Ag step edges. These favorable adsorption sites involved the replace-
ment of Ag atoms in the step by QA molecules. This replacement of Ag atoms does not happen
at a sample temperature of 300 K because, at this temperature, the diffusion and mobility of the
Ag atoms from the step edges onto the terraces is smaller compared to the situation at a sample
temperature of 400 K.

Similar to the situation for QA on Ag(100), depositing the QA at a sample temperature of 500 K
leads to the formation of the β-phase. However, in contrast to the diffraction pattern of the
β-phase on the Ag(100) surface (cf. Fig. 5.2, page 38), the diffraction pattern here exhibits very
strong anisotropy. The corresponding LEED image and a simulation are illustrated in panel c) of
Figure 7.3. It can be seen that roughly half of the spots are drastically more intense than the other
half. The analysis of the image shows that two of the four domains, which are mirror domains
with respect to each other, are more probable on the surface. Furthermore, the QA molecules in
these two domains exhibit the same azimuthal orientations as the molecules in orientations A and
C of the α-phase. Thus, the prevalence of two distinct domains in the β-phase on Ag(35 1 1) can
also be attributed to the favored adsorption sites of QA molecules with orientations A and C at Ag
step edges at elevated temperatures. It is also worth mentioning that, in contrast to the situation
after deposition at 400 K, here, the two less favored domains B and D are still present on the sur-
face. That is because all four domains nucleate with equal probability on large terraces. The nuclei
of the β-phase are more stable on terraces than those of the α-phase due to their commensurate
nature. Thus, they do not dissolve as easily as those of the α-phase. Because of this, the domains
of orientations B and D in the β-phase survive and are to a small extent still present on the surface,
even after repeated heating cycles at 500 K.

7.2 Growth of KCl on the Ag(35 1 1) surface

Now, the structure of epitaxial layers of KCl on Ag(35 1 1) will be discussed. As stated in Chapter 4,
the layers were prepared at a sample temperature of 400 K and with a deposition rate of about
0.1 ML per minute. The resulting layers of KCl on Ag(35 1 1) exhibit some structural similarities
and some stark differences with respect to the layers of KCl on Ag(100). The internal structure,
as defined by the arrangement of the ions and the lattice constant, is identical to that on Ag(100).
A corresponding LEED image and a schematic representation of the diffraction pattern of a KCl
layer on Ag(35 1 1) are shown in Figure 7.4. The diffraction pattern is similar to that of KCl on
Ag(100) [38]. The KCl⟨10⟩ and Ag⟨10⟩ spots are aligned in the same direction, which shows that
the KCl layer is aligned with the (100) lattice of the Ag(35 1 1) surface and does not exhibit any
azimuthal spread. The lattice constant of the KCl layer can be determined from the ratio between
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the lengths of the reciprocal unit cell vectors. The lengths of the vectors b∗1, Ag and b∗2, KCl were
measured in a distortion-corrected LEED image, and the lattice constant of KCl was calculated as:

b∗1, Ag

b∗2, KCl
=

b2, KCl

b1, Ag
=

aKCl(100)

aAg(100)
= 1.55 ± 0.05; aKCl(100) = aAg(100) · 1.55 = (4.5 ± 0.2) Å.

This value of (4.5 ± 0.2) Å for the lattice constant of KCl is identical within the margin of error to
the ones found by Müller et al. for KCl on Ag(100) [38].

In addition to the first- and second-order KCl spots, which are labeled accordingly, the diffraction
pattern of KCl on Ag(35 1 1) (cf. Fig. 7.4a) also shows another set of spots of low intensity. Three
examples of such spots are highlighted by the red transparent circles. These spots are attributed
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Figure 7.4: a) LEED image (E = 65 eV, S0 = 2.7, S1 = 3.1) of epitaxial layers of KCl on the Ag(35 1 1)
surface. The Ag and KCl spots are labeled accordingly, and the red transparent circles highlight
spots that are produced by multiple scattering. b) A corresponding schematic illustration of the
diffraction pattern in a) for better visibility. Spots that are not accounted for by the KCl or Ag unit
vectors are caused by multiple scattering, which is illustrated by the dashed lines on the left-hand
side. Note the diffuse lines between the KCl spots in the direction perpendicular to the steps that
point towards a carpet growth mode.
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to multiple scattering at the Ag substrate and the KCl layer. The corresponding geometric illustra-
tion is shown in panel b) of Figure 7.4 on the left-hand side. All of the other additional spots can
also be explained in a similar manner. Multiple scattering was also found by M. Müller for thin
films of NaCl on Ag(100) [265]. He did not observe multiple scattering for NaCl layers that were
prepared at higher sample temperatures, and after annealing the layers that exhibited multiple
scattering, it could not be observed anymore. Because of this, he concluded that multiple scat-
tering only occurred for single NaCl layers that transitioned into a double layer upon annealing.
In the present case, the existence of single monoatomic KCl layers could not be confirmed by the
STM measurements and no similar annealing experiments were conducted. However, this does
not disprove the existence of single KCl layers because the STM images only probe a small sample
area. Overall, in the present case, it cannot be said for certain whether the multiple scattering is
caused by single or double KCl layers.

Another interesting aspect is that all the KCl spots in the diffraction pattern (Fig. 7.4a) are smeared
out in the [01] direction, which is the direction that is orthogonal to the step direction. This broad-
ening of the spots is not observed for KCl layers on Ag(100) and is thus likely caused by the Ag
step edges. Kramer et al. found for NaCl on Ag(19 1 1) similar elongated satellites in only the
step-down direction of the diffraction pattern [266]. They explained this with the presence of
different KCl mosaics with characteristic small angles of inclination with respect to the Ag(100)
terraces (i.e., some sort of carpet growth mode). The authors state that the formation of these mo-
saics is caused by the mismatch between the Ag and NaCl lattices, which is particularly relevant
at periodic step edges. If these two lattices were forced to fit, then the consequential deformation
of the NaCl layer would lead to drastic electrostatic repulsion between the ions. Hence, this situa-
tion is circumvented through an elastic carpet growth of NaCl across the Ag step edges. A similar
explanation may be applicable to the situation of KCl on Ag(35 1 1), although here the smearing
and splitting of the KCl spots is less defined than those in the work by Kramer et al. [266]. The step
height in a KCl lattice is 3.18 Å, which is larger by 55% than the Ag step height (2.05 Å). This means
that the mismatch between the step heights of KCl and Ag is even larger than the one between the
step heights of NaCl and Ag (37%). Hence, the uniaxial smearing of the KCl that was observed
here points towards a carpet growth of KCl across the Ag step edges. This is also supported by
STM images (discussed below) that show that the replicated Ag step edges are not clearly visible
and distinguishable where the KCl layer covers an area of high Ag step density. Similar carpet
growth modes were for example also observed for NaCl on Cu(311) and Cu(221), and for KCl on
Cu(311) [267]. The carpet growth on the vicinal surface, as opposed to the growth of KCl on the
nominally flat Ag(100) surface, is likely caused by the high density of steps.

Now, the corresponding STM images for KCl on Ag(35 1 1) will be discussed. A large-scale STM
image of a KCl layer on Ag(35 1 1) is shown in panel a) of Figure 7.5. It shows the KCl wetting layer
and patches of the bare Ag surface. Overall, the KCl layer looks very disordered in comparison to
the ones on Ag(100). It has several holes and does in general not completely cover large connected
areas of the sample. This is likely caused by the fact that the high density of Ag steps constitutes
many favored nucleation points of the growth of the KCl layer. Thus, more KCl islands start
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growing at the same time in comparison to the growth on Ag(100), which overall leads to more
smaller KCl islands instead of a few big islands that cover a large connected area of the sample.
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Figure 7.5: a) Large scale STM image (UB = +3.5 V, Itun = 25 pA) showing the KCl wetting layer
and the bare Ag(35 1 1) surface. Small quadratic KCl islands can be seen on top of the wetting layer.
b) Small scale STM image (UB = +3.5 V, Itun = 25 pA) showing the polar and non-polar step
edges of the KCl layer, which are rotated by 45◦ with respect to one another. c) Height profile that
was measured along the white line in panel b) across the KCl wetting layer. d) Height profiles
along several Ag step edges that are not covered by the KCl layer (black line) and across several
step edges that are covered by the KCl layer (red line). The profiles were recorded along the red
and black lines in panel a).

A very striking difference to the growth of KCl on the nominally flat Ag(100) surface is that, here,
the majority of the Ag-KCl step edges that limit the KCl wetting layer are oriented along the
KCl⟨10⟩ directions, and only a small amount of the wetting layer limiting Ag-KCl step edges are
oriented along the KCl⟨11⟩ directions.1 However, the KCl-KCl step edges of the KCl islands on
top of the wetting layer are exclusively oriented along the KCl⟨11⟩ orientations. This is a stark
contrast to the structure of KCl layers on the nominally flat Ag(100) surface. There, all wetting
layer limiting Ag-KCl step edges, as well as all KCl-KCl step edges that limit the quadratic islands

1For an illustration of the different orientations in a KCl layer, see the model in Figure 6.1 on page 72.
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on top of the wetting layer, are oriented along the KCl⟨11⟩ orientations. The different step edges
of the KCl wetting layer and those of the islands on top are illustrated by the black lines in the
STM image in panel b) of Figure 7.5. The fact that on Ag(35 1 1) most of the Ag-KCl step edges of
the wetting layer are oriented along KCl⟨10⟩ directions, while the orientations of the KCl-KCl step
edges of the quadratic KCl islands on top remain along the KCl⟨11⟩ orientation, means that the
Ag-KCl step edges along the KCl⟨10⟩ direction correspond to polar step edges. This observation
is also supported by another aspect that can be observed in the STM images. The Ag-KCl step
edges of the wetting layer along the KCl⟨10⟩ directions have a spike in the apparent height that
is larger by roughly 200 pm than that of the rest of the wetting layer. This is illustrated in the
height profile across the KCl wetting layer, which is shown in panel c) of Figure 7.5. These spikes
in the apparent height at the Ag-KCl step edges were never observed on Ag(100) and are likely
related to the charges of the ions at the step edges. The formation of polar step edges that limit
the KCl wetting layer is very surprising because the polar Ag-KCl step edges are expected to be
significantly less stable than their non-polar counterparts. The reason for the formation of polar
step edges will be discussed in more detail below.

Another interesting aspect is that the Ag step edges below the KCl layer in areas of the sample
with a high Ag step density appear as significantly less sharp than those on the bare Ag surface.
This is illustrated in panel d) of Figure 7.5. The black curve shows a height profile across four
Ag steps on the bare Ag(35 1 1) surface, while the red curve shows a height profile across five Ag
step edges, which are covered by the KCl wetting layer. It can be seen that in the black curve, the
individual Ag steps are clearly visible and distinguishable. However, this is not the case for the red
curve. There, the five Ag steps appear as a single broad step instead. This is indicative of a carpet
growth of the KCl layer across the Ag steps, which is also in good agreement with the smeared-out
spots in the corresponding diffraction pattern, as discussed above. It is also important to note that
the carpet growth mode occurs mostly in areas with a very high Ag step density, namely in areas
where the average terrace width is smaller than 50 Å. In areas where the terrace width is larger,
the carpet growth mode could not be observed by STM, and the Ag step edges are replicated in
the KCl wetting layer and can be imaged by STM.

The formation of polar step edges of the KCl wetting layer is very counterintuitive because these
step edges are supposed to be significantly less stable than non-polar ones. Furthermore, to the
best of the knowledge of the author of the present thesis, a similar observation has not been re-
ported so far. The reason for this behavior must be caused by the unidirectional Ag step edges.
However, with the current set of data, it is not possible to determine the exact mechanism that
causes this. A possible explanation may be that because the KCl layer grows in a carpet growth
mode across the step edges (see above), the ionic KCl lattice is slightly strained and deformed in
the [01] direction, which is orthogonal to the direction of the Ag steps. Such a deformation was
already found by Cañas-Ventura et al. for NaCl layers on a vicinal Au(111) surface close to step
edges [268]. The deformation of the ionic KCl lattice due to the carpet growth mode may desta-
bilize the non-polar KCl step edges in the ⟨11⟩ direction because they run at an angle of 45◦ with
respect to the direction of the postulated deformation of the KCl lattice.



100 Chapter 7. Quinacridone on a vicinal Ag(100) surface

In summary, the results of this section have shown that the KCl layer on Ag(35 1 1) grows in
a carpet growth mode across the Ag steps if the step density is locally high. Furthermore, the
majority of step edges that limit the KCl wetting layer are polar step edges, as opposed to the
step edges that limit the KCl wetting layer on Ag(100), which are non-polar. The reason for the
formation of polar step edges on Ag(35 1 1) is tentatively assigned to a slight deformation of the
KCl layer, which is caused by the carpet growth mode across the Ag steps.

7.3 Growth of quinacridone chains on KCl on Ag(35 1 1)

Finally, the self-assembled structures of QA on a thin KCl layer (2 – 3 ML) on the Ag(35 1 1) surface
will be addressed in this section. In particular, the differences between the QA structures on
KCl/Ag(100) and those on KCl/Ag(35 1 1) will considered and analyzed and also compared to
the results reported by Bretel et al. [240] for QA on KCl/Cu(111).

First, the situation in which the KCl wetting layer does not completely cover the Ag surface is
considered. It is very similar to the analogous situation for QA on KCl/Ag(100) (cf. Chapter 6.2),
i.e., the QA molecules diffuse from the KCl layer to the bare Ag surface. The reason for that is
that on Ag, the QA molecules exhibit a larger Eads than on KCl. The phenomenon is discussed in
more detail in Appendix A.2. An STM image illustrating this is displayed in Figure 7.6. The upper
half of the image shows a KCl layer with an apparent height of 320 pm, which corresponds to a
thickness of 2 ML. The remaining area of the image is not covered by KCl and thus corresponds
to the bare Ag surface. The step edge between the bare Ag surface and the KCl wetting layer is
highlighted by the dashed white line. It can be seen that no QA molecules are adsorbed on the
KCl layer. In contrast, on the bare Ag surface that is not covered by KCl, long chains of QA have
formed, which are very similar to those discussed in Section 7.1. This image (Fig. 7.6) shows an
example of a very common observation, namely that in areas of the KCl wetting layer that are in
the close vicinity of the KCl-Ag step edges, no QA molecules on the KCl layer could be observed.

50 nm

2 ML KCl

3 ML KCl

QA on Ag(35 1 1)
bare Ag

bare Ag

Figure 7.6: STM image (UB = −3.5 V, Itun = 3 pA) of a 2 ML high KCl wetting layer and bare
patches of the Ag(35 1 1) surface. The latter is covered with QA chains, while the former is com-
pletely free of QA molecules. The dashed white line corresponds to the Ag-KCl step edge.
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Similar to the situation for QA on KCl/Ag(100), the diffusion of the QA molecules to the bare Ag
surface can be prevented, if the KCl wetting layer covers the majority of the Ag surface. Panel a)
of Figure 7.7 shows an STM image of QA on an area of the sample that is completely covered
by a 2 ML thick wetting layer of KCl. The Ag step edges below the KCl layer are clearly visible.
However, line profiles reveal that they are not as sharp as on the bare Ag surface (similar to the
profiles shown in panel d) of Fig. 7.5), which indicates that a carpet growth mode of KCl is also
present here. On top of the KCl wetting layer, there are several KCl islands with a thickness of
1 ML (3 ML in total) with straight and non-polar step edges along the KCl⟨11⟩ directions. The im-
age also shows three QA chains that are on the KCl wetting layer. These three chains run between
3 ML KCl islands connecting two islands. This was a very common observation. Almost all QA
chains that were observed on KCl/Ag(35 1 1) were terminated on both ends by a KCl island of the
third layer. The fact that almost all observed chains were terminated on both ends indicates that
only a small amount of QA chains nucleate and grow at the same time. This is plausible in view
of the high mobility of QA molecules on KCl and the fact that the continuation of a chain, which
included the formation of intermolecular H-bonds, is energetically significantly more favorable
than the nucleation of a new chain at a KCl step. All observed chains also grow across several
replicated Ag step edges without a visible break. The growth across replicated Ag step edges may
seem surprising, but it was also already shown that the chains can also grow across bare Ag step
edges (cf. Section 7.1.2).

A very notable difference to the chains that were observed on KCl/Ag(100) (see Chapter 6.2 or
Appendix A.2) lies in the azimuthal orientations of the QA chains. On KCl/Ag(100), all observed
chains exhibited symmetry-equivalent azimuthal orientations of 12◦ with respect to the KCl⟨11⟩
directions (33◦ with respect to the KCl⟨10⟩ direction). In contrast, on KCl/Ag(35 1 1) a wider range
of different azimuthal chain orientations was found. There, the QA chains exhibit different az-
imuthal orientations between 0◦ and 15◦ with respect to the KCl⟨11⟩ direction of the Ag substrate.
All angles that are noted in Figure 7.7 have an estimated error of ±1◦. From the current set of data,
it is not possible to say whether a distinct azimuthal chain angle is the most favorable because of
limited statistics. Four different azimuthal chain orientations are illustrated in panels a) and b) of
Figure 7.7. These different azimuthal chain orientations may be caused by structural differences
between the KCl layer on the two different Ag substrates, which will be discussed in more detail
below.

Panels b) and c) of Figure 7.7 show STM images of several QA chains on the KCl wetting layer
between two 3 ML KCl islands with high resolution. It can be seen in panel c) that the QA chains
appear as three parallel lines of lobes (indicated by the dashed black lines and the blue and red
ellipses on the left-hand side). A similar appearance of the QA chains in STM images was observed
on KCl/Cu(111), as was reported by Bretel et al. [93, 240]. The lobes of the central line are slightly
offset with respect to the lobes of the two outer lines in the direction of the chain. Hence, the lobes
of the central line (red ellipses) may correspond the electron density of the H-bonds between the
molecules, and the lobes of the two outer lines (blue ellipses) may correspond the electron density
of the π-systems of the outer benzene rings in the QA molecules. The intermolecular distance
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Figure 7.7: Structures of QA on KCl/Ag(35 1 1). a) STM image (UB = −4 V, Itun = 8 pA) of QA
on a 2 ML thick KCl layer. The QA molecules are arranged in chains to run between quadratic KCl
islands in the third layer. b) Small scale STM images (UB = −4 V, Itun = 8 pA) of QA chains at
a different location of the sample than those shown in a) with sub molecular resolution. c) Zoom
onto two QA chains of b) that are right next to each other with molecular resolution. The dashed
black lines show the azimuthal chain orientation and the dashed white lines show the azimuthal
orientations of the long molecular axes. A molecular QA chain appears as three parallel rows of
lobes. This is illustrated on the left-hand side of the image by the red and blue ellipses and the
rough outline of a single QA molecule is indicated by the black line. All angles noted in this image
have an estimated error of ±1◦.
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within the chains was determined by measuring the distance between the lobes of the central
line and amounts to b1 = (6.5± 0.2) Å, which is identical to the same distance in the α-phase on
Ag(100) within the margin of error. The long axis of a QA molecule in the chain was determined
by connecting the lobes of the outer lines, as is indicated by the dashed white lines. With this,
the angle between the long molecular axes and the azimuthal chain direction was determined and
amounts to (84 ± 1)◦. However, it is important to note that this orientation may vary for different
chains. This could not be checked in detail because for most observed QA chains sub-molecular
resolution was not achieved. A variation of the angle between the chain direction and the long
axes of the molecules for different QA chains may be expected because such a variation of about
±10◦ was observed by Bretel et al. for QA on KCl/Cu(111).

Another interesting aspect is that the contrast in the STM image (i.e., the apparent height) along
the chains varies periodically, as can be seen in panel c) of Figure 7.7. However, this is likely not
a topological effect because the intermolecular distance between the chains is constant over the
whole length of the chain. If the chains exhibited some sort of buckling, then a variation of the
intermolecular distance would be expected. Instead, this periodicity is likely given by some sort
of electronic Moiré pattern, which is caused by the superposition of the electronic structures of the
QA molecules and that of the KCl layer. This periodicity repeats every four molecules, i.e., every
fourth molecule in the chains exhibits a darker contrast than the remaining molecules of the chains.
With the help of the above values, namely the azimuthal chain orientation of (88 ± 1)◦ with re-
spect to the KCl[11] orientation, the angle of (84 ± 1)◦ between the chain orientation and the long
axes of the molecules, and the intermolecular distance of b1 = 6.5± 0.2 Å, a structure model for
these particular chains (Fig. 7.7c) can be built. The model is shown in Figure 7.8. Note that this
model does not apply to all observed chains due to the fact that not all QA chains exhibit the same
azimuthal orientations. This model also provides an explanation for the periodically varying in-
tensity in the STM images along the QA chains. The two molecules in the chain that are marked
with black and blue arrows exhibit identical adsorption sites, respectively. In addition, the adsorp-
tion sites of the molecules marked with blue arrows are also mirror-equivalent to those marked
with black arrows, which shows that all four marked molecules exhibit symmetry-equivalent ad-
sorption sites. This does by no means prove that the structure model shows the correct adsorption
sites of the QA molecules (they are still chosen arbitrarily to some degree), but it does show that
the adsorption sites in this model can repeat every four molecules, which is in agreement with the
observed Moiré pattern.

To conclude this section, the central question that arises from the above observations will be dis-
cussed. Why do the structures, and in particular the azimuthal orientations, of the QA chains on
KCl/Ag(35 1 1) differ from those on KCl/Ag(100)? For QA on KCl/Ag(100), it was concluded with
the help of DFT calculations that the azimuthal orientations of the chains are only determined by
the KCl layer without any influence of the underlying Ag substrate. Thus, for an identical struc-
ture of the KCl layers on both Ag surfaces, identical azimuthal orientations and structures for the
QA chains would be expected. Since this is not in line with the observations described above, it
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Figure 7.8: Structure model for QA chains on KCl/Ag(35 1 1). The model corresponds to the
chains that can be seen in panels b) and c) of Figure 7.7. The molecules marked with blue and
black arrows exhibit identical adsorption sites, respectively. In addition, the adsorption sites of
the molecules marked by blue and black arrows are also mirror equivalent, which means that all
four marked molecules exhibit symmetry-equivalent adsorption sites.

can only be concluded that the differences in the QA structures are due to differences in the struc-
tures of the KCl layers. Alternatively, the interactions with the steps may play a role. However,
QA chains that nucleated at a KCl step edge were also observed on KCl/Ag(100), which did not
have an influence on their azimuthal orientations with respect to the chains that nucleated on a
terrace. Thus, the nucleation of QA chains at KCl step edges is unlikely to play a significant role
for the azimuthal orientations of the chains.

As stated above, the LEED and STM results for the KCl layer point towards a carpet growth of
the KCl layer (discussed above) across the step edges, in particular in areas of the sample with a
high step density. This growth mode induces a large-scale strain on the KCl layer, which leads to
slight deformations of the KCl lattice. The strength of this deformation likely varies with lateral
position and depends on the distance to the nearest area of high step density. These deformations
lead to a wider range of potential adsorption configurations for QA on KCl and thus to a wider
range of different azimuthal orientations that differ from those on KCl/Ag(100). A similar inter-
pretation may possibly apply to the results for QA on KCl/Cu(111), which was investigated by
Bretel et al. [93, 240]. They also found QA chains with azimuthal orientations that are very simi-
lar to those on KCl/Ag(35 1 1) and differ from those calculated for QA on KCl. Hence, it may be
possible that the six-fold symmetry of the Cu(111) surface causes a slight deformation of the KCl
layer, which exhibits a four-fold symmetry. This interpretation is also in good agreement with
the observations by Cañas-Ventura et al. for 3,4,9,10-perylene tetracarboxylic diimide (PTCDI) on
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NaCl the vicinal Au(11 12 12) surface [268]. There, the deformation of the KCl layer due to the
vicinal character of the surface leads to preferential binding sites for the PTCDI on KCl and allows
the formation of 2D molecular structures, which could not be observed on KCl/Au(111).

7.4 Conclusions

In this chapter, it was reported that the unidirectional step edges of the vicinal Ag(35 1 1) surface
have a significant influence on the structures of adsorbates in comparison to the structures of the
same adsorbates on the nominally flat Ag(100) surface. On Ag(35 1 1), if the QA was deposited
at RT, then the QA chains nucleate on the Ag terraces, which results in the same four distinct
azimuthal orientations A – D as on Ag(100). Furthermore, it was found that the QA chains can
form intermolecular H-bonds across the Ag step edges, which enables the continuous growth of
QA chains across the Ag steps. However, if the QA is deposited at elevated sample temperatures
(400 K or 500 K), then the Ag step edges lead to a preferential growth of distinct chain orientations
in the α-phase, and the preferential growth of two distinct domains in the commensurate β-phase.
This is explained by more favorable adsorption sites for QA molecules at the Ag step edges, which
includes the replacement of Ag atoms by QA molecules at elevated temperatures.

For the KCl layer on Ag(35 1 1), it was found that the internal structure of the KCl layer is very
similar to the one of KCl on Ag(100). However, in areas of the sample with a high step density,
the unidirectional step edges of the vicinal Ag surface are overgrown by the KCl layer in a carpet
growth mode. This growth mode leads to a large-scale strain of the KCl layer that causes slight
deformations in the KCl lattice. Furthermore, it was found that the majority of Ag-KCl step edges
that limit the KCl wetting layer on Ag(35 1 1) are polar, as opposed to those of the KCl wetting
layer on the nominally flat Ag(100) surface, which are exclusively non-polar. This phenomenon
is also tentatively assigned to the above-postulated strain of the KCl layer orthogonal to the step
edges.

Finally, the structures of QA on KCl/Ag(35 1 1) also differ from those of QA on KCl layers on
the nominally flat Ag(100) surface. In both cases, QA forms one-dimensional molecular chains
that are connected via intermolecular H-bonds, but the azimuthal orientations of these chains
differ. Furthermore, on KCl/Ag(35 1 1) a wider range of different azimuthal chain orientations
was observed. This is explained by the strain and the slight deformation of the KCl layer, which
leads to different and potentially more favorable adsorption sites for the QA molecules.
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8 Blue phosphorus on Au(111)

The results of the following chapter have been prepared for publication. The corresponding manuscript

can be found in appendix A.4. The author of the present thesis took part in the acquisition, evaluation, and

illustration of the NIXSW data. The manuscript was written by M. Sokolowski and was proof-read by the

author of the present thesis.

This chapter describes the investigation of the epitaxial growth of blue phosphorus on the Au(111)
surface by photoelectron spectroscopy and NIXSW. These results are thematically to some extent
separated from those of Chapters 5 – 7, because here no structures of QA were investigated. Nev-
ertheless, the results are very interesting in the context of the present work because blue phospho-
rus has been discussed as a potential decoupling layer for organic epitaxially grown films [274].
Hence, the investigation of the structures of QA on blue phosphorus may be a subject of experi-
ments in the future.

The results of this chapter contribute to the understanding of the structural details of a commen-
surate phosphorus (5 x 5) structure on Au(111), which has been observed previously by LEED and
STM [269–275]. In particular, two conflicting structure models for this (5 x 5) structure, namely a
double layer model and a Au-P network model, have been reported. Schematic models of the two
proposed structures are shown in Figure 8.1. These two models will be critically reviewed and it

Figure 8.1: Two schematic models for the structure of blue phosphorus in top-down and side
views from literature. The corresponding unit cells are indicated by the green lines. The double
layer model [269–271] is shown in panel a) and the Au-P network model [272, 273] is shown in
panel b). The blue and violet spheres correspond to P atoms, whereas the yellow and brown atoms
resemble the gold atoms. The small/large spheres correspond to atoms in the bottom/top layer,
respectively.
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will be determined which model is in better agreement with the NIXSW data. The in-depth ana-
lysis and discussion of the data can be found in the manuscript in Appendix A.4. In this chapter,
only a brief summary of the results is given.

With NIXSW, the vertical heights of the P atoms in the blue phosphorus layer were determined. It
was found that the phosphorus atoms of the layer are located at two different heights, which are
3.53 Å and 2.48 Å, above the Au surface. This means that blue phosphorus is actually a P double
layer. The bottom layer contains 2.4 times more P atoms than the top layer. Furthermore, two
different kinds of P atoms with different chemical environments (ratio of 0.39% : 0.61%), which
was concluded from their photoemission binding energies, were found for the bottom layer. This
was attributed to the P atoms of the smaller fraction (39%) forming bonds to Au ad-atoms, while
the P atoms of the larger fraction (61%) only form bonds to other P atoms. Based on these results,
it was concluded that the so-called Au-P network layer by Tian et al. [272] is more plausible,
however, the vertical heights given in the corresponding literature are not in agreement with the
values determined here and thus a revision of the vertical heights is required.
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9 Summary and outlook

The adsorption and ordering of the organic molecule 5,12-dihydro-quino[2,3-b]acridine-7,14-dione
(quinacridone, QA) on different metal surfaces and thin layers of wide band gap materials have
been investigated with low-energy electron diffraction (LEED) and scanning tunneling microscopy
(STM). The QA molecule exhibits two distinct properties, which make it a very interesting can-
didate for structural investigations on surfaces. The first one is that the QA molecule contains
four functional chemical groups that enable it to form strong intermolecular hydrogen bonds
(H-bonds). The second one is that the QA molecule is prochiral, which means that upon ad-
sorption on a surface two different QA enantiomers are present on the surface, which plays a
significant role in the structure formation.

One goal of the present work was to demonstrate that these intermolecular H-bonds of QA are a
very strong motif promoting the formation of long molecular chains on surfaces. Of particular in-
terest in this context was the question of whether the chains of QA can be electronically decoupled
from the metal substrate, which is an important step to allow optical investigations on the system.
For this, the self-assembled structures of QA on thin layers of wide band gap materials, where the
adsorption energy of the molecules is typically lower than on metal surfaces, were also investi-
gated. Furthermore, it was investigated if the step edges of the metal substrate can be utilized to
support the growth of QA chains on insulating layers by providing favorable nucleation points
for their growth. In addition, the influence of the Ag steps on the azimuthal chain orientations
was also considered. Within the scope of the above questions, the complex interplay between the
intermolecular interactions and the substrate-adsorbate interactions played a very important role
and was considered in detail.

In the following, the main results of the present thesis will briefly be summarized.

I As a first step, the structures of QA on Cu(111) and Ag(100) were investigated. The discus-
sion of the results included the results of an earlier work by by Wagner et al. [15] regarding
the structures of QA on Ag(111). It was found that on all three surfaces, the formation of
intermolecular H-bonds is a dominant motif for the self-assembly of QA. After deposition
at room temperature (RT), QA forms homochiral chains consisting of flat-lying molecules
that are connected via two intermolecular H-bonds per QA molecule.1 The intermolecular
distance between neighboring QA molecules in a chain is determined by the length of the
intermolecular H-bonds and is identical on all three surfaces within the margins of error.
In contrast, the distance between neighboring parallel QA chains depends on the coverage

1Every QA molecule in a chain participates in the formation of 4 H-bonds. However, in the present thesis a single
H-bond between two molecules is counted as 0.5 H-bonds per molecule.
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because a repulsive substrate-mediated interaction between the chains causes them to max-
imize the distance between them. On all three surfaces, the QA chains exhibit a small set
of distinct azimuthal orientations, which are mainly determined by the specific substrate-
adsorbate interactions.

The primarily formed QA chains are metastable and undergo a phase transition upon an-
nealing at 500 K. The kinetic barrier that stabilizes the QA chains is mainly related to the
opening of the intermolecular H-bonds and a slight reconstruction of the first layers of the
metal substrates. The resulting structures are heterochiral, i.e., they contain QA molecules of
both chiralities, and commensurate with the substrate. The commensurability of the phases
after annealing shows that they are the thermodynamically most stable structures of QA on
all three surfaces. They exhibit fewer intermolecular H-bonds per molecule than the molec-
ular chains, which is overcompensated by a stronger substrate-adsorbate interaction. This
likely includes a stronger bonding between those oxygen atoms, which are not involved in
the formation of H-bonds, and the metal atoms of the substrate.

In general, the structures on all three surfaces are very similar, yet there are some distinct
differences. In particular, the structures of QA on Cu(111) consist of significantly smaller
domains and exhibit a higher degree of defects than those on Ag(100) and Ag(111). This is
explained by the higher chemical reactivity of Cu, which leads to a stronger bonding and
reduced mobility of the QA molecules.

II The attempts to prepare similar molecular chains on thin layers of wide band gap materials,
where they may be electronically decoupled from the metal substrate, yielded some very
interesting and surprising results. For epitaxial layers of KCl on Ag(100), it was found that
the structures of QA are strongly dependent on the thickness of the KCl layer. The adsorp-
tion energy of QA on pure KCl is small compared to the sublimation enthalpy of QA. As a
consequence, on thick KCl layers (5 – 6 ML), the QA molecules do not wet the surface af-
ter deposition and form three-dimensional (3D) molecular clusters. In contrast, on thin KCl
layers (2 – 3 ML), it was found that the molecules can interact through van der Waals interac-
tions with the Ag substrate across the KCl layer, which contributes to the adsorption energy
of QA. Thus, the adsorption energy of QA is larger than its sublimation enthalpy, which
leads to adsorption in a flat-lying configuration and the formation of homochiral molecular
chains.

Similar to the chains on the above-mentioned metal surfaces, the QA chains on KCl are also
connected via intermolecular H-bonds of the same length as those on the metal surfaces. The
chains exhibit distinct azimuthal orientations that are determined by the interactions with
the underlying KCl layer, which was also confirmed by density functional theory calcula-
tions. Interestingly, the repulsive interaction between neighboring chains that was found on
the metal surfaces was not observed on KCl, which means that it is not present anymore on
the KCl layer. Overall, these are very promising results because they illustrate that even on
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thick KCl layers the self-assembled formation of QA chains may be possible if the adsorp-
tion energy of QA was slightly larger. This could be achieved for example by modifying the
QA molecules with additional functional chemical groups that exhibit a strong bonding to
the KCl layer and/or increase the intermolecular interactions through additional H-bonds.
Furthermore, additional functional chemical groups could also be used to increase the dis-
tance between neighboring chains, for example by adding chemical groups at the end of the
molecules that repel one another.

The structures of QA on hexagonal boron nitride (hBN) are similar to those on thin KCl lay-
ers. There, QA also forms homochiral molecular QA chains with the same intermolecular
distance within the margins of error. As on KCl, the repulsive interaction between neighbor-
ing chains could not be observed. The six distinct azimuthal chain orientations of QA are
identical to those on Cu(111). This is a surprising result because the hBN layer exhibits a sig-
nificant rotational mosaicity with respect to the Cu substrate. Thus, this result is tentatively
explained by bare patches of Cu where the QA chains start growing with distinct azimuthal
orientations and continue growing across the step onto the hBN layer. On the hBN layer,
the chains are more curvy than on the metal substrates or the KCl layer. This shows that the
electronic corrugation on hBN is smaller than on the other substrates.

Overall, the above results show that the intermolecular H-bonds also facilitate the growth of
QA chains on thin layers of wide band gap materials. However, on thicker layers, which may
be required in order to fully electronically decouple the molecules from the metal substrate,
non-wetting and the formation of 3D clusters may occur. This problem may possibly be
circumvented by increasing the adsorption energy of QA by adding functional groups to
the molecule.

III Lastly, it was investigated, whether the observed QA structures can be influenced or modi-
fied by an increased amount of Ag steps. For QA on the vicinal Ag(100) surface it was found
that, at RT, the nucleation of the chains occurs on terraces and not at step edges, resulting in
the same four azimuthal orientations as on Ag(100). The chains are also capable of continu-
ously growing across the Ag step edges, which reveals the importance of the intermolecular
H-bonds as a structure-defining motif. In contrast, at elevated temperatures, the nucleation
of the chains occurs at the Ag step edges, which leads to the preferential growth of two dis-
tinct symmetry equivalent domains. The fact that the Ag steps have a significant influence
on the structures of QA at elevated temperatures is not only of importance for a better fun-
damental understanding of the interactions between adsorbates and metal step edges, but
it is also very useful knowledge for the preparation of organic and inorganic structures on
vicinal metal surfaces in the future.

The internal structure of the KCl layer on the vicinal Ag(100) surface is very similar to that
on the nominally flat Ag(100) surface. However, in areas of the vicinal Ag(100) surface with
a high step density, the KCl layer grows continuously across the Ag step edges in a carpet
growth mode, which causes large-scale deformations in the KCl lattice. These deformations
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allow a wider range of different adsorption configurations for the QA molecules on KCl,
which include different azimuthal orientations. Many of these new adsorption configura-
tions are likely energetically very similar to one another, which is why a wider range of
azimuthal QA chain orientations was observed on KCl on the vicinal Ag(100) surface.

In conclusion, the results of the present thesis have shown that for QA the intermolecular H-bonds
are a very strong structure-defining motif that can be used to tailor distinct organic structures on
metal and insulating surfaces. It has been shown for the present case that the nanostructures
are the result of a very delicate balance between the intermolecular and the substrate-adsorbate
interactions. In addition, the tuning of experimental parameters such as the sample temperature
or the substrate-adsorbate interactions can lead to a significant change in the structure.

For future works, measurements with X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) may yield very interesting insights into the electronic struc-
ture of the molecules and their bonding to the surface in the different observed phases of QA.
Furthermore, it would be very interesting to investigate the optical properties of QA molecules
on KCl or other insulating surfaces due to the head-to-tail configuration of the transition dipoles
in QA chains. The spectra of individual molecules on different adsorption sites, chains of differ-
ent lengths, and molecules adsorbed at step edges in different configurations could be compared.
Such experiments may further promote our understanding of the intermolecular interactions, as
well as substrate-adsorbate interactions, and their influence on the electronic structure of organic
molecules on surfaces.
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ABSTRACT: The adsorption and ordering of the prochiral
molecule quinacridone (QA) on the Ag(100) and Cu(111)
surfaces were studied by low-energy electron diffraction and
scanning tunneling microscopy. Upon adsorption, the molecules
form parallel homochiral chains of flat-lying molecules linked
together via hydrogen bonds on both surfaces, but these chains
show significant surface-dependent differences concerning their
lateral order. On both substrates, the chains are not thermody-
namically stable but only metastable and stabilized by kinetic
barriers. On the Ag(100) surface, annealing induces a phase
transition to a highly ordered and heterochiral structure with a reduced density of hydrogen bonds. The related loss of bonding
energy is overcompensated by a stronger bonding to the substrate, yielding a commensurate structure. For QA on Ag(100), we
propose that during the initial chain formation and the phase transition upon annealing, the molecules can change their handedness
by rotating around their long axes. In contrast, the initial chain formation and the phase transitions of QA on the Cu(111) surface
appear to be subject to stronger kinetic limitations. These are explained by stronger substrate molecule interactions on Cu(111),
which reduce the diffusion and the possibility for a change of handedness in comparison to QA on Ag(100). We discuss how the
intermolecular hydrogen bonds, the 2D chirality, and the different chemical reactivities of the two surfaces [Ag(100) and Cu(111)]
influence the structural formation of QA aggregates. We compare our results to the results for QA on Ag(111) reported previously
by Wagner et al. [JPCC 2014, 118, 10911-10920].

1. INTRODUCTION

Interfaces between organic semiconductors and metal surfaces
play an important role in organic electronic devices, for
example, organic field-effect transistors (OFETs),1,2 organic
light-emitting diodes (OLEDs),3,4 or organic photovoltaics
(OPVs).5 Most investigations so far have focused on organic
molecules with large π-conjugated systems because these
usually have high electron and hole mobilities. From this point
of view, the molecule 5,12-dihydro-quino[2,3-b]acridine-7,14-
dione (quinacridone, QA) would be a poor candidate because
its intramolecular conjugation is broken (cf. Figure 1a, below).
However, Głowacki et al. found that QA exhibits promising
properties for applications in electronic and optoelectronic
devices.6,7 These findings have motivated investigations on the
potential applications of QA, its derivatives, and QA-based
polymers in OFETs,8−11 OLEDs,12,13 and OPVs.14−16 An
overview is given in the review by Wang et al.17 In particular,
Głowacki et al. have reported a hole mobility of 0.1 cm2

V−1 s−1 and a photocurrent of roughly 1 mA cm2 for QA,
which they attributed to strong intermolecular interactions via
hydrogen bonds. Related to this aspect, one goal of our
experiments, which we report here, was to find out how the
intermolecular hydrogen bonds determine the structure
formation and nucleation of aggregates of QA on surfaces.

QA (C20H12N2O2) exhibits a total of four isomers (two
angular and two linear forms).18 In this work, we investigated
the linear trans-isomer, which is illustrated in Figure 1a. This
isomer is a widely used organic pigment (Violet 19) and is
industrially produced at a low cost. Important applications of
Violet 19 are, for example, given by its use as a colorant in
varnishes or printer toners.19−21 Its molecular skeleton consists
of five annulated carbon rings and is thus similar to that of
pentacene. However, in contrast to pentacene, QA contains
four functional groups that are responsible for the broken
intramolecular conjugation on one hand but enable the
molecule to form intermolecular hydrogen bonds on the
other hand. These hydrogen bonds also play an important role
in its crystal structures.22−24 QA exhibits a variety of
polymorphic crystal structures. These can be divided into
two groups: The α- and β-phases consist of chains of parallel
molecules with each molecule being bonded to both of its
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neighbors via two hydrogen bonds, whereas the γ-phase shows
a crisscross pattern where every molecule is bonded to each of
its four neighbors via a single hydrogen bond.23

Besides the ability to form intermolecular hydrogen bonds,
the concept of 2D chirality is an important structural aspect
that is relevant for the adsorption of QA on surfaces.25,26

Among the many possibilities through which chirality on
surfaces may arise, the one relevant for QA is the adsorption of
a prochiral molecule on a surface. The planar QA molecule is
of C2h-symmetry, which implies that it does not exhibit a
mirror plane perpendicular to the molecular plane. This is also
true for the molecule in the planar adsorption geometry and
implies that the handedness of the molecule on the surface
depends on which of its two sides adsorbs. Statistically, the
adsorption leads to equal probabilities of the two enantiomers
on the surface. The two enantiomers (denoted by R and L in
the following) are expected to adopt energetically equivalent
and mirror-symmetric adsorption configurations. These are
illustrated in Figure 1b for QA on the Ag(100) surface, which
will be the subject of this work. Each enantiomer is rotated by
either +γ or −γ with respect to the [10] direction of the
substrate, depending on its handedness. For one given
enantiomer, the +γ and −γ orientations are not equivalent
and yield different adsorption energies. In principle, QA can
change its handedness on the surface by rotating around its
long axis. This process involves the loosening of the bonds
between the molecule and the surface and can therefore be
expected to be inhibited by a kinetic barrier. This is especially
the case for a π-conjugated planar molecule as QA, for which a
planar adsorption geometry is energetically favored.27

A general question concerning the chirality of aggregates on
surfaces concerns the preference toward hetero- or homochiral
packing. A common hypothesis is that on surfaces, homochiral
packing is preferred over heterochiral packing.28 This is in

contrast to the 3D situation where heterochiral packing is more
common because racemates tend to have a higher density than
the corresponding conglomerates.29 However, in a recent
review, Dutta and Gellman reported the absence of a
significant statistical preference toward one of the two
possibilities on surfaces.28 It is believed that often, only a
subtle balance between the various forces is responsible for
hetero- or homochiral packing. In many cases, a small change
in certain parameters (e.g., temperature or coverage) can cause
a phase transition between phases of hetero- and homochiral
packing.26,28 However, these processes are not fully understood
yet and whether there is a preference toward homo- or
heterochiral packing is still an openly debated question, to
which the present work contributes.
So far, QA has been subject to only few investigations on

surfaces, for example, on the Ag(111) surface by Wagner at
al.30 and on graphene and MoS2 by Trixler et al.31,32 Beyond
this, several studies of derivatives of QA on metal surfaces have
been reported.33−37 Typically, QA and its derivatives are found
to adsorb intact in a planar orientation and to form ordered
layers. Here, we report on the structures of ordered QA layers
on the Ag(100) and Cu(111) surfaces. In comparison to QA
on Ag(111),30 it is of interest to investigate QA on Ag(100)
because this surface exhibits a lower symmetry and is more
open than the Ag(111) surface. For the Cu(111) surface, a
higher reactivity compared to the Ag(111) surface and hence a
stronger bonding and corrugation of the bonding potential of
QA can be envisaged. This is also expected to hinder the
change of the chirality of QA (L ↔ R) on the surface more
effectively, which should manifest in a higher kinetic barrier for
the ordering. We will report structure models for QA/Ag(100)
and QA/Cu(111), compare them to the results obtained for
QA on Ag(111),30 and discuss how the surface symmetry and
corrugation influence the ordering in competition with the
formation of intermolecular hydrogen bonds.

2. EXPERIMENTAL SECTION

The experiments were carried out under ultrahigh vacuum
(UHV) conditions with a base pressure of 3 × 10−10 mbar.
Investigations were conducted using a beetle-type scanning
tunneling microscope (type UHV 300) from RHK Technol-
ogy, a spot profile analysis low-energy electron diffraction
(SPA−LEED) instrument manufactured by Omicron, a
microchannel plate LEED (MCP−LEED) instrument from
OCI Vacuum Microengineering Inc., and a quadrupole mass
spectrometer of the type PRISMA from Pfeiffer Vacuum. The
Ag(100) and Cu(111) crystals were cleaned by cycles of
sputtering with Ar+ ions (800−1000 eV, 7 μA) for 30 min and
subsequent annealing at 850 K (Ag) or 1000 K (Cu) for 1 h.
The structural quality of the substrate crystals was checked by
LEED. QA was purchased from HOECHST and purified by
gradient sublimation.11 It was evaporated from home-built
evaporators at crucible temperatures of 650−670 K, while the
substrates were held at room temperature (RT). During the
evaporation process, the quadrupole mass spectrometry
(QMS) signal of a QA fragment (m/z = 128,
m(QA) = 312) was recorded and integrated over time.
Optionally, the samples were annealed after deposition at
temperatures above 400 K for 15 min as specified in the text
below. The coverages θ were determined from the analysis of
scanning tunneling microscopy (STM) images. We define the
coverage of one monolayer (1 ML) as the coverage of a closed

Figure 1. (a) Structural formula of QA and a hard sphere model,
which shows the dimensions of the molecule. The dimensions of the
molecule result from the bond lengths and van der Waals radii that
were used for this model (cf. Section 2). The color code of the atoms
is as follows: carbon = black, hydrogen = gray, nitrogen = blue, and
oxygen = red. (b) Schematic illustration of the 2D chirality of the
adsorbed QA molecule on the Ag(100) surface and the relationship
between the two enantiomers. The two adsorption configurations are
energetically equivalent. The angle γ = 32° was chosen such that the
orientations of the molecules with respect to the Ag(100) surface
correspond to their azimuthal orientation in the α-phase (cf. Figure 2,
below). The adsorption site is chosen arbitrarily.
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layer of flat-lying molecules in the β-phase on Ag(100) (see
Table 1).
All SPA−LEED measurements were carried out in a separate

UHV chamber at a sample temperature of 110 or 214 K in
order to minimize the thermal diffuse background. In order to
avoid beam damage, which was reported by Wagner et al. for
QA on Ag(111),30 the beam current was always kept as small
as possible (<5 nA). Thus, no problems with degrading LEED
patterns were encountered. A 2D image with sharp spots (α-
phase, Figure 2d, below) was assigned to a coverage of
θ = (1.00 ± 0.05) ML (we note that the difference of the
coverages between the α- and β-phases is negligible within the
error). With this, all the other coverages were determined from
the corresponding relative deposition integrals. The distortions
of the 2D SPA−LEED images were corrected by using a self-
written plug-in for the free software Fiji.38 This plug-in can
correct radial and tangential distortion according to the
Brown−Conrady distortion equation.39 For this purpose, the
images were superimposed with a simulated diffraction pattern
of the substrate. Then, the images were dewarped by hand
until the experimental substrate spots were in good agreement
with those of the simulation. The analysis of the LEED
patterns was carried out via a trial and error procedure. For this
purpose, the program Spot-Plotter40 was used to simulate a
diffraction pattern that is in good agreement with the LEED
pattern.
Prior to starting the STM measurements, the prepared layers

were checked using MCP−LEED in order to ensure the
presence of a well-ordered layer and comparability to the
SPA−LEED images of the same phases. All STM images were
recorded in the constant current mode at RT. As the tip, a self-
cut Pt/Ir (90:10) wire was used. The bias voltage refers to the
sample, while the tip was on ground potential. The images
were processed using the programs Gwyddion41 and SPIP.42

The coverages were determined by pixel counting. Pixels above
a certain intensity threshold were attributed to molecules and
the rest to the bare substrate. We estimate the margins of error
for the coverages to be ±0.05. If not stated otherwise, the
processing consisted only of filtering out horizontal, vertical, or
nondirectional noise and adjusting the contrast of the images.
The structure models of the investigated systems were created
with the free program Graphics Layout Engine.43 The hard
sphere model of QA was drawn using bond lengths44 and van
der Waals radii45 from the literature.

3. RESULTS AND DISCUSSION
We start with the presentation of the results for QA on
Ag(100) in Section 3.1 and then move to the more disordered
structures of QA on Cu(111) in Section 3.2. An overview on
all considered structures is given in Table 1.

Table 1. Overview of the Structure Parameters of QA on Ag(100) and Cu(111), Which Were Obtained in This Work, Those of
QA on Ag(111), Which Were Obtained by Wagner et al.,30 and Those of the (11̅2) Plane of the αI-QA Polymorph.23a

Ag(100) Cu(111) Ag(111)30 αI-QA23

α-phase β-phase α′-phase β′-phase α-phase β-phase (11̅2)-plane

M
2 1.25
3 4.80−

i
k
jjjj

y
{
zzzz

4 3
5 3−

i
k
jjjj

y
{
zzzz

2.1 1.0
5.6 7.1

−i
k
jjjj

y
{
zzzz

6.5 0.8
3.8 11.3

i
k
jjjj

y
{
zzzz

3 2
1.5 6−

i
k
jjjj

y
{
zzzz

5 5
1 5−

i
k
jjjj

y
{
zzzz not applicable

b1/Å 6.8 ± 0.1 14.445 7.0 ± 0.3 15.6 ± 0.2 7.0 ± 0.5 14.445 6.9
b2/Å 16.4 ± 0.1 16.848 16.6 ± 1.0 25.3 ± 0.2 20.0 ± 0.2 16.088 16.9
α/° 90 ± 1 112.2 90 ± 1 94 ± 1 90 111.1 110.3
Z 1 2 1 4 1 2 1
A/Å2 111.5 ± 0.2 225.4 116 ± 10 395 ± 15 142.1 216.8 109.2

aAll surface structures belong to the space group P2. The angle between the vectors b1 and b2 is called α,Z denotes the number of molecules per
unit cell, and the area of the unit cells is named A. Errors of the matrix entries are given in the text. For the calculation of the vector lengths of the
unit cells, the lattice constants at 300 K for Cu (3.597 Å) and Ag (4.079 Å) were used.55

Figure 2. Complete monolayer of QA on the Ag(100) surface in the
α-phase. (a) Overview STM image (UBias = −1.5 V, I = 0.25 nA). The
structure consists of domains of parallel chains with four distinct
orientations A−D which are marked by the white lines. Image size:
65 × 65 nm2. (b) Zoom-in of (a) that shows the molecular
arrangement. Image size: 12 × 12 nm2. The arrows in the top right
corner indicate the [10] and [01] directions of the substrate. The
inset shows two molecules with a characteristic S-shape. The upper
right one is superimposed with the calculated HOMO of the isolated
molecule.46 (c) Structure model of the α-phase of QA on the Ag(100)
surface. The unit cell corresponds to the red unit cell in (d). (d)
SPA−LEED pattern (T = 110 K, E = 81.4 eV). On the right hand
side, the pattern is superimposed with the corresponding simulated
LEED pattern. The unit cells of two mirror domains which resemble
different enantiomers are depicted in blue and red. The circles and
triangles mark spots belonging to two rotational domains of one
enantiomer. Spots that are not reproduced by the simulation can be
explained by multiple scattering.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07850
J. Phys. Chem. C 2020, 124, 24861−24873

24863

116 Appendix A. Publications



3.1. QA/Ag(100). In Sections 3.1.1 and 3.1.2, we report on
the phase that forms directly after deposition of a full
monolayer or submonolayer on Ag(100) at RT. We will call
this phase α-phase from now on. After annealing, it transforms
into a second 2D ordered and commensurate phase. This
phase is named β-phase and will be discussed in Section 3.1.3.
3.1.1. QA/Ag(100)α-Phase (Complete Monolayer).

Figure 2a shows an STM image of a complete monolayer of
the α-phase. The ordered layer consists of domains which can
grow up to 1000 Å in width but do not grow across step edges.
Each domain consists of parallel chains of lengths between 50
and 1000 Å. The chains exhibit distinct azimuthal orientations
rotated by ± (31.2 ± 0.5)° with respect to the [10] direction
of the Ag(100) substrate (cf. Figure 1b). Hence, the
combination of two mirror domains and the fourfold rotational
symmetry of the Ag(100) surface yields a total of four
symmetry-equivalent azimuthal orientations of the QA
domains. These orientations are illustrated by the white lines
A−D in Figure 2a. The existence of four symmetry-equivalent
domains and their azimuthal orientations with respect to the
substrate is in agreement with SPA−LEED results, which will
be discussed later.
An STM image with molecular resolution is shown in Figure

2b. It shows that the QA chains consist of parallel flat-lying
molecules with their long sides next to each other. This
arrangement can be attributed to two strong intermolecular
O···H−N hydrogen bonds which can form between neighbor-
ing molecules within a chain. This is illustrated by the hard
sphere model given in Figure 2c. However, the formation of
these two hydrogen bonds is only possible if two neighboring
molecules have the same handedness because otherwise, we
would not have opposing NH- and CO-groups. Therefore, we
deduce that the chains are enantiopure. We further propose
that not only the individual chains but also the entire domains
are enantiopure. This implies that all chains in one domain are
composed of molecules with the same handedness. This is a
consequence of the fact that for a change in the handedness,
we expect a change in the molecular orientation (+γ → −γ), as
described on page B, and hence the orientation of the chains.
This conclusion is also in agreement with our STM results.
The molecules in Figure 2b show a characteristic S-shape that
was already reported for QA on graphene31 and can be used to
distinguish between enantiomers. The STM image confirms
that the individual chains as well as the whole domains are,
except for occasional defects, enantiopure. As shown in the
inset of Figure 2b, the observed S-shape can be understood by
the shape of the HOMO of an isolated QA molecule in the gas
phase, which was calculated by density functional theory.46

Thus, the handedness of the molecules on the surface can be
determined. It is important to note that the S-shape could not
always be observed. We think that its occurrence is highly
dependent on the quality of the STM tip and potentially other
scanning parameters.
Figure 2d shows a SPA-LEED pattern of the α-phase. In

addition to the specular spot, the first- and second-order spots
of the substrate are seen. The analysis of the pattern yields the
following superstructure matrix

M
2 1.25
3 4.80

= −α
i
k
jjjj

y
{
zzzz

The margin of error on the noninteger matrix elements is
estimated to be ±0.03. Spots that are not reproduced by the

simulation can be explained by multiple scattering at the first-
or second-order spots of the substrate. The matrix corresponds
to a rectangular unit cell (α = 90 ± 1°) with b1 = (6.8 ± 0.1) Å
and b2 = (16.4 ± 0.1) Å. The unit cell contains one molecule.
The superstructure exhibits two mirror domains with two
rotational domains each. For the definitions of b1 and b2, we
refer to the structure model for the α-phase of QA on Ag(100)
in Figure 2c. The length b1 corresponds to the intermolecular
distance between neighboring molecules within one chain. The
distance between two chains is given by b2 and corresponds to
the length of the molecule (i.e., 16.26 Å). The vectors b1 and
b2 of the unit cell are rotated symmetrically by ± (32.0 ± 0.5)°
with respect to the [10] or [01] direction of the Ag(100)
surface. Both the size and shape of the unit cell and its
azimuthal orientation with respect to the substrate are in
agreement with the STM results.
Because the values in the first column of the matrix are

integers, the structure is of the point-on-line type.47 This
means that all lattice points of the superstructure fall on the
same set of lattice lines of the substrate (here, those in the [01]
direction). This indicates that besides the intermolecular
interactions, the substrate−adsorbate interactions also play a
significant role in the structure formation. A comparison of the
observed structure to that of the net planes of QA bulk crystals
shows that it is very similar to the (11̅2) plane of the αI-QA
bulk structure.23 Similar to the α-phase, the (11̅2) plane
consists of parallel molecular chains. In particular, the distance
b1 is identical to the distance between the molecules in the
chains of the (11̅2) plane within the margin of error. The
distance b2 deviates by only 3.6% from the distance between
the chains in the (11̅2) crystal plane. Thus, we assume that the
molecular arrangement within the α-phase is related to
intermolecular interactions very similar to those in the αI-QA
bulk structure.
The SPA−LEED pattern (Figure 2d) consists mainly of two

prominent sets of spots. For a constant length of the scattering
vector, both sets provide four pairs of spots. The two spots of a
pair enclose an angle of (23.5 ± 0.5)° and are located
symmetrically around the [11] direction of the substrate. The
spots of the first set are sharp and are partly very close to the
specular spot at a distance of b2*. The second set is further away
at a distance of b1*. The spots of the second set show a strong
broadening into streaks in the direction of b2*, but they are
sharp in the direction of b1*. This broadening is not due to
azimuthal disorder because the streaks are straight and not
circular with respect to the specular spot. Instead, it is caused
by defects in the structure that are quite frequent, namely,
neighboring chains that are not correlated in the direction of
b1, that is, the chains are shifted relative to each other in the
chain direction. This absence of correlation leads to the strong
broadening of the spots at (±1, 0) = ±b1* in the direction of
b2*, that is, the direction perpendicular to the chains. These
defects can also be seen in the STM image in Figure 2b.
However, for the considered full layer, the distance between
the chains (in the direction of b2) is well defined. Therefore,
the spots at (0, ±k) = ±k·b2* (with k = 1, 2, and 3) are sharp in
the direction of b2*.

3.1.2. QA/Ag(100)Submonolayer Coverage. So far, we
have considered the α-phase at a coverage of a complete
monolayer. Figure 3a,b shows STM images of QA on Ag(100)
for θ = 0.40 ML. The layer is similar to the full monolayer,
except that the average distance between neighboring chains b2
is roughly twice as large as that in the full monolayer.
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Furthermore, this distance is not constant within one domain
but varies between 28 and 39 Å. On average, it is b2 = (33 ± 3)
Å (The error margin denotes the standard deviation). The
intermolecular distance between molecules along the chains b1
remains unchanged. This is in agreement with our above
conclusion that the distance b1 is given by the intermolecular
hydrogen bonds and is therefore independent of the coverage.
The dependency of the length b2 on the coverage was

investigated for six coverages between 0.4 and 1 ML by SPA−
LEED. An exemplary SPA−LEED pattern at θ = 0.45 ML is
shown in Figure 3c. The lowering of the coverage has two
significant effects on the diffraction pattern. The first is that the
length of the vector b2* decreases, which corresponds to the
increased average distance between neighboring chains. The
second more obvious effect is that the sharp spots related to
b2*, which were observed for the full monolayer, are smeared
out into streaks. The reason is that the distance between
neighboring chains is not constant. This leads to a radial
broadening of the spots related to b2* and the corresponding
higher-order spots. Of course, the broadening related to the
lack of a correlation between the chains in the b1 direction,
which we described for the α-phase, is also present. The
analysis of this SPA−LEED pattern (Figure 3c) yields an
averaged unit cell that is similar to that of the full monolayer.
The length of the vector b1 and its azimuthal orientation are

unchanged. The only difference resides in the length of the
vector b2, which depends on the coverage θ. The dependency
of b2 on θ is illustrated in Figure 3d. Most data points were
obtained from SPA−LEED line profiles through the specular
spot in the direction of b2*. Only the data point at θ = 0.20 ML
was inferred from STM images. We found that the average
interchain distance grows with decreasing coverage. In the
simplest model, which assumes that the neighboring chains are
equally spaced by the distance b2, one expects a b2 ∼ θ−1

correlation. This is illustrated by the red curve in Figure 3d,
which shows the same trend as the data, but may be offset
because of an underestimation of the coverages determined
from the deposition integrals. At present, we cannot exclude
that b2 drops to the value of ∼17 Å, which is close to b2 of the
α-phase (16.4 Å), around a coverage of θ = 0.60 ML. This may
indicate a phase transition to the α-phase. In this situation, the
deviation of the coverage from the coverage of the ideal α-
phase is expected to cause a high defect density.
STM images (Figure 3a,b) reveal that neighboring chains are

always aligned parallel to each other as in the full monolayer,
although their distance is increased. Even for a coverage of
only 0.2 ML, where neighboring chains have distances of up to
60 Å between them, this is still the case. A similar behavior was
already found by Lukas et al. for chains of pentacene on
Cu(110).48 The authors attributed this behavior to long-range
substrate-mediated repulsive interactions between the chains
that are induced by charge density waves in the 2D electron
gas of a surface state.49,50 Other examples for this kind of long
distance interaction of molecular chains on a metal surface are
the self-assemblies of L-methionine on Cu(111)51 and
Ag(111).52 Although the Ag(100) surface does not support a
Shockley surface state,53 we suggest that the interaction is
mediated by substrate electrons here too. An interaction
mechanism of this kind has been reported on Ag(100), for
example, for Li atoms.54

3.1.3. QA/Ag(100)β-Phase. After annealing at 500 K for
15 min, the α-phase changes irreversibly into a different but
also highly ordered phase, which we call β-phase. Upon
annealing, the superstructure LEED pattern of the α-phase
completely vanished at roughly T = 470 K. Faint spots of the
β-phase started to appear at roughly 430 K and steadily
increased in intensity upon further cooling to RT. This implies
that the α-phase does not directly transform into the β-phase
but transforms via a disordered phase at higher temperatures
that transforms into the β-phase upon cooling. The trans-
formation is irreversible because the transition between the β-
phase and the disordered phase can be induced again by
heating, but it is impossible to go back to the α-phase. This
phase transition takes place for the full monolayer and
submonolayer coverages. In the latter case, the molecules
form islands of the β-phase and leave the rest of the substrate
surface uncovered.
Two STM images of the β-phase are shown in Figure 4a,b.

The image in (a) shows two mirror domains separated by the
edge of a double step of the substrate. Because of symmetry
reasons, for both these domains, a symmetry-equivalent
rotational domain exists, which yields again a total of four
symmetry-equivalent domains. The domains can reach a size of
at least 1000 Å in both lateral dimensions and are limited in
size only by Ag steps. Accordingly, we were not able to find
domain boundaries between symmetry-equivalent domains,
except for the noted ones at step edges of the substrate. The

Figure 3. Submonolayer of QA on the Ag(100) surface. (a) Overview
STM image (UBias = − 1.5 V, I = 0.25 nA). With decreasing coverage
of QA, the distance between the chains increases. Image size:
55 × 55 nm2. (b) Zoom-in of (a). Image size: 12 × 12 nm2. (c) SPA−
LEED pattern (T = 110 K, E = 81.4 eV). The inset shows a blowup of
the region around the specular spot. The unit cell of one domain is
depicted in red. The spots are smeared out into streaks (cf. text)
because of a lack of interchain correlations. (d) The distance between
the chains b2 depends on the coverage θ. The length was determined
by SPA−LEED. The data point for θ = 0.45 ML in (c) is not included
because no line profile was recorded for this preparation. The point at
θ = 0.20 ML was extracted from STM data. For the discussion of the
red line, see text. The coverage determination is explained in the
Experimental Section, and we estimate the error of the coverage to be
about 20%.
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molecular arrangement within these domains is shown in
Figure 4b.
Figure 4c shows a SPA−LEED pattern of the β-phase. As

expected from the STM images, the diffraction pattern is
highly symmetric and consists of sharp spots. In contrast to the
α-phase, no broadening of the spots can be detected. The
analysis was carried out as described above and yielded a
simulated diffraction pattern that accounts for all the observed
spots and fits the experimental pattern. The corresponding
superstructure matrix is

M
4 3
5 3

= −β
i
k
jjjj

y
{
zzzz

This corresponds to a unit cell with b1 = 14.445 Å,
b2 = 16.848 Å, and α = 112.2° with α being the angle between
b1 and b2. Similar to the α-phase, this superstructure also
exhibits two mirror domains, both of which have two rotational

domains, which is in agreement with the STM results. The unit
cell contains two molecules, and the vector b2, which
corresponds to the direction of the long axes of the molecules,
is rotated by 31° with respect to the [10] direction of the
substrate (32° for the α-phase for comparison). All the
elements of the matrix are integers, which reveals that the
structure is commensurate.
A structure model of the β-phase is shown in Figure 4d. The

molecular arrangement was derived from STM images. The
molecules arrange in dimers that form periodically indented
and parallel chains. Evidently, the two molecules of a dimer
have to be of the same handedness (RR or LL) in order to
form two hydrogen bonds between them. However, because of
the periodic offsets within the chains, it is impossible to form
two hydrogen bonds between neighboring dimers. In order to
form at least one hydrogen bond, it is necessary to switch the
handedness periodically from dimer to dimer (yielding RRLL
or LLRR). However, this leads to a structure with two different
enantiomers on the corners of the unit cell that is derived from
LEED and STM (cf. Figure 4d). Thus, the size of the unit cell
in the direction of b1 has to be doubled if the chirality is
accounted for. The fact that neither the STM nor the SPA−
LEED images indicate this larger unit cell can be explained as
follows: the differences in the geometric structures between the
two enantiomers are very small with respect to identical parts,
and the expected additional LEED spots are thus very weak.
Apparently, the LEED images do not resolve these spots and
hence cannot distinguish between the two enantiomers and
yield the smaller unit cell. As noted in Section 3.1.1, for the α-
phase, we could distinguish between the two enantiomers in
STM images. However, for the β-phase, we were not able to
achieve this.
It is interesting to note that the orientation of the vector b2,

which corresponds to the direction of the long axis of the
molecule, differs by only 1° (3.3%) for the two phases (α and
β). This shows that the orientation of the molecules with
respect to the substrate is identical before and after the phase
transition. Furthermore, a comparison of the unit cells reveals
that this is also true for the molecular density. In the β-phase, it
is reduced by only 1.08% with respect to the α-phase.
However, the number of hydrogen bonds per molecule is
reduced by a factor of 0.75 compared to that in the α-phase.

3.2. QA/Cu(111). We turn to the results for QA on the
Cu(111) surface. Section 3.2.1 deals with the structure of the
full monolayer directly after the deposition at RT. We will call
it α′-phase. In Section 3.2.2, we describe the structure of a full
monolayer of QA on Cu(111) after annealing, named β′-phase.
The structural order of the β′-phase is significantly limited by
kinetic limitations. Section 3.2.3 describes our results for
submonolayer coverages prior to and after annealing. Because
of the lower coverages, the results after annealing differ from
those of the full monolayer.

3.2.1. QA/Cu(111)α′-Phase (Complete Monolayer).
Figure 5a shows an STM image of a layer with a coverage of
roughly 0.95 ML, which was obtained directly after deposition
at RT. Similar to QA on Ag(100), the molecules form
homochiral parallel chains because of intermolecular hydrogen
bonds. Because of the higher symmetry (sixfold instead of
fourfold) of the Cu(111) surface, every chain exhibits one of
six distinct orientations instead of four [as on Ag(100)].
However, the structure appears to be significantly more
disordered than its counterpart on Ag(100). On Cu(111),
the chains do not form large ordered domains, and there are

Figure 4. Full monolayer of QA on the Ag(100) surface in the β-
phase after annealing the α-phase at 500 K for 15 min. (a) Overview
STM image (UBias = −1.5 V, I = 0.25 nA) with a double step edge.
Every bright ellipsoid corresponds to a single QA molecule. The
image shows two different mirror domains. Image size: 35 × 35 nm2.
(b) Zoom-in of (a) for better visibility of the molecular arrangement.
The unit cell is indicated in gray. Image size: 5 × 5 nm2. (c) SPA−
LEED pattern (T = 110 K, E = 81.3 eV). On the right hand side, the
pattern is superimposed with the corresponding calculated LEED
pattern. The unit cells of two mirror domains are depicted in blue and
red. The inset shows the area around the specular spot of the β-phase
at an electron energy of E = 51.3 eV. (d) Structure model of a full
monolayer of QA on the Ag(100) surface in the β-phase. The unit cell
corresponds to the red unit cell in (c) and depicts a different domain
from the one that is shown in (b). It can be translated into the
domain depicted in (b) by mirroring at the plane along a1 and
rotating it by 90° (structure models of all four domains can be found
in the Supporting Information). STM and SPA−LEED measurements
yield the small unit cell given by the vectors b1 and b2. The large unit
cell (composed of the small ones) takes into account the chirality
(indicated by the colors yellow and green) of the molecules and is
therefore twice as large as the small one. For detailed explanations, see
text. The adsorption sites were chosen arbitrarily. All molecules on the
corners of the unit cell are on identical adsorption sites.
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even single chains that have no parallel neighboring chains at
all. The high amount of only small stripelike domains leads to a
high density of uncovered surface areas between the domains.
We believe that this growth behavior is due to the stronger
substrate−adsorbate interactions compared to those on
Ag(100). Such stronger interactions support the nucleation
of new chains but inhibit the ordering of the chains into larger
domains and hence, in total, lead to more disorder. When
molecules are deposited onto a full monolayer of QA at RT, a
second layer begins to form on the top. This is illustrated in
Figure 5b. The STM image shows that the molecules form the
same kind of chains in the second layer. However, in contrast
to the chains of the monolayer, the chains in the second layer
are slightly bent and adopt fully arbitrary azimuthal
orientations. This is likely due to smaller vertical interactions
between the molecules in the second layer and the first layer in
comparison to the interactions across the monolayer/Cu(111)
interface.
A representative LEED pattern of the monolayer structure is

shown in Figure 5c. It consists of six pairs of sharp spots
around the specular and first-order spots of the substrate that
correspond to the distance b2 between neighboring chains. The
rest of the pattern is made up of streaks, which indicates the
lack of correlation between neighboring chains. The displayed
pattern was actually recorded at a submonolayer coverage
(θ = 0.50 ML) using the SPA−LEED instrument. However, it
can be considered as a representative for the full monolayer too
because the patterns are almost identical. We will discuss this

LEED pattern in more detail later. A corresponding structure
model is shown in Figure 5d. For the superstructure matrix and
the corresponding structure parameters, we refer to Table 1.
Except for the much smaller size of domains, the α′-phase on
Cu(111) is very similar to the α-phase of QA on Ag(100). As
on Ag(100), the straight segments of the chains need to be
enantiopure in order to form two intermolecular hydrogen
bonds between neighboring molecules. However, on Cu(111),
the chains contain much more defects because of a higher
amount of molecules of the “wrong handedness”.

3.2.2. β′-Phase (Complete Monolayer). Similar to the α-
phase on Ag(100), the α′-phase on Cu(111) transforms upon
annealing at T ≥ 400 K. However, for QA on Cu(111), the
preparation of an ordered complete monolayer of the same
quality as on Ag(100) was more difficult. We believe that this
is due to larger kinetic barriers at high coverages, which in turn
are due to the larger QA/Cu(111) interactions. The best
results were achieved after annealing at 500 K for 15 min and
subsequent cooling to RT. These will be presented in the
following.
An STM image of the β′-phase at a coverage of θ = 0.95 ML

is shown in Figure 6a. It shows an area with a gradual
transition from an ordered structure (left side), which,
however, contains a large amount of small holes and larger
defects, to a disordered structure composed of chainlike
aggregates (right side). The molecular arrangement within the
ordered structure can be seen in Figure 6b, and a
corresponding structure model is shown in Figure 6d. The
structure consists of parallel molecular chains, which are held
together by hydrogen bonds. However, here (in contrast to the
α′-phase), the chains consist of two regularly alternating
segments. One segment is a dimer that consists of two
molecules of the same handedness which are connected via
two hydrogen bonds (LL or RR). The second segment is given
by two molecules with different handednesses (LR or RL).
Both molecules of this segment form only one hydrogen bond
with their outer next neighbors because they have a different
handedness from these. This implies that the handedness
switches three times between two dimers of the LL and RR
types (LLRLRR or RRLRLL). One defect that occurs quite
regularly is that only a single molecule instead of two is located
between two dimers (RRLRR or LLRLL). This leads to a gap
in the direction of the long QA axis between two adjacent
chains, which causes uncovered Cu patches apparent as the
“holes” with a characteristic S-shape. These are indicated by
the blue circles in Figure 6a,d.
A SPA-LEED pattern of this structure and a corresponding

simulation are shown in Figure 6c. The spots of the first and
second orders (corresponding to b1* and b2*) are very weak,
whereas the spots of higher orders are intense. Some of these
spots are elongated, which are explained by the fact that they
consist of two or more spots that are very close to each other
(cf. Figure 6c). The analysis yielded a unit cell which is in good
agreement with the structure deduced from the STM images.
The corresponding superstructure matrix is

M
6.5 0.8
3.8 11.3

=β′
i
k
jjjj

y
{
zzzz

We estimate that the error margin for all elements of the
matrix is ±0.2. The matrix corresponds to a unit cell with
b1 = (15.6 ± 0.2) Å, b2 = (25.3 ± 0.2) Å, and α = (94 ± 1)°
with α being the angle between b1 and b2. The length b1

Figure 5. Complete monolayer of QA on the Cu(111) surface in the
α′-phase. (a) Overview image at a coverage of θ = 0.95 ML (
UBias = −1.5 V, I = 0.25 nA). Image size: 100 × 100 nm2. The inset
shows a zoom-in of the structure. Image size: 25 × 25 nm2. (b)
Overview image at a coverage of θ = 1.40 ML. It shows the growth of
QA chains in the second layer on top of the monolayer of the α′-
phase. Image size: 100 × 100 nm2. (c) SPA−LEED image at a
coverage of θ = 0.50 ML (T = 110 K, E = 55 eV). The superstructure
is almost identical to the one observed for the complete monolayer
except that the vector b2* is ca. 50% shorter (cf. Figure 7b and text).
(d) Structure model of QA on Cu(111) in the α′-phase. The model
encompasses three symmetry-equivalent chain directions.
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matches the length of the molecule, and the length b2
corresponds to 4 times the width of the molecule.
Overall, there are two aspects in which the β′-phase differs

from the α′-phase: the disordered assembly of mostly straight
and homochiral chains has transformed into ordered domains.
In contrast to the α′-phase, these are made up by heterochiral
(not homochiral) chains with periodic offsets. However, the
orientation of the individual molecules with respect to the
substrate remains nearly the same (within 4°).
3.2.3. QA/Cu(111)Submonolayer Coverage. We turn to

our results for submonolayer coverages of QA on Cu(111)
directly after deposition at RT and after subsequent annealing
at 600 K. After annealing at 400 or 500 K and subsequent
cooling to RT, various chainlike structures were observed. For
annealing at 600 K, a single structure prevailed, which did not
change upon further annealing, and we will focus on this
structure below.

We start with the phase which was present on the surface
directly after deposition. An STM image at a coverage of
θ = 0.40 ML is shown in Figure 7a. As on Ag(100), the

submonolayer structure differs from the structure of the full
monolayer mainly by a larger average distance between
neighboring chains. Here, the distance between neighboring
chains varies strongly. It was measured for 50 pairs of
neighboring chains and ranges from 24 to 53 Å with the
average distance being (37 ± 7) Å (the error margin denotes
the standard deviation). This is presumably caused by similar
long-range repulsive interactions that were deduced before for
QA on Ag(100). The intermolecular distance within a chain
was obtained from averaging over ∼100 distances and is
(6.4 ± 0.1) Å. This value is within the margin of error identical
to the corresponding value for QA on Ag(100). This reveals
that the main driving forces for the formation of QA chains on
Cu(111) directly after deposition at RT are the intermolecular
hydrogen bonds between neighboring molecules.
Similar to the α′-phase, the submonolayer of QA on

Cu(111) appears significantly more disordered than its
counterpart on Ag(100) because the chains on Cu(111)
contain significantly more defects than those on Ag(100). The
most typical defect is an offset of a molecule with respect to its
neighboring molecule in the direction of b2 (cf. the structure
model in Figure 7b). These defects appear quite often; we

Figure 6. Complete monolayer of QA on the Cu(111) surface in the
β′-phase. (a) Overview image at a coverage of θ = 0.95 ML
(UBias = −1.5 V, I = 0.25 nA). Image size: 21 × 21 nm2. The blue
circles mark a common type of defect that can also be seen in (d) on
the right-hand side. (b) Close-up of the structure (UBias = −1.5 V, I =
0.25 nA). Image size: 5 × 5 nm2. It shows a domain symmetry-
equivalent to the one shown in (a). The unit cell determined from the
STM image is depicted in white. (c) SPA−LEED image at a coverage
of θ = 1 ML (T = 214 K, E = 54 eV). The upper half of the image is
superimposed with a simulation of the diffraction pattern. The
corresponding unit cell is depicted in red and corresponds to the
matrix given in the text. The long black lines point toward first-order
spots of the substrate. (d) Structure model of QA on Cu(111) in the
β′-phase. The blue circle marks a certain kind of defect, which can be
seen in (a). The image in (a) depicts a different mirror domain, which
leads to the mirrored shape of the defects. The white lines mark the
unit cell. The handedness of the molecules was determined by the
position of the molecules relative to their next neighbors in the chain
(adjacent molecules connected by hydrogen bonds). Offsets in the
direction of b1 between two molecules cause changes of the
handedness along the chains. The displayed unit cell does not take
into account the handedness of the molecules. The small deviation in
the shape of the unit cell compared to that indicated in (b) is due to
the distortion of the STM image.

Figure 7. Submonolayer structures of QA on the Cu(111) surface
after deposition at RT (a,b) and after annealing at 600 K (c,d). (a)
STM image (UBias = −1.5 V, I = 0.35 nA) at a coverage of θ = 0.50
ML. (b) Structure model corresponding to (a). The average unit cell
was determined from a SPA-LEED image and is indicated in white.
The length b2 varies with coverage. (c) STM images (UBias = −1.5 V,
I = 0.25 nA) at a coverage of θ = 0.50 ML after annealing at 600 K for
15 min. The two smaller images show chains in the same direction,
which consist of different enantiomers. (d) Structure model
corresponding to (c). Each chain adopts one out of three directions
that correspond to the main directions of the substrate ([10], [01],
and [11]). The individual chains are homochiral, but all chains in all
three directions can be made up of both enantiomers. The arrow in
the bottom right corner indicates the [12] direction of the substrate.
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were not able to find a single chain without such defects. The
longest defect-free distance within a chain, which we could
find, was 280 Å, which corresponds to a segment of 40 QA
molecules. For QA on Ag(100), these defects were also
observed, but they were comparatively very rare. A defect of
this type occurs whenever the handedness of the molecules
along the chain changes. This leads to an offset perpendicular
to the chain, which preserves at least one hydrogen bond
between the two neighbors of the opposite handednesses. The
higher amount of defects on Cu(111) compared to Ag(100) is
likely due to the stronger substrate−adsorbate interactions
because they make the flipping of the molecules and diffusion
less likely and therefore prevent the healing of defects.
A SPA-LEED pattern of QA on the Cu(111) surface at a

coverage of roughly θ = 0.50 ML is shown in Figure 5c. As
noted above, the LEED pattern is very similar to that of the full
monolayer of the α′-phase. These two patterns only differ in
the length of the vector b2*. The pattern mainly contains two
prevalent features. One is a set of 12 spots around the specular
spot and the first-order spots of the substrate that are given by
the vector b2*. Compared to the rest of the diffraction pattern,
the b2* spots are relatively sharp. However, they clearly show a
radial broadening and the corresponding higher-order spots are
not visible. The other prevalent feature is given by the streaks
that make up the rest of the diffraction pattern. The lack of
sharp spots of higher orders is an indicator for a high amount
of lateral disorder, which is in agreement with the STM results.
The analysis of the pattern turned out to be rather difficult, and
it was not possible to derive the averaged unit cell from the
LEED pattern alone, but additional information from STM was
required. However, it was possible to determine the lengths of
the two vectors of the unit cell from SPA−LEED. The
orientation of the vector b2 with respect to the substrate was
determined from the few sharp spots in the diffraction pattern.
The angle α between the two vectors was obtained from the
STM images. This led to a unit cell with b1 = (7.0 ± 0.3) Å,
b2 = (23.2 ± 1.0) Å, and α = (90 ± 1)°. The corresponding
superstructure matrix is

M
2.1 1.0
7.9 9.9Cu

sub = −i
k
jjj

y
{
zzz

We estimate the errors to be ±0.1 for the elements of the
first row and ±0.3 for those of the second row. A structure
model is given in Figure 7b. It shows the straight chains and
the noted defects. The structure differs from that of the full
monolayer of the α′-phase only by the value of b2, which is
elongated by a factor of 1.4. Consequently, the same symmetry
aspects apply. Notably, the vector b2 of the unit cell (cf. Figure
7b) corresponds to an average distance vector between
neighboring chains because these local distances vary.
Again, this structure changes upon annealing. In Figure 7c,

an STM image at a coverage of θ = 0.45 ML after annealing at
600 K for 15 min is shown. At first glance, the structure
appears rather disordered. The image shows that this structure
consists of molecular chains too. However, many of these
chains are neither straight over long distances nor parallel to
neighboring chains. Remarkably, the chains and molecules no
longer exhibit six but only three distinct azimuthal orientations
with respect to the substrate, and the chains contain regular
kinks with an angle of 120°. From this observation and a
corresponding LEED pattern (not shown), we conclude that

the chains are oriented along the [10] direction and the long
axes of the molecules along the [12] direction of the substrate.
A structure model is shown in Figure 7d. The internal

structure of the chains is the same as that of the chains prior to
the annealing. However, they are rotated with respect to their
orientation prior to annealing and are now aligned with the
[10] direction of the substrate. A further difference concerns
the long-range order of the structure. Prior to annealing, the
chains formed domains that consisted of many parallel chains.
After annealing, the amount of parallel chains has significantly
decreased, and the structure appears more like an assembly of
individual chains. Another important difference, which
contributes to an increased disorder, is given by the high
number of 120° kinks of the chains. An example showing such
a 120° kink is given in the top right corner of the structure
model in Figure 7d. The STM image on the upper right-hand
side in Figure 7c shows the typical S-shape of the molecules
that was discussed above and reveals that the chains are
homochiral here as in the α′-structure. However, the image on
the lower right-hand side in Figure 7c shows a chain of the
same azimuthal orientation where the handedness is flipped.
This implies that homochiral chains in all three directions can
consist of both enantiomers. We believe that this is due to the
fact that the chains are oriented along the high-symmetry [10]
direction of the Cu(111) substrate. Consequentially, upon
mirroring of the chains at a plane in the [10] direction, the
molecules will change their handedness, but they maintain
their adsorption configurations. Hence, chains of both types of
enantiomers are energetically equivalent.

4. FINAL DISCUSSION
The structures of QA investigated in this work, as well as those
of QA on Ag(111) reported by Wagner et al.,30 result from a
subtle interplay between intermolecular interactions and
substrate−adsorbate interactions. An overview of the structure
parameters of QA on Ag(100), Cu(111), and Ag(111) and in
the αI-QA polymorph of the bulk phase is given in Table 1.

4.1. Formation of Homochiral Chains and Domains.
The formation of homochiral chains, which is very typical for
QA, occurs directly upon the deposition at RT and is induced
by the intermolecular interactions, where each molecule forms
two hydrogen bonds to its next neighbors. We believe that the
substrate has little to no influence on the internal structure of
these chains because it is identical within the margins of error
on all three metal substrates and in the αI-QA polymorph. The
azimuthal orientation of the chains, however, is influenced by
the substrate because on all investigated substrates, the chains
do not arrange randomly but arrange along distinct
orientations. This is also supported by the fact that the chains
in the second layer, where the interactions to the QA layer
below are weaker [as reported here for Cu(111)], adopt
arbitrary orientations. Furthermore, the azimuthal orientation
of the QA molecules and of the chains is a criterion to
distinguish between the enantiomers. Chains that consist of
different enantiomers (R or L) exhibit different orientations
(+γ and −γ) with respect to the ⟨10⟩ directions of the surfaces,
which lead to large enantiopure domains of these chains on
both the Ag(100) and Ag(111) surfaces. This result is
remarkable because during and directly after deposition, a
homogeneous and statistical mixture of both enantiomers is
expected. In order to separate and to form large enantiopure
domains, the molecules need a high mobility because of
diffusion. However, it seems unlikely that diffusion alone is
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responsible for such a separation process because especially at
high coverages (∼1 ML), there is not much space between the
molecules and the lateral motion is hindered. Hence, we would
expect plenty of molecules of the “wrong handedness” that are
trapped in the large enantiopure domains during the separation
process. As we did not observe many of such defects in the α-
phase on Ag(100), we propose that on Ag(100), the molecules
can change their handedness by a rotation around their long
axes at RT (L ↔ R). This “flipping” of a surface-adsorbed
molecule to change its handedness is no uncommon process
and was observed for molecules of a similar size before.56,57

This mechanism allows the formation of enantiopure domains
even at high coverages.
On Cu(111), however, kinetic barriers play an even more

pronounced role. Directly after deposition at RT, the
monolayer on Cu(111) consists mostly of individual chains
(or only very small domains) rather than large homochiral
domains. The chains on Cu(111) also contain a higher amount
of defects (offsets due to changes in handedness of the
molecules) than their counterparts on Ag(100). These
phenomena are compatible with a lower likelihood of chiral
segregation of the molecules after deposition in comparison to
the Ag surfaces. This would indicate that the diffusion and/or
the ability of QA to rotate around the long axis are reduced on
Cu(111) compared to the Ag(100) and Ag(111) surfaces.
In our present model, hydrogen bonds between the N−H

and ketone groups of QA play a decisive role. One may of
course question whether a coordination of the molecules by
metal atoms supplied from substrate steps (Ag or Cu) could
alternatively or additionally be relevant. This applies in
particular to the phases obtained after annealing (β and β′),
which we will discuss below. Indeed, metal-coordinated N
atoms located in heterocycles (i.e., between R−NR′ groups)
or at terminal groups have been frequently observed.58,59

However, here, we have an R−NH−R′ group, and the
formation of a metal−N bond would require a preceding
deprotonation of the N atom, which is unlikely. In addition,
metal-coordinated bonds are longer than the hydrogen bonds
proposed here for which we derive a length from the N to the
O of (2.7 ± 0.1) Å. For the N−Cu−O bond length, we
estimate 3.9−4.4 Å.60,61 Hence, a N−Cu−O coordination
would not fit into our structure models.
4.2. Temperature-Induced Phase Transition. The

chainlike structures, formed directly after deposition on
Ag(100), Ag(111), and Cu(111), are thermodynamically not
stable but only metastable because they transform irreversibly
upon annealing. They are stabilized by kinetic barriers that are
partly given by the intermolecular hydrogen bonds, which are
activated and opened during the annealing. However, this is
likely not the only reason for the barriers, as will be explained
further below. Generally, the α- and α′-phases of QA on these
three surfaces that form prior to the annealing are mainly
determined by the intermolecular interactions (i.e., intermo-
lecular hydrogen bonds), while the β-phases, formed after
annealing, are more strongly determined by the substrate−
adsorbate interactions. This is deduced from the fact that on
Ag(100) and on Ag(111), the β-phases are both commensu-
rate. Upon the phase transitions, the overall number of
hydrogen bonds is reduced, but in the commensurate
structures, all molecules occupy one of two distinct adsorption
sites which are generally related to a gain in binding energy.47

This is supposed to lead to an energetically more favorable
situation overall. However, the fact that the two β-phases on

Ag(100) and on Ag(111) are structurally almost identical (cf.
Table 1) shows that the intermolecular interactions still play an
important role (we note that the agreement of the b1 values to
the third decimal place in Table 1 is likely coincidental).
The phases of QA on Cu(111) differ significantly from those

on the two Ag surfaces, but the phase transition (α′ → β′)
occurs for likely similar reasons. At low coverages, the chains
reorient along the high-symmetry directions of the Cu(111)
surface upon annealing at 600 K. The full monolayer
transforms into a heterochiral, 2D, and long-range ordered
structure (the β′-phase), which exhibits only 5/8 as many
hydrogen bonds as the α′-phase. We propose that the phase
transitions of the submonolayer and the full monolayer of QA
on Cu(111) are both driven by an increase of the substrate−
adsorbate interactions, as will be discussed for the Ag(100)
surface below.
A further interesting aspect regarding the phase transitions

of QA on Ag(100), Ag(111), and Cu(111) concerns the
azimuthal orientation of the molecules on the surfaces before
and after the phase transitions. On Ag(100), the azimuthal
orientations of the molecules in the α- and β-phases are
identical within the margins of error, revealing that the
molecules already adopt their preferred azimuthal orientations
in the metastable α-phase. The same behavior can be observed
for the phase transitions of full monolayers of QA on the
Ag(111)30 surface (α→ β) and on the Cu(111) surface (α′→
β′). On Ag(100) and Ag(111), because of the high mobility of
the molecules at RT, it is plausible that the molecules adopt
their preferred azimuthal orientation upon deposition. In
comparison, the mobility on Cu(111) is reduced. Hence, the
above result reveals that the molecules may still rotate in the
plane of the Cu(111) surface to adopt the most favorable
azimuthal orientation upon deposition. Interestingly, the six
preferred symmetry-equivalent azimuthal orientations of QA
chains on Ag(111) are the same as those of QA on Cu(111).
This indicates that the local sixfold geometry is the main
determining factor for the azimuthal orientation of QA, despite
the different lattice constants and chemical reactivities of the
two substrates.
We come to the central question regarding the phase

transitions (α → β and α′ → β′) that we have not fully
discussed yet. Considering the high mobility of the molecules
on Ag(100) and Ag(111) and the fact that they can change
their handedness at RT, we question why the β-phases do not
form directly upon deposition. Because the β-phases are stable
and do not transform back to the α-phases, they are
energetically favored. We suggest that the energy gain related
to the formation of the β-phases is explained by an increase of
the molecule/surface bonding possibly involving a small
reconstruction of the top Ag layer of the Ag surfaces. Such a
reconstruction, involving small lateral and vertical displace-
ments of the atoms in the top layers, is feasible because the β-
phases exhibit commensurate structures. Reconstructions of
the first layer of the substrate by adsorption of a flat-lying
organic molecule were observed before and were reported, for
example, by Held et al.62−64 A change in the molecule/surface
bonding related to different phases was reported as well, for
example, by Kilian et al.27 and may contribute to the kinetic
barrier. We note that the change in the molecule/surface bond
may also have an indirect influence on the intermolecular
hydrogen bonds.
Now, we explain that there must exist kinetic barriers that

prevent the direct formation of the β-phases upon the
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deposition at RT. The β-phases do not form instantaneously
because the formation of two hydrogen bonds at the end of a
chain of molecules to molecules arriving on the surface favors
the formation of the α-phases. Hence, a nucleation of chains
with the intermolecular arrangement of the α-phase precludes
the further growth of this phase. A transition to the β-phases
would require that one-quarter of the hydrogen bonds of the α-
phases have to be opened. This constitutes a kinetic barrier
that must be overcome in order to form the β-phases on
Ag(100) and Ag(111). A similar process may be present on
Cu(111). In contrast to the α-phases which can be grown on
the clean surfaces, the β-phases can only form from a
disordered phase of QA molecules upon cooling. On
Ag(100), the disordered phase can be obtained either by
annealing the as-grown α-phase or by deposition at elevated
temperatures (i.e., larger than 430 K). Therefore, the
formation of the β-phases only occurs when the molecules
can settle into this phase in a concerted manner. This process
includes that the molecules bind to the surface more strongly
as in the α-phases. The difference in the bonding of the QA
molecules to the surfaces in the two phases should be
distinguishable in photoemission27 or vibrational spectros-
copies.
Finally, we comment again on the possibility that the β-

phases are formed by metal-coordinated bonds, which form
because of the diffusion of substrate metal atoms at the
elevated temperatures. As noted for the α-phases, such bonds
are sterically not compatible with our current structure models
of the β-phases, and hence, we consider this possibility as
unlikely.
4.3. Comparison of the Substrate Surfaces. The

structures of QA and their temperature-dependent behavior
on Ag(100) and Ag(111) are very similar, but they differ
significantly from those of QA on Cu(111). We have already
mentioned the reduced mobility of QA on the Cu(111)
surface, which we explain by a stronger corrugation of the QA/
Cu(111) bonding potential related to stronger QA/Cu(111)
interactions. Besides this, there are further differences between
the behavior of QA on the surfaces. On Ag(100), annealing a
submonolayer of QA results in island formation of the closely
packed commensurate phase. On Cu(111), however, a layer of
QA with a similar coverage behaves differently. Upon
annealing, the molecular chains alter their orientation with
respect to the substrate but mostly remain separated from
other chains. Moreover, the annealed full monolayer of QA on
Cu(111) exhibits a significant amount of disorder. In addition,
many of our experimental attempts to prepare it resulted in
disordered structures. This demonstrates that the rearrange-
ment of QA molecules on the Cu(111) surface is significantly
inhibited by kinetic barriers even at high temperatures.
Furthermore, upon annealing QA on the Ag(100) surface,
the diffraction pattern vanishes at about 470 K and it reappears
at about 430 K upon cooling. Differently, the diffraction
pattern of QA on the Cu(111) surface does not vanish
completely during annealing at comparable temperatures (T =
500 K). Upon heating, it loses intensity and changes gradually
with time. All these differences between QA on the Cu(111)
surface and QA on the Ag(100) and Ag(111) surfaces can be
consistently explained by a stronger bonding of QA on the
Cu(111) surface compared to the Ag surfaces.

5. CONCLUSIONS
In summary, we have investigated the adsorption and ordering
of QA on Ag(100) and Cu(111) directly after deposition at
RT and after annealing. On both surfaces, we found
homochiral domains of metastable chainlike structures after
deposition. These are mainly a consequence of intermolecular
hydrogen bonds and are stabilized by kinetic barriers related to
the required opening of the hydrogen bonds. The heterochiral
structures that form after annealing have a reduced density of
hydrogen bonds and are more strongly dominated by the
substrate−adsorbate interactions. We suggest that the phase
transition on Ag(100) is associated with a change of the
molecule/surface bond and a small reconstruction of the first
layer of the substrate. A similar situation might presumably be
present on Cu(111). On the Ag(100) and Ag(111) surfaces,
the homochiral chain formation upon deposition reveals a high
mobility and the activation of the rotation around the long
molecular axis of QA allowing a change of the handedness. In
contrast, these degrees of freedom are reduced on the Cu(111)
surface. We attribute these differences to the stronger bonding
between QA and the Cu(111) surface compared to that on the
Ag surfaces.
Similar to many other prochiral molecules on surfaces,28 QA

on Ag(100) and Cu(111) as well as QA on Ag(111)30 forms
structures that are given by the subtle balances of different
forces and that undergo phase transitions upon annealing. The
observed phase transitions transform homochiral into hetero-
chiral structures, which is an aspect that is not uncommon for
structures of prochiral molecules on surfaces.28 In the case of
QA on Ag(100), Ag(111), and Cu(111), the initial formation
of the homochiral structures is mainly driven by intermolecular
hydrogen bonds. The heterochiral structures are thermody-
namically more stable because of stronger substrate−adsorbate
interactions and form upon annealing the as-grown and
kinetically trapped chainlike structures via a disordered
intermediate phase.
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The image in Figure 1 shows a structure model of the β-phase of quinacridone (QA) on the

Ag(100) surface that is formed after annealing at 500 K. The model shows all four symmetry

equivalent domains and illustrates how the chirality of the molecule changes between the

di�erent symmetry equivalent domains.

Figure S1: Structure model of the β-phase of QA on the Ag(100) surface. The model shows
all four symmetry equivalent domains and the corresponding superstructure matrices. The
black arrows indicate that the domains can be transformed into each other by a rotation
of 90◦, a mirror operation at a plane through the [10]-direction or a combination of the
two. The unit cells are indicated in red. A single unit cell does not describe correctly the
chirality of the molecules. This is the unit cell that we obtained from the STM and LEED
experiments (cf. text of article). A doubled unit cell correctly describes the chirality and is
therefore twice as long in the direction of b1.
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We report that in our paper1 all the tunneling currents are too large by a factor of

10. However, this error has no rami�cations regarding our interpretation of the data or the

conclusions we draw from it. Speci�cally this means that range of tunneling current that

were used in our expriments is 20 - 40 pA and not 200 - 400 pA as previously stated.
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ABSTRACT: Thef formation of self-assembled aggregates and domains of
quinacridone (QA) on epitaxial KCl layers on the Ag(100) surface was
investigated by scanning tunneling microscopy. If QA is deposited onto
incomplete KCl layers that do not cover the complete Ag(100) surface, the
QA molecules diffuse off the KCl islands and adsorb on the bare Ag surface
instead. This is attributed to the high mobility of QA on KCl and the small
Ehrlich-Schwoebel barrier of QA at KCl island edges on Ag(100). On KCl
layers that completely cover the Ag(100) surface, the growth of QA depends
on the thickness, namely, the number of monoatomic layers (ML), of the
KCl layer. We find that ordered linear chains, held together by strong
hydrogen bonds, and compact islands of these chains can be grown on thin
KCl layers on Ag(100) for thicknesses of up to about three ML of KCl. This
is attributed to attractive long-range dispersion forces between the QA molecules and the underlying Ag substrate through the KCl
layer. These contribute to the adsorption energy of QA and support the adsorption of QA in a flat-lying geometry. For thicker KCl
films, the attractive dispersion forces are not relevant, and hence, only nucleation of three-dimensional QA clusters occurs because
the intermolecular interactions overbalance the QA/KCl interactions.

1. INTRODUCTION
Molecular self-assembly of organic molecules on metal surfaces
is considered a method to create molecular nanostructures. By
making use of specific physical and chemical properties of the
molecules, e.g., their ability to form hydrogen bonds (H-
bonds), these structures can be tailored to fit specific needs.1−3
Considerable research effort has been put into the self-
assembly of one-dimensional molecular chains or wires in
recent years because these aggregates are not only interesting
for probing the fundamentals of physics at interfaces but also
for applications in a wide range of technological aspects.4−6
Recently, the molecule 5,12-dihydro-quino[2,3-b]acridine-
7,14-dione (quinacridone, QA; for structure formula, see
below) has attracted interest because one-dimensional
molecular chains of QA are ideal objects to investigate
electronic and excitonic effects in quantum confined
systems.7−9 QA (C20H12N2O2) exhibits four isomers, of
which in this work only the linear transisomer (see below)
was considered. It contains two keto- and two secondary
amine-groups, which are capable of forming intermolecular H-
bonds. These H-bonds are the dominant structure-determining
factor in the most known crystal structures of QA.10

One-dimensional chains of QA have been investigated on
Ag(111),11 Ag(100), and Cu(111),12 and on graphene and
MoS2.

13,14 These studies have shown that QA does indeed
form molecular chains on the named surfaces and that the
extended QA structures can be tuned by sample temperature,
coverage, or deposition rate. However, since the adsorption

and bonding to metal surfaces change the properties of the
molecules, the observation of the unperturbed electronic and
excitonic states is prohibited there. A solution to this problem
is the insertion of epitaxial layers of alkali halides (AH), which
decouple the molecules from the metal surface.15 A specific
advantage of AH is that films can be prepared with distinct
thicknesses and exhibit a large electronic band gap from
thicknesses of two monolayers onward.15,16 Epitaxial AH layers
of LiCl,17 NaCl,15,18−20 KBr,21,22 KCl,23 LiF,24 KF,25 and
RbCl17 have been investigated on different metal surfaces.
Recently, NaCl and KCl layers on Ag and Au surfaces have
been used to measure STM-induced molecular lumines-
cence,26,27 tip-enhanced photoluminescence spectroscopy,28,29

and the energy-selected fluorescence of single molecules on a
surface.30

While the decoupling of individual organic molecules from
the metallic substrate by layers of AH has been achieved, the
preparation of ordered structures of organic molecules on AH
layers through self-assembly remains challenging. One reason
is that AH layers on metals often follow the Vollmer-Weber
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growth mode. Because of this, some areas of the metal
substrate remain bare, and the molecules diffuse downward
from the AH layer to the metal substrate. Another problem is
the fact that on insulating layers, the adsorption energy (Eads)
of organic molecules is usually small compared to that on metal
surfaces, which often leads to dewetting or nonwetting on AH
layers.31 So far, only a few reports of self-assembled domains of
flat-lying molecules on AH layers have been reported, for
example, PTCDA/KCl/Ag(100),23 hexahydroxytriphenylene
on KCl(100),32 iron(II) phthalocyanine on NaCl/Cu(111),33

and CuOEP/NaCl/Ag(111).34 To the best of our knowledge,
on AH layers, self-assembled molecular chains consisting of
flat-lying molecules that are connected by H-bonds have not
been reported yet. We note, however, that during the
finalization of this work, Bretel et al. published data on a
very similar system.35 Finally, we mention that recently, a
slightly different topic in this context has also become of
interest, namely the growth of new hybrid structures of organic
molecules and AH molecules.36−38
In this work, we report the growth of QA chains on KCl

layers on Ag(100). Our findings indicate that QA has a small
Eads on KCl, which leads to a high mobility that enables the
molecules to diffuse from incomplete KCl layers onto bare
areas of the Ag surface. Furthermore, on KCl layers completely
covering the Ag surface, which can be prepared by choosing
optimized preparation parameters, it was observed that,
depending on the thickness of the KCl layer, QA forms either
chains of flat-lying molecules or bulk-like three-dimensional
(3D) clusters. We discuss that the lateral ordering of QA
molecules on the KCl layer depends on a subtle balance
between Eads of QA and the intermolecular interactions,
whereby Eads contains a contribution related to the Ag
substrate and is therefore influenced by the KCl layer
thickness. Our investigations show that, for a small range of
KCl layer thicknesses, the self-assembly of one-dimensional
QA chains can successfully be achieved.

2. EXPERIMENTAL SECTION
The experiments were carried out in an ultrahigh vacuum
chamber with a base pressure of 2 × 10−10 mbar. The
measurements were conducted by using a beetle-type scanning
tunneling microscope (STM, type UHV 300) from RHK
Technology. Furthermore, a microchannel plate low energy
diffraction (MCP-LEED) instrument from OCI Vacuum
Microengineering Inc. was used in order to check the prepared
KCl layers for structural quality. A quadrupole mass
spectrometer (QMS) of the type PRISMA from the company
Pfeiffer Vacuum served to monitor the evaporation of QA and
KCl. The Ag(100) crystal was cleaned by repeated sputtering
with Ar+ ions with energies of 1 keV and sample currents of 7−
9 μA for 30 min and subsequent annealing at 700 K for 1 h.
Afterward, the good structural quality of the Ag surface was
confirmed by LEED.
KCl was evaporated from a home-built evaporator at

crucible temperatures of ca. 870 K, while the sample was
held at a temperature of 400 K. Several sample temperatures
were tested, and it was found that at 400 K, large and smooth
wetting layers covering the complete surface had formed. In
contrast, deposition or annealing for 15 min after deposition at
500 K led to partial dewetting of the KCl layer and the
formation of KCl islands that were several layers thick. The
deposition rate was roughly 0.1 ML min−1, where 1 ML
corresponds to a nominal single atomic KCl layer completely

covering the Ag(100) surface. The evaporated amount of KCl
was monitored by integrating the QMS signal of the K+ ion
(m/z = 39 u) over time. The mass of KCl molecules (m/
z = 74.5 u) was also observable in the mass spectra. However,
the signal of the K+ ion was chosen because it was more
intense due to fragmentation. The average thickness θKCl of the
KCl layers in numbers of monolayers was determined by using
the integrated QMS signal and comparing it to that of a
reference layer with a small nominal thickness (<2 ML)
determined by STM.
Obviously, the local thickness of the KCl film in individual

STM images is not guaranteed to be identical with the average
thickness due to spatial variations. However, in our experi-
ments, a systematic change in the growth behavior of the QA
in correlation with the nominal (i.e., the averaged) KCl film
thickness was observed. Hence, we propose that this latter
value is meaningful for the interpretation of the STM results,
although small local variations of the thickness may apply.
The QA was purified by gradient sublimation39 and

evaporated from a home-built evaporator at crucible temper-
atures of 670−720 K with a deposition rate of roughly 0.5 ML
min−1, while the sample was held at a temperature of 300 K.
The deposition process was monitored by measuring and
integrating the QMS signal of a QA fragment (m/z = 128 u,
m(QA) = 312 u). The coverage θQA was calculated by
comparing the integrated QMS signal to a reference that refers
to a complete layer (1 ML) of a commensurate structure of
QA on Ag(100), the so-called β-phase.12
Prior to the STM experiments, the KCl layer was checked by

the MCP-LEED to ensure the presence of a well-ordered KCl
layer showing sharp LEED spots. The reported QA structures
were not observable by LEED because of very low QA
coverages or a lack of highly ordered QA structures. All STM
images were recorded in the constant-current mode at room
temperature. The STM tip was a self-cut Pt/Ir (90:10) wire,
and the bias voltage refers to the sample, while the tip was at
ground potential. Most images were recorded with negative
bias voltage (UBias) imaging occupied states and small currents
(Iset) below 10 pA in order to minimize tip-sample interactions.
Under these conditions, stable tunneling without much noise
was routinely possible. The images were processed using the
program SPIP.40 If not stated otherwise, the processing
included filtering out horizontal, vertical, or nondirectional
noise and an adjustment of the contrast. Additionally, the
distortion of the STM images of QA structures on KCl was
corrected with parameters that were obtained from images of
the KCl layer with atomic resolution, recorded under similar
tunneling conditions, using the surface unit cell corresponding
to the bulk KCl crystal structure.41

The structure models were drawn with the free software
Graphics Layout Engine42 and Adobe Illustrator.43 The
displayed hard sphere models of QA use bond lengths41 and
van der Waals radii44 from the literature.
Quantum-chemical calculations, namely density functional

theory (DFT) calculations, were performed with CRYSTAL17
version 1.0.2,45 applying the PBE functional46 augmented with
D3 dispersion corrections.47 The pob-tzvp-rev2 basis sets
developed for solid-state calculations were employed.48 In
preliminary calculations, it was found that improved structural
results are obtained after setting the empirical s8 parameter to
zero. The KCl(100) surface was modeled with a three-layer
8 × 12 super cell slab. In the Eads calculations, all atom
positions were fully relaxed; only the lattice vectors were fixed
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to the bulk-optimized values. The basis-set superposition error
was corrected by the counterpoise method.49 We calculated
single molecules, dimers, and trimers of QA on KCl. The latter
served as a model for the investigation of chains of QA
molecules. Larger ensembles could not be calculated due to
computational limitations given by the system size.

3. RESULTS
First, we report on the growth of KCl layers on the Ag(100)
surface. Then, we present the growth of QA structures on
incomplete and complete KCl layers and discuss how their
thickness influences the growth of QA.

3.1. Growth of KCl on Ag(100). Layers of KCl on the
Ag(100) surface have been investigated previously.23 Here, we
add some important details from additional observations. An
STM image of KCl on the Ag(100) surface is shown in Figure
1. The overview STM image shows a wetting layer of 2 ML of

KCl with several islands of 1 ML of KCl on top of it (upper
half) and a region of the bare Ag substrate (lower half), which
are separated by the edge of the KCl wetting layer. The KCl
wetting layer typically consists of large patches that grow across
Ag step edges, projecting the step edges onto the KCl layer.
This growth mode leaves large areas of the Ag(100) substrate
uncovered. This indicates a high mobility of KCl on Ag(100)
and a low Ehrlich-Schwoebel barrier between the KCl wetting
layer and the bare Ag surface at 400 K, as was pointed out
previously by Müller et al.23

Usually, the small quadratic islands on top of the wetting
layer are evenly distributed, but large areas without such
islands, i.e., up to 150 × 150 nm in size, can also be found. The
distribution and density of such islands vary even for identical
preparation parameters. The structure of KCl is incommensu-
rate with respect to the Ag(100) surface, but the two-
dimensional (2D) unit cell vectors of the Ag(100) surface and
those of the Cl−(100) and K+(100) surface unit cells exhibit
the same azimuthal orientations, as illustrated in Figure 2.
Distances of (4.6 ± 0.1) Å between the Cl− ions were
measured in STM images with atomic resolution (see the inset

of Figure 1). This is in good agreement with the value deduced
from LEED investigations by Müller et al.23 and that of the
bulk KCl crystal structure.41

Müller et al. originally proposed that the KCl wetting layer
exhibits a thickness of only one atomic KCl layer.23 However,
we measured heights between the KCl wetting layer and the
bare Ag substrate between 310 and 350 pm (UBias = −2.0 V,
Iset = 100 pA), whereas Müller et al. reported heights of only
250 pm (UBias = 0.84 V, Iset = 12 pA). For the quadratic islands
of the top layer, we found heights of roughly 140 pm (at the
same tunneling conditions), whereas Müller et al. reported
smaller heights of 120 pm. Examples of measured height
profiles across such step edges can be found in figure S2 of the
Supporting Information. The discrepancies are due to the
different polarities of the bias voltage. Indeed, we found that
for varying negative UBias, the apparent height of the wetting
layer is constant, while for positive UBias, it is strongly
dependent on UBias. This presumably makes the negative
polarity (that was used here) more suitable for the
determination of the layer heights. A similar observation of
varying apparent heights at positive UBias was made by Guo et
al. for NaCl/Cu(100)50 and by Sun et al. for NaCl on
Au(111).51 Guo et al. explained their results by electrons
tunneling from the tip into image potential states at distinct
bias voltages. Within the scope of the present work, we did not
investigate this phenomenon in further detail and use
arguments based on a suppression of the tunneling from the
Ag into the tip by the KCl layers.
The distance between (100) KCl lattice planes amounts to

314.5 pm.41 The step height measured by STM for a single
atomic layer of KCl on Ag(100) is expected to be smaller than
this value because of the suppression of tunneling by the large
band gap of KCl. Our values measured for the wetting layer
heights (310−350 pm) are hence too large to be explained by a
single KCl layer. In addition, the heights of the quadratic
islands (140 pm) are less than half of the wetting layer height.
Thus, we conclude that the quadratic islands on top of the
wetting layer are of monoatomic height (1 ML) and that the
wetting layer consists of 2 ML. This is also supported by other
results from the literature. Cabailh et al. found that for NaCl
on Ag(100), single ML islands can grow at low temperatures,
but at elevated temperatures, the growth of 2 ML thick islands
is always preferred.52 However, standing wave experiments
found that even at low temperatures KCl on Ag(100) forms a
2 ML wetting layer.53 A detailed hard-sphere model of the
wetting layer, and the quadratic islands is displayed in Figure 2.
The KCl film growth likely proceeds via the adsorption and

diffusion of KCl molecules on the Ag substrate, where the Ag
surface steps play an important role. We propose that the KCl
molecules adsorb on the lower terrace close to a Ag step edge
oriented in the preferred ⟨10⟩ direction (for the definition of
[10] and [01] see Figure 2) in an upright position. As reported
in ref 54, the local negative charge at the lower terrace side of
the Ag step edges, related to the Smoluchowski effect, leads to
KCl molecules pointing to the vacuum by their anions, while
the cations are oriented toward the Ag surface. Subsequent to
the decoration of the Ag steps by KCl molecules, the growth
continues on both the lower and upper terraces. Because the
upright standing molecules exceed the step edge in height, they
serve as a nucleus for further growth on the lower and upper
terraces (compare side views in Figure 2). Hence, the growth
of the 2 ML wetting layer continues with additional molecules
in an upright orientation on both sides of the steps. The

Figure 1. STM image (UBias = 3.9 V, Iset = 100 pA) of a KCl layer on
the Ag(100) surface. The image shows a KCl wetting layer (2 ML,
upper half) with several quadratic islands on top of it and a bare Ag
surface (lower half). The white arrow indicates the [01] direction of
KCl and the Ag(100) surface. The inset shows a close-up of the KCl
layer with atomic resolution. The bright protrusions correspond to the
Cl− ions.
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quadratic KCl islands on top of the wetting layer nucleate in
the form of a decoration of the replicated Ag step edge by a
row of upright standing KCl molecules in the ⟨10⟩ direction.
The nucleation at step edges is concluded from the observation
that the majority of the quadratic islands have a replicated Ag
step edge crossing their center (see Figure 2). The growth of
the quadratic islands then continues with flat-lying KCl
molecules because the apparent height of the quadratic islands
is too small for a KCl double layer.
Lastly, the interesting fact that the Ag step edges are

replicated by the KCl layer is addressed. For the KCl layer
thicknesses that we studied (≤6 ML), the replicated step edges
appeared sharp, similar to the step edges on the bare Ag(100)
surface (see Figure 1, upper half). For thicker layers, a so-called
“carpet growth mode” may also be expected. This was
previously observed for NaCl on the vicinal Ag(19, 1, 1)
surface by Kramer et al.55 but was not observed for our system.
The replicated step edges are preferably oriented along the
⟨10⟩ direction of the Ag(100) substrate, which is the most
favored direction for the Ag steps. This implies that the
replicated KCl step edges are polar because, in the ⟨10⟩
direction, a KCl step edge consists of only Cl− ions (see Figure
2). This is in contrast to the step edges that typically limit the
KCl wetting layer and the quadratic islands on top of it, which
are oriented along the ⟨11⟩ direction and consist of alternating
ions leading to nonpolar step edges (see Figure 2). This
difference of the steps will be important in the context of the
nucleation of QA structures at step edges.

3.2. Nonwetting of QA on Incomplete KCl Layers. The
results in this section concern the case in which QA (θQA =

0.5 ML) was deposited onto a partial KCl layer, which did not
completely cover the Ag(100) surface. This was achieved by
annealing the KCl layer (θKCl = 6 ML) after deposition for
15 min at 500 K, which caused partial dewetting. As a
consequence, some areas of the Ag substrate were covered by
very thick KCl layers (θKCl > 6 ML, no STM measurements
possible), while other areas were covered by thin KCl layers
(θKCl ≤ 3 ML) or were completely bare of KCl. A
corresponding STM image is displayed in panel (a) of Figure
3; it was recorded two h after the deposition. The image shows
a step edge with a 500 pm height, which separates the bare
Ag(100) surface (right-hand side) from a KCl island (left-hand
side). A corresponding height profile of the step edge is shown
in panel (b) of the figure. The height of 500 pm indicates that
this step edge is three KCl layers high. Zooming into an area
on the KCl layer shows that it is without any QA molecules on
top of it, and it was possible to scan the layer with atomic
resolution (see Figure S1 of the Supporting Information). One
could argue that this is due to removing the QA molecules
from the KCl layer in the process of scanning, which is a
common and well-known phenomenon for STM.56,57 How-
ever, this can be excluded here because the KCl layer always
appeared clean during the first scan, and there was no
particularly high noise in the tunneling current, which is
typically seen when the STM tip is dragging molecules across
the surface.
Looking at the Ag surface in panel (c) of Figure 3 reveals

that it is densely covered with QA molecules. A structure
formula for QA is displayed in panel (d) of the figure. This QA
layer is disordered and consists of chain-like structures with

Figure 2. Structure model of thin KCl layers on the Ag(100) surface with one top-down view and two different side views. The model shows a 2
ML wetting layer (faint colors) that grows across a Ag step edge in the ⟨10⟩ direction with a quadratic island on top (full colors) consisting of one
atomic layer. The Ag step edge is replicated onto the KCl layer and leads to polar step edges consisting only of Cl− ions. The step edges in the ⟨11⟩
direction, which limit the wetting layer, and the quadratic islands consist of alternating ions and are therefore nonpolar. The KCl exhibits a
quadratic unit cell with the same azimuthal orientation as the unit cell of the underlying Ag(100), and the length of the KCl unit cell vectors is
4.44 Å.
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Figure 3.Medium coverage of QA (θQA = 0.5 ML) on a thick KCl layer (θKCl = 6 ML), which does not completely cover the Ag(100) surface. (a)
STM image (UBias = −1.5 V, Iset = 8 pA). On the left side, there are two KCl islands with a thickness of three monoatomic layers; the dark area on
the right side corresponds to the QA-covered Ag surface. A height profile along the white arrow is shown in panel (b). Panel (c) shows a close-up
(UBias = −1.5 V, Iset = 8 pA) of a small excerpt of the dark area. It shows an assembly of QA molecules on the Ag(100) surface similar to that of the
α-phase that is observed on a pure Ag(100) surface12 but which is more disordered here. A structure formula of the molecule QA is displayed in
panel (d).

Figure 4. Growth of QA on thick KCl layers (θKCl = 5 ML), which completely cover the Ag(100) surface. (a) Constant current STM images (UBias
= −1.5 V, Iset = 10 pA) of a small coverage (θQA = 0.05 ML). It shows several substrate step edges and several bright protrusions that are mainly
located at the step edges of the substrate, which are replicated by the KCl layer. (b) Close-up showing three QA clusters. (c) A height profile along
the line in panel (b) crossing one of the clusters. (d) Constant current STM image (UBias = −3 V, Iset = 10 pA) of a medium QA coverage (θQA =
0.5 ML). It shows elongated clusters that start at a KCl step edge and grow along the vertical axis of the image. (e) Schematic structure model for
the molecular orientation. The model, including the angle of the molecules with respect to the KCl layer, is based on a similar structure that was
found on SiO2.

59 This parallel configuration of the molecules may seem energetically less favorable due to the close proximity of functional groups
of the same charge compared to one with alternating keto and amine groups. But it is in agreement with the γ-phase of bulk-QA10 and the structure
that was found on SiO2.

59 For further details, see the text.
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many defects and kinks; however, very few of the chains are
straight. These disordered structures have strong similarities
with the α-phase that was previously observed for QA on the
bare Ag(100) surface.12 The α-phase consists of long, straight
parallel chains of molecules that are connected via four H-
bonds each. The noted disordered structures were commonly
observed on the bare Ag patches between KCl islands by STM,
and additionally, LEED images (see Figure S3 of the
Supporting Information) exhibited smeared-out spots corre-
sponding to those of the previously observed α-phase,12
indicating that a significant fraction of the surface is covered by
this disordered structure.
We explain the clean KCl layer and the formation of the

disordered structures by diffusion-transport of the molecules
from the KCl layer to the Ag surface. This leads to a lateral
compression of the chains that formed on the Ag surface. The
compression does not occur if QA (θQA = 1.2−1.5 ML) is
deposited directly onto the pure Ag(100) surface.12 This
indicates that the compression is caused by the subsequent
diffusion of QA from the KCl islands into the formerly
nucleated QA chains on the Ag surface. This effective diffusion
transport indicates a small diffusion barrier for QA on KCl and
a small Ehrlich-Schwoebel barrier for QA across the KCl/Ag
island edges. The transport mechanism over the step edge is
possibly a “log-roll” mechanism, i.e., one with the long edge of
the molecule parallel to the step edge, which was suggested for
pentacene and several other molecules in a theoretical work by
Goose et al.58

3.3. Clusters of QA on Complete Thicker KCl Layers.
In the following, we report on QA on a thick and complete
KCl layer of about 5−6 ML. Panel (a) of Figure 4 shows an
STM image for small coverage (θQA = 0.05 ML). The image
shows a typical Ag(100) surface with several step edges. The
entire surface is covered homogeneously by KCl, and the step
edges of the Ag substrate are replicated by the KCl layer. The
QA is visible in the form of several round or ellipsoidal
protrusions, which we assign on the basis of their height profile
in panel (c) to small clusters of QA. These clusters are
predominantly located at the replicated Ag step edges, but a
few of them are found on the KCl terraces as well. In panel (b),
a close-up of three clusters is displayed, with a corresponding
height profile across one of the clusters in panel (c). This
reveals that the clusters are of similar size and are of (5 ± 1) Å
in apparent height and between 30 and 80 Å in both lateral
dimensions. The close-up in panel (b) also shows that the
clusters exhibit a substructure that might correspond to
individual molecules standing upright on their long edge.
If a higher coverage of QA (e.g., θQA = 0.5 ML) is deposited

on such a KCl layer, large elongated clusters are observed,
which are shown in panel (d) of Figure 4. These clusters are
about (12 ± 2) Å in height, up to 100 Å in width, and of
variable length. Their apparent height exceeds that expected
for flat-lying molecules, raising the question of how internal
molecular assembly within these clusters could be. Previously
conducted X-ray diffraction experiments by Scherwitzl et al.,59

as well as Berg et al.,39 on QA films on SiO2 found two
different phases with upright standing QA molecules. One was
present at smaller nominal thicknesses and was assigned to an
interface-near, substrate-induced thin-film phase.59 The other
phase was prevalent for thick QA films and is therefore not
considered here. The thin film phase may potentially explain
the observed structures. A model of this thin film phase is
illustrated in panel (e) of Figure 4. It shows molecules standing

on their short edge, which are tilted by 20° with respect to the
surface normal according to ref. 59. The flat sides face one
another, allowing for π−π interactions. It is not possible to
determine the exact geometric heights of the molecular clusters
by STM, especially not in the case of an insulating layer
underneath them. However, the apparent height of the
observed elongated clusters of (12 ± 2) Å is within a
reasonable range of what would be expected for QA molecules
standing upright on their short edge, which is roughly 15 Å for
a tilted hard-sphere model of the molecule.
The smaller apparent heights of the further above-described

clusters at a small QA coverage (5 Å, see Figure 4a) cannot be
explained by the same structure model but with one where the
molecules are standing upright on their long instead of their
short axis. Here, a height of ca. 7 Å would be expected. The
upright orientations of both structures agree with those found
for other molecules on AH layers. For example, for pentacene
on KBr and KCl,60 on both surfaces, two different kinds of
domains were reported, consisting of pentacene molecules
standing on their long and short edges, respectively.
It has been brought to our attention by one referee that the

clusters could also be composed of a mixture of KCl and QA
molecules similar to those mentioned in the introduction but
of 3D character. Although we cannot exclude this from the
experimental side, we consider this possibility less likely, as no
2D hybrid structures of QA and KCl on the Ag(100) surface
(similar to those of PTCDA and KCl reported in ref. 38) were
observed at low coverages of KCl.

3.4. Domain and Chain Growth of QA on Thin KCl
Layers. Finally, we will present results for QA on a thin KCl
layer of 2−3 ML. Panel (a) of Figure 5 shows an STM image

for a small coverage (θQA ≈ 0.05 ML) of QA on 2−3 ML KCl
on Ag(100); a corresponding structure model is displayed in
panel (b). The QA molecules form small domains of parallel
chains consisting of many parallel QA molecules bordering one
another with their long edges. As for the chains of QA on
Ag(100) in the α-phase,12 the motif for the formation of
molecular chains are the intermolecular H-bonds between
neighboring molecules that form between the keto-group of

Figure 5. QA on a thin KCl layer. (a) STM image (UBias = −3 V, Iset =
10 pA) of QA/KCl/Ag(100). The entire Ag(100) surface is covered
by this thin KCl layer (θKCl = 2.5 ML), and the QA coverage is very
small (θQA ≈ 0.05 ML). The two white arrows depict the [10] and
[11] directions of the KCl(100) surface/Ag(100) interface. The
image shows that the QA forms small domains of parallel chains. The
molecular arrangement within the chains is displayed in the inset
(UBias = −1.5 V, Iset = 10 pA), and a corresponding structure model is
displayed in (b). The color code of the atoms is as follows: black =
carbon, gray = hydrogen, blue = nitrogen, and red = oxygen.
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one molecule and the amine-group of a second molecule. This
implies that all molecules within one chain have the same
chirality because, otherwise, they would not be able to form H-
bonds between one another. The model displayed in (b)
shows the ideal case of a QA domain with an ordered structure,
where one unit cell, defined by the vectors b1 and b2, describes
the complete domain. However, the STM images show that
the chains are often offset with respect to one another in the
direction of b1 in an irregular manner. This means that there is
no correlation or only a small correlation between the chains of
the same domain in the direction of b1. This was already
observed for QA on Ag(100), where the correlation in
particular decreases with increasing distance between neigh-
boring chains.12

The analysis of the STM images yields an intermolecular
distance within the chains of b1 = (6.6 ± 0.2) Å. Within the
margin of error, this value is identical with the intermolecular
distance for QA/Ag(100) in the α-phase, showing that the
length of the H-bonds remains unaltered by the insulating KCl
layer with respect to the Ag(100) surface. The interchain
distance for QA/KCl/Ag(100) is determined to be b2 = (20.0± 0.5) Å. Comparing this value to the situation of QA/
Ag(100) is not straightforward because on Ag(100), the
interchain distance depends on the coverage. When we
compare it to the chain distance on Ag(100), for the α-
phase at its maximum coverage, this distance is larger on QA/
KCl/Ag(100) by 3.6 Å (22%). A potential reason for this is
that for QA on Ag(100) the layer is laterally compressed due
to the high Eads, leading to a smaller interchain distance.
The chains adapt four distinct symmetry-equivalent

azimuthal orientations (only two are visible in Figure 5).
Analysis of the STM images yields that the chains are rotated
by (33 ± 3)° with respect to the ⟨10⟩ direction of the Ag
substrate. This was determined by measuring the angle of the
QA chains with respect to the step edges of the quadratic KCl-
islands, which have a known azimuthal orientation with respect
to the Ag(100) substrate. Within the margin of error, the
azimuthal orientations are identical to those of QA chains on
the clean Ag(100) surface, which are rotated by (31.2 ± 0.5)°
with respect to the ⟨10⟩ direction. Whether the azimuthal
orientation of the chains on KCl is given by the Ag substrate
that interacts with the QA molecules across the KCl layer or by
the surface of the KCl layer itself will be discussed in Section 4.
The most prominent difference between the QA structures on
KCl/Ag(100) and clean Ag(100) is that, on KCl/Ag(100), QA
forms small domains where there is almost no space between
neighboring chains. Contrary to this, on clean Ag(100) at
coverages below 1 ML, the chains are isolated and maximize
the distance to their neighbors. This can lead to distances
between the chains of up to 60 Å. This phenomenon was
explained by a substrate-mediated long-range repulsive
interaction between the chains, which is induced by charge
density waves in the surface electrons.12 This repulsive
interaction is no longer present on the KCl layer because,
due to the larger distance, no electronic interactions between
the QA molecules and the Ag surface electrons can occur. In
the absence of this repulsive interaction between chains, the
attractive van der Waals interactions between neighboring
chains cause the formation of compact domains.
So far, only compact domains of QA on flat KCl terraces

without steps have been considered. In Figure 6, STM images
of QA on the thin KCl layer with polar and nonpolar step
edges are displayed in panel (a) and a close-up of polar step

edges in panel (b). The two step edges in the bottom right and
bottom left of panel (a) correspond to quadratic KCl islands in
the topmost layer (nonpolar steps), and the two step edges
running diagonally through the center of the image are Ag step
edges that are replicated by the KCl layer (polar steps). As can
be seen in panel (a), several QA chains have nucleated at the
nonpolar step edges of KCl islands in the topmost layer. The
chains are marked with the letters A and B. There are long
chains that are several nanometers long as well as very short
chains that consist, judging by their lengths, of only 2−3
molecules. Their azimuthal directions are identical with those
of the chains and domains on terraces that are not attached to
step edges. Therefore, we conclude that the nonpolar step
edges of KCl are favorable starting points for the growth of QA
chains, but that the azimuthal directions of the chains are
determined by the underlying substrate in combination with
intermolecular interactions (see Section 4.3). However, the
observation of compact domains of QA chains in Figure 5
shows that step edges are not required for the growth of chains.
On smooth areas without any step edges, the compact domains
form because they are more stable than individual chains. At
step edges, it is possible to observe individual chains because
they are stabilized by the step edges.
Candidate structure models for the start of the chain growth

at nonpolar KCl step edges are displayed in panel (c). The
models take into account the azimuthal orientations of the QA
chains with respect to the KCl step edges and consider the
local charges of the KCl layer and the single QA molecules. In
both models A and B, the QA molecule located closest to the
KCl step edge is adsorbed with one of its oxygen atoms on top
of a K+ ion and close to another K+ ion in the KCl step edge. In
model B, a QA molecule replaced two ions of the KCl island
edge. We propose that this may occur because this replacement
maximizes Eads at the step edge by Coulombic interactions
between the oxygen atoms and the K+ ions. A similar scenario
was already observed, for example, for PTCDA at KCl(100)
step edges.61

A close-up of two polar step edges is displayed in panel (b).
There are bright protrusions on the upper as well as the lower
terrace side of each step edge. This shows that the polar step
edges are decorated by QA molecules that do not form
molecular chains. This might be because the adsorption
geometry of QA molecules at polar step edges differs from that

Figure 6. Growth of QA (θQA = 0.05 ML) chains at KCl step edges
on a complete thin KCl layer (θKCl = 2.5 ML). (a) Constant current
STM image (UBias = −3.5 V, Iset = 10 pA) of QA/KCl/Ag(100).
Several chains starting at nonpolar KCl step edges are visible. The two
white arrows indicate the ⟨10⟩ and ⟨11⟩ directions of the Ag(100)
and KCl surfaces. (b) Close-up of two polar step edges. It can be seen
that the upper as well as the lower part of the step edge is decorated
by QA molecules. (c) Models of QA chains at nonpolar KCl step
edges. The letters A and B refer to the same situations in (a).
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at nonpolar steps, for example, by an upright adsorption
geometry of the QA on its long edge, which does not support
chain growth.

4. DISCUSSION
4.1. Possible Charging of the QA Molecules. First, we

address whether the QA molecules are charged on the KCl
layer because some organic molecules on epitaxial insulating
layers on metal surfaces are charged via charge transfer from
the metal (although no cases are known on KCl).62−65 In our
STM images, the QA molecules always appeared as featureless,
identical rods. Not a single molecule with a different contrast
or submolecular resolution was observed. Thus, at present, we
have no experimental evidence that the molecules are charged,
and we hence interpret our results so far on the basis of
uncharged molecules, which is compatible with all findings.

4.2. Energetic Considerations Concerning the Wet-
ting. As a first interesting result, we discuss that the growth of
QA on KCl depends on the thickness of the underlying KCl
layer. Thin KCl layers (2−3 ML) support the growth of chains
of flat-lying molecules, while thicker KCl layers (4−6 ML) lead
to nonwetting and the formation of 3D QA clusters. We
suppose that the latter KCl layers are thick enough to suppress
the attraction between the Ag substrate and the QA molecules.
This means that the growth of flat-lying molecular QA chains
on KCl is per se not favored because Eads of QA on KCl is too
small in relation to the sublimation enthalpy (Hsub) of QA
crystals. Thus, nonwetting and the formation of 3D bulk-like
structures are preferred on thick KCl films. A potential reason
for the small Eads of QA on KCl is a geometric mismatch
between the partial charges of the QA molecules and the
charged ions in the KCl layer that leads to only a small
electrostatic attraction between the molecule and the KCl
surface. Recent publications on substituted helicene molecules
on ionic Suzuki surfaces have illustrated the importance of
such a geometric matching of opposite charges across the
interface between the molecules and the surface with respect to
Eads and the resulting adsorption configuration of the

molecules.66,67 The electrostatic interaction between QA and
the KCl lattice is discussed in further detail in Section 4.3.
The above assessment that flat-lying QA has a low Eads is

supported by our DFT calculations for QA on a semi-infinite
KCl(100) surface. In the following, En (n = 1, 2, and 3) will
denote the calculated Eads per molecule of a mono-, di-, and
trimer, respectively (for an illustration, see Figure 7). Our
value for E1 of a calculated QA monomer on KCl is 1.46 eV,
with only a small share of the dispersion energy (Edisp) of
0.71 eV (i.e., ∼ 50%). We compare this value for E1 to that of
an isolated PTCDA molecule on KCl or NaCl, which is known
to form ordered structures of flat-lying molecules on the
named surfaces.23,68 Theoretical DFT calculations by Hoch-
heim and Bredow yielded adsorption energies in the range of
2.5−2.7 eV for PTCDA on NaCl and KCl, depending on the
used basis set.69 DFT calculations by Aldahhak et al. yielded
adsorption energies of 2.9 and 2.5 eV for PTCDA on NaCl and
KCl, respectively.70 All calculated values for PTCDA on KCl
and NaCl are larger by a factor of at least 1.7 than the E1 =
1.46 eV of QA on KCl, although both molecules exhibit a
similar footprint size. The larger value of Eads for PTCDA on
KCl is presumably related to a better geometric match between
the partial charges in the PTCDA molecule and the charges on
the KCl surface than is the case for QA on KCl.
To the best of our knowledge, values of Hsub of QA cannot

be found in the literature. However, Scherwitzl et al. reported
the desorption energy for QA on the SiO2 surface as 2.1 eV,

71

which was derived from the zero-order thermal desorption
spectra of QA multilayers. This value should be close to the
Hsub. Furthermore, the lattice energies of different QA crystal
structures, which should also be close to Hsub, were calculated
by Panina et al. using the program Accelrys Polymorph
Predictor and are in the range of 2.1−2.3 eV.72 Our own
calculations yielded a value of Hsub = 2.54 eV. In order to
compare these values to the calculated Eads of QA on KCl, it is
necessary to look at small ensembles of QA molecules on KCl
in order to include the intermolecular interactions which
contribute to Eads. Therefore, we also calculated a QA dimer

Figure 7. Structure Models of QA on KCl(100). The upper part of the image shows the DFT calculated adsorption geometries of a single QA
molecule on the left side (E1 = 1.46 eV), a QA dimer in the middle (E2 = 1.79 eV per molecule), and a trimer on the right side (E3 = 1.86 eV per
molecule). The lower half of the image shows a chain of five QA molecules with azimuthal orientation, which was determined from STM
experiments for long chains. The unit cell that was derived from the STM images of domains (see Figure 5) is displayed in red.
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(E2 = 1.79 eV per molecule) and a trimer (E3 = 1.86 eV per
molecule) on KCl. These values indicate that at a chain length
of three, Eads per molecule already approaches a maximum; i.e.,
it will not significantly increase further for longer chains.
Hence, the comparison shows that E3 = 1.86 eV, which
includes the intermolecular interactions, is only between 73%
and 90% of Hsub of QA (2.1−2.54 eV). As a consequence, the
formation of bulk-like 3D aggregates is energetically favored
over that of QA chains and domains on KCl.
Growth scenarios similar to the one observed here are

reported in the literature, e.g., the methoxy functionalized
para-quaterphenylene on NaCl and KCl layers on a glass
substrate forms domains with upright molecules as well as
fiber-like crystallites with lying molecules without the
formation of a wetting layer.73 Furthermore, the adsorption
of para-hexaphenyl on KCl, NaCl, and KBr shows a similar
behavior of nonwetting.74,75 Other authors also report
metastable domains that dewet post-deposition or at specific
coverage thresholds, e.g., for PTCDA/NaCl,68 PTCDA/KCl,76

or hexamethoxytriphenylene on KBr.77 A coexistence of two
types of domains, one consisting of flat-lying molecules and the
other consisting of standing molecules, was reported for a
triphenylene derivative on KBr.78 These examples point to
small interfacial adsorption energies, which seem to be typical
for organic molecules on layers of wide band gap materials
such as KCl and which often lead to dewetting or
nonwetting.31

The observed wetting of QA on thin KCl films implies that
an additional force needs to be present that stabilizes the
growth of flat-lying QA chains. We suppose that this attractive
force is provided by the underlying Ag substrate in the form of
van der Waals dispersion forces over a long range. These
decrease with distance and, hence, the KCl film thickness.
Indeed, in a theoretical study, Robledo and co-workers79

showed that Eads of benzene on 1, 2, and 3 monoatomic layers
of NaCl on Cu(100) decrease with increasing thickness of the
NaCl layer. The corresponding adsorption energies were
reported as −1.3 eV, −0.75 eV, −0.48 eV, and −0.35 eV for 0,
1, 2, and 3 NaCl layers, respectively, and attributed to van der
Waals dispersion forces that contribute to Eads by −0.3 eV to
−0.5 eV. The potential of these dispersion forces decreases
with the distance z between the benzene and the NaCl/
Cu(111) interface, i.e., the NaCl film thickness, proportional to
z−3. Since benzene exhibits only roughly 20% of the size of QA,
we expect that such van der Waals dispersion forces between
the QA molecules and the Ag substrate are even larger than the
former. Furthermore, it was reported by Guo et al.61 that the
diffusion barrier of PTCDA on KCl on Ag(100) depends on
the thickness of the KCl layer. This effect was also attributed to
the Ag substrate. Lastly, for copper-octaethyl phorphyrin on
1−3 ML thick NaCl films on Ag(100) and Ag(111), an STM
work by Ramoino et al.34 showed that Eads decreased with
increasing NaCl layer thickness. On the basis of our results and
the above examples from the literature, we conclude that
attractive van der Waals forces also stabilize the QA structures
on KCl layers of 1−3 ML thickness but that these are too weak
for KCl layers of thicknesses above 3 ML to cause an effect
there. Hence, within the kinetic limitations, the variation of
Eads with the KCl layer thickness determines whether the QA
molecules form 2D domains and chains of flat-lying molecules
or condense into bulk-like 3D aggregates.
Lastly, we comment on the mobility of QA on the KCl

layers. Both the fact that the QA molecules are able to diffuse

off the KCl islands and the formation of molecular chains and
chain-like clusters show that the mobility of QA on KCl at
300 K is high. This is conceivable in view of the small values of
Eads of the single QA molecule on the KCl surface, and it fits
further to the earlier observation that QA exhibits already a
high mobility on the Ag(100) and Cu(111) surfaces,12

although Eads is larger there. The deduced low Ehrlich-
Schwoebel barrier of QA at the KCl/KCl and KCl/Ag(100)
steps is also plausible in view of the low Eads of QA on KCl.
This conclusion is supported by the theoretical work of Goose
et al., who showed that for organic molecules, a roughly linear
correlation between Eads and the Ehrlich-Schwoebel barrier
exists.58

4.3. Adsorption Geometries and Azimuthal Orienta-
tions. An interesting question concerns the understanding of
the adsorption geometry of single QA molecules and chains of
QA molecules with respect to the KCl surface. For this
purpose, we again consider our DFT calculations for the QA
monomer, dimer, and trimer on KCl in detail. Calculated
structures are illustrated in the upper half of Figure 7. A
structure model of a QA chain derived from STM data (see
Figure 5) with a corresponding unit cell is shown in the lower
half of the figure. Interestingly, the mono-, di-, and trimer
exhibit different azimuthal orientations of 20, 28, and 33° with
respect to the KCl ⟨10⟩ direction, respectively. The azimuthal
orientation of the trimer is identical with that of the
experimentally observed chains. As the DFT calculations
were performed on a KCl half-space (without Ag), this
agreement indicates that the azimuthal orientation is a
consequence of the direct interactions between the KCl and
QA molecules. Hence, the fact that the above-noted azimuthal
orientations of QA chains on KCl/Ag(100) and Ag(100) are
identical is likely a coincidence.
To understand the different azimuthal orientations of the

calculated mono-, di-, and trimers, we look at their adsorption
geometries in more detail. In the following, the notation E0n
(n = 1, 2, and 3) denotes the site energies per molecule of an
aggregate with n molecules, i.e., the direct interactions between
the KCl surface and the QA molecules without the
intermolecular interactions. Differently, En denotes the
adsorption energy, including the site energy and the
intermolecular interactions. We note that in our notation,
more positive values of the energies refer to more tightly
bonded molecules. The monomer shown in Figure 7 is located
on the most favorable adsorption site found by DFT, with
E1 = 1.46 eV. (Note that E1 = E01.) The central carbon ring
and the two nitrogen atoms are on 4-fold hollow sites, the two
oxygen atoms are on bridge sites, and the two outer aromatic
carbon rings are on top of K+-ions. Small deviations from this
adsorption site lead to a significant decrease in E1. For
instance, a rotation by ±8° (see Figure S4 of the Supporting
Information) or a translation along the short molecular axis of
QA decreases E1 by up to 0.2 and 0.7 eV, respectively. This
indicates that we have a very distinct and favorable adsorption
site for a single QA molecule.
The calculated structure of the dimer (E2 = 1.79 eV) shows

an unexpected feature. The two molecules are shifted with
respect to each other in the direction of the long molecular
axes. Such an offset was never observed for longer QA chains
by STM. The likely reason for this shift is a maximization of
the interactions of the QA with the KCl surface because the
shift yields a C2 symmetry; i.e., both molecules come onto
equivalent adsorption sites. The azimuthal orientation of the
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dimer differs by 8° from that of the monomer, which can be
understood as follows. The rotation provides a more favorable
adsorption site for the second molecule. As seen from Figure 7,
both molecules of the dimer sit on sites very similar to that of
the monomer. The energy cost of the rotation was estimated
by DFT (see Figure S4 of the Supporting Information) and is
2 × ΔErot = 2 × 0.2 eV = 0.4 eV, resulting in a site energy for
the dimer of E02 = E01 − ΔErot = (1.46 − 0.2) eV = 1.26 eV. In
the alternative situation where the second molecule was placed
parallel to the monomer without a rotation, it would be on an
unfavorable site with an energy cost of ΔEtrans = 0.7 eV,
yielding E02 = (1.46−0.7) eV = 0.76 eV.
By DFT, we also calculated the interaction energy ENN2

between the two QA molecules of the dimer, which is
comprised of H-bonds and van der Waals dispersion
interactions. This yielded a value of ENN2 = 0.42 eV per
molecule, with a share of the dispersion energy EdispNN = 0.12 eV.
The remaining value of (0.42 − 0.12) eV = 0.30 eV has to be
attributed to the intermolecular H bonds. (As ENN2 relates to
one molecule sharing two H-bonds with its neighbor, 0.30 eV
is the energy of one H-bond.) It is comparable to typical values
for H-bonds of the type N−H···O. For example, the energy of
the H-bonds between ammonia and water is 0.24 eV.80

The molecules in the trimer (E3 = 1.86 eV per molecule) are
further rotated by 5° with respect to the ones of the dimer, but
they do not exhibit the same kind of offset. The azimuthal
orientation of the trimer is in agreement with that of the
experimentally observed chains. The calculated interaction
energy for the trimer is ENN3 = 0.59 eV (EdispNN = 0.14 eV) per
molecule. Hence, the average site energy E03 can be calculated
by subtracting ENN3 from the calculated value of Eads of the
trimer: E03= (1.86−0.59) eV = 1.27 eV. The value for E03 is
smaller than the ones for E02 and E01, showing that longer
chains include molecules with less favorable adsorption sites.
The intermolecular interactions for longer QA chains ENN∞
can be estimated by ENN3. In the trimer, the average
coordination number is 4

3
, but in an infinitely long chain, it

would be 2. Hence, the intermolecular interactions in long
chains can be estimated as = · = · =E E E2 0.79 eVNN

3
4 NN

3 3
2 NN

3 .
All calculated values are summarized in Table 1.

Overall, our DFT results show that small chains of QA
molecules (2 and 3 molecules) adapt orientations that differ
from those of the monomer. The reason is that the
continuation of the growth with the azimuthal angle of the
monomer leads to unfavorable adsorption sites in terms of
electrostatic interactions for the additional QA molecules in
the chain. Hence, the dimer and trimer rotate with respect to
the monomer in order to maximize the average interaction
with the KCl surface. Our DFT results indicate that this
rotation is relevant up to a chain length of about three
molecules because calculated chains of three molecules exhibit
approximately the same orientation as the long chains observed
by STM.
A potential reason why the final azimuthal orientation is the

most favorable may be the following. A projection of the vector
b1 onto the KCl [11] direction yields a length that corresponds
to the KCl bulk lattice constant. Thus, the spacing between the
centers of molecules in the [11] direction (horizontal in Figure
7) also corresponds to the KCl lattice constant, as indicated in
Figure 7. A consequence of this spacing between the
molecules, their geometry, and their azimuthal orientation is
that the oxygen atoms, which possess the highest local charge
of the molecule, fall on sites between the anions and cations,
i.e., in between the rows of alternating K+ and Cl− ions in the
[ ]11 direction. (We note that the molecular geometry does not
allow us to place both O atoms on K+ top sites.) This geometry
is also in agreement with that from DFT calculations because
the oxygen atoms in the calculated mono-, di-, and trimer are
on similar adsorption sites. Hence, the oxygen atoms avoid the
on-top positions on K+ and Cl− ions, optimizing Eads. These
observations further support the conclusion that the azimuthal
orientation of the QA chains is determined by their
interactions with KCl and not by the underlying Ag surface.
We note that the situation at the KCl step edge (see Figure 6)
is different from that on terraces. The molecules in the chains
that grow at the KCl step edges may be translationally shifted
with respect to those on terraces due to the strong Coulombic
interactions between the terminal molecules and the ions in
the step edge.
The adsorption geometries also play an important role in the

question of whether all chains of QA on KCl in a domain have
the same chirality. As said, individual chains need to be
homochiral to allow the formation of intermolecular H-bonds.
For domains composed of parallel chains, this aspect is not so
obvious. However, if two chains had the same azimuthal
orientation γ with respect to the KCl ⟨10⟩ direction but
consisted of different enantiomers, they would comprise
molecules on different individual adsorption sites and therefore
exhibit different Eads. Hence, for a change of the handedness of
molecules, we would expect a change in the azimuthal
orientation (γ → −γ) of a chain. Therefore, we conclude
that all domains with the same azimuthal orientation consist of
the same enantiomer.

5. CONCLUSIONS
In summary, we have investigated the adsorption and ordering
of quinacridone (QA) on the Ag(100) surface. We found that
there is a relationship between the thickness of the KCl layer
and the ordering of the QA molecules. On thick KCl layers
(4−6 ML), we observed a nonwetting of the QA molecules
and a formation of clusters that share similarities in their
structure with known QA crystal structures. The nonwetting is
attributed to the small adsorption energy of QA on KCl that

Table 1. Values for the Adsorption Energy En per Molecule
Obtained From the DFT Calculations for Small QA
Aggregates and the Extrapolated Infinitely Long Chain on
KCla

monomer dimer trimer ∞ chain

γ/° 20 28 33 33
coordination number 0 1 4

3
2

En per molecule/eV 1.46 1.79 1.86 ≲1.86
E0n per molecule/eV 1.46 1.37 1.27 1.07
Edisp per molecule/eV 0.71 0.70 0.70 0.70
ENNn per molecule/eV not applicable 0.42 0.59 0.79

aIn addition, the table shows the interaction energy per molecule of
the cluster of length n between two next neighboring QA molecules,
ENNn, the angle γ between the long axis of the QA molecules and the
⟨10⟩ direction of the KCl, the average site energy, E0n, and the
dispersion energy between the QA molecules and the KCl surface,
Edisp, which is contained in E0n. The following formulas were used: E02
= E2 − ENN2, E03 = E3 − ENN3, and E0∞ = E∞ − ENN∞. For more
details, see the text.
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results from a structural mismatch between partial charges in
the hydrogen-bonded QA chains and the ions of the KCl
surface. In contrast, on thin KCl layers (2−3 ML), we found
small domains of flat-lying parallel QA chains and individual
chains that nucleated at KCl step edges. We propose that these
aggregates are stabilized by long-range dispersion interactions
through the thin KCl layers between the molecules and the
Ag(100) substrate. By coincidence, these chains exhibit the
same azimuthal orientations as QA chains on the bare Ag(100)
surface12 and also the intermolecular distance of (6.6 ± 0.2) Å
is the same due to the strong intermolecular interactions of
0.79 eV per molecule. However, DFT calculations reveal that
the chain orientation is a consequence of the interaction
between the KCl surface and the QA.
Overall, our work shows that the lateral ordering of QA

molecules on thin KCl layers of Ag(100) is determined by a
subtle balance between the adsorption energy and intermo-
lecular interactions. Furthermore, it shows that for a narrow
range of KCl layer thicknesses, the self-assembly of molecular
chains via H-bonds on alkali halide layers on metal surfaces is
possible. This may be attractive for the investigation of the
electronic and excitonic properties of 1D organic structures.
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Figure S1 shows a small scale STM image of on island of KCl on Ag(100) with atomic

resolution. This was a preparation during which QA was evaporated onto the KCl, however

all the molecules diffused from the KCl islands to patches of the bare Ag(100) surface. The

KCl island was 3 monoatomic KCl layers in height.

2 nm

Figure S1: STM image (UBias = −3.5V, Iset = 10 pA) of KCl on Ag(100). The bright
protrusions correspond to the Cl− ions.
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Figure S2 shows line profiles measured at step edges in STM images for KCl on Ag(100).

a) b)

c) d)

350 pm 300 pm

140 pm 135 pm

Figure S2: Line profiles extracted from STM images (UBias = −2V, Iset = 100 pA) of KCl
on Ag(100). Panels a) and b) show Ag-KCl step edges between the Ag substrate and the
KCl wetting layer. Panels c) and d) show KCl-KCl step edges between the second and third
monoatomic KCl layer. The dashed red lines indicate the average terrace heights between
which the height of the KCl layer was measured.
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Figure S3 shows a LEED image of QA on KCl on Ag(100). In this preparation the KCl layer

had dewetted and hence there are KCl islands and patches of bare Ag present on the surface.

The QA has diffused from the KCl islands to the Ag and formed a very disordered α-phase.

The image shows the 8 spots that are given by the distance between neighboring chains

(defined by the vector b∗
2) and the smeared out spots that are given by the intermolecular

distance within the chains (defined by the vector b∗
1). This diffraction pattern has very low

intensity spots and is very diffuse due to the large amount of disorder mentioned above.

b1
*b2

*

1 A-1

KCl(10)

KCl(01)

(00)

KCl(11)

30 eV

Figure S3: LEED image (electron energy= 30 eV,T = 300K) of QA on KCl on Ag(100).
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Figure S4 shows the calculated relative adsorption energy of a single QA molecule on the

KCl(100) surface with respect to its azimuthal angle while the center of the molecule is fixed.

The angle 0◦ corresponds to the most favorable calculated adsorption geometry.

Figure S4: DFT calculated relative adsorption energy of a single QA molecule on KCl
with respect to its azimuthal angle. The molecule was kept fixed at the same position and
was rotated around its C2 axis. The inset shows a model of the calculated most favorable
adsorption site for a single QA molecule that corresponds to the minimum of the curve.
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Abstract
The formation of self-assembled domains and chains of monomolecular width of quinacridone (QA) on the vicinal Ag(35 1 1) sur-
face was investigated by scanning tunneling microscopy and low-energy electron diffraction. The focus was on the influence of the
steps on the QA structures and their preferential azimuthal orientations with the aim of achieving a selective orientation. After
deposition at a sample temperature of 300 K, QA forms the same kind of molecular chains as on the nominally flat Ag(100) surface
because of strong intermolecular hydrogen bonds, which we reported in a previous publication [Humberg, N.; Bretel, R.; Eslam, A.;
Le Moal, E.; Sokolowski, M. J. Phys. Chem. C 2020, 124, 24861–24873]. The vicinal surface leads to one additional chain orienta-
tion, which is parallel to the Ag step edges. However, most chains nucleate on the Ag terraces between steps with four distinct
azimuthal orientations that are identical to those on Ag(100), and which are determined by the interactions with the (100) surface.
At 300 K, the chains grow across the Ag steps, which do not break the azimuthal chain orientations. In contrast, during the deposi-
tion at sample temperatures of 400 and 500 K, the nucleation of the chains takes place at the Ag step edges. Hence, these have a
strong influence on the azimuthal orientation of the molecules, resulting in a preferential growth of the chains in two of the four
azimuthal orientations. We explain this by the adaptation of favorable adsorption sites, which involve the replacement of Ag atoms
by QA molecules with specific azimuthal orientations at the step edges.

556

Introduction
A versatile and powerful method to create nanostructures on
surfaces is the self-assembly of atoms and molecules. Here, the
physical and chemical properties of the substrate and the adsor-
bate are the key that can be tuned to create nanostructures that
fit specific needs [1-4]. A research focus over the recent years
has been the self-assembly of molecules or atoms into one-

dimensional (1D) linear aggregates. They allow for electron
transport along the long axes of the 1D aggregates, while a
confinement effect is present along their short axes. Hence, they
are considered as building blocks for new generations of
devices for computing, photovoltaics, thermoelectrics, and
energy storage [5-7]. Furthermore, one-dimensional aggregates
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are also used for gas sensing and carbon-capturing materials
[8,9].

A group of surfaces that is very appealing for the growth of 1D
structures are vicinal surfaces [10] because the step edges break
the rotational symmetry of the surface further and add a peri-
odic 1D grating, which can be used to direct the growth of
nanostructures of adsorbates. The adsorption at step edges, as
opposed to that on the terraces in between, is often favored
because the additional interactions between the adsorbate and
the atoms of the step edge contribute to the adsorption energy
Eads. This step decoration can be exploited to grow 1D chain-
like structures of adsorbates that otherwise tend to form two-
dimensional (2D) domains on flat terraces. Examples are atoms
forming 1D metallic chains [11-15] and organic molecules
forming 1D chains at step edges of vicinal metal surfaces at a
low coverage, for example, PTCDA on Au(433) and Au(778)
[16], a 1:1 mixture of PTCDI and 1,4-bis(2,4-diamino-1,3,5-
triazine)benzene on Au(11 11 12) [17], and nickel-tetraphenyl-
porphyrin on Au (788) [18].

Here, we report on the growth of an organic molecule, namely
5,12-dihydroquino[2,3-b]acridine-7,14-dione (quinacridone,
QA), which forms 1D chains on flat metal surfaces already per
se, on a vicinal Ag(100) surface. We describe how the presence
of the step edges influences the azimuthal orientations of the
chains. QA is a good candidate for such experiments because
strong intermolecular hydrogen bonds (H-bonds) [19] support
the growth of long 1D chains of parallel oriented QA mole-
cules, both in bulk crystals and on surfaces.

It has been shown by Głowacki et al. that QA exhibits promis-
ing properties for applications in electronic and optoelectronic
devices [20,21]. In particular, they found a hole mobility of
0.1 cm2·V−1·s−1 and a photocurrent of about 1 mA·cm−2. These
observations were both attributed to a close packing of the mol-
ecules due to strong intermolecular H-bonds. The empirical
formula of QA is C20H12N2O2, and a structural formula and a
hard-sphere model of QA are displayed in Figure 1b. The self-
assembly of QA has already been investigated on some nomi-
nally flat surfaces such as Ag(111) [22], Ag(100) and Cu(111)
[23], and graphene and MoS2 [24,25]. These studies have
shown that QA grows in long one-dimensional chains
connected by H-bonds. The chains exhibit a small set of distinct
orientations, which are determined by the underlying substrates
on all these surfaces. Furthermore, chains of QA have also been
observed on insulating layers of KCl grown on Ag(100) or
Cu(111) [19,26].

In this work, we report the growth of QA on the vicinal
Ag(35 1 1) surface. The central question of this work was

whether the unidirectional step edges influence the azimuthal
orientations of the QA chains with respect to those that were
observed on the nominally flat Ag(100) surface [23]. We found
that the azimuthal orientations are identical to those on
Ag(100), but, at elevated temperatures, the periodic step edges
lead to a preferential growth of two distinct orientations out of
four. Furthermore, we observed the growth of one, hitherto not
described, azimuthal chain orientation parallel to the Ag step
edges.

Experimental
The experiments were conducted in an ultrahigh vacuum
chamber with a base pressure of 2 × 10−10 mbar equipped with
a beetle-type scanning tunneling microscope (STM, type UHV
300) from RHK Technology, a microchannel plate low-energy
diffraction (MCP-LEED) instrument from OCI Vacuum Micro-
enginneering Inc., and a quadrupole mass spectrometer (QMS)
of the type PRISMA from Pfeiffer Vacuum. The vicinal
Ag(35 1 1) crystal was obtained from MaTecK and cleaned by
repeated cycles of sputtering and subsequent annealing at 700 K
for 45 min. We tested whether a variation of the annealing tem-
peratures between 500 and 800 K has an influence on the step
distribution of the surface. However, no significant influence on
the step distribution was observed. The purified QA [28] was
evaporated from a custom-built evaporator at a crucible temper-
ature of 720 K, while the sample was held at different tempera-
tures between 300 and 500 K in order to test the role of the
growth temperature. The deposition process was monitored by
the QMS, and the integrated QMS signal was used to calculate
the QA coverage θQA. It is given in numbers of monolayers
(ML) of the α-phase, as explained in detail in [23]. A more
detailed description of the experimental procedures can be
found in [23].

The LEED measurements were performed at 300 K with beam
currents below 10 nA and electron energies (E) between 30 and
200 eV. Note that the reported diffraction patterns are distorted
due to the MCP geometry. All STM images were recorded at
room temperature. As a tip, we used a self-cut Pt/Ir (90:10)
wire. The bias voltage (UBias) refers to the sample, and the
tunneling current (I) was at a constant value in the range of
10–50 pA. We usually adjusted the scanning plane parallel to
the (35 1 1) plane of our sample in order to optimize the
contrast of the images. The images were processed with the
program SPIP [29], which included filtering out noise and an
adjustment of the contrast. Additionally, to some images, a
Prewitt or Roberts filter for edge enhancement was applied in
order to enhance the visibility of the step edges.

The structure models were drawn with the free software
Graphics Layout Engine [30]. The shown hard-sphere models
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Figure 1: (a) Models of the five observed azimuthal QA chain orientations, A–E, relative to the unidirectional step edges of the Ag(35 1 1) surface.
The four orientations A–D are identical to those that were already observed on the nominally flat Ag(100) surface [23]. The chain directions A and C,
as well as B and D, exhibit equivalent adsorption sites because of a mirror symmetry. Note that the adsorbed molecules in A(C) and B(D) are of the
same chirality R(L). For the chain orientation E there exists the energetically equivalent chain with molecules of the opposite chirality. The color code
of the atoms is: black = carbon, gray = hydrogen, blue = nitrogen, and red = oxygen. (b) Structural formula and hard-sphere model with dimensions of
QA. The nominal van der Waals radii used for the molecular models were taken from [27].

of QA use bond lengths [31] and van der Waals radii [27] from
the literature.

Results and Discussion
The Ag(35 1 1) surface
The Ag(35 1 1) surface is vicinal (i.e., tilted by an angle of 2.3°)
with respect to the Ag(100) surface. The step direction is along
the [10] direction. In this work, we use the 2D unit cell of the
Ag(100) terraces for reference. The corresponding [10] and [01]
unit cell vectors are illustrated in Figure 1. These two orienta-
tions correspond to the [011] and the  directions of the
bulk crystal structure, respectively. In the LEED images (recip-

rocal space), the labels [10] and [01] also refer to the corre-
sponding directions in real space and those of the reciprocal unit
cell vectors.

On average, the steps are separated by a length of Λ = 50.5 Å or
17.5 atom rows. Regarding possible QA chains (see, e.g.,
Figure 1) on this surface, this means that up to three chains,
parallel to an adjacent step edge, would fit on a terrace (one
chain is 16.5 Å in width). A QA chain that is oriented perpen-
dicular to the step edges would consist of seven molecules on
one terrace (the intermolecular distance within a QA chain is
6.6 Å).
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An STM image of the Ag(35 1 1) surface is shown in
Figure S1a of Supporting Information File 1. The STM image
reveals that the Ag steps are not regularly spaced. Instead, the
distribution of the terrace widths is very broad. The step distri-
bution that was obtained by evaluating STM images with an
Python script reported by Bastidas et al. [32] is shown in Figure
S1b in Supporting Information File 1. On the left-hand side of
the STM image (Figure S1, Supporting Information File 1), the
average distance between the steps is only 20 Å (seven atom
rows), which is less than half of the expected terrace width of
50.5 Å. At the same time, the surface also exhibits flat areas
with wide terraces of up to 300 Å in width. This can also be
seen in the STM image. A similar type of step width distribu-
tion was also found for various other surfaces, for example,
Cu(11n) [33] with n = 5, 9, 17, and Si(100) as well as Si(111)
[34]. These aspects are of importance for the formation of QA
structures on Ag(35 1 1), which will be reported below.

Deposition at 300 K
In many aspects, the growth of QA on Ag(35 1 1) is very simi-
lar to its growth on the nominally flat Ag(100) surface [23].
Upon deposition at a sample temperature of 300 K, QA forms
the same kind of parallel chains of molecules that are connected
via H-bonds, which can only be formed between molecules of
the same handedness [23] on the surface. Hence, the chains are
homochiral, and chains of the same azimuthal orientation
consist of the same enantiomers. Like on Ag(100), the distance
between the chains, b2, depends on the coverage as they repel
one another because of a substrate-mediated interaction. The
intermolecular distance along the chains is b1 = 6.6 ± 0.2 Å, and
is, within the margins of error, identical to the distance on
Ag(100) [23] (see Figure 1). The chains exhibit four distinct
azimuthal orientations, which are identical to the ones that we
observed previously on the nominally flat Ag(100) surface [23]
and will be named A–D in the following. Models of the four
chain directions A–D relative to the direction of the step edges
of the Ag(35 1 1) surface are illustrated in Figure 1. Because of
the interactions at the step edges, only the chains A and C, as
well as the chains B and D are energetically equivalent because
of a remaining mirror plane perpendicular to the steps (see
Figure 1). This is in contrast to the ideal (100) surface, where all
four orientations are equivalent because of the additional rota-
tional symmetry.

An STM image of the QA chains on Ag(35 1 1) is displayed in
Figure 2a. It shows domains of parallel chains belonging to one
of the azimuthal orientations A and D. This is an example of a
common observation we made: In most areas of the surface
with unidirectional step edges of not too small distance, these
two out of the four orientations A–D were preferentially ob-
served. However, we do not deduce yet that the orientations A

and D are generally preferred over B and C because the statis-
tics acquired from STM images are insufficient for reliable
conclusions, although the images were deliberately collected
from different regions of the sample. A corresponding LEED
image is displayed below in Figure 3a and shows spots corre-
sponding to the four azimuthal orientations with similar intensi-
ties. This shows that, on average, all four orientations are
present on the surface with equal probability.

Growth across steps
A particularly striking observation from the STM image in
Figure 2a is that, at step edges, the QA chains on the lower
terrace very often continue at the exact position of the step edge
where a chain on the upper terrace ends. For a coverage of
0.8 ML, this occurs in about 90% of all cases when a QA chain
reaches a Ag step edge. At lower coverages, this phenomenon is
less likely (at 0.45 ML only about 70%). When QA chains
continue across the step, in about 50% of all cases a visible gap
or break in the chain (discontinuity) can be seen (red circles in
Figure 2a), while in the other 50% of all cases, it looks as if the
chain grows undistorted across the Ag step (light blue circles).
For a closer look, a zoom-in onto chains at Ag step edges with
molecular resolution is displayed in the inset. The blue circle
highlights a chain that grows across the step edge with all indi-
vidual molecules being distinguishable. The red circle shows a
chain with a discontinuity in the periodic structure, leading to a
lateral offset between the two parts of the chain at the step edge.
The chain in the middle of the inset (not marked by a circle)
grows continuously across the Ag step, but three molecules
close to the step edge appear slightly rotated with respect to the
other molecules of the chain. This is an example of a slight dis-
tortion of the azimuthal orientations of the molecules in the
chain, which we have observed frequently for chains growing
continuously across Ag steps. In the literature, it has also been
reported that linear molecules can bend when crossing a step
edge [35,36]. We suppose that this is not the case here because
the QA molecule is shorter and stiffer because of its planar
structure. The above observation shows that the intermolecular
H-bonds are capable of stabilizing the growth of QA chains
across Ag step edges. The reason why the chains grow only
occasionally continuously across the step edges will be dis-
cussed below. A similar observation of molecular chains that
are formed by H-bonds and grow across step edges was made
for 2,6-naphthalene-dicarboxylic acid (NDCA) on a vicinal
Ag(110) surface [37].

From the above observations, conclusions about the chain
growth can be drawn. The fact that the four azimuthal chain
orientations A–D are present on the surface with equal probabil-
ity indicates that, at 300 K, the nuclei of the chains start
growing on the terraces where all four orientations are energeti-
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Figure 2: QA on the Ag(35 1 1) surface deposited at a sample temperature of 300 K. (a) STM image (UBias = −1.55 V, I = 40 pA) showing many
parallel QA chains with the two azimuthal orientations A and D. The left-hand side of a step edge corresponds to its upper terrace and the right-hand
side to its lower terrace. The red and blue circles highlight cases in which there is a break in a chain at a step edge and where the chains appears to
grow seamlessly over the step edge, respectively. The inset shows an image at a different sample position of three QA chains at a Ag step edge,
which was chosen for the high molecular resolution. (b) Small-scale STM image (UBias = 1.5 V, I = 25 pA) showing two of the four azimuthal orienta-
tions A and D, as well as two chains in the new orientation E (red lines). The black dashed lines indicate the positions of the step edges. (c) Models of
chain growth at Ag step edges. These illustrate that the chains that nucleated on the lower terrace may statistically end in two positions with respect to
the step edge. The left-hand side shows the case where the gap between the molecules on the upper and lower terrace is too large to allow for the
formation of H-bonds. The right-hand side shows the case where the chain is one Ag lattice constant closer to the step edge, which allows for the for-
mation of H-bonds across the step.

cally equivalent, and not at the steps. The chain nuclei grow at
both of their ends until both step edges of a terrace are reached.
For an explanation of the continuous or distorted growth of the
chains across the steps, we propose the following model: We
note that, because of the specific orientation and size of the
molecules, the distance between the ends of the chains and
the step edge can vary by one Ag(100) lattice constant
(aAg(100) = 2.89 Å [31]). This is illustrated by the two models in
Figure 2c. We suppose that the adsorption of a QA molecule at
the step edge on the upper/lower terrace induces a local change

in the electron density at the step edge. This favors a specific
adsorption site of a second QA molecule with the same chirality
and azimuthal orientation at the step edge on the lower/upper
terrace. Hence, the growth of the QA chain continues at a
nearest position of the step edge where the chain on the upper/
lower terrace ends. If both molecules come close enough to the
step edge (see the two cases in Figure 2c), intermolecular
H-bonds may form across the step, and the chain continues in
an undistorted structure. In the alternative case, a small gap be-
tween the two molecules close to the step is formed.
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Figure 3: (a) LEED image (E = 33 eV, T = 300 K) of the region around the specular spot of 0.65 ML QA on Ag(35 1 1) after deposition at a sample
temperature of 300 K. Note that the sample was rotated with respect to the normal incidence geometry. The diffraction pattern is very similar to the
one of the QA α-phase on Ag(100) but contains additional spots that correspond to the new chain orientation E. The black dashed lines indicate the
five azimuthal chain orientations. (b) Schematic drawing of the LEED pattern in panel (a). It shows the observed spots and the unit cell vectors of
orientations A and E. (c) Same as (a) but for θQA = 0.65 ML and a deposition at 400 K. The diffraction pattern is very similar to the one in panel (a).
However, it is missing two sets of spots corresponding to orientations B and D. (d) Schematic drawing of the observed LEED pattern in panel (c) con-
taining all the observed spots and the corresponding unit cells. Both LEED images were measured under an in-phase condition for the specular spot
with respect to monoatomic Ag steps [38]. This causes that the spots are sharp and not broadened because of the Ag steps. The scale bars for the
LEED images are only approximately valid because of the distortion caused by the MCP geometry.

New step-induced orientation
Another interesting observation is that, on Ag(35 1 1), a fifth
azimuthal orientation exists, which is parallel to the Ag step
edges. This orientation will be labeled E from now on. It does
not occur on the nominally flat Ag(100) surface. This indicates
that, on large terraces, the orientation E is less favorable than
A–D, but it is stabilized by the step edges of the vicinal surface.
A model of a chain with orientation E is illustrated in Figure 1a.
Two chains of this orientation E on one terrace are highlighted
by red lines in the STM image in Figure 2b. These kinds of
chains were observed rarely by STM and were, in particular,
never observed by STM on terraces wider than 50 Å. Neverthe-
less, a LEED image (discussed below) shows additional spots
that need to be explained by this chain orientation. The LEED

image indicates that even domains of several parallel chains (at
least five or more) of orientation E are present. This difference
between the STM and LEED data is again attributed to the fact
that the STM images sampled only a limited region on the sam-
ple where such domains were not present. Furthermore, the fact
that the chains of orientation E are parallel and close to the Ag
step edges (as seen in Figure 2b) might have caused that they
are difficult to image by STM and were, hence, overlooked.

We now discuss the corresponding features in the LEED
images in detail. A LEED image of QA with a coverage of
θQA = 0.65 ML is illustrated in Figure 3a. It is very similar to
that of the α-phase of QA/Ag(100) but contains additional
spots. The α-phase is defined as the phase of parallel QA chains
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at a coverage of θQA = 1.0 ML, at which the distance b2 be-
tween the chains is minimal [23]. The model of the diffraction
pattern in Figure 3b shows the spots of the known α-phase
diffraction pattern in black and the new spots in gray. The recip-
rocal vectors of the α-phase and those of the new orientation E
are depicted in red and light blue, respectively. The spot de-
scribed by the vector  of orientation E corresponds to the
intermolecular distances within the chains. This spot is also
oriented in the [10] direction of the substrate, which confirms
that the chain orientation E is indeed parallel to the Ag step
edges. The other new spot, which is described by the vector ,
corresponds to the distance between neighboring QA chains in
orientation E. The length  is identical to , which means that
the distance c2 between the chains of orientation E is identical
to the distance b2 between neighboring chains of domains of the
other orientations. This distance is c2 = b2 = 25 ± 2 Å and,
hence, amounts to roughly half of the average terrace width (for
the definition of c1 and c2 see Figure 1). This implies that only
two chains of orientation E would fit onto one average terrace at
this coverage. But from the sharpness of the spots, we conclude
that these stem from domains of several parallel chains of orien-
tation E, which have formed either on large terraces or even
extend across the steps over several neighboring terraces. How-
ever, the spots given by the vector  are still more smeared out
(broader by 25%) than those from the α-phase, given by .
This can be explained by the fact that the domains of orienta-
tion E in the direction perpendicular to the chains are smaller
than those of the other four orientations A–D.

The formation of similar one-dimensional structures parallel to
the step edges of a vicinal crystal has been observed before, for
example, PTCDA on Au(433) and Au(778) [16], a 1:1 mixture
of PTCDI and 1,4-bis(2,4-diamino-1,3,5-triazine)benzene on
Au(11 11 12) [17], α-6T on Ag(441) [39], and nickel tetra-
phenylporphyrin on Au (788) [18].

Deposition at 400 K
Interestingly, after the deposition of QA onto Ag(35 1 1) at
an elevated sample temperature of 400 K, the resulting QA
structures have changed significantly. The LEED images
(Figure 3c,d) show that the layer still consists of domains of
parallel chains, but only the orientations A, C, and E are
present. Moreover, the spots are smaller, sharper, and more
intense than their counterparts in Figure 3a. This shows that the
structures are less disordered and the domains (in the direction
perpendicular to the chains) are larger than the ones after depo-
sition at 300 K.

Corresponding STM images of different resolutions and sizes
and a corresponding structure model are displayed in Figure 4.
They show domains of parallel chains in the orientations A

and C, as well as in the orientation E, which is parallel to
the Ag step edges. The intermolecular distance within the
chains remained unchanged for all azimuthal orientations at
6.6 ± 0.2 Å. The biggest difference from the structures after
deposition at 300 K is the absence of the orientations B and D,
which confirms above LEED results. This symmetry break can
only be explained by the step edges and is a strong indication
that, at 400 K, the nucleation of the chains proceeds now from
the Ag step edges. The molecules in chains of orientations A
and C (which exhibit equivalent adsorption geometries at the
Ag step edges, see Figure 1) adapt more favorable adsorption
sites than those in orientations B and D. Hence, the nuclei of
orientations A and C are more stable. In addition, it may be
possible that the increased mobility of the QA molecules causes
short chains of orientations B and D to dissolve and integrate
into the step-stabilized chains with the orientations A and C,
instead.

A potential explanation for the higher stability of nuclei of
orientations A and C may be that, at 400 K, Ag atoms can ther-
mally detach from the Ag step edges. This enables the QA mol-
ecules to find a thermodynamically more stable adsorption ge-
ometry at the step edges in orientations A and C, possibly in-
cluding a replacement of Ag atoms in the step edges by a part of
the molecule. Indeed, a closer look at the STM image (see
Figure 4c) shows a periodic zig-zag pattern of the Ag step edges
(indicated by the black dashed lines). This is induced by the
starting points of QA chains that replace some of the Ag atoms
in the step edge in order to maximize the interactions between
the molecules and the step edge. This is similar to the situation
of PTCDA molecules at KCl, NaCl, or KBr step edges [40-42].
A corresponding structure model of QA chains at Ag step edges
is displayed in Figure 4d. Furthermore, the STM image shows
several small protrusions where the QA chains end at the Ag
step edge. We assign these to small clusters of the Ag atoms
that were expelled from the step edges by the QA molecules.

Another interesting difference from the structures after
deposition at 300 K is that, after the deposition at 400 K, there
are more chains with orientation E parallel to the step edges
(highlighted by the red line in Figure 4b). Most small terraces
(width < 50 Å) inspected by STM had at least one chain with
orientation E close to the upward-pointing step edge. The higher
abundance of orientation E after deposition at 400 K is also
confirmed by LEED because the corresponding spot is more
intense and sharper (see Figure 3). The growth of chains in ori-
entation E parallel to the step edges is favored at elevated tem-
peratures because, for these chains, the intermolecular H-bonds
are not distorted by the steps. In addition, the chains are stabi-
lized by the long-range dispersion interactions of the QA with
the atoms of the step edge.
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Figure 4: (a) STM image (UBias = −1.5 V, I = 25 pA) of QA on the Ag(35 1 1) surface deposited at a sample temperature of 400 K. It shows an area
with several step edges running vertically through the image, which are highlighted by the dashed black lines. (b) The same STM image as in panel
(a) with a Prewitt filter for better visibility of the QA structures. The image shows domains of parallel QA chains with the three orientations A, C, and E.
(c) Zoom-in onto the STM image in panel (b) showing the QA chains at step edges. (d) Structure model of chains in orientation C at a step corre-
sponding to panel (c). The black dashed lines mark the Ag step edges and the red circles highlight small circular protrusions that are assigned to small
Ag clusters.

A further observation is that, after deposition at 400 K, no cases
of chains continuously growing across Ag step edges could be
observed anymore. The reason is that now the growth of the
chains begins at the step edges, and the QA molecules at the
start of the chains exhibit a strong bond to the Ag atoms of the
step edges. Hence, they cannot provide H-bonds for chain
growth across the steps. A second reason is that now the orien-
tation E is significantly more prevalent than after deposition at
300 K, and these chains block other chains from growing across
the steps.

Overall, these results show that the higher temperature of 400 K
has led to the preferred formation of the three chain orienta-

tions A, C, and E, which are thermodynamically more stable
than the orientations B and D.

Deposition at 500 K
Last, we discuss the structure of QA after deposition at 500 K.
From our previous work regarding QA on Ag(100), we know
that the elevated temperature induces an irreversible phase tran-
sition into a heterochiral and commensurate structure, the
so-called β-phase [23]. This phase is also obtained after deposi-
tion at 500 K and subsequent cooling to 300 K. This prepara-
tion was chosen here. The β-phase also consists of parallel mo-
lecular chains of QA dimers as the α-phase, but with periodic
indents along the chains. The molecules in the domains of the
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Figure 5: (a) LEED image (E = 33 eV, T = 300 K) of the β-phase of 0.65 ML QA on Ag(35 1 1) after deposition at a sample temperature of 500 K and
subsequent cooling to 300 K. The diffraction pattern is very similar to the one of the QA β-phase on Ag(100) but exhibits a clear anisotropy. Roughly
half of the spots are more intense than the other half. This LEED image was measured under an in-phase condition for the specular spot with respect
to monoatomic Ag steps. (b) Simulated LEED pattern of the β-phase. The spots that are thicker and green correspond to the more intense spots in the
diffraction pattern, which correspond to orientations A and C. The step direction is in the [10] direction, as before.

β-phase exhibit the same azimuthal orientations as those in the
α-phase. We find that the β-phase also forms on Ag(35 1 1), and
the domains of the β-phase on Ag(35 1 1) will also be labeled
A–D.

A corresponding LEED image (θQA = 0.65 ML) and a simula-
tion are displayed in Figure 5a and Figure 5b, respectively. The
spot positions in the LEED image are identical to those of the
LEED image of QA on Ag(100) and, in principle, all four
domains are seen. However, a striking difference is that, here,
there is a very prominent inequivalence regarding the spot in-
tensities. Half of the spots have significantly less intensity than

the other half, which means that two domains of the β-phase are
more prevalent than the other two domains. These are the
domains A and C. This shows that, at 500 K, the growth of the
β-phase also begins at the step edges, which leads to the ob-
served preferential growth of two domains. This is in agree-
ment with the above results regarding the growth of QA at
400 K and supports the scenario that the growth of QA chains
starts at the Ag step edges at elevated temperatures.

All spots of the LEED pattern are very sharp. Hence, the corre-
sponding domains are significantly larger than the average
terrace width of 50 Å. A coherent continuation of the domains
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across the Ag step is very unlikely. As stated above, the terrace
width distribution of the Ag(35 1 1) surface is rather broad with
terrace widths of up to 300 Å. Thus, we conclude that the
β-phase predominantly forms on those large terraces. This is
also supported by the STM results, which show that large
terraces were completely covered by one of the four β-phase
domains (not shown). Furthermore, in areas of the sample
where many step edges are very close to each other and the
terraces are very small (below 50 Å), no QA molecules were
observed on the terraces. This indicates that the molecules
diffused off the small terraces onto larger ones because the
space on the small terraces is not sufficient to form the β-phase.
One may also ask whether this preference of the β-phase
for large terraces leads to a step bunching on the substrate
surface in order to increase the size of the terraces. However,
we could not find any evidence that the terrace width
distribution changed significantly after the preparation of the
β-phase.

As already postulated above, we assume that, upon adsorption
at the step edges, the QA molecules replace Ag atoms in order
to maximize their adsorption energy. The nuclei of orientations
A and C are more stable; thus, the growth of the corresponding
domains is favored compared to that of the orientations B and
D. Nevertheless, the orientations B and D are still present on the
surface to some minor extent, which can possibly be explained
by domains that nucleate and grow on large terraces and not at
steps.

Final Discussion
Energetic considerations regarding chains
parallel to the steps
The chain orientation E is not present on the nominally flat
Ag(100) surface [23], which means that it must be induced by
the step edges of the vicinal surface. On Ag(35 1 1), chains of
orientations E were mainly observed close to step edges, that is,
the far end of the molecule was within 20 Å. Remarkably, we
do not find any step decorations by the QA molecules with their
long axis close and parallel to the steps. Nevertheless, the step
edges play an important role in the formation of chains of orien-
tation E. The absence of chains with orientation E on the nomi-
nally flat surface shows that orientation E is energetically less
favorable than the orientations A–D in terms of direct interac-
tions between the QA molecules and the Ag(100) surface. This
means that the nuclei with orientation E are less stable than
those with orientations A–D on terraces. However, if chains of
orientation E grow parallel to step edges, they are additionally
stabilized because, owing to the close proximity, every mole-
cule in the chain is subject to attractive dispersion interactions
with the Ag step edge. This is not the case for orientations A–D,

which grow away from the step edges. A model of such a chain
of orientation E at a step edge is illustrated in Figure 1a.

A second aspect that favors the growth of chains with orienta-
tion E on small terraces is that, because they are parallel to the
step edges, they can grow without encountering any distortions
at Ag steps, as is the case for long chains of the orientations
A–D in areas with a high density of unidirectional steps. Never-
theless, on the small terraces, the formation of chains with ori-
entation E may be kinetically inhibited because of a lack of
space, which hinders the diffusion of the molecules to the
growing endpoints of the chains. This is supported by the fact
that an increased mobility of QA molecules (i.e., during deposi-
tion at a sample temperature of 400 K instead of 300 K)
promotes the formation of chains with orientation E.

QA chain growth across Ag step edges
As stated above, at 300 K, the QA chains are capable of
growing continuously across Ag step edges. This brings forth
some interesting aspects, which we discuss here. A chain across
step edges without a significant break and intact intermolecular
H-bonds requires some structural flexibility in the molecules
and/or the intermolecular bonds. We suppose that QA mole-
cules cannot bend in the plane of the π systems because of the
annulated carbon rings. In contrast, H-bonds are mainly of elec-
trostatic nature and, thus, have a pronounced flexibility in bond
lengths and angles, which supports intermolecular bonds across
step edges. Similar molecular chains that are connected by
H-bonds and grow across monoatomic step edges without a
break were observed before for NDCA on a vicinal Ag(110)
surface by Schnadt et al. [37]. They found that the slight
distortion of the chains at step edges leads only to a minor
energy loss (below 0.1 eV), which is energetically still more
favorable than a scenario in which no H-bonds are formed
across the step edges. We propose that a similar situation is
present here.

Another interesting question concerns the angle between the
QA chains and the step edges. Schnadt et al. found that the self-
assembly across step edges crucially depends on the azimuthal
orientations of the chains relative to the step edges [37]. The
chains of NDCA grow along the [10] direction of the substrate
and are, thus, orthogonal to the direction of the step edges,
which are oriented along the [01] direction. Density functional
theory calculations have shown that the NDCA chains do not
cross the step edges if they are rotated away from the close-
packed rows [37]. In contrast, in our case, no chains grow
across the step edges at a 90° angle. The QA chains continuous-
ly grow across the step edges in the four azimuthal orientations
A–D, resulting in angles of 32° and 58° between the chains and
the Ag step edges. Hence, such a strict selection of the
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azimuthal angle of the chains, similar to the one found by
Schnadt et al., does not apply to QA.

Anisotropic β-phase
Now we discuss an interesting aspect regarding the β-phase on
Ag(35 1 1), namely the fact that the minority orientations B and
D are present on the surface after the deposition at 500 K, al-
though chains with these orientations could not be observed
after the deposition at 400 K (see Figure 3c and Figure 4). This
can be explained by the stability of the different QA phases.
After the deposition at 500 K and subsequent cooling, the
β-phase domains of orientations B and D have formed on the
large terraces in addition to the majority domains with orienta-
tions A and C. The transition from a disordered phase after
deposition at 500 K to the ordered β-phase occurs at about
450 K. These domains are more stable than the single chains
with the same orientations B and D of the α-phase because of
their commensurate nature. Hence, they do not completely
transform into the domains of orientations A and C.

One might also ask whether annealing the sample at 500 K for a
longer time, or several consecutive annealing steps at 500 K,
might further change the ratio in favor of orientations A and C.
This was not the case. We observed the same intensity ratio be-
tween the stronger and weaker spots in the LEED pattern after
every preparation and several consecutive annealing cycles.
This can be explained by the fact that, at 500 K, the β-phase
again dissolves into a disordered phase and only forms again
upon cooling [23]. Hence, the cooling rate may be relevant for
the ratio between orientations A/C and B/D in the β-phase, but
this was not investigated, yet.

Comparison to literature
Last, we discuss some similarities and differences between our
results and some that were published previously. One similarity
to other molecular systems is the growth of the QA chains with
orientation E, which grow along the Ag step edges. Such a be-
havior was found for a few other organic molecules on differ-
ent vicinal metal surfaces [17,18]. This shows that the contribu-
tion of the interactions between the atoms of the step edges and
the organic molecules to the adsorption energy of the mole-
cules is a common and important motif for the adsorption and
self-assembly of organic molecules on stepped surfaces. We
note, however, that the orientations of the QA molecules with
respect to the steps at 300 K are unusual. Many examples from
the literature that report on the decoration of steps by organic
molecules found that the molecules adsorb in a flat-lying con-
figuration with their long axis parallel to the step edges [43-45].
In some cases, an adsorption of upright standing molecules at
steps was also found [45,46]. Here, the QA molecules are either
oriented with their short edge parallel to the steps or at an angle

of 32° or 58° with respect to the step direction. A stark differ-
ence to the examples described in the above publications is that,
here, the Ag step edges also cause the preferential growth of
QA chains or commensurate domains with distinct step-selected
orientations at elevated temperatures. A similar phenomenon
has, to the best of our knowledge, not been reported, so far.

Another phenomenon that was reported by Schmitt et al. [47]
for PTCDA on vicinal Ag(100) surfaces is the faceting of the
Ag substrate surface that is induced by the adsorption of the
molecules. They found that the adsorption of PTCDA leads to
the formation of Ag facets, which are usually not stable on the
bare surface and are induced by the adsorption of PTCDA.
However, within the scope of the present work, we did not
observe any faceting of the Ag(35 1 1) surface. This is because
the adsorption energy of QA is likely significantly smaller than
the one of PTCDA on Ag surfaces.

Conclusion
We found that, at room temperature (RT), the growth of QA on
the vicinal Ag(35 1 1) surface is, in general, very similar to its
growth on the nominally flat Ag(100) surface. QA forms molec-
ular homochiral chains with four distinct symmetry-equivalent
orientations that are connected via H-bonds (α-phase). At RT,
the growth of the chains begins on the Ag terraces, and the
unidirectional step edges do not have any influence on the
azimuthal orientations of the chains. Furthermore, the QA
chains grow across the steps. We also found one azimuthal
chain direction that does not exist on Ag(100) and is parallel to
the unidirectional step edges of the vicinal surface. This is ex-
plained by the fact that the growth in this direction is additional-
ly stabilized by the dispersion interactions between the QA mol-
ecules and the atoms of the Ag step edges, which overcompen-
sates the lower site energy of the molecules on the terraces in
this orientation.

After deposition at 400 K, only two of the above four azimuthal
orientations are observed. Furthermore, the deposition at 500 K
leads to heterochiral chains in a commensurate structure
(β-phase) that also exhibits a strong anisotropy, that is, two
domains are favored over the other two. In both situations, the
preferential growth of specific orientations at 400 and 500 K is
caused by a growth start of the QA structures at the Ag step
edges at elevated temperatures. Thus, the step edges have a
strong influence on the azimuthal orientations of the QA struc-
tures because adsorption sites at the Ag step edges of mole-
cules in two distinct azimuthal orientations out of four are
favored.

Overall, the azimuthal orientations of one-dimensional QA
chains can be influenced by step edges on vicinal surfaces. Our
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work is of importance for the general understanding of the inter-
actions between organic molecules and metallic step edges and
may be helpful for the preparation of one-dimensional organic
structures with a global preferential orientation on surfaces.

Supporting Information
The Supporting Information features an STM image of the
bare Ag(35 1 1) surface and a corresponding step edge
distribution.

Supporting Information File 1
Terrace width distribution on Ag(35 1 1)
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-48-S1.pdf]
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In Figure S1a, a typical STM image of the clean Ag(35 1 1) surface is shown. It can be seen that

the step edges are not evenly distributed with the nominal terrace width of 50.5 Å. Instead, there are

areas on the surface where many step edges are very close together. For example, on the left-hand

side of the image, there are six step edges within a distance of roughly 120 Å. This means that the

average terrace width in this area is only 20 Å, which is less than half of the terrace width of the ideal

Ag(35 1 1) surface. At the same time, there are also very large terraces on the surface. In Figure S1,

the large terrace is 270 Å in width, which is more than five times of the ideal terrace width.

The terrace width distribution is displayed in Figure S1b. It shows a dominant peak at around

𝑛 = 10 atoms rows (= 28.9 Å). For larger terrace widths, it follows a decay that can be roughly

described by a geometric distribution, which is indicative of non-interacting steps [1]. However, for

small terrace widths (less than ten rows) it exhibits a drastic decline, which shows that there is a

repulsive interaction between the steps for very small terrace widths.
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Figure S1: Step morphology of the Ag(35 1 1) surface. (a) STM image (𝑈Bias = +1.5 V, 𝐼 = 25 pA).
(b) Terrace width distribution. It was obtained by evaluating four large-scale STM images with a
Python script by Bastidas et al. [2]. The local peaks at 𝑛 > 25 are due to the fact that, because of
the finite number of evaluated STM images, individual large terraces are oversampled by the script
because it analyzes every horizontal line of the image. The orange dashed line corresponds to a fit
by a geometric distribution, that is, occurrence ∝ 𝑝𝑛, with 𝑛 denoting the number of rows per terrace
and 𝑝 being the probability for two adjacent atomic rows at the same height level.
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Abstract

The epitaxial growth of phosphorus on the Au(111) surface has been considered as a candidate for the synthesis of a layer
of P with a buckled graphene-like structure. The formation of a (5 × 5) superstructure is observed by low energy electron
diffraction and scanning tunneling microscopy and is commonly referred to as “blue phosphorus” or “blue phosphorene”. Its
structural details are interesting because they contribute to the fundamental understanding of the growth of 2D materials
at metal interfaces. In addition, the structural investigations made so far provide different and conflicting models for this
structure. Earlier models propose the growth of a pure buckled P layer. More recently, the formation of a P-Au network
with Au ad-atoms interlinking aggregates of 9 P atoms has been found. Here, we report an analysis of the (5× 5)P/Au(111)
superstructure by photoelectron spectroscopy and the normal incidence x-ray standing wave (NIXSW) technique. NIXSW
is especially suited to determine vertical bonding distances of adsorbates at surfaces. We find a structure where the P atoms
are at two heights (“layers”) which are 3.53 Å and 2.48 Å above the Au-surface, with a ratio of P atoms per area of about
1 : 2.4 for the top layer with respect to the bottom layer. For the bottom layer, two types of P atoms (39% : 61%) can be
discerned from their different photoemission binding energies. The smaller fraction (39%) is attributed to P atoms linked to
Au ad-atoms. This fact and additional conclusions from the Au7f photoemission spectra strongly support the P-Au network
model. However, our analysis also provides an independent determination of the heights of the P atoms with respect to the
Au surface.

1 Introduction

Blue phosphorus or blue phosphorene (blue P) is understood
as a free standing 2D-layer of phosphorous with a buckled
honeycomb structure [1]. Its existence has been proposed on
theoretical grounds first, and it has attracted attention be-
cause of its predicted electronic properties [2] that differ from
single layers of black phosphorus [3], which is also puckered
but exhibits a rectangular unit cell. Different experimental
approaches to prepare blue P by molecular beam epitaxy of P2

molecules onto different substrate surfaces have been made,
e.g., Au(111) [1, 4–9] or Au(111) [10]. The Au(111) surface
has been most commonly used. It lends itself to this purpose
because of its hexagonal symmetry and the low chemical re-
activity of Au that is promising for growth of a decoupled P
layer. Remarkably, the deposition of P onto the Au(111) sur-
face held at 250◦ C leads very reproducibly to a commensurate
(5 × 5) superstructure in a self-terminating growth process.
This was reported by several groups [1, 4–9].

Evidently, there arises the question of the structural details
of such a P layer on Au(111) and its possible resemblance to

the proposed structure of blue P. A number of different ex-
perimental investigations were performed, mainly by scanning
tunneling microscopy (STM) [1, 4–9], and in one case also by
an analysis of the energy dependence of the spot intensities in
low energy electron diffraction (LEED) [7]. Several theoret-
ical investigations were undertaken using density functional
theory (DFT) [1, 6, 8]. Interestingly, these studies partly ar-
rived at different and conflicting results.

Earlier models proposed a buckled structure comprised of a
top and bottom layer which contain 12 and 20 P atoms (32
atoms in total) per unit cell of a (5×5) superstructure on the
Au surface [1, 5, 6]. We will refer to this model as the “double
layer” (DL) model in the following. More recently, a buckled
layer with 6 and 12 P atoms in the top and bottom layer (18
P atoms in total) and 9 additional Au ad-atoms in the bottom
layer between the P atoms was derived [7, 11]. This structure
is better described as a Au-P network structure, instead of
an epitaxial P layer. It will be referred to as the “Au-P net-
work”. A schematic representation of both models is given in
Figure 1. The averaged vertical distances of the P atoms in
the top and bottom layers with respect to the averaged height
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of the Au atoms in the surface layer are summarized in Ta-
ble 1 for both models . The Au-P network model exhibits a
higher symmetry (2D space group p6m) compared to the DL
model, which exhibits only a mirror plane along the long diag-
onal of the unit cell (2D space group cm). The buckling, i.e.,
the difference between highest and lowest vertical atom posi-
tions, of the Au surface (0.30 Å) and the P layers (0.30 Å and
0.70 Å for the bottom and P top layer) is much stronger for
the DL model compared to that of the Au-P network model.
For the latter, the buckling of the Au surface amounts to only
0.14 Å and is negligible for the P layers (< 0.05 Å for both
the bottom and top P layer). We will use these two models in
the following to guide the analysis of our experimental data.

Clearly, a profound difference exists between the proposed
models. This is relevant in terms of the resemblance of the
structure of the (5 × 5)P/Au(111) to the ideal structure a
blue P layer. Moreover, from a more general point of view,
it is of interest for understanding the growth mechanism of
this phosphorus layer on Au(111). Specifically, the Au-P net-
work model requires that Au ad-atoms are expelled from the
Au surface at terrace or steps sites into the P layer. Ev-
idently, this situation asks for an investigation by further,
so far not applied, experimental techniques and motivated
the normal incidence x-ray standing wave (NIXSW) analysis
that is reported here. NIXSW has proven as a very pow-
erful technique for the analysis of the structure of epitaxial
layers (s. e.g., ref. [12]). This is due to its specific strength,
namely that NIXSW can provide vertical positions of atoms
in relation with their chemical nature derived from photoe-
mission spectra [13]. One important principle of NIXSW is
that species that are discernible by different binding energies
of their orbitals in photoemission spectra are located at dif-
ferent vertical heights with respect to the surface. However,
as we will report, for the (5 × 5)P/Au(111) structures, we
encounter a different and counterintuitive situation. Two P
species with experimentally non-discernible binding energies
are found at two different heights, while two P species with
different binding energies are at the same height. As we will
report, this aspect made the evaluation of the NIXSW data
challenging.

Before we come to our results, we briefly describe the growth
of the (5×5) structure of P/Au(111). The clean Au(111) sur-
face exhibits the well known (22×

√
3) reconstruction with a

herringbone-like arrangement of pairs of discommensuration
lines [14, 15]. Upon the deposition of small quantities of P
onto this surface at 250◦C, this reconstruction transforms into
a different P related reconstruction, which exhibits a lateral
periodic length that is comparable to the distance between
pairs of discommensuration lines on the clean Au(111) sur-
face (∼ 70 Å) [14, 15]. This has been observed by STM by
other authors [4] and by ourselves [16] using LEED. Both re-
constructions can be identified by characteristic, but different
patterns of satellite spots around the integer LEED spots of
the Au(111) surface. The details of the P induced change

Table 1: Overview of structural parameters of the double layer (DL) and
Au-P network model proposed for the (5× 5) structure of P on Au(111)
which are illustrated in Fig. 1. The table displays the distances of the top
and bottom P layers with respect to the Au(111) surface layer (averaged
vertical positions). The numbers in the brackets (. . . ) denote the number
of P atoms in the respective layers within the (5 × 5) unit cell. ∆d12
denotes the difference in the averaged heights of the P atoms in the two P
layers (“buckling”). The numerical values were calculated from the data
of refs. [5] and [7]. Hereby, the x,y,z-coordinates of the structure in ref. [5]
were made available to the authors by E. Golias. The position of the
extended (111) Bragg-plane is calculated at a position 0.14 Å below the
surface plane for the DL model, meaning that the surface undergoes and
outward relaxation by 0.14 Å. Differently, for the P-Au-network model,
the extended (111) Bragg plane coincides with the average surface plane.

DL model[1, 5, 6] Au-P network[7, 8]

top layer 3.60 Å (12) 3.50 Å (6)

bottom layer 2.40 Å (20) 2.40 Å (12)

∆d12 1.20 Å 1.10 Å

in the reconstruction will be reported elsewhere. When the
P coverage increases further, large domains of the (5 × 5)
structure grow. This is evidenced by the appearance of sharp
LEED spots at the (5× 5) positions, while the satellite spots,
which are related to the reconstruction, vanish.

2 Results

2.1 Photoemission of the Au4f orbital

Before we turn to the NIXSW results, we discuss photoemis-
sion spectra of the Au4f orbital, because these provide valu-
able insight straightaway. In addition, these spectra relate our
data to published results, where photoemission spectra have
been also reported [1, 5, 6]. Figure 2 shows the photoemission
spectra of the Au4f 7

2
component for the clean Au(111) surface

(bottom) and for the surface with a (5 × 5)P superstructure
(top). Importantly, both spectra have been measured under
exactly identical experimental conditions.

The spectrum of the clean surface consists of two overlap-
ping peaks at different binding energies (EB), namely, a sur-
face related peak (EB = 83.63 eV) and a bulk related peak
(EB = 83.94 eV) at higher binding energy. This peak assign-
ment was earlier reported, e.g., in ref. [17]. In our case, the
bulk related peak is slightly smaller than the bulk related
peak which is a matter of the detailed photoemission condi-
tions. The bulk peak is shifted by 0.31 eV to higher binding
energies. This is worth a comment, as one would intuitively
expect a smaller screening of the photohole for the surface
atoms and, thus, a higher binding energy of the surface peak
(final state effect). Instead, here the revers order of the bind-
ing energies is explained by an initial state effect that is given
by the narrowing of the d-band in the surface layer [17, 18].

As seen in Figure 2, the spectrum can well be fitted by a super-
position of two lines with equal shape, which is close to that

2
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Figure 1: Schematic ball-and-stick models in top and side views of structures proposed for the (5× 5)P/Au(111) structure with indicated unit cells
(green lines). (a) Double layer (DL) model [1, 5, 6]; (b) Au-P network model [7, 8]. Blue and violet: P atoms; the small/large spheres resemble
atoms of the bottom/top layer. Yellow and brown (small spheres): Au atoms in the surface and Au ad-atoms. In panel (b) the violet P atoms are
two-fold coordinated with Au ad-atoms (brown), while the blue P atoms (small spheres) are coordinated to only one Au-ad-atom. The drawings
were produced from the coordinates of the structures in refs. [5] and [7]. The marked distances are calculated as the differences between averaged
vertical heights of the atoms belonging to the respective layers and the Au surface.

of a Lorentzian. The full width at half maximum (FWHM) is
very similar for both lines and amounts to 0.39 eV and 0.35
eV for the surface and bulk component, respectively. The
fit yields an area ratio of the surface to bulk component of
χAu = 1.31. This value is smaller than the ratio observed
by other authors (χAu = 2.6 − 2.8) [19]. This is partly ex-
plained by the less surface sensitive photon energy used here
(180 eV instead of 135 eV [19]) and partly by differences in
the emission geometries and acceptance angles of the electron
analyzers.

The Au4f 7
2
spectrum of the (5×5)P/Au(111) structure is sig-

nificantly different from that of the clean surface (s. Fig. 2).
There is one broad peak with a maximum that is shifted to a
higher binding energy (EB = 84.0 eV) with respect to the sur-
face related peak of the clean surface (EB = 83.63 eV). This
change in the spectrum shape reveals the chemical bonding of
the surface Au atoms to the adsorbed P atoms and was also
observed by Zhang et al. before [6]. The question is whether
distinctly different species of Au atoms can be identified and
determined from the spectrum. For this purpose we fitted
the spectrum by two lines resembling the clean Au surface
and the Au bulk atoms, using exactly the same parameters as
before for the clean surface (shape, FWHM, and positions of
the peaks) plus new additional lines with a shape and FWHM
corresponding to that of the surface peak of the clean surface,
but with adjustable positions and heights. The reasoning for
choosing the same shape and width as that of the surface peak
this is given by the plausible assumption that the chemically
different new species of Au atoms are equally well defined by
their structural and chemical environment as the Au atoms
in the surface layer of the clean Au surface. Some validation

of this approach is given in hindsight by the good overall fit
of the spectrum we obtained.

We found that that two additional lines (1 and 2 at
EB =84.11 and 84.35 eV) are sufficient to fit the experimen-
tal spectrum (s. Fig. 2). Hereby, the area of the component
2 is slightly larger than component 1. The area ratio of the
components 2 and 1 amounts to 1.22. We emphasize that this
fit by two additional lines is not unique; the spectrum can be
equally well fitted by only one additional line which is then
of much larger width. However, it turns out that the fit by
two additional lines can plausibly be interpreted in view of
the P-Au network model and the following structural results
from NIXSW.

The fitted areas of the 4 Au components (1, 2, bulk, and sur-
face) in the spectrum of the (5×5)P/Au(111) structure result
to relative values of 28%, 35%, 33%, and 4%. The component
resembling the clean Au surface is strongly reduced (only 4%
of the total intensity), and the respective intensity is shifted
to the new components 1 and 2 at larger binding energies.
This small residual intensity of the clean-surface component
at its original position is possibly related to small areas of the
surface that remained bare between (5× 5)P domains due to
surface defects.

A plausible working hypothesize is that the two compo-
nents 1 and 2 stem from two species of Au atoms in
two different bonding geometries with respect to the P
atoms. The area ratio of the sum of these surface com-
ponents 1 and 2 with respect to the bulk component, i.e.,
χP = ([1] + [2]) : [bulk], is calculated as χP = 1.9. It is con-
siderably larger than the respective ratio for the clean surface,
χAu = [surface] : [bulk] = 1.31, we reported above. This indi-
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Figure 2: Photoemission spectra of the Au4f orbital of the clean Au(111)
surface (bottom) and the p(5 × 5)P/Au(111) structure (top). Only the
7/2 component is displayed, the 5/2 component is located 3.67 eV to
higher binding energies and hence outside the spectral range. Both
spectra were fitted by a sum of peaks representing different chemical
components. The spectrum of the clean surface and is composed of two
components, one representing the surface atoms (EB= 83.63 eV) and
one representing the bulk atoms (EB= 83.94 eV). The spectrum at the
top shows the P covered surface and is fitted by the same components
as that of the clean surface plus two additional components (marked by
1 and 2) that are assigned to two species of Au atoms bonded to P. The
spectra were recorded at 180 eV photon energy for an average emission
angle θ = 37◦ with respect to the surface normal and included data
within a range of the angular emission of ±5◦. For further details see
text.

cates that the two components 1 and 2 cannot stem from
a single topmost (now P covered) Au layer alone, because
then one would expect a similar ratio as for the clean surface,
namely χP ≈ χAu = 1.31. Hence, more than 25 Au atoms per
(5×5) unit cell appear to contribute to the peaks 1 and 2 and
are thus involved in the formation of the (5 × 5)P/Au(111)
structure. This result speaks for the Au-P network model
where additional Au ad-atoms are present on top of the Au
surface layer and in between the P atoms of the bottom layer.

It stands against the DL model, because there the Au/P inter-
face exhibits the density of Au atoms of the ideal Au surface.
A natural assignment of the peaks 1 and 2 within the Au-P
network would be to the 25 Au atoms in the surface layer
below the Au-P network (peak 2) and the 9 Au ad-atoms
within the P network (peak 1). Hereby, we suppose that the
Au atoms in the surface layer yield the peak 2 at smaller
binding energy due to a better screening of the photohole,
while the peak 1 at larger binding energies corresponds tot eh
Au ad-atoms. The expected stoichiometric ratio of the two
types of Au atoms in the Au-P network model is 25/9 = 2.78.
This expected ratio compares to an experimentally observed
area ratio [2] : [1] = 1.22. However, this by more than a
factor of 2 smaller experimental value can be rationalized by
the attenuation of the photoelectrons, which are emitted from
the 25 Au atoms in the topmost complete Au layer (peak 2),
by the Au-P network composed of 9 Au ad-atoms and the 18
P atoms.
In order to support this interpretation quantitatively, we es-
timate the attenuation factor q for the Au-P network double
layer (comprising 9 Au and 18 P atoms) for our specific ex-
perimental conditions. We assume that q has a similar value
as q for of a pure complete layer of Au atoms. In other words,
we assume that the layer of 18 P atoms plus 9 Au atoms leads
to a similar attenuation as a layer of 25 Au atoms per (5× 5)
unit cell. Of course, this assumption neglects that P and Au
atoms have different cross sections for the attenuation of the
photoelectrons and it neglects the small difference in the atom
densities. However, the strength of the assumption is that it
correctly accounts for all experimental factors (in particular
the grazing emission geometry and the width of the detection
cone of the analyzer). As we consider these factors as more
relevant for q than the ratio of the cross sections, we rely on
this approximation.
Here q is understood as the percentage of photoelectrons
that are transmitted without scattering by one layer of Au
atoms. We calculate q from the spectrum of the clean sample,
whereby we assume that the surface component in the spec-
trum of the clean sample represents one layer of Au atoms
per (5 × 5) unit cell. This means that we neglect the small
compression by 4% of the clean surface due to the reconstruc-
tion and consider layers of Au atoms of equal surface density.
Then, χAu = [surface] : [bulk] is related to q by a geomet-
ric sum representing the emission of the surface layer with
respect to the attenuated emission of all bulk layers:

χAu =
1∑∞

i=1 q
i
=

1− q

q
. (1)

This yields an attenuation factor q = 0.43 from the experi-
mental value of χAu = 1.31.
Now we come back to the observed ratio of the two Au com-
ponents, [2] : [1] = 1.22 measured for the phosphorus cov-
ered surface. We correct the bulk component by the value of
q = 0.43. Doing this, we obtain the expected ratio [2] : [1] as

4

A.4. “An X-Ray Standing Wave Analysis of Phosphorene on the Au(111) Surface” 173



q × 25/9 = 0.43 × 2.78 = 1.19 for the Au-P network model.
This is in good agreement with the experimental value 1.22.
Thus, the ratio [2] : [1] is well understood.

In conclusion, the Au-P network model explains the Au4f
photoemission spectrum and, in particular, two aspects in a
quantitative manner. Firstly, the fact that χP = 1.9 is sig-
nificantly larger than χAu = 1.31 is understood due the con-
tribution of the Au ad-atoms in addition to the top Au layer
that is chemically interacting with the P atoms. Secondly,
the ratio [2] : [1] of the two discernible chemically modified
Au components can be quantitatively interpreted in view of
the model.

2.2 Photoemission of the P2p orbital

Figure 3 compares two photoemission spectra of the P2p or-
bital of the (5× 5)P/Au(111) structure, which were recorded
at photon energies in the hard and soft x-ray energy range,
respectively. For the spectrum recorded at a photon en-
ergy of 280 eV the experimental resolution is higher and the
contributing peaks are thus better resolved. This spectrum
served us to develop a “fitting model” which was then used for
the analysis of the spectra recorded in the hard x-ray range at
the Au(111) Bragg condition for the NIXSW measurements.
This will be described below. Both spectra show essentially
the same line shape, although the features are more washed
out in the hard x-ray spectrum. As demonstrated in Fig-
ure 3, both spectra can be fitted by a superposition of the
same two doublets, although, for the hard x-ray spectrum,
larger FWHM had to be used.

For the moment, we focus on the better resolved spectrum in
the soft x-ray energy range. The P2p spectrum of a single
species is a doublet consisting of two lines with an intensity
ratio of 2 : 1, representing the final states of the photohole
for a spin of 3

2 and 1
2 . Here, two of such doublets super-

pose, whereby the one of lower intensity (∼ 33% of the total
intensity) is shifted by 0.28 eV to smaller EB values. As de-
scribed in detail in the experimental section below, we fitted
both doublets by two asymmetric Lorentzian lines with the
same energy difference and intensity ratio of the two lines, and
equal line shapes and widths. A superposition of two of such
doublets fits the observed spectrum (s. Fig. 3) and defines our
“fitting model” for the further analysis. For practical reasons
we name the two components as “main” (the larger at higher
EB) and “sub” (the smaller at lower EB) in the following.

P2p photoemission spectra of this line shape were also re-
ported in refs. [5] and [6]. The appearance of two components
in the spectrum demonstrates that P atoms in at least two
different chemical environments can be distinguished. Im-
portantly, the spectrum remains unchanged for a decrease in
the P coverage. We observed the same spectrum, when the
P coverage was significantly smaller (as estimated from the
total intensity of the spectrum), e.g., only about 25% with
respect to that of Figure 3. Hence we can exclude that the

Figure 3: Photoemission spectra of the P2p orbital for an excitation in
the hard x-ray energy range (2621 eV, top) and in the soft x-ray energy
range (280 eV, bottom). Both spectra were fitted by two doublets with
identical spin orbit splitting, intensity ratio, and FWHM. The two dou-
blets correspond to two chemically discernible phosphorus components
which are named main and sub. The photon energy for the hard x-ray
spectrum was 7 eV below the Bragg energy of the Au(111) reflection,
which safeguards that the intensity ratio of the components is not sub-
ject to standing wave field effects.

smaller component “sub” is related to overdosing of P and the
nucleation of an additional layer on top of the (5× 5) struc-
ture. We discuss this aspect, because a third layer of P on top
of a double layer (comprised of a bottom and top layer) was
indeed postulated from STM images by Zhang et al. [6]. In
addition, Golias et al. [5] observed that the sub-components
gained intensity beyond the level seen in Figure 3, when P
was deposited at room temperature.

In conclusion, this means that an additional, third layer or
additional atoms of P on top of the (5 × 5) structure may
form and contribute to the spectrum, but that this can be
excluded for our preparation and the present spectrum. The
obvious question is how the two components (“main” and
“sub” ) relate to the different P atoms in the structure models
discussed above. The answer to this question is provided by
the following NIXSW analysis.

5
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2.3 NIXSW analysis

2.3.1 P2p orbital

Figure 4 shows four photoemission spectra of the P2p orbital
as examples for the spectra evaluated in the NIXSW anal-
ysis as a function of photon energy at the Au(111) Bragg
reflection. For all spectra the same fitting model from above
with two components (main and sub) was applied. Figure 4
demonstrates the good quality of the fit by the model for
four spectra selected from the complete set of spectra over
the scan range of the photon energy of 10 eV around the
Bragg energy. Only very close to the Bragg energy (i.e., at
E − EBragg = −0.56 eV), the indentation at the center of
the experimental spectrum is not perfectly reproduced by the
fit. However, this small difference, of so far unknown origin,
did not have an impact on the results obtained in the further
evaluation. The corresponding yield curves (Y (E)) are dis-
played in Figure 5. These are computed from the intensities
of the two fitted components (main and sub). In addition,
we also fitted the yield curve of the total intensity of the P2p
spectrum, which is named “region” in the following. It corre-
sponds to the sum of the former two components within the
statistical error.

The yield curves were fitted according the theory of NIXSW
as described in the experimental section below. They were
normalized such that the extrapolated intensities far away
from the Bragg energy equal to 1 [20]. The fits of all three
yield curves (main, sub, and region) are of very good quality
(s. Fig. 5). The fitted coherent fractions (fc) and positions
(pc) are tabulated in table 2.

For the smaller component sub, the fit yields
f sub
c = 0.750± 0.013 and p sub

c = 0.054 ± 0.004. The
value of the coherent fraction is high and indicates that
the corresponding phosphorus species are located within a
narrow vertical distribution centered at one vertical height
with respect to the Au surface. From the coherent position
(p sub

c ) the corresponding average height is calculated at
d sub
c = (n + pc) × dAu(111)

= 2.482 ± 0.009 Å for a plausible

integer value of n = 1. The value of d sub
c is by 0.082 Å larger

than the height of the bottom P layer (2.40 Å) given by both
the DL and the Au-P network model (s. Tab. 1). However,
the still close agreement indicates that the respective P atoms
are in a small distance to to the first Au layer and hence
contribute to the bottom layer. This finding constitutes a
first corner stone for the interpretation of the P2p spectrum.

The remaining P atoms are resembled by the main compo-
nent. Surprisingly, its coherent fraction f main

c is much smaller
than f subc (23% instead of 75%). This immediately reveals
that the main component does not stem from P atoms at one
single height, i.e., one single layer, but contains contributions
of atoms at at least two different heights. The alternative ex-
planation that f main

c is small due to a very broad distribution
of the vertical positions is not plausible and hence dismissed.
This aspect yields the second corner stone for the analysis.

Figure 4: A set of four exemplary photoemission spectra of the of P2p
orbital for different photon energies close to the Bragg condition of the

Au(111) reflection (E
(111)
Bragg = 2636.5 eV). The spectra were fitted by

two components (main/blue and sub/violett) with parameters that were
fixed to values obtained from fitting the spectra displayed in Fig. 3. The
spectra in the above figure were computed by summing-up spectra from
19 NIXSW runs recorded on different sample positions.

However, before expanding on this this aspect further, we
comment on f region

c and p region
c . For this purpose it is helpful

to visualize the situation in the complex plane (Argand dia-
gram). The Argand vector (vector, for short in the following)
of a species j of atoms is defined as

F j
c = f j

c · exp (i 2π p j
c ) . (2)

For our experimental results, the situation is shown in Fig-
ure 7 below. As the yield curve of region is the sum of the
yield curves of main and sub a sum rule holds for the corre-
sponding vectors:

F region
c,exp = γmain · Fmain

c,exp + γsub · F sub
c,exp (3)

where Fmain
c,exp and F sub

c,exp are the vectors of the yield curves of
the main and sub components. Here, the subscript “exp” in-
dexes the experimentally determined vectors with respect to
those obtained by fitting later on. The coefficients γmain and
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Table 2: Experimentally determined coherent fractions fc and positions pc of the (5×5)P/Au(111) structure for different orbitals, Bragg reflections
((111) and (222)), and components. The vertical heights were calculated according to: dc = (n+ pc)× dAu(111) with with dAu(111) = 2.355 Å and
dAu(222) = dAu(111)/2, using the given values of n. The values for the P2p orbital were obtained from the yield curves shown in Figure 5; those of
the P1s orbital are from Figure 6 (below). Note that all dc values, except the one related to the sub component, correspond to averaged heights
of different P species and are thus not meaningful on themselves.

orbital Bragg reflection component fc pc n dc (Å)

P2p (111)

region 0.349± 0.005 0.085± 0.002 1 2.556± 0.005

main 0.233± 0.007 0.131± 0.006 1 2.664± 0.014

sub 0.750± 0.013 0.054± 0.004 1 2.482± 0.009

P1s
(111) region 0.246± 0.013 0.095± 0.012 1 2.579± 0.028

(222) region 0.761± 0.023 0.077± 0.005 2 2.536± 0.006

γsub can be identified by the molar fractions of the contribut-
ing species, as long as attenuation effects of the photoelectron
yields can be neglected. If attenuation effects play a role, the
coefficients must be considered as “effective” molar fractions.
In either case, γmain + γsub = 1 holds. Because of its im-
portance in the present context, the sum rule is explained in
more detail in the supporting information.

As a consequence of eq. (3), F region
c,exp must be located

on the line that spans from Fmain
c,exp to F sub

c,exp. As seen
in Figure 7, this is well fulfilled and proves the consis-
tency of the decomposition of the NIXSW spectra into
spectra of two components. Furthermore, the lever rule
γmain · (Fmain

c,exp − F region
c,exp ) = −γsub · (F sub

c,exp − F region
c,exp ) holds.

From Figure 7 we hence read γmain : γsub = 75% : 25%,
which means that about one quarter of the P atoms contribute
to the sub and three quarters to the main component.

As said above, from the small value of fmain
c we have to con-

clude that the two components (main and sub) contributing
to the P2p spectrum (Fig. 3) cannot correspond in a one-to-
one manner to two layers of P atoms at two different heights,
but that the stronger component main comprises atoms that
are located at, at least, two different heights. This finding
is unusual, because commonly different structural, and hence
chemically different, locations of atoms are reflected by differ-
ent binding energies of their respective photoemission peaks
which allows to discern them in the NIXSW analysis. How-
ever, in the present situation, the difference in the binding
energies is apparently too small to allow one to spectrally re-
solve the different components contributing to the main com-
ponent. We will deal with this aspect again when we discuss
the chemical bonding of the P atoms.

The small value of the coherent fraction of the main compo-
nent, i.e., the magnitude of Fmain

c,exp, can be explained if we as-
sume that the measured yield curve is a superposition of yield
curves from different species at different heights, in analogy to
the situation for F region

c,exp (s. eq. (3)). At least two species, cor-

responding to two so far unknown vectors Fmain1
c and Fmain2

c ,

are required. Again the sum rule holds:

Fmain
c,exp = γmain1 · Fmain1

c + γmain2 · Fmain2
c , (4)

where Fmain1
c and Fmain2

c are the vectors of the two compo-
nents contributing to the yield curves. As a consequence, a
vector of small magnitude, i.e., coherent fraction (as it is ob-
served), can result from two vectors of about equal coherent
fractions with an opening angle of ∼ π between them, which
corresponds to a vertical displacement of ∼ dAu(111)/2.

2.3.2 P1s orbital

In order to gain further information and determine Fmain1
c

and Fmain2
c we measured the yield curve for the Au(222)

Bragg reflection. The idea behind this strategy is that the
coherent positions are multiplied by a factor of 2 when going
from the (111) to the (222) reflection which leads a different,
but predictable, superposition of Fmain1

c and Fmain2
c .

We use the P1s orbital (EB= 2.149 keV) instead of the P2p
orbital because, at this high photon energy of the (222) re-
flection (EBragg = 5.273 keV), the photoelectron yield of the
P2p orbital is too small to yield data with suitable statistics.
The P1s spectra show only one peak with a width of about
1 eV (∼ 0.5 eV for the P2p orbital) due the smaller lifetime
of the photohole. Unlike the P2p spectra, the P1s spectra
thus do not permit a separation into different components.
Consequently, we evaluated only the integrated intensities of
the spectra after subtraction of a Shirley background. The de-
rived yield curves correspond hence to those indexed above by
“region” and comprise all P components (F sub

c , Fmain1
c and

Fmain2
c ). For simplicity, the superscript “region” is waived

here for simplicity. For a additional cross-check, the yield
curve of the Au(111) reflection was measured again using the
P1s instead of the P1p orbital. Figure 6 displays the data and
the fits. The respective coherent fractions and positions are
included in Table 2, and the corresponding vectors are dis-
played in Figure 7. As expected, the shape of the yield curve
of the (111) reflection measured for the P1s orbital (s. Fig. 6)
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Figure 5: Photoemission yield curves of different components (main and
sub) and of the integrated intensities (region) of the P2p orbital for
the (111) Bragg reflection and theoretical fits (lines). The curves are
vertically displaced against each other by a value of 0.75 for clarity. The
corresponding fitted values of fc and pc values are given in table 2.

agrees with that of the total intensity of the P2p orbital (re-
gion), which is shown in Figure 5 above. However, the fitted
coherent fraction and position differ slightly. This is unex-
pected and likely due to the smaller statistics of the P1s data
compared to the P2p data. Hence, for the further analysis we
did not include data from the (111) reflection recorded for the
P1s orbital.

As expected, the shape of yield curve of the (111) reflection
measured for the P1s orbital (see Fig. 6) agrees with that
of the total intensity of the P1p orbital (“region”), which was
shown in Figure 5 above. However, the fitted coherent fraction
and position differ slightly. Because of its better statistics and
its higher coherent fraction we consider the coherent fraction
and position derived from the P2p orbital as more reliable. We
thus do not include data from the (111) reflection recorded
for the P1s orbital in our further analysis.

As expected, the yield curve of the (222) reflection (s. Fig. 6)
differs considerably from the yield curves for the region

recorded for the (111) reflection (s. Figs. 5 and 6). This is
also evidenced by the fitted coherent fractions and positions
(s. Tab. 2). This is a consequence of the increase of the co-
herent positions of the contributing vectors by a factor of two
at the higher order (222) reflection compared to the (111)
reflection which results in the different superpositions.

2.3.3 Analysis of Fmain
c

We now come back to the analysis of F
main (111)
c,exp that was

determined from the P2p(111) yield curve. We restate what
we theoretically expect on the basis of the sum rule for the
(111) and (222) reflections:

Fmain, (111)
c = γmain1 · Fmain1, (111)

c

+ γmain2 · Fmain2, (111)
c ,

(5)

F region, (222)
c = γmain1 · Fmain1, (222)

c

+ γmain2 · Fmain2, (222)
c

+ γsub · F sub, (222)
c .

(6)

Hereby, the vectors of the (222) reflection are related to those
of the (111) reflection by multiplying the coherent positions
by a factor of 2 and reducing the coherent fraction by a factor
factor ξ(111)/(222):

F(222)
c = ξ(111)/(222) f

(111)
c · exp

(
i 2π 2 · p(111)c

)
. (7)

Generally, the factor ξ(111)/(222) is smaller than 1 and also

depends on f
(111)
c . It can be compiled for a specific distribu-

tion of the vertical heights of the emitters. For instance, for a

Gaussian height distribution, the equation f
(222)
c =

(
f
(111)
c

)4

holds, as shown in ref. [21].
As the distribution of the vertical height is unknown, we ap-
proximate ξ(111)/(222) = 1. Of course this is a simplifying
approximation; however, it served for our purpose. As a con-

sequence, the last vector in eq. (6), F
sub, (222)
c , can be calcu-

lated from the known value of F
sub, (111)
c by eq. (7).

Because the eqs. (5) and (6) are valid for the real and imagi-
nary parts of the complex numbers, we have four equations in
total, which apply to five unknown quantities, namely γmain1,
and the real and imaginary parts of both Fmain1

c and Fmain2
c .

For simplicity, we do not index the vectors referring to the
(111) reflection here and below. We note that γmain2 is known,
as γmain2 = 1− γmain1 − γsub holds, and γsub was determined
above. Nevertheless, we are still short of information to inde-
pendently determine all quantities from the data. We hence
make the further plausible assumption that the magnitudes,
i.e., the coherent fractions, of Fmain1

c and Fmain2
c , namely

fmain1
c and fmain2

c , are equal to f subc = 0.75, which was ex-
perimentally determined (s. above). This assumes that the
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Figure 6: Photoemission yield curve of the integrated intensities (cor-
responding to that marked by region in Fig. 5) of the P1s orbital for
the (222) and (111) Bragg reflections and theoretical fits (lines). The
curves are vertically displaced by a value of 1.0 for clarity. The corre-
sponding fitted values fc and pc values are given in table 2. The Bragg
condition of the Au(222) reflection is fulfilled at a photon energy of

E
(222)
Bragg = 5273 eV.

reduction of the coherent fractions from the ideal value of 1
by static and dynamical disorder is the same for all three P
species. This assumption implies that the vertical distribu-
tions of the three emitters with respect to their respective av-
eraged heights are similar, which is plausible for models with
defined P layers. As a consequence, we are left with only three
unknown quantities now, namely pmain1

c , pmain2
c , and γmain1.

To our knowledge, there exists no simple way to obtain these
quantities in a direct manner from the above equations (5) and
(6). Hence, we determined these by trial and error and calcu-

lated the values of F
main,(111)
c,exp and F

region,(222)
c,exp (left side of eqs.

(5) and (6)) from anticipated quantities of pmain1
c , pmain2

c , and
γmain1 until the experimental values were fitted best. This fit
in the Argand diagram was performed by eye. Figure 7 il-
lustrates this in the complex plane; the derived quantities are
given in Table 3. In Figure 7, the open larger circles represent
the experimentally determined vectors; the small filled circles

Table 3: Coherent positions pc, referring to the (111) reflection, respec-
tive vertical heights dc, and molar fractions γ of the three phosphorus
components obtained from the analysis (fitting) of the complete data set
as described in the text. dc = (1+pc)×dAu(111) with dAu(111) = 2.355 Å.
As described in the text, all coherent fractions were assumed to be equal
and set to the value measured for the sub component (f subc = 0.75)

component pc dc (Å) γ

main1 top layer 0.497± 0.002 3.526± 0.005 27%

main2 bottom
layer

0.053± 0.002 2.480± 0.005 44%

sub 0.053± 0.002 2.480± 0.005 28%

correspond to the fitted vectors. The size of the circles for
the experimental data was chosen such that it covers the area
given by the statistical error bars of the experimental data
points.1

We find that there are two contributions to Fmain
c,exp , namely

Fmain1
c and Fmain2

c with molar fractions γmain1 = 27% and
γmain2 = 44%; the remaining P atoms contribute to F sub

c

(γsub = 28%). Notably, in the complex plane, Fmain2
c and

F sub
c fall onto to each other within the uncertainty of the

analysis (s. Fig. 7). This reveals that the respective P atoms
are within the statistical error at the same height.
In summary, we find that 72% (44% + 28%) of the P atoms
are located between 2.480±0.005 Å above the Au surface and
resemble the bottom layer. Two chemically different types of
P atoms (main2 and sub) contribute to this layer. The smaller
fraction of P atoms (27%) are 1.046 Å ± 0.010 Å further away
from the surface, at 3.526± 0.005 Å, and form the top layer.

2.3.4 Evaluation of (11̄1) reflection

We also performed NIXSW scans on the (11̄1) reflection us-
ing the P1s orbital. This reflection is inclined versus the sur-
face normal and hence provides information on the lateral
arrangement of the P atoms. A non-zero value for the co-

herent position (f
(11̄1)
c ) is possible for this reflection, because

the structure is commensurate. First, we calculated the val-
ues using the coordinates for the P atoms given by the two

models. The principal procedure to calculate f
(hkl)
c and p

(hkl)
c

for an inclined Bragg reflection is described, e.g., in ref. [21].
The values have to be averaged over possible different rota-
tional domains. There are three of these for the DL structure,
whereas there exists only one for the Au-P network model (see

above). For the DL model we calculated f
(11̄1)
c,DL = 0.105 and

p
(11̄1)
c,DL = 0.332 and for the Au-P model f

(11̄1)
c,Au−P = 0.475 and

p
(11̄1)
cAu−P = 0.300. The smaller value of f

(11̄1)
cDL for the DL model

can be understood in view of its smaller symmetry and the

1We note that, fitting all experimentally determined vectors (Fmain
c,exp ,

F sub
c,exp, F region,exp

c,exp , and F
(222
c,exp) at the same time, gave an additional

accuracy to the analysis, and yielded a fitted coherent position psub
slightly smaller than psub,exp by −0.01 (s. Fig. 7). The impact on γsub,
which was determined earlier from eq. (3) was, however, negligible.
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Figure 7: Argand diagram of the five experimentally obtained vectors (large circles) and corresponding fitted values (small points). All vectors refer
to the (111) reflection with one exception referring to the (222) reflection as marked. The sizes of the larger circles representing the experimental
vectors were chosen such that they cover the range of the statistical error bars. The inset shows the experimentally determined vector of the sub
component (P2psub, violet) and the fitted vector (P2psub(fit), pink); in addition the fitted vector of the main2 component (P2pmain2(fit), blue) is
shown; it falls on top of P2psub(fit) within the statistical error bars.

higher number of P atoms within the (5 × 5) unit cell (32

instead of 18). The p
(11̄1)
c values of both model are however

rather similar and do not allow a further discrimination.
From four evaluated yield curves of the total intensity of the

P1s orbital (not shown) we obtained f
(11̄1)
c = 0.483 ± 0.030

and p
(11̄1)
c = 0.250± 0.003 . Comparison of this experimental

value to those that would be expected for the DL and Au-
P network models, yields a better agreement with the Au-P
model. The latter model, in particular explains the experi-

mental value of f
(11̄1)
c = 0.483, whereas this is not provided

by the DL model. Hence, the result for the (11̄1) reflection
also supports the Au-P model.

3 Discussion

We start by comparing the obtained heights with those given
by the DL and Au-P-network models (s. Tab. 1). We find a
value for the height of the top layer (3.526 Å) that lies be-
tween the values predicted by the two models, i.e., at 26%
of their difference. The height of the bottom layer (2.480 Å)
is by about 0.08 Å (3.3%) above those of the bottom lay-
ers of both models, for which are given at identical values.2

As a consequence, the experimentally determined height dif-
ference between the top and bottom layer, i.e., the “buck-

2Note that we refer to the averaged height values.

ling” (1.046 Å ± 0.010 Å), is smaller than that proposed by
the Au-P-network model by 0.05 Å and smaller than that of
the DL-network model by 0.15 Å. The DL and Au-P-network
model predict that 37.5%, respectively 33% of all P atoms are
in the top layer, while we find only 27%, given that attenu-
ation effects for the photoelectrons by the top layer can be
neglected.3

Hence, the vertical arrangement of the P atoms of the
(5× 5)P/Au(111) differs from those given by the two models.
It is instructive to visualize the comparison by an Argand di-
agram. This is done in Figure 8. Both models and the data
from our NIXSW analysis are represented by a respective line,
which spans from the the vector (marked by the filled circle)
representing the top layer (on the left) to the vector represent-
ing the bottom layer (on the right). All coherent fractions of
the experimental vectors are 0.75; for the vectors of the mod-
els, coherent fractions of 1.0 were used for simplicity. (Using
smaller fc values would not lead to principal differences.) As a
consequence of the sum rule, the respective lines resemble the
possible locations of the the respective vectors that can result
for the regions, F region

c upon a variation of the stoichiometric

3We note that a relaxation of the Au top layer in direction of the
vacuum by 0.14 Å was obtained by DFT for the DL model [5]. If this is
accounted, it should be added to the heights given for the DL modell, as
the NIXSW heights refer to the position of the extended lattice plane.
No relaxation was present for the Au-P network model.
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Figure 8: Argand diagram of values obtained from the present NIXSW
analysis (s. Tab. 3) in comparison with those expected for DL and the
Au-P network model. The lines from the vector of the bottom layer to
that of the top layer represent the possible positions for the vector of the
region upon a variation of relative occupation of the two layers.

ratios, i.e., relative occupancy numbers of the layers. Figure 8
shows that the lines of both models and the NIXSW data dif-
fer significantly from each other, both in their positions and
slopes, whereby the differences are beyond the error bars of
the data. Hence, none of the two models is directly verified
by the layer heights obtained from the NIXSW data. Much
more, a revision of the layer heights is suggested. Here the
high accuracy of the NIXSW method for the determination
of bonding heights comes into play, which is partly due to the
fact that heights are measured modulo the lattice constant
d(hkl).

Evidently, in any case, the line has to pass through the po-
sition of the experimentally most reliable determined vector
F region

c,exp . As said, this is not the case for both models and
this demonstrates clearly that none of the two models is in
full agreement with our data. However, for the Au-P network
model the line by passes the respective position at a smaller
distance than the line of the DL model. We take this as an
indication that this model is more appropriate and discuss it
further in view of our data.

For this purpose we consider a modified Au-P network model,
where the layer heights are adjusted to the values determined
by our NIXSW data. Can we then find further arguments
from our experiment supporting that this model is princi-
pally correct? A strong argument is given by the fact that,
within the P-Au network model, one can identify two differ-
ent species of P atoms in the bottom layer. These two species
may explain the presence of two chemically different compo-
nents (main2 and sub). The situation is illustrate in Figure 1
above. Namely, 6 of the 12 P atoms of the bottom layer (blue

color), which are within the six-membered rings, are coordi-
nated to two P atoms (of the top layer) and one Au ad-atom
in the bottom layer, while the other 6 P atoms (violet color)
are coordinated to one P atom (of the top layer) and two Au
ad-atoms in the bottom layer. We tentatively assign the first
P species to the main2 component and the second to the sub
component. Here, we argue that for the P atoms that are
coordinated to two electron rich Au ad-atoms the photohole
is better screened. This is reflected by the smaller binding
energy of the sub component versus that of the main2 com-
ponent.

On the other hand, the P atoms contributing to the main1
and main2 components are both located in the six-membered
rings. This may be the reason that the respective photoemis-
sion peaks have within the energy resolution identical binding
energies. This interpretation implies that the lateral coordi-
nation of the P atoms is primary decisive for the respective
binding energies of their photoemission peaks, and to only
lesser extent their vertical distance to the underlying Au sur-
face, which alternatively may have an impact on the bind-
ing energy through the screening of the photohole by surface
electrons. Admittedly, a similar interpretation would be also
possible in the frame of the DL model, as there the P atoms
also have different coordination numbers (s. Fig. 1). How-
ever, from inspecting the lateral arrangement of the P atoms
in this model, the variation of the local coordination of the P
atoms appears less distinct, and hence such a clear splitting of
the photoemission peaks into two species at different binding
energies, as we observed, is not so plausible there.

Finally, we recall that the Au-P network model also provides
an interpretation for the Au7f photoemission spectrum. It
explains the unexpectedly strong contribution of the chem-
ically modified Au atoms (χP = 1.9) by an incomplete Au
layer (given by the 9 Au ad-atoms) on top of the first com-
plete Au surface layer. No such explanation is provided by
the DL model, where the topmost Au layer exhibits an equal
atom density as the underlying bulk layers. In view of the Au-
P network model, the peak 1 of the Au7f spectrum (at higher
binding energy) corresponds to the 9 Au ad-atoms that are
coordinated between two P atoms in the bottom layer, which
represent the sub component of the P peak at smaller bind-
ing energy with respect to the main1 and main 2 components.
The peak 2 in the Au7f spectrum corresponds to the topmost
complete Au layer.

In summary, we find that both, the Au7f photoemission spec-
tra, and the NIXSW data, can be consistently and plausi-
bly explained by the Au-P network model, when the bonding
heights are revised. An experimental finding that, however,
differs from the model is the fact that the NIXSW data as-
signs only 27% of the P atoms to the top layer, whereas the
Au-P network model requires that one third of all P atoms
are in the top layer. Of course the attenuation of the pho-
toelectrons of the bottom layer by the top layer may play a
role. However, this biases the intensity of the top layer, mak-
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ing the discrepancy of the corrected ratios even larger. One
explanation may be that the top layer was more strongly sub-
ject to photodesorption during the NIXSW experiment than
the bottom layer and the number of P atoms in this layer was
therefore diminished. A further aspect of our data that dif-
fers from the expectation of the Au-P network model is that
the predicted stoichiometric ratio of the two P atoms in the
bottom layer is 1 : 1, whereas we find γsub : γmain2 = 0.64
: 1. This difference may be due to statistical errors in the
data evaluation and/or again an inequivalent attenuation of
the photoelectrons of the respective emitters due to angular
effects with respect to the top layer.

Before closing, we briefly discuss an alternative interpretation
that is also compatible with our data and motivated by the ob-
servation that, at low coverages, P atoms are substitutionally
embedded in the first Au layer. As mentioned in the introduc-
tion, these give rise to a surface reconstruction of the same
length scale but with different structure as the Au herring-
bone reconstruction. As the NIXSW experiment can distinct
vertical heights only modulo the lattice spacing, i.e., in our
case dAu(111), it is also compatible with the data that the P
atoms of the sub component are located at dc = pc×dAu(111),
instead of dc = (1+pc)×dAu(111). This corresponds to a height

of 0.145 Å with respect to the center of the first complete Au
layer (surface layer). This conclusion is also motivated for the
sub component by its shift to smaller binding energies (due to
screening) with respect to the component main1. This would
imply that more than 28% of the P atoms are embedded in
the first Au layer forming a mixed layer, a situation similar to
that found for Ag silicenes [12]. We estimate more than 28%,
because due to attenuation effects the stoichiometry will be
underrepresented by the respective coherent fraction. How-
ever, we consider this possibility as rather unlikely, because
such a structure would likely not be commensurate with the
Au(111), as it is observed. Hence, this alternative explana-
tions is dismissed.

4 Conclusions

From normal incidence x-ray standing wave and photoemis-
sion we find evidence that the (5× 5)P/Au(111) is described
by a Au-P-network model that is very close to the one pro-
posed by Tian et al. [7, 11]. However, a revision of the vertical
heights appears to be required. The P atoms are located at
two different heights (top and bottom layer). Hereby, our
data gives some evidence, although only indirectly, that the
P atoms in the bottom layer are connected by Au ad-atoms
as it was proposed by Tian et al.. The top layer is slightly
closer to the bottom layer as predicted by the Au-P network
model, and the resulting buckling is only 1.043 Åinstead of
1.10 Å. The height of the P atoms in the bottom layer is by
about 0.08 Å larger with respect to the height that was ear-
lier determined [7, 11]. From our data we further obtain a
complete interpretation of the photoemission spectra of the

P2p and the Au4f orbitals.

5 Experimental details

5.1 Sample preparation

The sample preparation and recording of the photoemission
spectra for the chemical analysis and for the normal incidence
x-ray standing wave (NIXSW) analysis were performed un-
der ultra-high-vacuum at the beamline I09 of the Diamond
Light source at Didcot/GB. The Au(111) surface was pre-
pared by Ar ion sputtering and subsequent annealing at 550◦C
for about 30 min. The P superstructure was prepared by sub-
liming black phosphorus from a small glass crucible at a tem-
perature of about 400◦C, while the Au sample was held at
250◦C. Subsequently, low energy diffraction (LEED) showed
the pattern of a (5 × 5) superstructure with sharp and dis-
tinct spots which we observed within the energy range of from
22 to 66 eV. As far as we can judge from the visual inspec-
tion of the LEED patterns, the intensity ratios of the LEED
spots corresponded to that reported by Golias et al. [5] and
by Tian et al. [7]. In particular, the ( 15 , 0) and (0, 15 ) spots
exhibited characteristic very small intensities. This indicates
that we prepared the same phase of P on Au(111) as the for-
mer authors. The satellites from the Au(111) herringbone
reconstruction were not seen any more for the layers analyzed
here.

5.2 Photoelectron spectroscopy

The soft and hard x-ray photoemission spectra were recorded
using a hemispherical analyzer operated in angle integrated
mode. The full acceptance cone of the analyzer was
θcone = 56◦. The axis of the analyzer was perpendicular to the
direction of the photon beam and in the plane of the polariza-
tion of the photons. Using soft x-rays at photon energies of
180 eV and 280 eV, spectra of the Au4f and the P2p orbitals
were recorded with high energy resolution and high statistics.
The P2p spectra served for the identification and assignment
of different chemical components of P and the development of
“fitting models” for the NIXSW data that were recorded at
higher photon energies (hard x-rays) and which were of lower
resolution. For the soft x-ray spectra the surface normal was
rotated towards the axis of the analyzer such that the axis
of the analyzer, and hence the center of the acceptance cone,
was at angles of θ of 60◦ and 20◦ with respect to the surface
normal, yielding a grazing (surface sensitive) and a closer to
normal (bulk sensitive) emission geometry.
For the NIXSW analysis, the spectra were recorded at pho-
ton energies (E) close to the Bragg energies of the (111) and
(222) reflections of Au, i.e., EBragg = 2636.5 eV and 5273 eV,
respectively. Here, the (111) direction of the sample was close
to the opposite direction of the incident photon beam (normal
incidence). For recording the intensity of the reflected x-ray
beam (R(E)) on a fluorescent screen it was tilted by −3◦
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out of the exact normal incidence position (defined by the
x-ray beam) in the direction away from the analyzer, yield-
ing a Bragg angle of 87◦. For this geometry, photoelectrons
recorded in the emission cone of the analyzer exhibit emis-
sion angles with respect to the surface normal of θ = 65◦ to
90◦. The experimental geometry for the NIXSW experiments
is further described in ref. [21].

Due to its small binding energy, the cross section of the P2p
orbital at photon energies corresponding to the Bragg energy
of the Au(111) reflection is small and individual spectra are
hence of low statistics. In order to allow a decomposition of
the spectra measured for the NIXSW analysis into the con-
tributions of different chemical components by fitting a sum
of the components to the spectra, we hence summed-up the
photoemission spectra at respective photon energies from 19
individual NIXSW scans. Beam degradation of the sample
was not drastic, but observable, i.e., during the recording of
one NIXSW scan, the spectrum of the P2p orbital lost about
15% of its intensity. Thus, in order to minimize effects from
beam degradation, all NIXSW scans (comprising 29 photoe-
mission spectra each) were recorded on fresh spots on the
sample. Hereby, care was taken that all selected sample spots
provided reflectivity curves of same shape and height.

For the NIXSW scans using the P1s orbital which were done
at the (222), (111), and (11̄1) reflections, we proceeded in a
similar manner and summed photoemission spectra at indi-
vidual photon energies of 5, 3 and 4 NIXSW scans, respec-
tively. Because of the higher binding energy of the P1s orbital
(EB = 2.149 keV), the cross sections of the P1s orbital at the
respective Bragg energies was sufficiently high that this small
number of scans provided a sufficient statistics.

5.3 Data analysis

The photoemission spectra were fitted under the software
CasaXPS [22]. Empirically, we found that asymmetric
Lorentzian line shapes convoluted by a Gaussian (line-shape
“TLA” in CasaXPS) in combination with a linear background
described the spectra of the P2p orbital best. Two compo-
nents were fitted to the P2p spectrum (“main” and “sub”).
For both of them we used a doublet of two peaks with a fixed
spin orbit splitting of 0.85 eV, identical FWHM, and an ideal
intensity ratio of 2 between the P2p 3

2
and P2p 1

2
peaks. The

yield curves (Y (E)main/sub) were computed from the areas of
the fitted components versus the photon energy E. For the
P1s orbital, the resolution did not permit to discriminate dif-
ferent components; hence, the total intensities were obtained
from integration over the region of the spectra after back-
ground subtraction and evaluated. The same procedure was
used for computing the total intensities of the P2p orbital.

When fitting the P2p spectra recorded for varying photon en-
ergies during an NIXSW run, we found by trial and error that
a very small systematic correction of up to −120 meV (at the
high energy end of the spectral series) in the binding energy

of the P2p 3
2
orbital had to be implemented in the fits. If this

energy correction was not made, some intensity (≈ 20%) of
the fitted main component was erroneously transferred to the
sub component for spectra recorded at photon energies above
the Bragg energy. This resulted in nonphysical yield curves
of both components that deviated systematically from theo-
retically predicted yield curves (see below). We suppose that
the shift is related to a small systematic deviations of the true
photon energies from the preset values when the monochro-
mator was scanned in energy. The effect appears to be specifi-
cally relevant for the spectrum of the P2p orbital because it is
composed of two significantly overlapping doublets (main and
sub) which both consist of two rather narrow lines (FWHM
∼ 0.25 eV). For another recent NIXSW analysis involving 2p
orbitals we refer to ref. [23].
The experimentally obtained NIXSW yield curves (Y (E))
were fitted by the theoretically predicted curves using the
program Torricelli [20] according to the following formula:

Y (E) = 1 + SR

√
R(E)

+ 2 |SI|R(E) fc cos (η(E)− 2π pc + ψ) .
(8)

Here fc and pc are the coherent fraction and position. η(E)
denotes the photon energy dependent phase, and R(E) the re-
flectivity. The parameters SR, SI, and ψ are the “non-dipolar
correction” parameters which take account of the difference
between the measured electron yield Y (E) and the intensity
of the standing x-ray wave field at the position of the emitting
atom [13]. These arise when the dipole approximation for the
photoelectron yield becomes invalid at higher photon energies
where the photon wavelength is no more large with respect
to the extension of the emitting orbital. In that situation,
the momentum of the photon biases the electron emission.
As a result of the detection geometry, the reflected photon
wave contributes stronger to the signal than the incoming.
Statistical errors were treated as described in ref. [20].

5.4 Non-dipolar corrections

For the P2p orbital the non-dipolar corrections were taken
into account. However, presently, there exists no established
formula for these corrections. An approximation was sug-
gested by Nelson et al. [24] (see alternatively ref. [13], p. 206).
It is implemented in the program Torricelli [20]. Using the cor-
rection, we obtained fc and pc values close to those obtained
without correction, namely within about twice the range given
by the statistical uncertainty. For the P1s orbital we have also
fitted the yield curves of the (111) and (222) reflections with
and without non-dipolar corrections Above, corrected values
were reported always. For the (111) reflection, the corrections
are not relevant, because the orbital is small with respect to to
the x-ray wavelength. For the (222) reflection, the correction
parameters were used according to the description in ref. [20].
Hereby, the averaged emission angle of the photoelectrons was
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Table 4: Overview on the non-dipolar correction parameters used for
the fitting of the experimental yield curves according to eq. 8. For the
computation of the parameters SR, SI, and ψ from δp, δd, and γ, we
refer to ref. [20].

orbital E (eV) δp δd γ

P2p 2636.5 −1.38740 1.24605 0.71527

P1s
2636.5 −0.52621 1.55875 0.25807

5273 −1.48245 1.19590 1.125514

set to 76◦. The corrections reduced the values of fc and pc
for the (222) reflection by about 10%. For reference purpose
the correction parameters are reported in Table 4.
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Supporting Information

Sum Rule

For the evaluation of NIXSW data a sum rule applies and is most helpful. If a yield curve

is obtained by integrating the intensity over the total spectral region of a speci�c orbital

(�region�) and is given by a superposition of yield curves of di�erent species (j), the corre-

sponding Argand vector F region
c (s. eq. (2)) is given by a weighted sum of the argand vectors

Fj
c that correspond to the K yield curves of the individual species:

F region
c =

K∑

j=1

γj · Fj
c . (9)

γj are the molar fractions of the contributing species, i.e., γj = Nj/N , where N is the total

number of emitters and Nj the number of emitters contributing to the component j.

Strictly speaking, the sum rule is only valid as long as attenuation e�ects of the photo-

electron yield can be neglected (s. below.) The sum rule is formally analogue to the de�nition

of the center of mass and reduces to the �lever rule� for the case of two species. It is useful

as it relates the vectors of di�erent components with each other by their molar fractions.

The sum rule results from two aspects, namely the normalization of the experimental

yield curves (Y (E)hkl) during the evaluation and the independent superposition of the pho-

toelectron yields of the N individual emitters (i) to the total photoemission intensity.

Let us consider the �rst aspect which is given by the normalization of all yield curves

in the evaluation according to eq. (8). During the �tting of the theoretical curve to the

experimental data, the experimental data is normalized to 1 for photon energies (E) far

away from the Bragg condition, i.e., where R(E) = 0 holds (s. eq. (8). This is provided by

the �tting tool, e.g., by Torricelli.20 This holds for all yield curves which are evaluated, i.e.,

for the one of the integrated intensity (Y (E) regionhkl ) and also for those of any of the individual
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components (j) that contribute (Y (E)jhkl) to the total intensity.

Under the condition that all emitters contribute equally to the photoemission intensity

it follows that the the normalized yield curve of the integrated intensity is obtained from

the normalized yield curves of the individual components when these are weighted by their

individual molar fractions γj. Hence it holds:

Y (E)regionhkl =
K∑

j=1

γj · Y (E)jhkl . (10)

The assumption that the photoemission cross sections of all emitters, contributing to the

orbital under consideration are equal is usually a good approximation for hard x-ray pho-

toemission. However, for a sample with several layers, as it is the case here, this is only

true to the extent that the intensities of photoelectrons of emitters at lower heights are not

attenuated by atoms at larger heights. Alternative, the coe�cients γj have to be interpreted

as e�ective molar fractions.

Finally, we need to understand, how eq. (10) implies eq. (9). For this purpose it is

su�cient to validate that the vectors Fc relates in a linear manner to the emitting species,

i.e., in other words, that

Fregion, (hkl)
c = Fc

(
K∑

j=1

γj · Y (E)jhkl

)
=

K∑

j=1

γj · Fc(Y (E)jhkl) . (11)

holds. Then, the sum rule eq. (9) follows from eq. (10). For demonstrating eq. (11), we recall

that the normalized yield curve Y (E)jhkl is given by a summation of the contributions of the

individual emitters:

Y (E)jhkl =
1

Nj

Nj∑

i=1

[
1 + SR

√
R(E) + 2 |SI|R(E) cos (η(E)− 2 π zi/dhkl + ψ)

]
. (12)

Here the de�nitions from above apply and zi denotes the height of the emitter i versus the
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Bragg plane (hkl) moduo d(hkl). Eq. (12) can be rewritten:

Y (E) jhkl = 1 + SR

√
R(E)

+ 2 |SI|R(E)ℜ



exp (i (η(E) + ψ))


 1

Nj

Nj∑

i=1

exp (−i 2 π zi/dhkl)





 .

(13)

Here ℜ{. . . } denotes the real part of a complex number. Now, we use the de�nition of the

coherent fraction f jc and position p jc and, in addition, eq. (2) for the vector F j, (hkl)
c . Then

the term in square brackets is equivalent to:

1

Nj

Nj∑

i=1

exp (−i2π zi/dhkl) = f j, (hkl)c exp
(
−i 2π p j, (hkl)c

)
= Fj

c, (hkl) , (14)

where the bar denotes the complex conjugate. Hence we receive the basic formula relating

the normalized yield curve and the vector:

Y (E) jhkl = 1 + SR

√
R(E) + 2 |SI|R(E)ℜ

{
exp (i (η(E) + ψ))F

j, (hkl)
c

}
. (15)

We use this and calculate:

K∑

j=1

γj ·Y (E)jhkl = 1+SR

√
R(E)+2 |SI|R(E)ℜ



exp (i (η(E) + ψ))

Nj∑

i=1

γj · Fj, (hkl)
c



 . (16)

whereby we have exploited that
∑K

i=j γj = 1. On the the other end, by the same de�nition,

it must hold that:

K∑

j=1

γj · Y (E)jhkl = Y (E)regionhkl

= 1 + SR

√
R(E) + 2 |SI|R(E)ℜ

{
exp (i (η(E) + ψ))F

region, (hkl)
c

}
.

(17)

From comparison of eqs. (16) and (17) we retrieve the sum rule, i.e., eq. (10).
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B Experimental details

This chapter serves to illustrate and explain some important details regarding the preparation of
the samples, the evaluation of the data, and the technical constructions of machine parts that were
needed for the experiments. Section B.1 discusses the influence of different annealing tempera-
tures on the monoatomic step edges of the Ag(100) surface. In Section B.2 different methods to
determine the QA coverage are explained, which can be used to obtain a reference for the cali-
bration of the QMS integrals. Lastly, the technical constructions of a filament current chopper for
SPA-LEED measurements, a Ag evaporator, and a transfer fork for the wobble stick in the STM
chamber are explained in Sections B.3, B.4, and B.5, respectively.

B.1 Testing of lower temperatures for the annealing of Ag(100)

As mentioned in Chapter 4.2, annealing the Ag crystals at 850 K or higher for 30 to 60 minutes
leads to the formation of Ag clusters and curved step edges. This phenomenon does not cause
any issues for LEED experiments, but it can be very disruptive for the investigation of organic
structures on surfaces by STM. That is because it complicates differentiating between Ag clusters
and clusters of organic molecules that may form on the surface during or after deposition. Hence,
it was tested whether annealing at a lower temperature reduces the formation of such Ag clusters.
The results of these experiments are presented in this section.

Figure B.1 shows STM images of the Ag(100) surface after annealing for 60 minutes at 850 K and
700 K in panel a) and b), respectively. The STM images show that, after annealing the crystal
at 850 K, there are a lot of bright protrusions, which are about between 2 Å and 5 Å in apparent
height and which are preferably located at Ag step edges. These protrusions are assigned to small
clusters of Ag atoms. An alternative explanation could be that these protrusions are small clusters
of carbon, which has segregated from the bulk of the Ag crystal to the surface during annealing.
Such segregation of carbon to the surfaces is a well-known phenomenon and has been reported
for example for nickel surfaces [276, 277]. However, it is unlikely that the observed protrusions
consist of carbon atoms because carbon would be expected to form 2D ordered layers (graphene)
instead of clusters because the most stable form of carbon is graphite. The STM image (Fig. B.1a)
also shows that the monoatomic step edges of the surface exhibit many concave curves. This is a
consequence of the cluster formation because the clusters are not mobile and pin the step edges to
a distinct location.

In contrast, after annealing at 700 K, the step edges are very straight and the amount of Ag clusters
is significantly lower (Fig. B.1b). This effect is explained by the reduced mobility of the atoms
at the lower temperature, which inhibits the formation of the thermodynamically more stable
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100 nm

a) b)

100 nm

Figure B.1: STM images (UB = −1.5 V, Itun = 25 pA) of the clean Ag(100) surface. a) The Ag(100)
surface after annealing at 850 K. It can be seen that there are many small round protrusions, which
are assigned to small clusters of Ag. The step edges are very curvy and often pinned at such clus-
ters. b) The surface after annealing at 700 K. The step edges are mostly straight and a significantly
smaller amount of Ag clusters is observed.

Ag clusters. Of course, the extent to which this phenomenon occurred did vary strongly with
the location on the sample. Furthermore, the two images were handpicked in order to illustrate
the impact of the temperature during annealing. Nevertheless, the consideration of many STM
images that were recorded over periods of several months does indeed confirm the observation:
On average, the amount of Ag clusters and curvy step edges was significantly lower after using
an annealing temperature of only 700 K than it was for one of 850 K. This means that the annealing
temperature of 700 K is better suited than the one of 850 K for STM measurements on the Ag(100)
surface.

B.2 Calibration of the QMS integrals

In many cases, the correct determination of the coverage of an organic adsorbate is not an easy
feat. One way to determine the coverage of an organic or inorganic layer on a surface is by using
the relative QMS integrals from the deposition. However, this method works only under the
assumption that the sticking factor does not depend on the coverage and it requires a reference
integral of a known corresponding coverage. This section will illustrate two methods to obtain
such a reference integral for the case of QA on Ag(100) and Cu(111).

One very straightforward way to determine the coverage is by evaluating large-scale STM im-
ages with less than 1 ML of QA by pixel counting. This works under the assumption that all
observed molecules are adsorbed on the surface in a flat-lying configuration. An example of this
is illustrated in Figure B.2. Panel a) shows a normal STM image of QA on Cu(111). In panel b) an
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intensity threshold was chosen in such a way that all pixels corresponding to QA chains are as-
signed a gray value of 0 (white) and the remaining pixels are assigned a gray value of 255 (black).
The pixels were counted with the image processing software ImageJ [278]. With the amount of
black and white pixels Npix

255 and Npix
0 , the coverage θQA can be calculated (the result is given as

decimal portion of 1):

θQA =
Npix

0

Npix
255 + Npix

0

. (B.1)

The determination of the coverage of an organic layer with SPA-LEED is usually not trivial, but
in this case, a special quality of the α-phase of QA on metal surfaces can be utilized. A typical
SPA-LEED image with a corresponding line profile of the QA α-phase on Ag(100) are displayed

c) d)

b1

b2

b2

b1

(00)

*

*

*

*

a) b)

10 nm

Figure B.2: Exemplary illustration of how the QA coverage was determined with STM and
SPA-LEED. a) STM image (UB = −1.5 V, Itun = 35 pA) of QA chains on the Cu(111) surface.
b) The same image as in panel a), but all pixels above a certain intensity threshold were attributed
to QA chains and colored white, and the remaining pixels were attributed to the bare substrate and
colored black. The coverage can be calculated by counting the white pixels. c) SPA-LEED image
(T = 110 K, E = 53.1 eV) of the area around the specular spot of QA on Ag(100) in the α-phase.
d) A line profile along the vector b∗

1 . The ratio between the reciprocal lengths b∗1 , b∗2 of the vectors
b∗

1 , b∗
2 can be used to calculate the coverage θQA. For more information, see text.
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in panels c) and d) of Figure B.2, respectively. As discussed in Chapter 5.1.1, the average dis-
tance between neighboring chains b2 increases with decreasing coverage while the intermolecular
distance b1 within the chains is defined by the strong H-bonds and therefore constant for all cover-
ages. In a simple model, which assumes that the chains are equally spaced, a b2 ∼ θ−1

QA correlation

is expected. With this correlation and the known distance bθQA=1
2 for a full ML, it is straightfor-

ward to calculate an unknown coverage if the distance between neighboring chains is known from
SPA-LEED investigations:

θQA =
bθQA=1

2
b2

. (B.2)

It is not known per se how accurate the assumed correlation between θQA and b2 is. All STM
images at coverages below 1 ML show an equal spacing between neighboring chains. But it can-
not be excluded that there may be small jumps in b2 at distinct coverages. However, overall this
method to determine QA coverages from SPA-LEED images yields accurate results with an es-
timated error of ∆θQA = 0.1. With high enough statistics, the results from the STM images are
estimated to be slightly more accurate with an error of ∆θQA = 0.05. The SPA-LEED method
to determine the coverage can be used for coverages between about 0.5 and 1.0 ML. For smaller
coverages, the intensity of the spots in the diffraction pattern is too small and smeared out. The
STM method can be used to determine coverages between 0.0 and 1.0 ML. However, for very low
coverages (< 0.2 ML) it is especially important to acquire high statistics because local variations of
the coverage may cause a significant error.

B.3 Current chopper for SPA-LEED measurements

In order to investigate the phase transition between the α- and the β-phase of QA on Ag(100),
SPA-LEED experiments at elevated temperatures were conducted. A potential problem that may
arise during such experiments is that the current flowing through the filament, which is located
directly behind the sample, induces a magnetic field. Thus, the electrons that are scattered at
the sample experience an additional unquantifiable deflection caused by the magnetic field. Ac-
cording to a review by Horn-von-Hoegen, the presence of magnetic or electrostatic alternating
current (AC) stray field is very disruptive to SPA-LEED measurements because it would cause to
electron beam to oscillate with the given frequency. However, constant magnetic or electrostatic
fields are not problematic because they usually only lead to a small shift of the spots without a
change of the spot profile [75]. Nevertheless, within the scope of the present thesis a so-called
current chopper was designed and constructed in cooperation with R. Paulig in order to minimize
all potential influence of the magnetic field. This was particularly important for temperature-
dependent measurements of line profiles (cf. Chapter 5.4) where a temperature-dependent move-
ment of the superstructure spots is very disruptive.

The basic principle of this current chopper is to make use of pulse heating and gated detection.
That means that the heating of the sample is achieved by heating pulses (heating periods) that are
followed without delay by voltage and current-free pauses (measurement periods), during which
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electrons can be collected without the influence of a magnetic field. This concept was first put into
practice on Si(111) by Kury et al. in 2004 [279]. There, the Si sample was heated with direct current
sample heating, which causes very strong magnetic fields around the sample that in addition can
be very inhomogeneous. Hence, in that case, the observed influence of the magnetic field on the
LEED pattern is particularly strong.

The program WinSPA [223] can be run in a mode in which it generates and outputs a transistor-
transistor logic (TTL) signal of a periodic rectangular step function alternating between 0 V and
5 V. This signal defines the heating and measurement periods. The frequency of the periodic step
function can be chosen between roughly 100 – 1000 Hz and the ratio between the heating and mea-
surement periods can be adjusted between 0.2 – 0.8. Usually, a frequency of 100 Hz with a mea-
surement ratio of 0.5 was used, i.e., the heating and measurement periods were both 5 millisec-
onds. This TTL signal is fed into the current chopper, which is located between the power supply
and the heating filament in the electric circuit. The chopper has a field-effect transistor (FET)
switch that periodically opens (at 5 V) and closes (at 0 V) the circuit according to the received TTL
signal.

The influence of the magnetic field on the SPA-LEED images was systematically tested by record-
ing 2D images and line profiles through the specular spot at different temperatures of up to 500 K.
The positions, profile shapes, and FWHMs of the spots were compared between images recorded
without gated detection and those that were recorded with gated detection. Overall, it was found
that the influence of the magnetic field on the SPA-LEED images was negligible. No changes
in the profile shape or the FWHM of the specular spot were found. Only a small displacement
of the spots (≤ 0.1 V) could be observed. These observations are in line with the statements in
the review by Horn-von-Hoegen that constant magnetic fields are not problematic for SPA-LEED
measurements [75].

B.4 Construction of an Ag evaporator

In order to investigate the influence of Ag atoms on the observed QA structures on Ag(100), ex-
periments were conducted in which Ag atoms were deposited into the observed QA structures
(cf. Chapter 5.1.3). For these experiments, a Ag evaporator was constructed. The Ag evaporator
was designed by M. Specht and assembled and tested by T. Bald within the scope of his bachelor’s
thesis [235]. A schematic drawing of the evaporator is given in Figure B.3.

The evaporator is divided into three parts: a CF63 flange on which the entire structure is mounted,
a support structure consisting of three rods made of stainless steel that carries the oven, and the
oven itself, which is electrically isolated from the rest of the evaporator. The oven consists of
a crucible that is made of a titanium-zirconium-molybdenum (TZM) alloy allowing it to endure
temperatures of up to 2600◦C [280], is 22 mm in length, and has an opening with a diameter of
4 mm. For the temperature measurement, a type K thermocouple is screwed to the outer wall of
the crucible. The front compartment of the crucible contains a small Ag sample from the laboratory
supply with a weight of about 4 g and the back compartment with a diameter of 7.5 mm gives
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a)

b)
Shutter rod
Cooling pipes

Mounting base
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Front compartment

Shutter

Rotary passthrough

Cooling pipes Mounting �ange
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Mounting base
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Figure B.3: Technical drawing of the Ag evaporator. a) Top view of the whole evaporator. On the
right-hand side is the oven (see panel b) and its cooling shield. It is mounted on a DN63 mounting
flange via 3 metal rods. b) Side view onto the front of the evaporator. It shows the crucible that
is mounted on the mounting base. The front compartment of the crucible contains the Ag and
the shutter in front of it can be used to interrupt the atom beam.A 100 W filament in the back
compartment is used to heat the entire crucible. The rods that are colored with a striation are
threaded. Both drawings were taken from ref. [235]

.

room for a 100 W filament that is able to heat the crucible to up to 1200 K. In order to prevent the
rest of the evaporator and its surroundings from heating up too much, the oven is also equipped
with a cooling shield that is cooled by a constant flow of water. Furthermore, the shield prevents
the evaporation of Ag in unwanted directions. It has a hole with a diameter of 4 mm at the front
that acts like a pinhole and restricts the evaporated Ag atoms into a beam that is directed at the
sample.

The three rods of the support structure are welded to the CF63 flange on its vacuum side. The
two pipes of the water line for the cooling shield are fed through the flange and welded vacuum-
tight. Additionally, three CF16 flanges are welded to the CF63 flange. Those are used for a rotary
feed-through for opening and closing the shutter, an electric feed-through for the filament and the
temperature measurements, and a vacuum mount for pumping. The whole evaporator is 330 mm
in length, which also defines how far it protrudes into the vacuum chamber. A more in-depth
description of the evaporator, the thermal properties, and information regarding the deposition
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rate and deposition distribution is not given in the present thesis but can be found in the bachelor’s
thesis by T. Bald [235].

B.5 Construction of a transfer fork for the wobble stick

Within the scope of the present thesis, a transfer fork for a new wobble stick (ZWS150 from VAC-
GEN, 150 mm linear travel, and 15◦ angular movement) was developed and constructed because
the bellow of the old wobble stick broke and became leaky. Technical drawings of the wobble stick
and the transfer fork are shown in Figure B.4. All parts of the transfer fork (described below) are
made of aluminum. The metal aluminum was used because it is softer and more flexible than for
example stainless steel. The flexibility allows the user to adjust the fork a little bit after construc-
tion so that it has a firm grip on the sample holder. Furthermore, the fact that aluminum is softer
than stainless steel prevents the fork from damaging experimental parts in the chamber that are
made out of stainless steel, for example, the STM table.

The transfer fork consists of three parts. The first part is a cylinder that fits over the end of the
wobble stick and is screwed to it via 4 M2 screws. It has a small hole that prevents air from getting
trapped in there, which might cause a micro leak. The second part is a small metal rod with a
diameter of 5 mm that is jammed into a hole of the same size on the opposite side of the cylinder.
The other side of the rod has a 2.02 mm wide and 15 mm deep slot. The last part is the actual fork,
which fits into the slot of the metal rod and is screwed to it with 2 M2 screws. The fork is 2 mm
thick and has two arms that are separated from each other by a circular cutout with a radius of
9.5 mm. At the front of the fork, there is a half-circular cutout with a radius of 11.35 mm that is
used to grab the same holder in the UHV chamber. The two cutouts are connected by a 2 mm
wide gap in order to make the two arms more flexible. This gives some leeway for bending the
two arms so that the grip between the fork and the sample holder can be adjusted to personal
preference. When bending the two arms outside of the vacuum chamber, it is important to keep in
mind that the grip between the fork and the sample holder will be tighter in the vacuum because
the air acts as a lubricant and reduces the friction between the two parts.
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Figure B.4: Construction of a transfer fork for a new wobble stick. a) Technical drawing of the
ordered wobble stick. b) Technical Drawing of the transfer fork. c) Technical Drawing of the
cylinder and the small rod that are used to attach the transfer fork to the wobble stick. d) Technical
drawing of only the small rod. e) Image of all three parts put together.
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C Additional quinacridone phases

C.1 Additional phases on Ag(100)

In this section, two phases of QA on Ag(100) in addition to those described in Chapter 5 will be
presented in Sections C.1.1 and C.1.3, respectively. In addition, an interesting anisotropic phase,
which is similar to the α-phase, will be discussed in Section C.1.2.

The first additional phase of QA will be named the γ-phase. It was only observed in coexistence
with the β-phase after annealing the α-phase at 500 K for 15 minutes. Furthermore, it was only
observed on one specific Ag(100) crystal in the SPA-LEED chamber and could not be prepared on
the other Ag(100) crystals. Nevertheless, the phase will be discussed here because it shows some
interesting kinetic and thermodynamic properties and may be very similar to a phase that R. Priya
observed on Ag(110) [81].

The second additional QA phase was observed only once after annealing a QA layer from the
previous day at 550 K for 15 minutes. Although this phase was only observed once and was
not reproduced again, it will be discussed here because it corresponds to a double layer of two
different phases, which may yield some interesting insight regarding the interfacial interactions
between QA and the Ag substrate.

C.1.1 The γ-phase

As mentioned above, the γ-phase was only observed in coexistence with the β-phase after an-
nealing the α-phase at 500 K for 15 minutes. Interestingly, this phase was only observed on one
Ag(100) crystal that was used in the SPA-LEED chamber within the scope of the bachelor’s thesis
of T. Bald [235] and the focusing laboratory course of J. Roth [237]. During SPA-LEED experiments
that were conducted previously on a different Ag(100) crystal [281, 282] and all STM experiments
that were conducted within the scope of the present thesis on Ag(100), this phase was never ob-
served. In the following, the structure of the γ-phase, its thermodynamic and kinetic properties,
and potential reasons for the fact that it was only present on one crystal will be discussed.

A SPA-LEED image of a mixture of the β- and γ-phase is displayed in Figure C.1. It consists of
many sharp and intense spots. Roughly half of the spots belong to the already known β-phase
(cf. Chapter 5.1.1), the other half belongs to the new γ-phase. The upper left and right quadrants
are superimposed with simulations of the pure β- and γ-phase, respectively. The bottom right
quadrant is superimposed with the simulations of both phases. The combined simulation of both
phases accounts for all observed spots and no systematic elimination of spots can be observed.
The analysis of the diffraction pattern yields that the γ-phase is also commensurate making it
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likely that the γ-phase is a structure in the first layer. It exhibits a quadratic unit cell with the
parameters b1 = b2 = 21.93 Å, and α = 90◦ and the corresponding superstructure matrix is:

Mγ =

(
3 7

−7 3

)
.

The vectors b1 and b2 are rotated by 23◦ with respect to the Ag⟨10⟩ direction. Interestingly,
R. Priya found a unit cell with very similar dimensions (the lengths of the unit cell deviate by
about 3%), which is also commensurate, for QA on Ag(110) after annealing [81]. This indicates
that the molecular arrangement within these two structures may be identical, or at least very sim-
ilar.

1*

*

c2*

c1*

b1*

b2*

Figure C.1: Distortion corrected SPA-LEED image (T = 110 K, E = 53.1 eV) of of a mixture of the
β- and γ-phase on Ag(100). The upper left and right quadrants of the image are superimposed
with simulated spots of the β- and γ-phase, respectively. The bottom right quadrant is superim-
posed with the simulated spots of both phases and the bottom left quadrant shows the diffraction
pattern without a simulation. The simulated spots of the β-phase are red and blue, while the ones
of the γ-phase are violet and green. This figure was taken from ref. [237] and slightly modified.
The distortion was corrected with the help of a python routine by J. Roth [237].
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Unfortunately, the arrangement of the QA molecules in the unit cell can only be guessed, since no
STM (or other methods that yield this information) experiments were conducted on the γ-phase.
Two possible structure models are illustrated in Figure C.2. The structure in panel a) is based
on a structure that was suggested by R. Priya for the annealed phase of QA on Ag(110). It is
very similar to the homochiral chains in the α-phase, but it contains periodic offsets caused by
molecules of the opposite handedness (RRLRR or LLRLL). Because of the periodic offsets, in this
kind of chain only 4

3 H-bonds per molecule are formed (the α-phase on Ag(100) has 2 H-bonds per
molecule). The unit cell contains three molecules and roughly 30% of the substrate is not covered
by molecules resulting in a molecule density of 0.0062 Å−2. This is only 70% of the molecular
density in the β-phase (0.0089 Å−2).

An alternative structure model for the γ-phase on Ag(100) with 4 molecules per unit cell is dis-
played in panel b) of Figure C.2. Here, every molecule forms 1.25 H-bonds on average and the
molecule density is 0.0083 Å−2, which is almost identical to that of the β-phase (0.0089 Å−2). In-
terestingly, the structure of this model consists of the same kind of chains as the β′-phase that was
observed after annealing QA on the Cu(111) surface (LLRLRR or RRLRLL, cf. Figure 5.6), but
here neighboring chains are shifted by one molecule with respect to one another in the direction
of the chains. That means that in contrast to the β′-phase, here the dimers of neighboring chains
are not directly adjacent anymore. This leads to one small S-shaped hole in the molecular struc-
ture per unit cell. The same kind of hole occurs in the β′-phase as defects [224]. The structure
model (Fig. C.2b) has molecules of different chiralities on the corners, which means that, strictly
speaking, it is not the true unit cell of the proposed structure. However, similar to the β-phase
(cf. Chapter 5.1.1, page 39) on Ag(100), it can be assumed that the structure factors of the two QA
enantiomers are very similar, and hence they cannot be distinguished by SPA-LEED.

Considering the fact that the γ-phase exists after annealing in coexistence with the β-phase but
never as a pure phase, the model in panel b) seems more plausible. The structure in panel a) is
basically the α-phase with an offset every three molecules due to molecules of the opposite hand-
edness and with a different azimuthal orientation. This implies that the chains in this phase are
less favorable than the ones of the α-phase in terms of the number of H-bonds and the azimuthal
orientation. It is unlikely that the commensurate nature of the proposed phase (i.e., every third
molecule exhibits the same adsorption site) can overcompensate for this energy loss. And since
the α-phase is not the thermodynamically most stable structure, a phase that is energetically less
favorable than it is unlikely to exist after annealing at 500 K. Furthermore, it was observed that at
lower coverages the spots of the β-phase are more pronounced than the ones of the γ-phase and
the spots of the γ-phase become more pronounced for coverages slightly below 1 ML [235, 237],
which supports the model with the higher molecule density. Moreover, the structure in panel b)
shares some similarities with the β-phase regarding their molecular arrangements.

The kinetic properties of the transition between the β- and γ-phase of QA were investigated by
J. Roth within the scope of his focusing laboratory course [237]. When left at RT, over time the
intensity of the γ-spots decreases and that of the β-spots increases until they reach the maximum
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a) b)

Figure C.2: Two suggestion for structure models for the γ-phase on Ag(100). a) A model with three
molecules per unit cell. Each molecule forms 4

3 H-bonds on average and the molecule density is
0.0062 Å−2. Te structure consists of homochiral dimers that are connected by a single QA molecule
of the opposite handedness. b) A structure model with four molecules per unit cell. Each molecule
forms 1.25 H-bonds on average and the molecule density is 0.0083 Å−2. The structure consists of
the same kind of chains as the β′-phase on Cu(111), but neighboring chains are offset by one
molecule with regard to one another. The unit cell does not consider the different chiralities of the
QA molecules. For more information, see text.

intensity after about 20 hours. This shows that the γ-phase is not stable at RT and slowly trans-
forms back into the β-phase. The intensity of the β-spots increases twice as fast as the intensity of
the γ-spots decreases. Since a transition via an unordered phase would have the opposite effect,
this indicates a direct 1:1 conversion between the two phases. Interestingly, this phase transition
is reversible. After annealing at 475 K, the intensity of the γ-spots has increased again and the one
of the β-spots has decreased. This shows that the γ-phase is the preferred structure at elevated
temperatures, while the β-phase is preferred at RT. A possible explanation is that the β-phase is
thermodynamically slightly more stable than the γ-phase, but the γ-phase is preferred at higher
temperatures due to entropic differences between the two phases.

Lastly, it is interesting to ask the question of why it was only possible to prepare the γ-phase in
the one specific experimental setup. Three ideas were considered and will be briefly discussed in
the following.

(i) The γ-phase is a mixed phase of PTCDA and QA, which is caused by an unintended co-
deposition of PTCDA during the evaporation of QA due to the close proximity of the two
evaporators. However, the temperature in the PTCDA evaporator remained well below its
sublimation temperature during the evaporation of QA. Furthermore, the deliberate depo-
sition of PTCDA into the mixed β- and γ-phase did not lead to an increase in the intensity
of the γ-spots. Hence, this possibility is dismissed.
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(ii) The γ-phase is a mixed phase of indigo and QA due to thermal decomposition of QA into in-
digo during the evaporation, which was found by Scherwitzl et al. [79, 80]. This was checked
by monitoring the masses of the molecule beam with the QMS during deposition and the
masses only corresponding to indigo could not be observed. Hence, this possibility can also
be excluded. The possible decomposition of QA is discussed in more detail in Appendix D.

(iii) The γ-phase is caused by systematic defects of the used Ag(100) crystal. This may for ex-
ample be in the form of facets with a different geometry that are caused for example by a
miscut or a macroscopic damage. In different experiments, an anisotropic α-phase of QA
was observed on the same crystal (cf. Section C.1.2), which further supports the assessment
that the crystal surface exhibits some sort of unusual geometry, e.g., an unusually high step
density.

C.1.2 Anisotropic α-phase on Ag(100)

Similar to the observation of the γ-phase (cf. Section C.1.1), there is a second phenomenon that
was only observed on the same crystal. Within the scope of the bachelor’s thesis of T. Bald [235]
an anisotropy in the α-phase of QA on Ag(100) was found. A corresponding SPA-LEED image
is displayed in panel a) of Figure C.3. The positions of the spots are identical to those of the
normal α-phase (see Fig. 5.1), which means that the phase consists of the same chains with the
same four distinct azimuthal orientation. The difference is that two sets of spots are significantly
more intense than the other two sets of spots. That means that two azimuthal orientations of the
chains are preferred over the other two. This is very counterintuitive because all four azimuthal
orientations are symmetry equivalent on an ideal Ag(100) surface. Thus, it was concluded that the
crystal that was used for these experiments exhibited some kind of macroscopic damage, which
led to an anisotropy of the Ag(100) surface causing the observed and very unusual behavior of the
QA molecules.

Furthermore, annealing this structure at 425 K for 10 minutes leads to an even more interesting
effect, which can be seen in the corresponding SPA-LEED image in panel b) of Figure C.3. The
other two sets of spots are now more intense and the angle between the specular spot and two
superstructure spots has increased by 15◦ (indicated in red). That means that now the other two
azimuthal directions of the chains are preferred and additionally all azimuthal chain orientations
have changed by 7.5◦. A satisfactory explanation for this behavior could not be found. In his
thesis, T. Bald explained this with a complex interplay of several factors. He proposed a miscut of
the sample that lead to a high density of steps in [11] direction, at which the chain growth of two
distinct orientations is preferred at RT due to the strong interactions between the step edges and
the QA molecules. After annealing, azimuthal orientations that are more parallel to the step edges
are preferred because this enables the formation of longer chains and thus more H-bonds. Hence,
step edge nucleation was considered to be less relevant at high temperature. A more in-depth
explanation of this theory can be found in his thesis [235].
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a) b) 
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Figure C.3: Two SPA-LEED (T = 110 K, E = 53.1 eV) images showing the anisotropy of the α-
phase on Ag(100). It is important to note that this anisotropy only occurred on one specific Ag(100)
crystal and does not reflect the diffraction pattern of the normal α-phase. a) Diffraction pattern
after preparation at a sample temperature of 350 K. b) Diffraction pattern after annealing at 425 K
for 10 minutes. The figure was copied from ref. [235] and slightly modified.

However, under consideration of the results for QA on the vicinal Ag(35 1 1) surface (cf. Chap-
ter 7.1), this explanation does not seem plausible. There, it was found that at RT the QA chains
nucleate on the Ag terraces at RT, and all four azimuthal orientations grow with equal probabil-
ity. At elevated sample temperatures (> 400 K), the nucleation preferably occurs at the step edges,
which leads to a preferential growth of distinct orientations. Hence, it is more likely that the
favored orientations of the QA chains that T. Bald observed after annealing at 425 K are caused
by the interactions between the QA molecules and the Ag steps. However, the reasons for the
preferential growth of the two other azimuthal orientations at RT are unclear.

C.1.3 A double-layer phase on Ag(100)

In this section, a SPA-LEED image of a QA phase on Ag(100), which turned out to be an annealed
double layer during the analysis, will be presented and discussed. This phase was only observed
once and was not reproduced. Nevertheless, this phase is interesting because the proposed molec-
ular arrangement of this phase (discussed below) differs from those of the other QA structures that
were discussed in the present work, which yields additional insights into the intermolecular in-
teractions. The circumstances under which this phase was observed are very specific. A QA layer
that was supposed to be a full ML of the β-phase (the actual coverage is discussed below) was
heated in steps of 10 K up to a temperature of 500 K in order to record line profiles across the
β-spots at every temperature step (cf. Chapter 5.4). On the next morning, the SPA-LEED image
only contained diffuse intensity. Hence, in an attempt to induce a phase transition back into the
β-phase, the sample was annealed at 550 K for 15 minutes. The resulting diffraction pattern is
illustrated in Figure C.4 and will be discussed in the following.
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The diffraction pattern in Figure C.4 is very complex and consists of sharp spots, smeared-out
spots, and very long smeared-out lines. The analysis turned out to be rather difficult and no
single unit cell was found that can explain the pattern. Thus, the observed diffraction pattern is
explained as a consequence of a QA double layer in which the first and the second layer exhibit
different structures. The two unit cells are given by the vectors b∗

1, b∗
2 (first layer, blue) and c∗1, c∗2

(second layer, red). Both unit cells do not correspond to a structure that is already known, such as
the α- or β-phase. The left-hand side of the SPA-LEED image is superimposed with the spots of
the corresponding simulations. The upper quadrant only contains simulated spots of the second
layer, whereas the lower quadrant contains simulated spots corresponding to both layers.

First, the structure of the second layer will be discussed because the corresponding spots are more
intense than the ones of the first layer. It can be seen that the majority of the observed spots and the
lines of the diffraction pattern are accounted for by the simulated red spots (second layer). The red
unit cell corresponds to a real space unit cell with the vectors c1, c2 with lengths of c1 = (6.4 ± 0.4) Å
and c2 = (17.4 ± 0.4) Å, and α = (96 ± 2)◦. This unit cell and a suggested corresponding arrange-
ment of the QA molecules are illustrated on the left-hand side of the inset in the top right of
Figure C.4. The corresponding superstructure matrix is:

MAg(100)
c1 ,c2 =

(
1.0 ± 0.1 2.0 ± 0.1

5.6 ± 0.1 −2.1 ± 0.1

)
.

The unit cell and the corresponding structure model in the inset of Figure C.4 show that the struc-
ture of the second QA layer consists of molecular chains similar to those in the α-phase. This is
in good agreement with the results for the structures of QA in the second layer on Ag(100) and
Cu(111), which were presented in Chapter 5.3. As was explained there, the structures of QA in the
second molecular layer always consist of 1D molecular chains, even after annealing at 500 K. The
reason for that is that the formation of the β-phase is only favored on metal substrates where the
loss of H-bonds can be overcompensated by stronger interactions between the molecules and the
metal substrate. In the second layer, this is not the case, which is why the formation of molecular
chains with two H-bonds per molecule is preferred there.

Now the structure of the first QA layer will be discussed. The simulated blue spots that corre-
spond to the blue unit cell, which is given by the vectors b∗

1, b∗
2, account for some of the remaining

spots. The observed spots that are not described by one of the unit cells can be explained by mul-
tiple scattering; an example is illustrated by the green arrows. The blue unit cell corresponds to a
real space unit cell with the vectors b1, b2 with lengths of b1 = (9.9 ± 0.4) Å and b2 = (10.6 ± 0.4 Å),
and α = 99 ± 2◦. The corresponding superstructure matrix is

MAg(100)
b1 ,b2

=

(
3.0 ± 0.1 −1.7 ± 0.1

1.2 ± 0.1 3.5 ± 0.1

)
.

A structure model of the first QA layer is illustrated on the right-hand side in the inset of Fig-
ure C.4. The QA molecules are arranged in chains with an offset for each molecule. That means
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Figure C.4: An unknown phase of QA on Ag(100) that was only observed once and was not repro-
duced. It was observed after the β-phase was annealed stepwise to 500 K in order to investigate the
behavior of the β-phase at increased temperature (cf. Chapter 5.4). After about 14 hours, the SPA-
LEED pattern consisted only of diffuse intensity and the SPA-LEED pattern which is shown here
appeared after annealing the sample again at 550 K for 15 minutes. The image was not deskewed.
The diffraction pattern is a combination of sharp spots and smeared-out lines and is explained by
a combination of two unit cells in the first and the second layer, which are illustrated in red(second
layer) and blue (first layer). The left-hand side of the SPA-LEED image is superimposed with a
corresponding simulated diffraction pattern. The simulation is able to reproduce the majority of
the spots, but cannot account for some rather strong spots that are further outward from the spec-
ular spot. These spots can be explained by multiple scattering; an example of multiple scattering
around the [10]-spot is illustrated by the dashed green lines. The full green lines shows the corre-
sponding unit cell vectors around the specular spot. The inset shows the resulting unit cells and
proposed candidate QA structure models.
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that every molecule only forms one intermolecular H-bond of the type N–H· · ·O (indicated by
the red ellipses). Additionally, each molecule is also involved in the formation of one H-bond of
the significantly weaker type C–H· · ·O (indicated by the green ellipses). Consequently, the hand-
edness within the chains alternates with every molecule. The molecule density of the first layer is
0.0095 Å−2, which is slightly higher (∼6%) than the one in the β-phase (0.0089 Å−2), which helps
to compensate for energy loss due to the lower amount of H-bonds. The reason why the first
QA layer forms this phase and not the known β-phase is likely caused by the fact that a second
QA layer was present during annealing. This second layer constitutes a supply of additional QA
molecules and exerts an additional pressure onto the first QA layer. That means that molecules
in the second layer may also be able to squeeze into the first layer during annealing. These two
aspects lead to the formation of a different structure with a larger molecule density. The reason
why this structure was not reproduced is likely due to the fact that the coverage of the layer was
underestimated, and it was assumed to be not larger than 1 ML. Hence, the attempts to reproduce
this structure were conducted at coverages that were not sufficient for its formation.

C.2 Additional phases on Cu(111)

In this chapter, two additional structures, which were observed after depositing and annealing
QA on the Cu(111) surface, will be discussed. Here, some of the structures contain molecules that
show smaller apparent lateral sizes than that of the QA molecule. This is likely explained by a
thermally induced decomposition of the QA molecules into indigo. It is important to note this
decomposition was not observed for the β′-phase on Cu(111), which was discussed in Chapter 5.2
(page 46). This difference can likely be explained by different annealing times and/or differences
in the QA coverage.

C.2.1 Phase after annealing of a QA multilayer

In this section, a phase, which was only observed after annealing a QA layer (θQA > 1 ML) on
Cu(111) at 500 K for 15 minutes, will be discussed. Corresponding STM images are shown in
panels a) and b) of Figure C.5. The STM images show that this structure also consists of domains
of parallel molecular chains, but with only three azimuthal orientations, which are aligned with
the ⟨10⟩ direction of the Cu(111) substrate. The domains are very small and only consist of 3 – 5
parallel chains. Furthermore, the molecules are tilted by 30◦ with respect to the direction of the
chain. A corresponding SPA-LEED image is displayed in panel c). It consists of two sets of 6
spots, which form two hexagons around the specular spot. These spots are the only superstructure
spots that are visible in the diffraction pattern and they are rather weak and broad, which is likely
caused by the small domain size of the organic layer. The analysis of the SPA-LEED image yielded
a unit cell with b1 = (6.9 ± 0.1)Å and b2 = (13.8 ± 0.2) Å, which are in good agreement with
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Figure C.5: Phase that was observed on Cu(111) after a layer of QA (θQA > 1 ML) was annealed
at 500 K for 15 minutes. a) large scale STM image (UB = −1.5 V, Itun = 25 pA) of the structure.
b) Zoom in on the structure for a better look at the molecular arrangement. A unit cell is depicted
in red. c) SPA-LEED image (T = 300 K, E = 30 eV) showing the area around the specular spot.
This image was recorded by R. Bretel within the scope of his PhD thesis [93]. The ⟨10⟩ direction
of the substrate and the proposed reciprocal unit cell vectors of the superstructure are indicated
in black and red, respectively. d) A structure model showing the corresponding real space unit
cell and a QA molecule. It can be seen that the unit cell is too small to fit a single QA molecule.
e) Proposed structure model for chains of indigo on Cu(111).
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the corresponding lengths in the STM images. The angle between the two vectors b1 and b2 is
α = 120◦. The corresponding superstructure matrix is:

MCu(111)
b1 ,b2

=

(
5.4 ± 0.1 0

0 2.7 ± 0.1

)
.

A corresponding structure model showing the real space unit cell and a QA molecule is shown in
panel d) of Figure C.5. This model shows that the unit cell is smaller than a single QA molecule in
both dimensions. Thus, the observed unit cell can only be explained by a molecule that is smaller
than QA. A potential candidate molecule is the organic dye indigo (shown in the inset of panel b)
of Figure D.1) because it was reported by Scherwitzl et al. that QA can thermally crack during
evaporation, which leads to a mixture of QA and indigo on the surface [79]. The indigo molecule
would fit nicely into the unit cell because both its width and its length are smaller by about 15%
than those of the QA molecule. Hence, it is likely that the observed structure (cf. Fig. C.5) consists
of indigo molecules.

The structure of indigo on Cu(111) was already reported by Villagomez et al. [128], which is also
summarized in Appendix D.1.2. They found that indigo also forms molecular chains that are con-
nected via intermolecular H-bonds. Each molecule is involved in the formation of 4 H-bonds and
the structure has 2 H-bonds per molecule. After annealing a full ML of indigo at 400 K, they found
closely packed molecular chains with a intermolecular distance of b1 = (7.1 ± 0.2)Å, a distance
between chains of b2 = (15.0 ± 0.2) Å, and an angle between the two vectors of about α = 90◦.
These lengths are only slightly larger (by up to 8%) than the above-mentioned ones that were ob-
served for the structure that is shown in Figure C.5. Considering this, a structure that consists
of molecular indigo chains, similar to the one observed by Villagomez et al., may be a possible
explanation for the observed structure. However, the angle between the two unit cell vectors of
the structure that was observed in the present thesis is considerably larger (α = 120◦). Hence,
it is concluded that the chains here have a periodic alteration of the handedness (RLRL), which
also causes a periodic indent in the chains. A corresponding structure model is shown in panel e)
of Figure C.5. It shows two mirror equivalent chains of indigo that are oriented along the same
main axis of the Cu(111) substrate. This structure was not observed by Villagomez et al. [128]. A
potential reason for that may be that, similar to the β-phase of QA on Ag(100), the structure that
was observed here only forms upon annealing at about 500 K. Every molecule in this structure is
only involved in the formation of two H-bonds between NH- and CO-groups and the structure
has one such H-bond per molecule. But similar to the β-phase on Ag(100), this loss of binding
energy may possibly be overcompensated by stronger substrate-adsorbate interactions.

The possibility of a decomposition of QA into indigo during the evaporation or on the surface
through a catalytic reaction and the structures of indigo on Cu(111) will be discussed in more
detail in Section D.
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Figure C.6: STM and LEED images of different chain-like structures of QA on Cu(111). Panel a)
shows 0.5 ML of the typical α′-phase and panels b), c), and d) show the same layer after annealing
the sample at 400 K, 500 K, and 600 K for 15 minutes, respectively. All images were recorded at
RT. The blue circles in panels b), c), and d) highlight distinct features in the chains, for more
information see text.
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C.2.2 Several QA chain structures at medium coverage

Now, different chain structures of QA on Cu(111) after different annealing steps will be addressed.
Similar structures were not observed on Ag(100), which is likely due to the fact that the interac-
tions between the QA molecules and the metal substrate are stronger on the Cu(111) surface.

Figure C.6 shows STM and LEED images that correspond to the different structures of a QA layer
with a coverage of 0.5 ML QA on the Cu(111) surface after annealing at different temperatures.
Panel a) shows images of a phase that is in principle identical to the α′-phase that is shown in
panel a) of Figure 5.6 (page 48), but at a lower coverage. It consists of parallel molecular chains
with six distinct azimuthal orientations (as discussed in Chapter 5.2 and Appendix A.1).

Panel b) of the figure shows an STM and a LEED image of the same layer after annealing at 400 K
for 15 minutes. The STM and LEED images show that the chains are now rotated by (9 ± 2)◦

with respect to the azimuthal angles of the chains after deposition at 300 K. Furthermore, the STM
image reveals that the internal structure of the molecular chains is now also different. Instead
of straight chains where every molecule exhibits two H-bonds to the neighboring QA molecules,
the chains here consist of homochiral molecule pairs (RR/LL, examples are indicated by blue
circles). These do not exhibit an offset and there are two H-bonds between the two QA molecules
within the pair. These pairs are connected by either one or two QA molecules with alternating
handedness which leads to periodic offsets in the chains (RRLRLL/LLRLRR and RRLRR/LLRLL).
The case in which the homochiral pairs have two molecules between them (RRLRLL/LLRLRR)
leads to chains that are very similar to the chains that the β′-phase of a full ML of QA on Cu(111)
is comprised of (described in detail in Appendix A.1).

The structure after annealing at 500 K for 15 minutes, which is shown in panel c) of Figure C.6, still
consists of molecular chains with the same six azimuthal orientations as the ones after annealing
at 400 K (panel b), which was confirmed by STM and LEED. However, now the chains are more
curved and the internal structure of the chains appears to be more chaotic. It was not possible to
clearly determine the molecular arrangement within these chains from the STM images. Further-
more, it appears as if some of the molecules are smaller than the rest (13 Å vs. 16 Å, examples are
highlighted by blue circles). The LEED images also point to a stronger disorder because the inten-
sities are lower and the spots more smeared-out than the ones of the LEED image after annealing
at 400 K.

Lastly, after annealing at 600 K for 15 minutes, a structure that differs significantly from the above
three structures emerges, which does not further change upon annealing at even higher tempera-
tures. Corresponding STM and LEED images are shown in panel d) of Figure C.6. This structure
consists of chains with only three azimuthal orientations, which are also aligned along the ⟨10⟩ di-
rection of the Cu(111) substrate, which means that a distinct azimuthal orientation can no longer
be attributed to only one of the two chiralities. The molecules exhibit a characteristic S-shape,
which was also observed for chains of QA on Ag(100) (cf. Chapter 5.1.1, page 35). Within an
individual chain, the handedness of the S-shapes stays constant. This indicates that each chain
is still completely homochiral with 2 H-bonds per molecule. A more detailed description of this
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structure can be found in Appendix A.1. In this publication, the structure was attributed to chains
of QA. However, after a more thorough analysis of more data, it was found that the width of
the chains is only (13.5 ± 0.5) Å, which is significantly smaller than the length of a hard-sphere
model of the QA molecule (16.3 Å). Moreover, the STM images show that the chains also contain
molecules that are visibly wider than the rest of the chains (17.0 Å vs. 13.5 Å). Such molecules are
highlighted by blue circles. Thus, it is more likely that the chains after annealing at 600 K consist
of indigo molecules that are the product of a catalytic decomposition of QA. Furthermore, the
smaller molecules in the chains after annealing at 500 K may also be indigo molecules.

The above-discussed structure is similar to the structures of indigo on Cu(111) that were observed
by Villagomez et al. [128] by STM. Both structures consist of homochiral molecular chains. How-
ever, the structures that were observed here exhibit three distinct azimuthal chain orientations that
are oriented along the ⟨10⟩ directions of the substrate, while those observed by Villagomez et al.
exhibit six azimuthal chain orientations, which are rotated by ±9.5◦ with respect to the ⟨10⟩ direc-
tions of the substrate. This difference may be explained by the fact that Villagomez et al. deposited
indigo directly instead of QA and that here the structures were annealed at a higher temperature
(600 K vs. 400 K). The higher sample temperature may lead to a slight reconstruction of the first
Cu layer, similar to the situation of the β-phase of QA on Ag(100), which favors the chain growth
along the ⟨10⟩ directions of the Cu substrate.

Overall, the results of this section have shown that a sub-monolayer of the α′-phase of QA on
Cu(111) undergoes phase transitions at 400 K, 500 K, and 600 K into different structures consist-
ing of molecular chains. The structure after annealing at 600 K is thermodynamically stable and
does not change further upon annealing at higher temperatures. The two structures that were
observed after annealing at 400 K and 500 K, are metastable structures that are stabilized by the
strong interaction with the substrate. Furthermore, the phase transition likely involves a catalytic
decomposition of QA into indigo. However, in order to confirm this more experiments (for ex-
ample by XPS) are required. These results are in stark contrast to similar situations for QA on
Ag(100). There, if a sub-monolayer of QA is annealed at 500 K for 15 minutes, it forms large do-
mains of the commensurate and closely packed β-phase, while leaving the rest of the substrate
completely uncovered. This difference can be explained by the fact that the mobility of the QA
molecules on Cu(111) is significantly smaller than on Ag(100), which hinders the formation of
closely packed 2D domains.
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D Possible decomposition of quinacridone into
indigo during the evaporation

A publication by Scherwitzl et al. postulates a thermal decomposition of QA into indigo during
the evaporation of QA [79]. This phenomenon leads to an unwanted deposition of indigo resulting
in a mixture of QA and indigo on the surface. Hence, within the scope of the present thesis, it was
very important to critically review all the data regarding the question of whether the observed
structures may partially or completely be composed of indigo. Section D.1 of this chapter will
summarize the important aspects of the decomposition that was found by Scherwitzl et al. and
will also present the structures of indigo on Cu(111), which was investigated by Villagomez et al.
[128]. Afterwards, in Section D.2 it will be discussed if and to what degree a decomposition of QA
into indigo may have occurred within the experiments reported in the present thesis.

D.1 Literature overview

D.1.1 Decomposition of quinacridone during evaporation

Scherwitzl et al. conducted TDS experiments on a carbon-covered SiO2 surface after the deposition
of QA [79]. For m/z = 128, which corresponds to the most prominent fragment of QA (C10H+

8 ),
they found a single desorption peak at roughly 500 K. However, for a different mass of m/z = 76,
which also corresponds to a fragment of QA, they found an additional peak at 420 K. From this,
they concluded that there was a second more weakly bonded molecule with a different desorption
behavior present on the surface, despite the fact that only pure QA was loaded into the evaporator.
A full mass scan in the range of m/z = 35 − 150 revealed two different cracking patterns. One
belonged to QA and the other was assigned to indigo. Thus, they concluded that indigo is the
product of a thermal decomposition of QA during evaporation.

In order to investigate this decomposition further, the authors also conducted experiments with
different kinds of evaporators. They compared an evaporator where the QA was in an open glass
crucible (no collisions before leaving the crucible) with an evaporator where the glass crucible
had a small effusion hole at the front (estimated 400 collisions before leaving the crucible). They
found that the deposition with the open crucible led to only a single desorption peak at 500 K
(i.e., only QA was adsorbed on the surface), while the use crucible with the small effusion hole
caused the second peak at 420 K to appear (i.e., QA and indigo were adsorbed on the surface).
From these results, the authors concluded that the decomposition of QA is thermally activated by
the collisions with the hot walls of the crucible, which also means that the decomposition of QA
during evaporation is dependent on the type of evaporator.
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D.1.2 Indigo on Cu(111)

The structures of indigo on the Cu(111) surface were investigated by Villagomez et al. [128]. Sim-
ilar to QA, the indigo molecule is prochiral, which means that upon adsorption on a surface, it
forms two different enantiomers. Another similarity to QA is the fact that the indigo molecule
contains the same functional chemical groups and is thus prone to the formation of intermolecu-
lar H-bonds. On Cu(111), indigo forms domains of parallel molecular chains after the deposition
at RT. A corresponding STM image is shown in panel a) of Figure D.1. The indigo molecules in
the chains are connected by intermolecular H-bonds. Each molecule is involved in the formation
of four H-bonds and the chains exhibit two H-bonds per molecule, which means that the chains
of indigo are also homochiral. The chains of indigo adapt six distinct orientations that are rotated
by (± 9.5 ± 0.5)◦ with respect to the ⟨10⟩ direction of the Cu(111) substrate. The intermolecular
distance within the chains amounts to (7.0 ± 0.2)Å and the distance between neighboring chains
is (19.0 ± 0.5)Å.1 The domains are very small and only consist of 3 – 7 parallel chains, which re-
sults in many small patches of bare Cu. Overall, the arrangement of the chains looks very similar
to the one of 1 full ML QA on Cu(111) after deposition at 300 K (cf. panel a) of Fig. 5.6 on page 48).
STM images of individual indigo molecules are shown in the inset. It can be seen that the indigo
molecules appear as two lobes that are clearly separable.

a) b)

Figure D.1: The structure of indigo on Cu(111). The images were copied from the corresponding
publication by Villagomez et al. and slightly modified [128]. All images were taken at a sample
temperature of 5 K. a) STM image (UB = 2.0 V, Itun = 10 pA) of indigo on Cu(111) after the de-
position at 300 K. The inset shows an STM image (UB = −0.3 V, Itun = 10 pA) of three individual
indigo molecules (left side) and a calculated STM image of a single indigo molecule (right side).
b) STM image (UB = 0.6 V, Itun = 11 pA) of a full ML indigo on Cu(111) after annealing at 400 K.
The inset shows a model of an indigo molecule with dimensions for the width.

1Note that, similar to the chains of QA, the interaction between neighboring chains is repulsive. Hence, the distance
between neighboring chains is dependent on the coverage.
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After annealing a ML of indigo on Cu(111) at 400 K, the structure looks in principle very similar
to the one described above but is more ordered. A corresponding STM image is shown in panel b)
of Figure D.1. The chains are now longer on average and the domains consist of up to 10 parallel
chains. The azimuthal orientations of the chains are the same as the one after deposition at 300 K.
Furthermore, the structure is now more closely packed; the distance between the chains here only
amounts to (15.0 ± 0.2), which is very close to the van der Waals length of an indigo molecule. A
more in-depth description of this system can be found in the corresponding publication [128].

D.2 Own Results

Now, it will be discussed if and to what degree the decomposition of QA into indigo and potential
structures of indigo on the surfaces may have played a role in the experiments that were conducted
within the scope of the present thesis.

The first aspect that needs to be addressed is the dependency of the decomposition on the kind
of evaporator. Within the experiments of the present thesis, QA was always evaporated from an
open glass crucible. That means the amount of collisions with the hot walls of the crucible that
the molecules experience before reaching the sample is minimal. Hence, the likelihood of QA un-
dergoing a thermally induced decomposition is very small. Furthermore, the mass spectra during
the deposition of QA did not contain a significant amount of signals that could not be assigned
to fragments of QA. An example of a mass spectrum that was recorded during the evaporation of
QA is shown in panel a) of Figure D.2. A mass spectrum that was recorded by Scherwitzl et al.,
which shows the partial decomposition of QA into indigo, is illustrated in panel b). The compar-
ison of the two spectra shows that the majority of the peaks that Scherwitzl et al. assigned to a
fragment of only indigo could not observed during the evaporation of QA within the scope of the
experiments of the present thesis. Thus, the choice evaporator and the mass spectra do not point
towards a potential decomposition of QA during the evaporation.

Nevertheless, it is important to critically review all the data with the aspect of a potential decom-
position in mind. First, the structures that are present on the surfaces after deposition without
annealing will be addressed. For LEED images, potential hints towards a decomposition of QA
might be the coexistence of two phases or a single mixed phase with a unit cell of a size that can
not be explained by an arrangement of only QA molecules. However, a coexistence of two phases
after deposition at RT was never observed and the sizes of the unit cells were always in very good
agreement with the size of the QA molecules. In STM images, the main criterion to identify in-
digo molecules is the fact that the indigo molecule is shorter than the QA molecule by roughly 2 Å.
Furthermore, the indigo molecule is visible as two lobes that are clearly distinguishable, while the
QA molecule appears as a single ellipsoid protrusion. In all STM images that were recorded after
deposition at RT, molecules of two different sizes were never observed, which would be expected
in the case of a partial decomposition of QA. Furthermore, the observed molecules did not appear
as two separate protrusions as would be expected for indigo molecules [128]. Thus, from this,
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Figure D.2: a) QMS spectrum of QA during the evaporation that was recorded within the scope
of the present thesis. b) QMS spectrum of QA during the evaporation that was recorded by Scher-
witzl et al. [79]. The different peaks are assigned to QA, indigo (IN) or a combination of both.

it can be concluded that the structures that were observed on Ag(100) and Cu(111) after depo-
sition without subsequent annealing, consist purely of QA molecules. This also implies that no
decomposition of QA occurred during deposition.

The above arguments do not exclude to possibility of the decomposition of QA into indigo com-
pletely. One could also imagine that such a decomposition takes place on the metal surfaces dur-
ing annealing, where the metal substrate could even act as a catalyst for this decomposition. The
structures of QA on Ag(100) did not show any signs of indigo molecules. However, on Cu(111),
several STM images showed structures consisting of molecules of two different lengths after an-
nealing at 500 K and 600 K. The corresponding structures were discussed in more detail in Sections
C.2.1 and C.2.2. This indicates that a catalytic decomposition of QA into indigo may be achieved
on a Cu surface at elevated temperatures. Furthermore, the fact that a similar observation could
not be made on Ag(100), indicates that this decomposition is a catalytic reaction that is enabled by
the Cu(111) surface. This is a very interesting aspect to investigate further, for example with XPS.
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E Structure parameters of different QA phases

In this chapter, some of the most important structure parameters for the QA structures on vari-
ous surfaces that were investigated in the present work, and for those QA structures that have
been reported in literature, are summarized. In figure E.1, polar diagrams of the azimuthal chain
orientations of QA chains on different metal substrates and insulating layers are displayed.
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Figure E.1: Polar diagrams of the in-plane azimuthal orientation of the QA chains on different
substrates. The red lines or cones correspond to the azimuthal QA chain orientations. The values
for QA on Ag(111) and KCl/Cu(111) were taken from ref. [15] and [240], respectively. For QA on
KCl/Cu(111), two cases are shown, which differ from each other by the azimuthal orientation of
the KCl layer with respect to the Cu(111) substrate. Note that for KCl on Cu(111), one Cu-KCl step
edge in the KCl[10] direction is aligned with the [10] direction of the Cu(111) surface [240].
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Table E.1: Overview of the structure parameters of QA on Ag(100), KCl/Ag(100), KCl/Ag(35 1 1), Cu(111), and
hBN/Cu(111), those of QA on Ag(111), which were obtained by Wagner et al. [15], those of QA on Ag(110),
which were obtained by Priya et al. [81], those of KCl/Cu(111), which were obtained by Bretel et al., and those
of the (11̄2) plane of the αI-QA polymorph[14]. All surface structures belong to the space group P2. The angle
between the vectors b1 and b2 is called α, Z denotes the number of molecules per unit cell, and the area of the
unit cells is named A. Errors of the matrix entries are given in the text. For the calculation of the vector lengths
of the unit cells, the lattice constants at 300 K for Cu (3.597 Å) and Ag (4.079 Å) were used [241].

Ag(100) Cu(111) Ag(111) [15] αI − QA [14]

α-phase β-phase γ-phase α′-phase β′-phase α∗-phase β∗-phase (11̄2)-plane

M

(
2 1.25

−3 4.80

) (
4 3

−5 3

) (
3 7

−7 3

) (
2.1 −1.0

5.6 7.1

) (
6.5 0.8

3.8 11.3

) (
3 2

−1.5 6

) (
5 5

−1 5

)
not applicable

b1 / Å 6.8 ± 0.1 14.445 21.93 7.0 ± 0.3 15.6 ± 0.2 7.0 ± 0.5 14.445 6.9

b2 / Å 16.4 ± 0.1 16.848 21.93 16.6 ± 1.0 25.3 ± 0.2 20.0 ± 0.2 16.088 16.9

α / ◦ 90 ± 1 112.2 90 90 ± 1 94 ± 1 90 111.1 110.3

Z 1 2 3 or 4a 1 4 1 2 1

A / Å2 111.5 ± 0.2 225.4 484.4 116 ± 10 395 ± 15 142.1 216.8 109.2

Ag(110) [81] b KCl hBN

α†-phase β†
1-phase β†

2-phase Ag(100) Cu(111) [240] Ag(35 1 1) Cu(111)

M

(
1 −2

3 4

) (
2 −0.3

0 4.6

) (
5 −3

2 7

)
n.d.c n.d.c n.d.c n.d.c

b1 / Å 7.0 8.3 ± 0.2 21.8 6.6 ± 0.2 6.4 − 6.8 6.5 ± 0.2 6.8 ± 0.2

b2 / Å 16.8 13.2 ± 0.2 21.8 20.0 ± 0.5 n.d. 16.5 ± 0.5 17.0 ± 0.5

α / ◦ 98 97 ± 2 90 90 ± 1 91 − 97 96 ± 1.0 d 90 ± 2

Z 1 1 3 or 4 1 1 1 1

A / Å2 117.9 107.7 ± 0.2 483.4 132 ± 8 n.d. 107 ± 7 116 ± 7

aTwo possible structures of the γ-phase contain 3 or 4 molecules per unit cell and are discussed in section C.1.1
bThese are preliminary results that are not published yet.
cThe superstructure matrices of the QA structures with respect to the metal substrate were not determined.
dMost STM pictures did not show molecular resolution. Thus, it is possible that a wider range of angles exists, similar to the QA

chains on KCl/Cu(111) [240].
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List of abbreviations

General Abbreviations

1D one-dimensional
2D two-dimensional
3D three-dimensional
AC alternating current
AFM atomic force microscopy
CT charge transfer
CVD chemical vapor deposition
DFT density functional theory
et al. lat: et alii, et aliae, et alia = and others
fcc face-centered cubic
FET field-effect transistor
FWHM full width at half maximum
HOMO highest occupied molecular orbital
H-bond hydrogen bond
IDCT interfacial dynamical charge transfer
IPS image potential state
IR infrared
LDOS local density of states
LEED low-energy electron diffraction
LUMO lowest unoccupied molecular orbital
ML monolayer
MCP-LEED microchannel plate low-energy electron diffraction
NIXSW normal incidence X-ray standing wavefield
OFET organic field-effect transistor
OLED organic light-emitting diode
OPV organic photovoltaic
OSWD organic solid-solid wetting deposition
PID proportional–integral–derivative
POL point-on-line
RT room temperature
R and L handedness of QA molecules on surfaces
SI supporting information
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SPA-LEED spot profile analysis low-energy electron diffraction
STM scanning tunneling microscopy
STS scanning tunneling spectroscopy
TDS thermal desorption spectroscopy
TTL transistor-transistor logic
QMS quadrupol mass spectrometer
UHV ultra-high vacuum
UPS ultraviolet photoelectron spectroscopy
XPS X-ray photoelectron spectroscopy

Chemical Abbreviations

AH alkali halide
CuOEP copper-octaethyl porphyrin
GNR graphene nanoribbon
hBN hexagonal boron nitride
HOPG highly oriented pyrolytic graphite
PTCDA 3,4,9,10-perylene tetracarboxylic dianhydride
KCl potassium chloride
PTCDI 3,4,9,10-perylene tetracarboxylic diimide
QA quinacridone
SnPc tin phthalocyanine
TZM titanium-zirconium-molybdenum

Parameters and Variables

a, b spacings of a two-dimensional lattice
b∗

1 first reciprocal lattice vector of the adsorbate structure unit cell
b∗

2 second reciprocal lattice vector of the adsorbate structure unit cell
b∗1 length of b∗

1

b∗2 length of b∗
2

b1 first real lattice vector of the adsorbate structure unit cell
b2 second real lattice vector of the adsorbate structure unit cell
b1 length of b1

b2 length of b2

bθQA=1
2 distance between neighboring chains for a full ML of QA on Ag(100) in the α-phase

c∗1 first reciprocal lattice vector of the second layer adsorbate structure unit cell
c∗2 second reciprocal lattice vector of the second layer adsorbate structure unit cell
c1 first real lattice vector of the second layer adsorbate structure unit cell
c2 second real lattice vector of the second layer adsorbate structure unit cell
c1 length of c1

c2 length of c2
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d the distance between the sample and the STM tip
e the elementary charge
E the energy
Ekin the kinetic energy
Eads adsorption energy
EB shift between the Fermi levels of STM tip and sample caused by the bias voltage
Edisp dispersion energy
EF,s the Fermi level of the sample
EF,t the Fermi level of the STM tip
En calculated adsorption energy per molecule for small QA chains (n = 1, 2, 3) on KCl
G two-dimensional reciprocal lattice vactor
h̄ the reduced Planck constant
Hsub sublimation enthalpy
Itun tunneling current during STM measurements
k0 wave vector of a incident electron wave in LEED
kij wave vector of a scattered electron wave in LEED
k|| component of momentum parallel to the surface of a scattered electron
m mass
me mass of an electron
Npix

0 number of pixels with a gray value of 0
Npix

255 number of pixels with a gray value of 255
p pressure in the vacuum chamber
r0 position of the center of the STM tip
Sn phase with respect to monoatomic Ag step edge for spots of the order n.
Ttun the transmission coefficient for tunneling
UB bias voltage applied to the STM sample
V0 height of the potential barrier for tunneling
zc the charge number
α angle between the two unit cell vectors of a superstructure unit cell
γ azimuthal angle between the long axis of QA and the [10]-direction
θKCl nominal coverage/thickness of the KCl layer
θQA coverage/thickness of the QA layer
λe de Broglie wavelength of an electron
µr the permeability
φ scattering angle in LEED at which constructive interference occurs
Φs work function of the sample
Φt work function of the STM tip
Ψ wave function
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Phases of QA

α phase consisting of QA chains on Ag(100)
αd the α-phase with a lot of defects that are induced by heating
β commensurate QA phase on Ag(111)
γ QA phase that coexists with the β-phase on Ag(111)
δ mixed phase between the α-phase and a disordered 2D gas phase on Ag(100)
ε mixed phase between the ordered α- and the ordered β-phase on Ag(100)
λ mixed phase between the α-phase and an unknown disordered phase on Ag(100)
α′ phase consisting of QA chains on Cu(111)
β′ commensurate QA phase on Cu(111)
γ′ heterochiral QA phase on Cu(111) that was only rarely observed
α∗ phase consisting of QA chains on Ag(111)
β∗ commensurate QA phase on Ag(111)
αI

B the bulk αI crystal structure of QA
αII

B the bulk αII crystal structure of QA
βB the bulk β crystal structure of QA
γB the bulk γ crystal structure of QA
α† phase consisting of QA chains on Ag(110) [81]
β†

1 phase after annealing on Ag(110) [81]
β†

2 phase after annealing on Ag(110) [81]
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