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Abstract

In the present work, condensed and diluted phases of 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTCDA) were investigated on thin KCI(100) films on the Ag(100) surface. The samples were
structurally characterized by spot profile analysis low energy electron diffraction (SPA-LEED),

and bright field microscopy. The optical properties of the samples were investigated by fluores-

cence spectroscopy (FL), fluorescence excitation spectroscopy (FLE), and fluorescence microscopy.

The work tackled three advanced questions of the so far already quite well understood sample

system.

I

II

I

The optical and structural properties of the condensed PTCDA /KCI(100) brickwall phase
were reinvestigated for improved preparation conditions and an extended temperature range.
Here a focus lied on the enhancement of the pure electronic transition with respect to the
vibronic modes, called superradiance. The temperature dependence of the superradiance
showed an atypical initial rise in the low temperature regime and could be explained by a the-
ory based on finite size effects. It could be shown that the atypical low temperature behavior is
the result of node planes in the wavefunctions of the excitonic ground states of brickwall-type
aggregates. The node planes are induced by weak repulsive next-nearest-neighbor interac-
tions and become dominant in the case of highly asymmetric aggregates. The experimental
temperature dependence could be simulated by weighting the calculated temperature depen-
dencies of individual aggregates with a domain size distribution extracted from a detailed
SPA-LEED analysis.

The homogeneous line profiles of single PTCDA molecules located at KCl-step edge sites
were investigated by high resolution single molecule FLE spectroscopy. Here first a split-
ting of the inhomogeneous broadening into two main species could be observed. On top of
the inhomogeneous broadening a statistical fine structure consisting of individual homoge-
neously broadened single molecule profiles was observed. Far off the center of the inhomo-
geneous profile, also spectrally isolated single molecule profiles were measured. The FLE
measurements of these single molecules adsorbed on a surface revealed a molecular behavior
qualitatively equivalent to that observed in earlier single molecule studies on molecules in
solid hosts. This includes aspects as: the width and the form of the absorption profiles, the
saturation behavior with the intensity of the excitation light, an observed broadening with

temperature, and a tendency to undergo laser induced and independent spectral jumps.

An UHV compatible light microscope for the brighttfield and fluorescence application was de-
veloped and used to study the macroscopic surface morphology and the fluorescence signal
from molecules on the sample surface. The microscope was developed for the investigation of

samples under ultra high vacuum conditions and images the surface through a glass window.



Bright field images of the sample revealed a characteristic mesoscopic corrugation and a vari-
ety of local defects. In the fluorescence images, a mostly homogeneous coverage of the sample
could be proven. However, also exceptions from this homogeneity were observed and could
be correlated with the sample morphology. These included shading effects of mesoscopic
surface protrusions related to an inclined angle of the molecular beam, occasional intensity
variations presumably due to a local inhomogeneity of the KCl film thickness, and very local
and bright fluorescence signals at some special surface defects.
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1 Introduction

The optical properties of organic materials, i.e. the absorption and emission of light in the visible
part of the electromagnetic spectrum, are important for many technological applications especially
in the still growing fields of organic electronics and energy conversion [1, 2]. These properties are
on the first sight mainly dependent on the chemical structure of the chromophores but are also
largely affected by the interactions of them with the local environment. The detailed investigation
of these interactions and the principles of how they modify the optical properties can thus help
to provide important knowledge for the design of future materials and devices. The other way
round, the optical properties and their variation can act as a sensitive probe for the detection of

(smallest) environmental changes.

As a very impressive example for such environmental effects the color of many dye solutions
can change dramatically by a variation of the solvent [3] or the dye concentration [4, 5]. This
can be explained by molecule-solvent and molecule-molecule interactions, respectively. Similar
environmental effects apply also for molecules embedded in solids [6, 7], molecules adsorbed on
surfaces [8, 9], and molecules that are part of a molecular crystal [10, 11], or thin film [11, 12].
Apart from the pure energetic shift of the optical transition, numerous further variations of the
optical properties, e.g., the appearance and vanishing of spectral features or their temperature
dependence, can be related to interactions with the specific molecular environment.

In the present work, the optical properties of single and aggregated molecules were investigated
following a surface science approach. The molecules were adsorbed on a dielectric surface and
were experimentally investigated under clean ultra high vacuum (UHV) conditions. Due to the
interactions between the molecules and the surface, the surface acts as a template. It stabilizes the
molecules on distinct adsorption sites or mediates the assembly of the molecules in long range
ordered structures. This structural control facilitates to relate the optical properties to the present
structure. In the limit of low molecular coverages, this allows to study changes of the optical
properties that are induced by the molecule-substrate interactions. For higher coverages and ag-
gregated films especially molecule-molecule interactions play a role and become dominant for the
optical properties. Here aspects like the influence of the packing and the size of aggregates can be
studied.

A model system that has been studied over the last years by use of the above described approach is
that of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) molecules adsorbed on a KCI(100)
surface [8, 13-19]. The structural and optical properties of this system were extensively studied
both for a condensed monolayer phase [8, 13, 14] and for diluted phases of isolated molecules on
different adsorption sites [15-19]. The present work builds on these findings and uses the available
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expertise with the sample system for establishing novel experimental techniques and answering
so far inaccessible scientific questions.

The samples were investigated optically by fluorescence (FL) and high resolution fluorescence
excitation (FLE) spectroscopy. Structural properties were obtained by spot profile analysis low
energy electron diffraction (SPA-LEED) and in vacuo light microscopy. The PTCDA was deposited
on thin epitaxial KCl films on a Ag(100) crystal surface.

In detail this thesis deals with three topics that will be briefly sketched in the following:

I The optical and structural properties of the condensed PTCDA /KCI(100) brickwall phase
were reinvestigated for improved preparation conditions and an extended temperature range.
Here a focus lied on the enhancement of the pure electronic transition with respect to the vi-
bronic modes, called superradiance. This was studied as an effect of the temperature, the
aggregate size and the aggregate shape. The results are explained in a simple theoretical
model based on the symmetry of the wavefunctions of the excitonic states. The results are
supported by a detailed SPA-LEED analysis.

I The homogeneous line profiles of single PTCDA molecules located at KCl-step edge sites were
investigated by high resolution single molecule fluorescence excitation spectroscopy. The in-
homogeneous broadening was overcome by spatial and spectral dilution so that the single
molecule absorption lines became accessible. Additionally single molecule related photo-

physically processes like spectral jumps and a saturation behavior were studied.

III An UHV compatible light microscope for the brightfield and fluorescence application was
developed and used to study the macroscopic surface morphology and the fluorescence signal
from molecules on the sample surface. The development of the microscope and the observed
surface structures are described.

The present thesis is organized as follows: Chapter 2 provides an overview on the related lit-
erature. An introduction in the theoretical background of the experimental techniques and the
studied phenomena is given in Chapter 3. The used experimental setup and the preparative de-
tails are presented in Chapter 4. The Chapters 5, 6, and 7 discuss the individual results of the
superradiant PTCDA brickwall phase, the singe molecule spectroscopy, and the in vacuo optical
microscopy. Finally, Chapter 8 summarizes the different topics and gives an outlook on further
open questions and strategies for their solution.
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This chapter presents an overview on the scientific fields that are related to the present thesis.
The preparative and structural part of this thesis is nested in surface sciences, in particular in
the section of surface sciences that deals with large organic molecules adsorbed on dielectric sur-
faces. Important concepts and related works of this field are briefly reviewed in Chapter 2.1. The
spectroscopic experiments of this work are strongly connected to the concepts of superradiance in
molecular aggregates and spectral resolved single molecule detection in solid hosts. An overview
on these topics is given in Chapter 2.2 and Chapter 2.3, respectively. Finally, Chapter 2.4 gives a
short review on preceding works on the optical spectroscopy of PTCDA on alkali halides.

2.1 Organic molecules on dielectric surfaces

The properties of (sub-)monolayer coverages of organic molecules on surfaces have been exten-
sively studied for various sample systems. These studies can be roughly classified by the sub-
strates used for the molecular deposition. Metallic [20-22], semiconductive [23, 24], and dielectric
substrates [25, 26] can be distinguished. For the present work particularly the dielectric substrates

are of interest.

Dielectric substrates that have been used for the deposition of molecules are various alkali halides
[8, 13-15, 27-29] and metal oxides [30-33], boron nitride [34-36] and more complex minerals like
silicates [37, 38] and carbonates [39, 40]. Experiments have been carried out either on bulk crystals
[13, 32, 39] or on thin dielectric films that were grown on (semi-) conductive substrates [8, 14, 15,
27,30, 34]. The use of thin dielectric films is motivated by the possibility to use the standard elec-
tron based surface science techniques like scanning tunneling microscopy (STM) [41], low energy
electron diffraction (LEED) [42], and photo electron spectroscopy (PES) [43] for the structural and
electronically characterization of the samples. This is not possible for dielectric bulk crystals due
to an electric charging of the dielectric material. Structures on dielectric bulk crystals are thus in-
vestigated by non-electron based techniques, like atomic force microscopy (AFM) [28] and optical
spectroscopy [13, 37].

In contrast to the binding of molecules to metal surfaces, which is often chemisorptive and re-
sults in covalent bond formation involving the molecular frontier orbitals and the valence and
conduction bands of the metal [44], the binding to dielectric surfaces is usually physisorptive and
driven by van der Waals and Coulombic interactions. Therefore, the intrinsic electronic properties
of molecules on dielectric surfaces are less affected by the bonding to the substrate and can thus
be studied in good approximation [27]. Often exactly this electronic ‘decoupling’ (with respect to
the situation on metals) between the molecules and the substrate is the major motivation for the
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use of dielectric substrates and thin films. A decoupling from a conductive surface is for example
necessary for the detailed imaging of the intrinsic molecular orbitals by STM [27, 45] or to avoid
fluorescence quenching in optical spectroscopy [8, 9]. Also for the technical application of molec-
ular structures in electronic devices, an insulating substrate is mandatory [29]. In the case of thin
insulating films, not only the choice of the material but also the thickness of the films needs to be
considered for the formation of a sufficient band-gap and thus for a satisfactory decoupling [35,
46].

The molecules that have been investigated on dielectric substrates can be classified in two groups.
The first group contains the aromatic (hydro-) carbons without additional functional groups.
These are molecules like fullerenes [47], acenes [11, 33, 48, 49], diindenoperylene (DIP) [50, 51],
DBP [6], and rubrene [52]. They are commonly weakly bound to dielectric surfaces by only van
der Waals interactions. These interactions my be even weaker than the interactions with neigh-
boring molecules. Therefore frequently dewetting of the molecules from the surface and the for-
mation of crystallites is observed at elevated temperatures, leading to the so called Volmer-Weber
growth scenario [29]. Condensed phases of this group of molecules tend to maximize attractive
intermolecular interactions, which can lead for example to the upright standing by 7r-stacking of
planar acenes [48, 53]. At low coverages and low temperatures, i.e., in the absence of neighboring
molecules, these molecules adsorb however in a flat lying geometry on the surface [54].

The second group of molecules investigated on dielectric surfaces includes large aromatic hy-
drocarbons with functional groups like perylenederivatives [13, 55, 56], phthalocyanines [35, 57],
and porphyrines [58, 59], but also smaller functional organic molecules, with e.g. functional acid
groups [60]. Of course also the molecules of this group bind partially to the surface by van der
Waals interactions. They, however, possess also an additional binding mechanism by Coulombic
interactions between their polar functional groups and polar atoms of the surface. One special
type of Coulombic interaction can be the hydrogen bonding of functional molecular groups to
electron lone pairs of the surface [61]. These additional interactions can anchor the molecules on
selective surface positions and can be used to tune the molecular assembly and hence the molec-
ular properties [15, 61].

The investigated molecule of the present work (PTCDA) belongs to the second group of molecules.
It exhibits partially negatively charged anhydride groups on both ends of the aromatic perylene
core that can interact with positively charged cations of the surface (cf. Fig. 5.1). The adsorption
of PTCDA has been investigated particularly on alkali halide surfaces. Experimental and theo-
retical studies have been reported for PTCDA on NaCl [62-66] KC1 [13-15, 64-66], and KBr [55]
surfaces. Both monolayer coverages [13, 14, 55, 62, 63] and diluted phases [15, 64-66] have been
investigated. Theoretical investigations showed that the binding is dominated by strong Coulom-
bic interactions between the anhydride groups and the alkali-ions of the surface. This interaction
is strong enough to lead to a distortion of the molecule [64-66]. The extent of the distortion de-
pends on the lattice match of the molecule an the substrate [64—66]. Despite the strong bonding,
dewetting from dielectric KBr surfaces has been reported at elevated temperatures [55].
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2.2 Molecular aggregates and exciton superradiance

The aggregation of dye molecules by self-assembly is commonly connected with drastic changes
of their optical properties. This has first been discovered by Jelly [4] and Scheibe [5] in the 1930s for
pseudoisocyanine chloride (PIC chloride) in ethanol solutions. It can be explained by an electronic
coupling between the transition dipoles of the aggregated molecules and hence by a delocalization
of the optical excitation over several coupled molecules.

On the basis of these first experiments the optical changes due to molecular aggregation have pri-
marily been investigated for dyes in solutions. Here especially cyanines, but also merocyanines,
squaraines, and perylenebisimides have been studied. A good overview on the different molec-
ular classes, their aggregate shapes and optical properties in solution can be found in Ref. [67].
Concepts and mechanisms that are relevant for aggregates in solutions apply, however, also for
any other inter-molecular arrangement. Therefore similar effects have also been investigated for
molecular crystals [68, 69], molecular thin films [70-72], polymers [73, 74], small molecular clus-
ters [75], or, like in the present work, for surface assembled monolayers [9, 13, 16, 36, 37].

Based on the optical changes due to aggregation, dye aggregates can be roughly divided into
two classes: the J- and the H-aggregates. They differ structurally by the spatial arrangement of
the optical transition dipoles inside the aggregate and thereby by the molecular packing. For
J-aggregates (named after one of their discoverers, Jelly), the transition dipoles interact mainly
attractively with each other. This leads to a red-shift with respect to the monomer spectrum.
For a one dimensional aggregate, an attractive coupling of transition dipoles occurs for a head-
to-tail arrangement of transition dipoles. In contrast, the transition dipoles in H-aggregates (H
is for hypsochromic shift) interact mainly repulsively with each other, which results in a blue
shifted absorption spectrum of the aggregate. Repulsive interactions of transition dipoles occur
for parallel transition dipoles. For an illustrative example of the different coupling situations in

H- and J-aggregates the reader is referred to Chapter 3.2.3.

Besides the optical shifts that occur during aggregation also various further effects that are mostly
related to a redistribution of the oscillator strength in the absorption and emission spectra can
be observed [76]. For the present work, especially the phenomenon called “superradiance” is of
interest. This occurs almost exclusively in molecular J-aggregates and denotes the enhancement
of the collective emission rate of an excitonic state with respect to the emission rate of an isolated

monomer [77-79].

The extent of this enhancement is often taken as a measure for the coherence size of the excita-
tion and is roughly proportional to the number of coherently coupled molecules N, [80]. The
coherence size of the exciton is ultimately limited by the size of the molecular aggregate, but can
additionally be reduced by static and dynamic (temperature induced) disorder in the molecular
positions and optical transition energies [78, 81, 82]. This has been studied in numerous works,
both experimentally [71, 81, 83] and theoretically [78, 82, 84].

By the enhancement of the collective emission rate of the excitonic state also its radiative lifetime

is reduced. The measured radiative lifetime of the superradiant emission is then shorter than
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the radiative lifetime of the monomer by a factor of No,. Therefore superradiance was mainly
investigated by use of time dependent fluorescence spectroscopy [71, 72, 81, 85, 86].

A different method that allows the determination of N o, from the time independent fluorescence
spectrum was introduced by Spano [84]. It uses the ratio between the enhanced intensity of
the pure electronic transition with respect to transitions into non-affected vibrational molecular
modes of the same fluorescence spectrum. Although this is an indirect measure that is only valid
under special conditions, it has been successfully applied to several systems [16, 87, 88].

Frequently especially the temperature dependence of the superradiant emission has been studied
in order to investigate mechanisms that destroy the coherence and localize the excitation [16, 70,
86, 89]. Typically a monotonic decay of the superradiance with temperature was obtained [16,
86, 89]. At lowest temperatures often a saturation of the emission rate due to static disorder has
been observed [70, 78, 81]. At present, the largest reported coherence sizes N, were obtained
at cryogenic temperatures for PIC dyes in solutions: Values between 40 and 100 molecules were
reported [70, 81]. Compared to this the reported values for molecular crystals or thin films, e.g.,
of anthracene, were significantly smaller, i.e., Noop < 10 [71, 72].

A comparably novel approach to this field is the surface induced growth of J-aggregates, that was
also used in the present work. So far, only the preceding work of M. Miiller et al. that deals with
PTCDA on KCI(100) has taken a closer look onto superradiance in two dimensional molecular
aggregates on surfaces [16]. There a maximum value of N, ~ 20 was reported. Similar effects
should, however, be observable in other surface induced structures, e.g., in the system MePTCDI

on KBr [56] that also shows a J-aggregate like packing of transition dipoles.

A different but very impressive approach for the defined creation and studying of single aggre-
gates on a surface was introduced by Zhang et al. [90]. Here, first small aggregates of ZnPc
molecules were created on a NaCl film by manipulation with the STM tip. In a second step, the
aggregate was electronically excited with the tip and showed the typically J-aggregate superradi-
ance with a maximum value of Ny, = 4 for a linear chain of 4 ZnPc molecules.

Apart from studies on J-aggregates, exciton superradiance has also been considered for special sit-
uations in H-aggregates [85, 91] and hybrid aggregates that change the character of their coupling
with temperature. Theoretically, a rise of the emission rate with temperature is derived. This has
particularly been studied theoretically for polymers, but could not yet be verified experimentally
[92, 93].

2.3 Spectrally resolved single molecule spectroscopy

The main motivation for the optical spectroscopy of single molecules is to obtain very local infor-
mation on the molecules and their local environment. In usual optical spectroscopy this is only
possible in a very limited way due to the typical averaging of the signal over an ensemble of
molecules. By spatial and spectral isolation of the optical signal of a single emitter, this ensemble
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averaging can however be circumvented so that the obtained signal becomes sensitive for local
changes on the scale of the individual molecule.

Nowadays, this principle is mainly used in the life sciences, where single molecule techniques
are applied for the detection and tracking of single particles in living cells at room temperature,
e.g. in super-resolution microscopy [94, 95]. For the present work, however, rather the pioneer
experiments on the detection of single molecules are important. These have been performed on
diluted impurity molecules in solid hosts and were measured, in contrast to experiments in the
life sciences, at cryogenic temperatures with high spectral resolution [96-101].

The first single molecule detection was accomplished by Moerner and Kador in 1989 [96], who
used a frequency modulation technique to reduce the background signal and detect the absorp-
tion line of a single pentacene molecule in a para-terphenyl crystal. Only little later, in 1990, the
same sample system was investigated by Orrit and Bernard [97], who introduced the background
free and hence more straightforward fluorescence excitation technique in this field. Here a high
resolution tunable laser was used to selectively excite single molecules.

Based on this second experiment the majority of the following experiments has been carried out
using the fluorescence excitation technique. Typically highly emissive dye molecules like poly-
aromatic hydrocarbons (pentacene [96-98], terrylene [100, 102, 103]), or TDI dyes [104] have been
studied. They were embedded in crystals of organic molecules [97, 98], Shpol’skii matrices [102],
amorphous thin films [104], or polymers [105] in order to obtain very local information on the
interactions with these host materials. It could be shown that especially the low temperature be-
havior of molecules in amorphous materials can be significantly different from that in a crystalline

structure due to the presence of further degrees of freedom [100].

The spectral line width of single impurity molecules was found to approach the lifetime limited
value typically at temperatures < 4 K [98]. For these temperatures, values between 8 MHz [98] and
a few 100 MHz [103] have been reported depending on the investigated molecule, host material,
and the specific defect site of the molecule. This width is several orders of magnitude smaller than
the inhomogeneous width of the ensemble spectrum and hence sensitive for smallest changes of
the molecular environment or the experimental conditions.

Especially the broadening of these profiles has frequently been studied for several individual mol-
ecules of a sample. It has been investigated as a function of the laser intensity in order to study
the saturation behavior of the optical transition [106], or as a function of the sample temperature
to probe interactions with phonons and vibrations of the local host [98]. The respective theoretical
mechanisms for the broadening will be described in Chapter 3.2.2.

Apart from the broadening, spectral diffusion of the transition energy of a molecule, the phe-
nomenon called blinking , and the optical switching of a molecule between two optical transition
energies have been investigated [97, 98, 100, 102]. The high energetic sensitivity facilitated even
the detection of the influence of an external electric field (Stark effect) [105] or an applied exter-
nal pressure [107] on the spectral positions. By temporally correlated spectroscopy also quantum
mechanical effects like photon bunching [108] and anti-bunching [109] could be observed.
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Although there are many studies performing optical single molecule spectroscopy on molecules in
solids or solutions, so far only little is known on the optical behavior of single molecules on clean
and well-defined surfaces. Some experiments were performed by the STM induced light emission
technique (cf. Chapter 2.1) [90, 110, 111]. Experiments with optical excitation of single molecules
on a surface were however only reported by Monti and co-workers [112, 113]. They described
the detection of single perylenebisimide molecules on various substrates with a confocal UHV-
microscope at room temperature. Depending on the substrate different blinking characteristics

were observed. A spectral resolved measurement was however not performed.

2.4 Optical spectra of PTCDA on alkali halides

Besides the structural properties of PTCDA molecules on alkali halide (100) surfaces (cf. Chap-
ter 2.1) also their optical properties have been investigated in very detail. The majority of these
spectroscopic studies have been carried out on NaCl(100) and KCI(100) substrates for diluted [8,
9,17-19] and condensed PTCDA phases [9, 13, 16]. They will be briefly reviewed in the following.

In Fig. 2.1 low temperature (20 K) fluorescence (FL) and fluorescence excitation (FLE) spectra
of diluted PTCDA molecules adsorbed on NaCl and KCl surface sites are shown. The terrace
site spectra (Fig. 2.1a and c) measured by M. Miiller are dominated by strong 0-0 transitions at
19680 cm ™! for PTCDA on NaCl [9] and 20000 cm ™! for PTCDA on KCl [8]. These spectral posi-
tions are red-shifted with respect to the spectral position of PTCDA in He-nanodroplets [114] by
1300 cm~! for PTCDA on NaCl and 960 cm~! for PTCDA on KCI. These shifts were explained
analogous to a solvation effect by a different stabilization of the electronic ground and excited
states of the molecule by the interaction with the surface [8]. Quantum chemical calculations by
M. Hochheim and T. Bredow showed that also the arch-like distortion of the molecules, due to
the binding to the surface, is responsible for about 30 - 40% of the total red-shift of the transition
energies [64].

The fluorescence spectra of isolated molecules show well resolved vibrational modes that are re-
solvable due to a comparably low inhomogeneous broadening of 20 cm~! on the KCI(100) surface
and 80 cm~! on the NaCl(100) surface [115]. This was explained by the strong molecule substrate
interaction and hence very defined adsorption sites. By polarization dependent fluorescence spec-
troscopy it could be shown that the molecules are highly oriented on the alkali halide substrate
[8]. The obtained vibrational structure of the spectra is to a great extent similar to the spectrum in
He-droplets and thus not affected by the surface bonding. However additional low energy vibra-
tional modes < 200 cm ™! could be observed that occur due the breaking of the symmetry of the
molecule on the surface (Cyy) with respect to that in the gas phase (Dyy,) [8].

A. Paulheim et al. showed that a migration of PTCDA molecules to alkali halide step sites can be
induced by annealing the sample to temperatures above T = 70 K or illumination of the sample
with high laser intensities P ~ 500 W/cm? [17]. The respective spectra of PTCDA molecules at
step sites of KCI and NaCl are depicted in Fig. 2.1b and c, respectively. They were found to be
blue-shifted by ~ 130 cm ! with respect to spectra of molecules at terrace sites both for NaCl and
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Figure 2.1: Spectral overview of isolated monomers of PTCDA at KCI and NaCl surface sites.
The spectra of molecules at terrace (t) sites are depicted in the lower panels (a,c). The spectra of
molecules at step sites are shown in the top panels (b,d). The Figure was taken from [46]. For
further details see text.

KCI[19]. This blue shift could be explained by a lifting of one side of the molecule at the step edge
and hence by a partially reduced arch-like distortion [46].

The spectra of molecules at step sites exhibit a inhomogeneous broadening of only 3 cm~! (NaCl)
and 5 cm~! (KCIl) [18]. This is significantly reduced with respect to the spectra of molecules at
terrace sites due to a higher binding energy of the molecules and a thus even more defined ad-
sorption sites [66]. In combination with an STM study [15] and theoretical calculations [65, 66] the
respective adsorption sites at the step edges could be identified and related to the optical spectra.
It was found that the molecules “dig” themselves into the step edge [46]. The high spectral resolu-
tion even facilitated a detailed investigation of the low energy surface induced vibrational modes,
that were also detected for the molecules at step sites [19].

The optical properties of the monolayer phases of PTCDA were studied also for NaCl [9] and KCI
[13, 16]. For PTCDA on NaCl a stable quadratic phase (19380 cm~!) and a meta stable herring-

bone phase 19120 cm !

were found and investigated. Both structures showed a spectral red-shift
and a pronounced spectral broadening with respect to the spectra of isolated molecules on terrace
sites. The spectral shifts were explained to origin to a large extend from non-excitonic, solvation-
like stabilization of the molecules. But the attractive excitonic stabilization contributes also to
the red-shift. It was calculated to be ~ —45 cm™! for the quadratic phase and ~ —105 cm™!
for the herring-bone phase so that both structures are formally J-aggregates. Nevertheless, no

superradiance was observable for both of the PTCDA phases on NaCl [115].
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The monolayer of PTCDA on KCl was found to form a brickwall structure with an optical tran-
sition energy of 19600 cm~!. This transition is again red shifted (by 400 cm™~!) with respect to
that of isolated molecules on KCl terrace sites. Here again, the major part of the shift was found

1 was found to result from the

to be due to solvation effects and only a contribution of 130 cm™
excitonic interactions. The monolayer on KCl showed strong superradiance, with well resolved,
but strongly suppressed vibrational modes in the FL spectrum [16]. In the FLE, an asymmetric
broadening of the 0-0 transition was found that could be explained by finite size effects was found

[16].
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3 Theoretical background

This chapter provides an introduction in the theoretical background of the experimental tech-
niques that were used and the physical phenomena that were investigated in this work. The
techniques were low energy electron diffraction for the structural characterization of the sample,
fluorescence- and fluorescence excitation spectroscopy for its optical characterization, and optical
microscopy for imaging the sample. For a more detailed theoretical background it is referred to
the cited textbooks and publications.

3.1 Low energy electron diffraction

Low energy electron diffraction (LEED) is a standard technique for the structural characterization
of ordered surface structures. It can be used for the determination of the lattice parameters, i.e. the
size and orientation of lattice vectors, with high precision [116]. Furthermore, it allows to study the
form of the diffraction profiles to obtain information on the surface morphology, which includes
the size, distribution, and correlation of defect structures like point defects, steps, and domain
boundaries [117, 118]. Finally, by a quantitative analysis of the intensities of the diffraction pattern,
in certain cases, also the atomic positions inside the unit cell of the lattice can be determined [119,
120].

LEED is based on the wave-like properties of electrons that were predicted by de Broglie [121] and
experimentally confirmed for the first time in 1927 by Davisson and Germer [122]. The electron
wavelength A. depends on the kinetic energy Ey;, of the electrons and can be calculated according

to the de Broglie relation:
h h

Ae = p T ImiE (3.1)
Typically electron energies in the range between 20 eV and 500 eV are used for LEED. These result
in wavelengths A. between 3 A-land 0.5 Afl, which are on the order of inter-atomic distances
and are hence suited for the structure analysis on this length scale. Different from X-rays, the in-
teraction strength of electrons with matter is high so that the penetration depth of electrons into
condensed matter is very limited. This penetration depth is energy dependent and has a mini-
mum at about 100 eV for many materials [117]. Therefore, at typical LEED energies the electrons

penetrate only few atomic layers and the method is highly surface sensitive.

A schematic drawing of a conventional LEED apparatus and the correspondent Ewald-sphere in
the reciprocal space is depicted in Fig. 3.1. A collimated electron beam of defined energy hits
the surface and the electrons are backscattered elastically and inelastically. Due to the periodicity

of the surface and the wave character of the electrons, the elastically scattered electrons interfere
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Figure 3.1: Scheme of an optical LEED and the associated reciprocal space. The electron beam
hits the sample surface under an angle of 90° and is elastically backscattered from there. The
diffraction pattern can be observed on a luminescent screen. Each diffraction spot is defined by a
diffraction angle © relative to the surface normal. The visible diffraction spots appear where the
Ewald sphere cuts the diffraction rods normal to the surface. The radius of the Ewald sphere ko
depends on the electron energy. The direction of the incident beam k; remains constant while the
directions of the diffracted k ¢ beams varies

constructively or destructively leading to an angular intensity distribution with defined maxima
of intensity, the diffraction pattern. This can be monitored on a spherical screen.

The conditions for constructive interference at a two dimensional surface lattice are as follows:

kﬂk_h-ﬁ“rk-?* (3.2)
‘khk ko - sin(©) (3.3)
lko| = 27t/ Ae (3.4)

Here kﬂk is the wavevector that describes the diffraction spot with the indices /, k. The length of

this vector depends on the diffraction angle ® with respect to the surface normal and the radius of
the Ewald sphere kq. The latter is a function of the electron wavelength A.. While the direction of
the incident wavevector Ei is usually normal to the surface, the direction of the diffracted beams
Ef is variable.

Due to the limited penetration depth of the electrons there is only little diffraction in the direction
perpendicular to the surface. Therefore also the interference in this direction is limited, and no
periodic extinctions from the bulk appear, which is different from the situation in X-ray diffraction
and results in “diffraction rods” perpendicular to the surface. The spots of the diffraction pattern
appear where the Ewald sphere cuts these diffraction rods (see Fig. 3.1). The parameters of the
surface lattice (7, b) can be determined from the geometrical arrangement of the diffraction rods
(@*, b*); the surface symmetry can be determined from their periodic extinctions.

For the investigation of surface defects commonly a different type of LEED apparatus is used,
the spot profile analysis low energy electron diffraction (SPA-LEED) apparatus. Here the LEED
pattern is not detected on a screen, but electrostatically deflected and scanned over the small
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Figure 3.2: Scheme of a SPA-LEED apparatus and its modified Ewald sphere construction. In a
SPA-LEED apparatus the diffraction pattern is continuously deflected by an electrostatic octupole
field and scanned over a stationary point detector (channeltron). Different from a conventional
LEED the (small) angle « between the incident electron beam Ei and the deflected electron beam
Ef remains always constant. In reciprocal space this results in a modified Ewald sphere almost
twice as large as in the conventional case.

aperture of a stationary point detector, the channeltron. This technique enables high resolution
measurements with a high dynamic intensity range of up to 6 orders of magnitude. A sketch of
the SPA-LEED apparatus and its modified Ewald sphere construction is shown in Fig. 3.2. Due to
the fixed positions of the electron gun and the channeltron, the small angle a between the incident
electron beam k; and the detected diffracted beam k £ on the position of the sample remains always
constant. This results in a large angle between k; and k £ in reciprocal space and an Ewald-sphere
almost twice as large as for a conventional LEED apparatus.

For an ideal single crystal surface without any defects, the sharpness and contrast of the diffraction
pattern is determined by the quality of the LEED instrument. Deviations from an ideal surface like
point defects, domain boundaries, or step edges result in a broadening of the spot profiles or an
increase of diffuse background signal. Such defect structures are commonly analyzed within the
kinematic approximation [117, 118]. This assumes that all scatterers at the surface exhibit the same
scattering factor. Under this approximation the structure and morphology of the surface are given
entirely by the position and profile form of the diffraction spots. For the analysis of the basis of
the unit cell, additionally the absolute intensity of the spots needs to be considered as a function
of the electron energy (LEED IV). This is described by the dynamical LEED theory [119, 120]. The
present work however uses LEED primary for the detailed determination of the sizes of epitaxially
grown two dimensional structures. For this purpose the LEED experiments are discussed within
the kinematic approximation.

The size of two dimensional periodic surface structures can be limited either by step edges or do-
main boundaries. Depending on the correlation of these defect structures this results in a broaden-
ing (uncorrelated defects) or a splitting (correlated defects) of the involved spots [117]. In addition,
it is possible to differentiate between effects that are caused by the presence of steps or domain
boundaries from the energy dependence of the LEED pattern. While effects that are caused by
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domain boundaries are independent of the electron energy, effects caused by step edges appear
and vanish periodically with the electron energy and thus with the wavelength of the electrons.

Dependent on the wavelength of the electrons, beams that are scattered at the upper terrace of
a step edge interfere constructively or destructively with beams that are scattered at its lower
terrace. This depends on the phase shift between the scattered beams and is described by the
scattering phase [118]

_§d_ (8 g0 82) (dr d, dz)_

S
271 27T

(3.5)

Here g denotes the diffraction vector and d the step vector. The components of d are given by the
respective crystal structure. The components ¢, and g, of the diffraction vector can directly be
extracted from the spot position in reciprocal space k]. g- equals the wavevector perpendicular to

the surface k| . It can be calculated by

EODZ—‘EHV with ‘Eo‘:?‘—” (3.6)

gZ:’EL’:\/<2-Cos(4°) o

For integer values of the scattering phase S = n the waves scattered at different terraces interfere
constructively with each other and no spot broadening due to the presence of step edges occurs
(in-phase condition). For half-integer values S = 1 + 1 they interfere destructively, and the profile
is maximally broadened by steps (anti-phase condition). The scattering phase needs always to
be considered when analyzing the width of diffraction profiles and thus making statements on

domain sizes and terrace widths in real space.

Domain or terrace sizes in real space can be determined from the widths of the spot profiles be-
cause these contain information on the sizes of periodic structures. The average size or the coher-
ence length T can be roughly estimated from the full width at half maximum (FWHM) Ak of a spot

profile via
27

I'= AL (3.7)
For a more precise determination of the terrace- and domain sizes it is possible to fit the profile
with an adequate model that includes the correct auto-correlation function of scatterers on the
surface. One commonly used example is a Lorentzian 3/2 profile form that results from an expo-
nential decaying correlation function in 2D [123]. Alternatively it is also possible to simulate the
spot profile in a bottom up approach. The diffraction pattern of a linear chain of scatterers can be

described, e.g., by the Laue profile [124]:

_ sin? (Nka/2)

1(k) == (a2 (3.8)
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Here a denotes the periodical distance between the scatterers and N denotes the number of scatter-
ers before chain termination. For a simulation of the spot profile of a real surface, now all possible

correlation lengths and their probabilities Py need to be considered

_ sin® (Nka/2)
1) = 3Py sin? (ka/2)

N

(3.9)

This approach neglects any inter domain or inter terrace scattering, but can give a good approx-
imation of the real situation. Independent of the chosen approach, it is necessary to take into
account also the instrumental broadening that can be best determined by measuring the spot pro-
file at the in-phase conditions of a perfect crystalline surface.

3.2 Fluorescence spectroscopy

3.2.1 Optical transitions in molecules

Optical spectroscopy probes the absorption and emission of light from the ultra violet and visible
part of the electromagnetic spectrum (200 nm < A < 800 nm) [125]. By the absorption of photons,
molecules are excited into energetically higher states. In the case of visible and ultra violet light the
excitation energy corresponds usually to the transition of an electron from the highest occupied
molecular orbital (HOMO) into the lowest unoccupied molecular orbital (LUMO) [126] without a
spin flip. The molecule then is in the first electronic excited state S;. By emission of a photon the
excited state can decay radiatively back into the electronic ground state Sg. This process is called
fluorescence.

The energy of the Sy — S; transition depends on the binding situation inside the molecule and
especially on the energy spacing of the involved molecular orbitals. For example the energy gap in
saturated hydrocarbons is relatively high, since the involved frontier orbitals have large contribu-
tions of localized strongly binding ¢- and anti-binding o*-orbitals [126]. Here the electronic tran-
sition requires UV-light for excitation. In contrast, organic dye molecules usually exhibit widely
delocalized 77- and 7t*-electron systems that are responsible for a smaller energy gap. There the
electronic transitions can be excited by lower energetic light.

The transfer of an electron from a binding to an anti-binding molecular orbital by the optical exci-
tation reduces the intra-molecular binding strength and thus slightly increases the intra-molecular
distances. This is illustrated in a schematic potential energy diagram in Fig. 3.3a. Due to the
change of the atomic potentials inside the molecule, molecular vibrations that share a direction
with these displacements can couple to the optical transition. According to the Born-Oppenheimer
approximation the positions of the nuclei remain constant during the absorption [127]. This results
in “vertical” transitions with an intensity distribution given by the overlap of the nuclei wave-
functions between the inital and the final state (cf. Fig. 3.3b). This is called the Franck-Condon
principle.



16 Chapter 3. Theoretical background

\ /\/3 S1 0—1 10

Fluorescence Absorption

0—-3 30
0—-2 0<0 20
So
3

o

Energy
Intensity

1\
\¥

v=0 N
Nuclear-Coordinates Energy

Figure 3.3: Illustration of the Franck-Condon-Principle. a) Schematic drawing of the electronic
ground state Sy and the electronic excited state S; with their vibronic sublevels v and v* . The posi-
tion of the binding potential of the S; state is shifted towards higher distances. Optical transitions
occur vertically with a probability corresponding to the overlap of the wavefunctions between the
sublevels. b) Schematic fluorescence and absorption spectrum with an intensity distribution ac-
cording to a). The fluorescence and absorption spectra are mirror symmetric with respect to each
other.

After an electronic excitation, the vibrational energy of a molecule (in contact to a solid or liquid
matrix) decays fast and non-radiatively, so that the molecule is in the vibrational ground state
of the electronically excited state. From there it decays radiatively and again according to the
Franck-Condon-principle, generating the fluorescence spectrum. For large organic dye molecules
the difference in the positions of the atomic potentials between Sy and S; is small so that the
pure electronic 0-0 transition dominates the spectrum in absorption and emission. In addition,
the vibronic peaks in absorption and emission have a comparable intensity and spectral position.
Therefore the obtained absorption and emission spectra are often almost mirror symmetric with

respect to the 0-0 transition.

3.2.2 Profile form and spectral linebroadening

The intensity of spectral features obtained in absorption and fluorescence spectra is always dis-
tributed over a (small) energy range, a phenomenon that is called spectral line broadening. It
is possible to differentiate between broadening mechanisms that affect the spectral width of the
individual molecular transitions, so called homogeneous broadening, and mechanisms that only
affect the ensemble spectrum, so called inhomogeneous broadening. An example of both broad-
ening types is given in Fig. 3.4. In the following, the broadening mechanisms that are relevant for

the experiments of the present work are described.

Inhomogeneous broadening: The inhomogeneous broadening results from a distribution of the tran-
sition energies inside an ensemble of probed molecules [102, 128]. Thereby the individual molecu-
lar line profiles are each homogeneously broadened. For molecules on fixed positions, like in solid
hosts or on a surface, the different transition energies are always due to locally different environ-
ments of the molecules that lead to different interactions and small energetic shifts. The width of
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homogeneous inhomogeneous
broadening broadening

Figure 3.4: Comparison of the homogeneous and the inhomogeneous broadening mechanism.
The homogeneous broadening affects the individual molecular transition profile. The inhomoge-
neous broadening is given by the energetic distribution of the individual homogeneous profiles.

the inhomogeneous broadening depends on the spread of the distribution of individual transition
energies on the investigated sample. The inhomogeneous broadening dominates the ensemble
spectrum at low temperatures, when the most homogeneous broadening effects are absent [129].

Natural broadening: The ultimate physical limit for the determination of the transition energy of a
homogeneously broadened profile is given by Heisenberg’s uncertainty principle and the lifetime
of the excited state 7. In a classical picture the energy dissipation of the excited state by sponta-
neous emission can be described by an attenuated harmonic oscillator. The profile form of this
process is then given as the Fourier transform of the exponential decaying oscillation and yields a
Lorentzian profile with an intensity distribution dependent on the frequency v:

(v —10) = - - av (3.10)

27 (v —vp)? + (B)*

Here v denotes the central frequency of the profile and Av denotes its full width at half maximum
(FWHM). In the absence of other broadening mechanisms the profile width is only limited by the
finite lifetime of the excited state 7. In this case it is called natural linewidth Avn,: and can be
calculated according to the uncertainty principle by [130]:

1
Avnat - % (311)

Temperature broadening: Additional to the natural broadening the profile of the optical transi-
tion can be broadened homogeneously by interactions of the molecule with its environment, e.g.
phonons of the substrate [98, 101, 131, 132]. Hereby, the movement of the environment induces
temporal fluctuations of the central frequency vy, which result again in a Lorentzian broadening of
the profile. The resulting profile can then be described by a convolution of the natural lineprofile
with the temperature broadened lineprofile. The width of the resulting profile is then given by
the sum of the individual widths of the natural broadening Avy,; and the temperature broadening
Avt

Av(T) = Avnat + Av(T). (3.12)
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Figure 3.5: Schematic drawing of the relevant transition rates in a molecular three level system.
The transition rates between the different levels are denoted by k;;.

At very low temperatures Avt vanishes since the movements of the environment freezes out,
then the profile form depends only on Avpat [133]. At higher temperatures however Avt becomes

dominant for the profile width.

The exact temperature dependence of Av depends on the involved environmental processes. For
molecules embedded in a solid environment usually two processes can be differentiated: An ex-
ponential growing thermal activation process that is related to the above mentioned substrate
phonons or the coupling of the optical transition to frustrated molecular rotations [98], and a T*-
dependence that is related to thermal activated tunneling of environmental groups between two
levels. The latter effect was primary observed for molecules embedded in amorphous hosts or
polymers [100, 134].

Saturation broadening: The width of an optical transition can also be homogeneously broadened
by the intensity of the excitation light I. This is connected to a saturation of the emission rate
at high excitation intensities, which can be understood in the model of a molecular three level
system as depicted in Fig. 3.5. The fluorescence emission rate of the 0-0 transition k»; depends
on the population of the excited state. For low intensities this increases with increasing intensity
due to a higher absorption kip, however for higher intensities when the ground state gets more
and more depopulated the absorption and hence also the emission saturates. The presence of an
additional (long lived) triplet state ((3) in Fig. 3.5) further reduces the population of the ground
state and thereby also the maximum emission rate. The fluorescence rate dependence R(I) on the
excitation intensity I follows the following equation [98]:

/15

coT - 1
14+1/1s (3.13)

R(I) =R

Here R, denotes the emission rate at infinite excitation intensity and Is is the saturation intensity.
The latter is defined as the intensity where half of the maximum emission rate R, is obtained.

R(Is)zzf%f (3.14)

The saturation intensity Is is also important for the saturation broadening [98]:

Avg = Avg\/1+ 1/1s, (3.15)

where 1y denotes the linewidth at vanishing excitation intensity. The intensity broadening can
be traced back to the increased probability for stimulated emission from the excited state that is
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present at a high excitation intensity. The stimulated emission accelerates the radiative decay and
thus reduces the excited state lifetime, which leads to a broadening.

By solving the differential equation system for the populations in the three level system for the
stationary case [130], it can be shown that the parameters Is and R« can be described entirely by
the photophysical constants of an investigated system [98].

3.2.3 Intermolecular coupling and collective excitations

Until now the optical properties of molecules have been considered for the isolated case without
intermolecular interactions. However, for condensed molecular phases especially these interac-
tions become decisive for the optical spectra. Mainly two effects need to be considered. Fig. 3.6
illustrates both effects for the simplest case of only two interacting molecules. The first effect is
comparable to a solvation of the molecules and shifts the energy of the optical transition. Due to
the neighboring molecules the molecular states involved in the electronic transition are unequally
stabilized. The obtained shift depends to a great extend on the polarizability of the molecular
surrounding and is commonly referred to as the D-term [135, 136].

The second effect is the resonant energetic coupling of excited molecules. Compared to the case
of the isolated molecule, where the excitation is localized only on the excited molecule itself, the
excitation in a condensed molecular phase can be exchanged between the molecules [135]. It
can thus be delocalized and stabilized. For molecular aggregates both the excited electron and
its corresponding ‘hole” are located always on the same molecule (Frenkel-exciton [137, 138]).

A isolated monomer neighboring dimer
>
2 solvation like N excitonic
Ij:j V' stabilization coupling
1 =--.
s, e N
1 V'O — — I IIIIIIII0TTC :I:J-f01
e 1 J-foo
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Figure 3.6: Comparison of the electronic and vibronic states between an isolated molecule and
two neighboring interacting molecules. Two types of intermolecular interactions can be distin-
guished. The first is a solvation like interaction that stabilizes both the electronic ground state Sy
and the electronic excited state S1. Due to differences in the stabilization between the different
states this induces an energetic shift of the optical Sy — Si-transition. The second interaction is a
resonant coupling of the transition dipoles that induces a splitting of the excited state levels. The
amount of this splitting depends on the coupling strength | and the Franck-Condon factor fy, of
the respective excited state. In the given example fy is twice as large as fo;.
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The excitation is transfered between the different molecules by Coulombic interactions that are
approximately described by interactions of the transition dipoles [127].

The excitonic coupling between the transition dipoles induces a splitting of each vibronic energy
level of the excited state v/ into multiple new energy levels according to the number of coupled
molecules. The maximum splitting depends on the coupling strength | between the molecules,
which corresponds to the pure dipole interaction scaled by the Franck-Condon factor fy,, of the
molecular excited state v/ [139].

The excitonic states of a multi molecule system (aggregate) can be calculated by solving the
Schrodinger equation:

Agk = k¢F. (3.16)
Here H denotes the Hamiltonian-operator, ¢* is the aggregate wavefunction of the excited state k,

and €* is the corresponding eigenvalue.

¢* can be expressed by a sum of single molecule wavefunctions |n) with the coefficients c,,x:

N
95) = Y cuxln). (3.17)

For the case of a single excitation in an N-molecule system, the single molecule wavefunctions |n)
can be written as a product of one molecular wavefunction refering to the electronic excited state
|¢%) and all N — 1 other molecular wavefunctions refering to the electronic ground state |¢3,)

n) = |¢5,) I;I i) (3.18)

The wavefunction ¢* describes not only the the Coulombic interactions of all electrons and nuclei
in one molecule, but also the interactions between the electrons and nuclei of all N molecules.
Therefore the Hamiltonian H has to consider both the internal Hj, and external interactions Hex

of all molecules. It can be written as:

N

A = Ay + Hey. (3.19)

The internal interactions can be described by the transition energies of the single molecules Ey and
the above noted D-term. They enter into the diagonal elements of H:

Fin = Y(Eo + D)) (n. (3:20)

n

The non-diagonal elements are related to the excitonic coupling J,,,» between the molecules:

Hex = Z Z ]mn‘m><n’ (321)

m n£m
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In the simplest case, this coupling can be treated within the point dipole approximation, wherein
the coupling ], between two molecules n and m can be calculated by:

_ fow <ﬁn -3ﬁm _ (i 'V)gﬁm '7)> . (3.22)
r r
Here i, and ji,, denote the transition dipole moments of the molecules m and #, and 7 denotes

the vector between the centers of mass of the two molecules. The factor fo,, scales the pure dipole
interaction by the Franck-Condon factor of the respective state of the uncoupled molecule.

By solving the eigenvalue problem for the complete Hamiltonian-matrix H one obtains the eigen-
values €y and the eigenvectors ¢; = (cl,k Cofk Cn,k)' While the eigenvalues represent the ex-
citation energies of the excited states, the eigenvectors contain the contributions of the molecules
to the aggregate wavefunctions.

The collective transition dipole moment of the excited states yy, and the respective collective os-
cillator strengths F, can be calculated as a sum of the individual transition dipole moments y,
weighted by their coefficients c,, x:

N
Mk =Y Cujhn, (3.23)

Fe = |l (3.24)

The collective oscillator strength F, depends strongly on the signs and the symmetry of the coef-
ficients c,, x of the wavefunction. For the case that all ¢, ; exhibit the same sign, i.e. for a wave-
function without node-planes, the transition dipole moment of such a state scales approximately
with p; o« /N [140]. The corresponding oscillator strength then scales with F; o« N, where N
denotes the number of coupled molecules in the aggregate [140]. This increase of the collective
oscillator strength with respect to the oscillator strength of a monomer is frequently called exciton
superradiance. For alternating signs of the coefficients of the wavefunction c, ; or anti-symmetric
wavefunctions ¢*, the coefficients cancel each other out and the respective states become subradi-
ant or completely dark.

The position of the super- or subradiant states inside the manyfold of the k-states, i.e., the exciton
band is determined by the packing and the interactions of the transition dipoles of the molecules
inside the aggregate. Fig. 3.7 illustrates this dependence for two extreme cases of packed linear
chains. For attractive coupling between the transition dipoles, like it is the case for J-aggregates, it
is energetically favorable if the coefficients c, x of the wavefunction have the same sign. Therefore
states with high oscillator strength are located at the bottom of the exciton band. In the opposite
case of repulsive coupling, which is typically the situation in H-aggregates, it is energetically un-
favorable if the coefficients c, x of the wavefunction have the same sign. States with high oscillator
strength can therefore be found at the top of the exciton band [76].

With increasing number of molecules in an aggregate also the density of excitonic states in the
aggregate increases. Thereby states with high oscillator strength get energetically closer, so that
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Figure 3.7: Excitonic coupling in linear molecular aggregates. The packing of the molecular tran-
sition dipoles determines the coupling of the molecules. For the J-aggregate the transition dipoles
couple attractively, therefore it is energetically favorable if all molecules have the same phase (sign
of ¢, ). This is marked by all dipole vectors pointing in the same direction. For the H-aggregate
the dipoles couple destructively, therefore it is energetically favorable if the molecules have an
alternating phase. The states with high oscillator strength are located at the low energies for J-
aggregates and at high energies for H-aggregates. For better visibility positive c,  values are
colored blue and negative values are colored red. Note that the c,, ;. are real numbers.

in the limit of an infinite aggregate only a single bright state remains. The observation of multiple

bright excitonic states, especially in absorption is related to finite size effects [16].

Experimentally, superradiance can be either measured by the reduction of the radiative lifetime 7,
of an excitonic state with respect to the monomer [71, 72, 81, 85, 86], or, as in the present work, by
the enhancement of the pure electronic transition Ipp with respect to transitions to the vibrational
levels of the electronic ground state Ip;. Here the superradiant enhancement factor 7sg can be
directly determined from the aggregate emission spectrum since the decay rate of the transitions
into vibrational levels of the ground state is not affected by the excitonic coupling [84]. #sr can
thus be directly extracted from the fluorescence spectrum by use of the following formula:

Iy

sk = oo/ <) : (3.25)
fo1

Here Iy denotes the intensity of the pure electronic 0-0 transition, Ip; denotes the intensity of a

transition into a vibronic level of the electronic ground state, and fy; denotes the Franck-Condon-

factor of the 0-1 transition. For details on the exact procedure it is referred to Appendix A.2.

For the experimental observation of superradiance in the fluorescence spectrum, the respective
superradiant states have to be (thermally) populated after the optical excitation and the vibronic
and excitonic relaxation. This is especially the case for J-aggregates since here the respective states
are located at the bottom of the excitonic band and are thus thermally accessible.

The temperature dependence of the oscillator strength F(T) of the aggregate can then be explained
by the thermal population pi(T) of the superradiant and subradiant states k according to a Boltz-

mann distribution with the Boltzmann constant kg:

pe(T) = eXp(_];"/kBT) with Z =Y exp(—E/kgT) (3.26)
k

F(T) =) p(T)FE. (327)
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To obtain the theoretical superradiant enhancement factor 778i°, the calculated oscillator strength

of the aggregate F?58 (Eq. 3.24) again needs to be normalized with respect to the oscillator strength
of the monomer F™°"°
niheo — pagg / pmono, (3.28)

The so obtained value of 5sg is equivalent to the frequently used coherence size of the exciton
Neoh (1sr = Neon)- The different name however accounts for the different physical picture that is
connected with the described model. In the established picture [78, 140], the exciton is coherently
delocalized over many molecules at low temperatures. With increasing temperature this coher-
ence is disturbed and the exciton localizes. For that reason Ny, is typically reduced at elevated
temperatures. In the present model the exciton is always delocalized over the complete aggre-
gate. The temperature is then responsible for an increasing population of higher excited states that
have a different oscillator strength dependent on the nodes of their excitonic state wavefunctions.
Therefore dependent on the distribution of states with high and low oscillator strength across the
exciton band, both a temperature dependent rise and drop of the superradiant enhancement can
be explained.

3.2.4 Experimental techniques

In the present work fluorescence spectroscopy (FL) was used to measure the emission spectrum
and fluorescence excitation spectroscopy (FLE) was used to measure the excitation spectrum. In
the case of isolated molecules or a molecular monolayer, i.e. for a sample of infinitesimal thick-
ness, the excitation spectrum equals the absorption spectrum [127]. A detailed description of the
experimental setup used for the optical spectroscopy can be found in Chapter 4.1.2.

The FL spectrum can be measured by illuminating the sample by monochromatic light of a wave-
length shorter than the one corresponding to the 0-0 transition, that means by light of a wavelength
that can be absorbed by the vibronic modes of the excited state. This is typically done by a laser,
since it is highly monochromatic and enables high illumination densities due to the available in-
tensity and focusing capability. After vibrational relaxation the emitted photons are collected and
monitored by a spectrometer. The obtained spectrum includes the pure electronic 0-0 transition
and the resolved vibronic modes of the electronic ground state.

The largest advantage of FL is the absence of a background signal. This enables the detection of
small amounts of emitters without problems due to the high signal to noise ratio. A drawback
of the method is however its crucial dependence on the FL quantum yield ¢rr, of the investigated

sample
ke

knr + kl"

If the decay rate of the non-radiative decay channels ky, is significantly higher than the decay

PrL = (3.29)

rate of the radiative decay channel k,, no fluorescence occurs, and hence no FL spectra can be
measured. This case applies for example for molecules adsorbed directly on metal surfaces, where
fast fluorescence quenching takes place [141]. Also molecules with heavy atoms, which have a
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high probability to undergo inter system crossing and to form long lived and spectrally shifted
triplet states have a low FL quantum yield [126]. A second aspect that one should always be
aware of is that only the emitting species are detected by FL measurements. These can also be
defects or minority species, at which the excitation gets trapped before emission and which do not

necessarily represent the majority species in the investigated sample [126].

For the measurement of the absorption spectrum fluorescence excitation spectroscopy is used.
Here the sample is illuminated by a variable monochromatic light source and the integral fluores-
cence signal is measured as a function of the excitation wavelength Aex.. Under the assumption
that the quantum efficiency of the fluorescence ¢rr is independent from the excitation wavelength,
the detected fluorescence signal is directly proportional to the absorption at this specific excitation
wavelength. The experimental resolution of this method is independent from the spectrometer
and defined entirely by the spectral width of the excitation light source. For this reason, usually
tunable lasers with narrowed linewidths are used for excitation.

Of course also the FLE is a background free method and only applicable for fluorescent samples.
However different from the FL spectrum, the measured FLE spectrum represents all absorbing
species of the sample quantitatively. At least under the assumption of a quantum efficiency inde-
pendent from the excitation wavelength.

By measuring the spectrally resolved fluorescence signal as a function of the excitation wave-
length, spectrally different emitting species can be distinguished by a variation of the detection
wavelength Age. This can be used to measure the absorption spectrum of different species inde-
pendently from each other.

3.3 Optical microscopy

Light microscopy aims at the optical magnification of structures that are too small to be seen by the
human eye. Besides the pure magnification of structures also the obtained contrast is important.
For that reason in addition to simple bright field illumination, a variety of other methods exist
that enhance the contrast and give access to additional information. Frequently used techniques
are for example dark field-, phase contrast-, fluorescence-, and polarization microscopy:.

In the present work bright field and fluorescence microscopy were used to image mesoscopic
surface structures on a sample and the fluorescence of molecules that were adsorbed on that sam-
ple. For this purpose an incident light microscope was built that uses the same objective for both
illumination and observation of the sample. A detailed description of the construction of this
microscope and its specialties is given in Appendix A.4.

For the optical imaging, particularly the obtained imaging resolution is of interest. It depends
partially on the quality of the optical components of the microscope, but is finally and inherently
limited by the diffraction limit of the used light. According to the Abbe limit [142, 143], this
means that the resolution depends on the collection angle « of the front lens of the microscope, the
wavelength of the used light A, and the refractive index n of the medium that is present between
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the front lens of the microscope and the imaged object. The resolution or the smallest distance d
of a periodic grating that can be optically resolved is then given by:

A
~ 2-msin(a)  2-NA

d with NA = nsin (a). (3.30)

Here NA denotes the numerical aperture of the front lens of the microscope.

A peculiarity of the microscope that is used in the present work is that it images the sample
through a glass window. This window acts like a cover slip or more generally like a parallel
plate in the optical path and induces spherical aberration that reduce the maximum achievable
resolution. This needs to be corrected especially for high NA microscope objectives. Detailed

information on this issue can be found in Ref. [144].
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4 Experimental

4.1 Experimental setup and procedures

The experiments of this work were carried out in an ultra high vacuum chamber. This was posi-
tioned next to an optical table and was equipped with a glass head for spectroscopic investigations
of the samples prepared under UHV-conditions. The experimental setup is schematically shown
in Fig. 4.1 with the UHV chamber on the right side and the optical table on the left side. Only
the latest configuration of the optical setup that was used for the single molecule spectroscopy is
shown. A drawing of the former optical setup that was used for the investigation of the condensed
phase of PTCDA on KCI(100) can be found in Ref. [46].
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Figure 4.1: Schematic drawing of the experimental setup. Only the latest optical setup that was
used for the single molecule spectroscopy is shown. The drawing is not true to scale.

4.1.1 UHV system

The stainless steel vacuum chamber was pumped by several pumps to reach ultra high vacuum
conditions. Namely, a rotary pump, a turbo-molecular pump, an ion pump, a titanium sublima-
tion pump, and an diffusion pump were used. In this configuration the chamber reached a base
pressure of 1.5 - 107! mbar after 48 h bake-out at 150 °C.
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The experiments were carried out on a Ag(100) single crystal that was mounted to a long travel
manipulator with a continuous-flow liquid helium cryostat. The sample mounting was optimized
for low temperatures and good accessibility. A detailed description of the construction of the
sample mounting can be found in Appendix A.4. The sample crystal was heated by thermal
radiation from a filament and additional electron impact heating. Temperatures between 6 K
and 1000 K were achieved. While the higher temperatures (> 70 K) were measured by a type-K
thermocouple directly at the sample, the lower temperatures were measured by a Si-diode (DT-
670B-SD, LakeShore Cryotronics) that was positioned 70 mm detached from the sample on the
sample mounting. The low temperature measurement was experimentally confirmed by a second
Si-diode mounted testwise directly on the backside of the sample. It was found that the tem-
peratures measured on the sample mounting were only less than 0.5 K lower than the sample
temperature, even at the lowest temperatures.

The UHV-chamber was equipped with a sputtergun (PU-IQE 11/35, Specs Nanotechnology) for
the cleaning of the sample surface by Ar-ion bombardment. For the deposition of alkali-halides
and organic molecules, home-built thermal evaporators with crucibles made of ceramic or glass
were used. A quadrupole mass spectrometer (QMG 422, Pfeiffer Balzers) was used to monitor the

molecular fluxes.

The structure and the quality of the prepared sample were controlled by a modified SPA-LEED
apparatus (Omicron). Compared to the original apparatus here the diameter of the channeltron
aperture was increased to 300 ym (originally: 100 ym) in order to increase the counting rate on the
expense of the instrumental resolution. This is favorable for the investigation of organic structures
due to the smaller necessary electron current on the sample and the thereby reduced radiation
damage. SPA-LEED measurements were typically performed with a sample current of 1 nA. A
second modification concerns the maximum deflection voltage of the SPA-LEED controller. This
was decreased from former 150 V to 50 V in order increase the voltage stability at the more fre-
quently used lower voltages.

A home-built incident light microscope was installed at the chamber in order to be able to image
the sample under UHV conditions. The microscope could be operated in brightfield or fluores-
cence mode. For the imaging a thermoelectrically cooled 12-bit CCD camera (SensiCam 670 KS
3618, PCO) was used. All optical components of the microscope were placed outside the vacuum
and the sample was imaged through a 1.75 mm thick glass window. For the highest magnification
and resolution a 40 x microscope objective with an ultra large working distance and a correction
collar for the thickness of the glass window was used (Olympus CDPlan 40 PL, NA 0.5). In this
configuration a maximum resolution of 0.7 ym was achieved. A very detailed description of the

construction and the used optics of the microscope can be found in Appendix A.4.

4.1.2 Optical setup

For the spectroscopic measurements the sample was transferred into the glass head (quartz glass,
VP63Q, Vacom) at the end of the vacuum chamber (cf. Fig. 4.1). There it was illuminated under
an angle of ~ 45 ° with focused monochromatic laser light. The laser spot on the sample was
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~ 0.2 mm in diameter. The fluorescence from the sample was collected and parallelized by an
achromatic lens (glass: N-BAF10/SF10, f = 100 mm, & = 50.8 mm, NA = 0.22). Then it was
focused by a second achromatic lens (glasses: N-BK7/SF2, f = 200 mm, & = 50.8 mm) onto
the entrance slit of the spectrometer. In front of the entrance slit different optical long pass filters
(e.g. ALp = 490 nm, Arp = 520 nm) were used in order to block scattered excitation light from the
sample. For the exclusion of external background light the glass head, the lenses, and the entrance
slit were placed inside a modular box made of black oxidized aluminum plates. The spectrometer
(SpectraPro 2300i, f = 0.3 m, f/# = 4, Acton) allowed the use of three blazed gratings with 300,
600 and 1200 grooves per millimeter. It was equipped with a liquid nitrogen cooled CCD-camera
(Spec-10:100-BR(LN)) that was operated at —120 °C. Typically, the grating with 300 grooves per
millimeter was used for the recording of overview spectra. For the accurate determination of
spectral linewidths or the separation of different signals however the higher resolving grating

with 1200 grooves per millimeter was used.

For the excitation of the sample different laser systems were used. For the measurements on the
condensed PTCDA phase a combination of an Ar*-laser (Innova Sabre R Ion Laser, DBW 15/3,
Coherent) and a modified standing wave dye laser (CR-599, Coherent, modification by Radiant
Dyes) was used. The Art-laser had several laser lines in the blue and green range of the visible
spectrum. For the FL spectroscopy in particular the lines at A = 476.5 nm and A = 457.9 nm
were used. The tunable standing wave dye laser was used for the FLE measurements. It was
operated with Coumarin 498 as a laser dye and was pumped by the 457.9 nm line of the Ar*-laser.
At a pumping power of 2 W the laser was continuously tunable between 495 nm and 545 nm at
a minimum laser output of 30 mW. The dye-laser was equipped with a three-plate birefringent
filter and had a linewidth of 1 cm™!.

In order to suppress plasma lines from the Ar*-laser, the excitation light of the fluorescence mea-
surements was filtered by narrow single wavelength band-pass filters. The excitation light of the
dye-laser was filtered by short-pass filters (Asp = 510 nm, Agp = 530 nm) in order to block fluores-
cence background signal from the dye jet in the detection range of the spectrometer. During the
FLE measurement about 10% of the light of the dye-laser was reflected to a power meter (PM120,
Thorlabs) for a later power normalization. For a reduction of the overall intensity on the sam-
ple and thus for a reduction of undesirable photo-induced processes the excitation power was
reduced by neutral density filters. Typically, laser intensities between 15 W /cm? and 150 W /cm?
were desirable on the sample.

For the single molecule experiments the previous laser setup was replaced. The new setup is de-
picted on the very left side of Fig. 4.1. The FL spectra of the sample were measured for control
purpose with a low power optically pumped semiconductor laser (Sapphire LP USB CDRH, Co-
herent) that emits at 458.0 nm (50 mW). For the (single molecule) FLE measurements a tunable
ring laser (Sirah Matisse II DS) was used. This ring laser is equipped with a reference cavity for
frequency stabilization and can achieve a linewidth of < 250 kHz rms in frequency stabilized op-
eration. Again Coumarin 498 was used as the laser dye. In this setup the laser dye was pumped
by an optically pumped semiconductor laser (Genesis CX 480 4000, Coherent) at 480 nm and 4 W
excitation power. Stable and tunable single mode operation with a laser output > 50 mW was
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obtained between 495 nm and 525 nm, with a customized output coupler. The ring laser was op-
erated non-frequency stabilized with a linewidth < 20 MHz rms, which was sufficiently narrow
for the performed single molecule experiments in this work. The wavelength of the laser was
monitored by a wavelength meter (HighFinesse Angstrom WS/6). Again the laser power was
measured parallel to the FLE measurement with the power meter. Again, optical short pass filters
(Asp = 510 nm, Agp = 530 nm) were used to block fluorescence from the dye jet. Neutral density
filters were used to reduce the excitation power on the sample and thereby to minimize the laser
induced broadening by a saturation of the optical transition. For the single molecule experiments
laser powers between 30 mW /cm? and 1500 mW /cm? have been used.

For the acquisition of the FL spectra the spectrometer and the CCD-camera were controlled with
the commercial software WinSpec32. FLE spectra were recorded with the aid of self-written Lab-
View programs. A detailed description of the used LabView programs can be found in Appendix
C.1. FL spectra were typically recorded with exposure times between 0.1 and 10 s and with up to

100 accumulations. For the FLE measurements the FL spectra were not accumulated.

At a CCD temperature of —120 °C thermal noise can be neglected. The signal to noise ratio is
limited by the readout noise of the A-D converter. Readout noise was minimized by use of the ‘low
noise” port, an operation frequency of the A-D-converter of 100 kHz, and the setting ‘Gain = 2".
This resulted in a background signal of ~ 100 counts per read out operation that was almost
constant across all read out pixels.

The spectrometer was always used in the spectroscopy mode, which means that vertical pixels of
the CCD-array were hardware binned. For the single molecule FLE measurements additionally
each 20 of those pixel rows were binned horizontally in order to increase the signal to (readout)
noise ratio at the expense of the spectral information. A further binning of pixels would have
made it impossible to exclude remnant excitation light from the spectra and was therefore not
applied. In order to get the highest spectral resolution in the FL. measurements, the entrance slit
of the spectrometer was kept as narrow as possible (0.005 mm). Contrarily, for the single molecule

FLE measurements it was opened widely (2 mm) for maximal light collection.

In order to calibrate the wavelength scale of FL and FLE measurements, additional reference spec-
tra of a calibration lamp (Xe-lamp, Hg(Ar)-lamp, Newport) were measured for each experiment.
In case of the single molecule FLE measurements the spectral position of the laser according to the
wavemeter measurement was used. The measured spectra were not corrected for the sensitivity
of the spectrometer. This can largely be neglected, since the combined wavelength dependence of
the spectrometer and the CCD is rather flat on the scale of the measured FL spectra. For FL spectra
that were plotted against wavenumbers instead of the wavelength, the relative spectral intensity
was corrected for the different pixel sizes of the both scales by multiplying the measured intensity
by an factor of A2.
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4.2 Sample preparation

4.2.1 Preparation of the Ag(100) crystal

The experiments of this work were carried out on the (100)-surface of a Ag single crystal. The sur-
face was prepared in three consecutive steps: First the crystal was heated up to 850 K for 3 minutes
in order to desorb weakly bound adsorbates, e.g., thin alkali halide films. In the second step the
surface was cleaned from remnant strongly bound adsorbates by sputtering with Argon ions at
an energy of 1000 eV and at an Argon pressure of 2.5 - 107> mbar. The sample was sputtered for
each 10 minutes in +45 ° and —45 ° tilted positions with respect to the surface normal. Typically a
sputtering current of 4-6 uA was measured at the sample. In the last step the crystal was annealed
for one hour at 1000 K in order to induce a healing of the sputtered and hence roughened surface.

The microscopic quality of the Ag(100) surface was controlled by measuring the width of the SPA-
LEED profiles. At an electron energy of 81 eV, which corresponds to an in-phase condition with
respect to monoatomic Ag steps for the (0,0) spot, a FWHM of Ak = 0.01 A~1 was obtained for
the respective spot. This corresponds to a correlation length of L = 271/Ak) = 600 A and can be
considered to be very good value for a metal crystal.

With aid of the light microscope the crystal surface was investigated on a scale of several hundreds
of micrometers. On this scale the crystal was not ideally flat as suggested by the LEED pattern but
showed macroscopic defect structures and a corrugation. These results are presented in Chapter 7
and Appendix A 4.

4.2.2 Epitaxial growth of KC1(100) films

For the growth of thin, high quality KCI films on the former prepared Ag(100) surface the KCI
was thermally evaporated from a ceramic crucible at a temperature of ~ 830 K. The KCl flux
was monitored with the QMS at m/z = 74. The crucible temperature was thermally adjusted to
achieve a constant growth rate of 1 atomic layer per 10 minutes in the QMS. This growth rate was
initially calibrated by M. Miiller with a quartz micro balance. During the evaporation the sample
surface faced the evaporator and was held at an elevated temperature of 520 K. This induced a
rapid diffusion of KCI molecules on the surface and a let the film growth nucleate particularly
at the silver step edges [14]. At these temperatures the grown films have high structural quality
and are widely extended. A drawback of the elevated sample temperature is however a partial
dewetting of the film from the metal sample that is not present at lower temperatures. Typically
5-10 atomic monolayers (ML) were grown. After deposition the sample was held at the elevated
temperature of 520 K for 20 minutes in order to smoothen the film and increase its terrace widths.

At the described conditions highly ordered films with an average terrace width of L = 350 A were
obtained. This was determined from the width of the KCI(1,0) LEED profiles at an electron energy
of 95.6 eV. This energy corresponds to an anti-phase condition for the KCI(1,0) spots with respect
to monoatomic KCl steps. It is estimated that the films are closed after the deposition of ~ 5 ML of
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K(J, so that no free Ag regions remain. This can be deduced from the dampening of the intensity
of the Ag spots of the LEED pattern (about 2 orders of magnitude) due to the deposition of the
KCl layers.

4.2.3 Deposition, growth, and site selection of PTCDA on KC1(100)

The PTCDA molecules were deposited from a glass crucible by thermal evaporation. The molec-
ular flux was monitored with the QMS at m/z = 392. The deposition rate was calibrated with
respect to thermal desorption experiments of PTCDA multilayers grown on Ag(100) [115]. De-
pendent on the desired coverage different deposition parameters were used.

Monolayer phase: For the growth of an ordered monolayer of PTCDA on KCI(100) the sample
was slightly cooled to 260 K. This temperature was found to be a good compromise between a
high mobility of the molecules, which is favorable for the formation of large domains on the one
side and the tendency for a dewetting of the molecules from the KCl surface on the other side.
The deposition rate of the molecules was chosen very low, about 1 ML per 25 minutes (crucible
temperature ~ 810 K). This was done in order to keep the concentration in the mobile PTCDA
phase low and generate only few nucleation centers. After deposition the sample temperature
was kept at 260 K for 90 minutes to heal domain boundaries between different PTCDA domains
and improve the overall order on the sample.

The average lateral size of the grown PTCDA domains was again determined from the LEED pro-
files. It was found that the described preparation protocol leads to a broad geometric domain size
distribution that contains few very large domains and many smaller domains. The average do-
main size was determined at L &~ 160 A. Details on the obtained distribution and its determination

from the LEED profiles can be found in Appendix A.2.

Isolated and single molecules: For the preparation of a (strongly) diluted phase of isolated molecules
the sample was cooled to 20 K. At this temperature the molecular diffusion is hampered so that
the molecules stick statistically distributed on the KCI terraces [8]. At this temperature the mole-
cules arrange themselves on well defined adsorption sites [8]. An even lower sample temperature
during deposition was consciously avoided, since it leads to a mixture of unfavorable meta stable
adsorption geometries [46].

Dependent on the desired final coverage of molecules on the sample, the temperature of the
PTCDA crucible was varied. For typical coverages between 10~* ML and 10~2 ML a crucible
temperature of 780 K and a corresponding deposition rate of 5- 1073 ML per minute were used.
After deposition, a migration of the molecules to energetically favorable step edge sites could be
induced by an annealing the sample for 20-30 minutes at 150 K [17].

For coverages that were sufficiently low for the optical detection and separation of single mol-
ecules (< 2-107% ML) much lower deposition rates and therefore also lower crucible tempera-
tures were necessary. This however required a different procedure for the heating of the PTCDA
crucible. In a first step the PTCDA crucible was heated to a temperature (~ 700 K) at which a
significant signal was obtained in the QMS. In the second step the temperature was reduced to the
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point (= 600 K), at which no signal was measurable anymore. Only then the sample was turned
towards the evaporator and the molecules were deposited for 1 s. It was not possible to achieve
these minimal deposition rates by directly setting the crucible temperature to the final deposition
temperature. In this case typically no molecules were deposited on the sample. The minimal
detectable signal in the QMS resembled a deposition rate of 1.5 - 10~* ML per minute. The true
deposition rate for a crucible temperature of 600 K was expected to be lower than this. Due to
the limited sensitivity of the QMS, only an upper limit of < 2-107® ML for the coverage on the
sample can be given here.
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5 Finite size effects in the PTCDA/KCI brickwall
phase

This chapter presents optical and structural results obtained for a single PTCDA monolayer on the
KCI(100) surface. Parts of these results have been published and can be found in Appendix A.1
and A.2. These are especially those results that deal with the finding of an anomalous temperature
dependence of the superradiant enhancement in the FL spectrum that was obtained for samples
prepared according to an optimized preparation protocol. In the following these results and the
theory that was applied for their understanding will be briefly summarized and supplemented by
further unpublished results obtained from FLE measurements. Ahead, a short overview on the
optical spectra and the sizes of the grown structures will be given. The obtained results will be
compared to the results described precedingly by M. Miiller et al. [14, 16].

5.1 Spectral and structural overview

The brickwall structure of PTCDA on KCI(100) has already been investigated by several previ-
ous studies, so that both the structural and optical properties are well documented [13, 14, 16].
In the present work, these properties have been re-investigated using an optimized preparation
procedure (cf. Chapter 4.2.3) and at lower experimental temperatures. Fig. 5.1 gives an overview
on the FL and FLE spectra that were measured in the present work. A real space model of the
commensurate brickwall superstructure is given in the inset. As known from the literature [13,
16], the FL spectrum shows a strong superradiant pure electronic transition, which can be seen
from a single intense peak at 19600 cm~! and widely suppressed but persistent vibrational modes
(< 18750 cm™!). The electronic transition in the FLE spectrum is asymmetrically broadened [16]
and has the identical transition energy as the electronic peak in the emission spectrum. Compared
to the spectra of isolated molecules the spectra of the brickwall phase are red-shifted by 400 cm .

These observations are qualitatively identical to those of the preceding studies and correspond to
the typical properties of J-aggregates. Important for the present work were however especially
the quantitative properties, i.e. the superradiant enhancement factor 7sg of the pure electronic
transition in the emission spectrum and the shape and width of the asymmetric broadening of the
electronic transition in the absorption spectrum. These properties are related to the finite sizes of

the investigated aggregates and are thus strongly affected by the preparation conditions.

The results of a detailed investigation of these properties will be discussed in the following chap-
ters on the basis of two different samples. While sample A was prepared according to the new
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Figure 5.1: Fluorescence and fluorescence excitation spectra of the PTCDA /KCl brickwall phase.
Both spectra were acquired at a sample temperature of 6 K. For the FL spectrum the sample was
excited by laser beam (30 mW) at Aexc = 476 nm. For visibility, the fluorescence signal of the
suppressed vibrational modes was magnified by a factor of 100. For the FLE spectrum the sample
was excited by a tunable dye laser (~ 50 mW), the induced fluorescence signal was detected in
the range between 17856 cm ! and 18542 cm™!. Inset: Real space model of the commensurate
PTCDA /KCI(100) brickwall structure the transition dipole moment ji of PICDA is oriented along
the long molecular axis. For further details see text.

optimized preparation protocol, the data of sample B was taken from the work of M. Miiller, who
used the same experimental setup but different preparation conditions [14, 16].

For the theoretical description of the aggregates of both samples, rectangular aggregates of the
size Ny x N, molecules with unpolar aggregate boundaries were used, just like the aggregate
depicted in the inset of Fig. 5.1. Such unpolar aggregate boundaries are energetically favorable
compared to polar boundaries and therefore presumably favored during the growth [14]. Hints
for the presence of aggregates on the sample that are terminated in this way can be deduced also
from the profile form of the LEED spots (cf. Appendix A.2).

Differences between the investigated samples are particularly the average aggregate size and ag-
gregate size distribution. These were in both cases determined by SPA-LEED. While for sample B
anarrow Poissonian aggregate size distribution with an average size of 7 x 7 molecules was found
to explain the data [16], for the present sample A, a much broader geometric aggregate size distri-
bution with an average size of 12.4 x 12.4 molecules was found. This distribution contains many
small and few large aggregates. For information on the detailed two dimensional SPA-LEED anal-
ysis and the obtained geometric size distribution it is referred to Appendix A.2.
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5.2 Temperature dependence of the superradiant enhancement

5.2.1 Experimental results

The superradiant enhancement factor #gg (in the literature typically called N¢.) was determined
for a series of FL spectra as a function of the sample temperature in the range between 6 K and
220 K. This was done by the method described by Spano [84] via the intensity ratio of the enhanced
0-0 transition with respect to an effective 0-1 transition. Details on this procedure can be found in
Appendix A.2.

The temperature dependence of 77sr of the two samples A and B is depicted in Fig. 5.2. Particularly
two observations can be made: First, the maximal achieved value of 77sg of sample A is more than
twice as large (~ 50) than the one of sample B (= 20). This can be explained to be an effect of both
the reduced minimal achieved temperature ( 6 K vs. 20 K) and the larger average aggregate size

on the sample.

The second observation is a slight rise of the 57sr (T') curve of sample A at the lowest temperatures,
which leads to a maximum of #gr at the finite temperature of Trmax = 10 K. This observation
is remarkable since such a temperature behavior has never been experimentally observed before
for J-aggregates and cannot be explained in the established theoretical picture of a temperature
induced localization of the exciton [78, 80, 89, 145].
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Figure 5.2: Temperature dependence of the superradiant enhancement factor jsr. The open circles
show experimental data for two different samples A and B. While sample A corresponds to an
optimized preparation condition, the data of sample B was taken from an earlier work [16]. The
solid lines are theoretical simulations based on model aggregate size distributions determined
from SPA-LEED. For further details see text.
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5.2.2 Theoretical explanation by aggregates with unpolar boundaries

In the present work the initial rise of the 7sr(T) curve was described by a theory based on finite
size effects that was provided by A. Eisfeld. This theory had been already successfully applied for
the description of the asymmetric line broadening of the FLE of sample B in a work by M. Miiller
et al. [16] and was slightly extended in the present work to describe also the temperature de-
pendence of the superradiant enhancement factor 7sg (cf. Chapter 3.2.3). The applied theory
distinguishes from the more usual theories used for the explanation of superradiance. In contrast
to these theories the exciton does not localize due to temperature but remains always extended
over the entire aggregate. The temperature dependence of the superradiance is then explained by
the thermal population of excited excitonic states with higher or lower transition strength (TS).
Within this theory a rise in the #gr(T) curve can be explained very intuitively by the thermal de-
population of a dark or weakly radiant ground state and the thermal population of a superradiant
excited state.

The presence of a dark ground state in a J-aggregate is however far from typical. Therefore the
conditions for its occurrence have been theoretically investigated and will be explained in the
following. The reason for the occurrence of dark states at the bottom of an exciton band can be
found in the extended coupling between the molecules in a brickwall aggregate. An overview on
the respective dipole-dipole couplings in the brickwall structure is given in Fig. 5.3. It can be seen
that all nearest neighbor couplings in the brickwall structure are attractive, which leads in general
to the typical J-aggregate behavior. Decisive for the occurrence of a dark state at the bottom of
the exciton band is however the coupling between next nearest neighbors perpendicular to the
orientation of the transition dipoles. This dipole-dipole interaction is repulsive and H-aggregate
like. Therefore it can be energetically stabilized by the formation of (few) node planes in the
excitonic wavefunction perpendicular to the repulsive interaction. These convert the repulsive
interactions into attractive ones but reduce the transition strength of the respective excitonic states.

Indeed such node planes have been found in the calculated wavefunctions of the excitonic ground
states (k = 1) of rectangular aggregates of the size N, x N, with unpolar boundaries. This is il-
lustrated in Fig. 5.4 for a series of aggregate sizes. Due to the node planes the obtained collective
transition strengths (TS) of all depicted excitonic ground states are reduced compared to the clas-
sical situation in a linear J-aggregate with the same number of coupled molecules N. This can be
understood to be an effect of the mutually canceling of the coefficients c,; of molecules on op-
posite sides of a node plane. For an anti-symmetric wavefunction this directly results in a dark
state TS = 0 (30 x 10 aggregate), since all coefficients c, cancel each other out. For a symmetric
wavefunction the transition strength is only partially reduced. This reduction however increases

with an increasing number of node planes (40 x 10 aggregate vs. 20 x 10 aggregate).

For better comparability the transition strength of the depicted excitonic ground states in Fig. 5.4
are given in units of the transition strength of an individual molecule and normalized to the num-
ber of molecules in the aggregate. Values between TS = 0 and TS = 0.4 N were obtained for
the depicted states. For comparison TS = N is the theoretic value for a linear aggregate of N
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Figure 5.3: Calculated dipole-dipole interactions in the PTCDA brickwall structure. All nearest
neighbor couplings are attractive (negative sign, green). In the direction perpendicular to the
transition dipoles also significant repulsive interactions exist (positive sign, red). The given values
were calculated in the point-dipole approximation with a molecular transition dipole moment
#t = 7.4 Debye and a lattice constant of the unit cella = 12.6 A.

10x10
TS=0.39N

20x10
TS=0.23N

30x10
TS=0

40x10
TS=0.01N

Figure 5.4: Calculated excitonic wavefunctions of the lowest excitonic state k = 1 for a series
of rectangular brickwall aggregates of the size Ny X Ny molecules. All wavefunctions have node
planes perpendicular to the transition dipole axis of the molecules. These reduce the transition
strength (TS) of the respective state. The TS becomes zero for anti-symmetric wavefunctions and
gets smaller with increasing number of node planes. The distance between the node planes of

the wavefunctions depends mainly on the shorter of the two lengths of the aggregate in x and y
direction.
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molecules with periodical boundary conditions [140, 146]. In the more comparable case of a lin-
ear chain with open boundaries still TS = 0.81 N is obtained [89]. The transition strength of the
depicted brickwall aggregates is therefore significantly reduced.

The spacing of node planes in the excitonic wavefunctions depends on the interplay of the cu-
mulative attractive and repulsive couplings along the corresponding directions of the aggregate.
In the present aggregate shape these directions are both 45° rotated with respect to its bound-
aries. Therefore both the cumulative couplings in the direction of attractive coupling and in the
direction of repulsive coupling are limited in the same way by the length of the shorter axis of
the aggregate. A further elongation of an aggregate thus leads to the formation of further node
planes. In contrast to an elongation of the shorter aggregate axis, the distance between the node
planes increases. This can be seen by a comparison of the wavefunctions of the 10 x 10 aggregate
and the 20 x 20 aggregate in Fig 5.4.

In conclusion, dark or weakly radiant excitonic ground states can be explained for the investi-
gated aggregate shapes by the presence of node planes in the excitonic wavefunctions. Quadratic
aggregates exhibit a superradiant ground state with a transition strength only partially reduced
by the occurence of few node planes. The number of node planes, however, increases with the
elongation asymmetry of the aggregates, which leads to dark or weakly radiant excitonic ground
states of highly elongated aggregates.

5.2.3 Simulation of the experimental data

Based on this understanding, the next step was to model the experimental 7sg (T) curves. For this
reason also the transition strengths and energies of all excitonic states (k > 1) have been calculated
for the respective aggregates. An exemplary absorption spectrum of a 30 x 10 aggregate and its
corresponding #sg(T) curve are depicted in Fig. 5.5. Calculated absorption spectra and #sg(T)
curves of further aggregate shapes and sizes are described in Appendix A.1. The depicted absorp-
tion spectrum shows that despite the darkness of the ground state, strongly superradiant states
are located within the first few excited states (k ~ 2-10) and can be thermally populated already
at low temperatures. The ngr(T) curve of this aggregate shows the predicted initial rise and a
maximum at a finite temperature. For more quadratic aggregates a maximum at zero temperature
and a monotonic decay is obtained instead (cf. Appendix A.1). At higher temperatures, in both
cases more and more dark excited states are populated so that #sg decreases monotonically and
reaches sg = 1 at infinite temperatures.

Despite the qualitative agreement of the theoretical temperature behavior with the measured one,
the quantitative dependence of the temperature dependence fits not to the experimental data
(Fig. 5.2). This concerns both the position of the maximum of the curve and its subsequent de-
cay. The maximum occurs at lower temperatures and the decay of the calculated curve is faster
than the experimental one. Both deviations are present independent from the size and shape of the
calculated aggregates. They can be traced back to the simplicity of the used model that includes
only pure excitonic states and neglects the presence and possible inter-mixture with low energetic
vibrational states of the molecules and phonons of the aggregate. These would lead to additional
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Figure 5.5: Calculated absorption spectra and njsg (T) curves for a 30 x 10 aggregate. The absorp-
tion spectra are depicted on the left side and the corresponding nsg(T) curves can be found on
the right side. Bright states with TS > 0 are marked with filled dots and dark states with TS = 0
are marked with open dots. AE denotes the calculated stabilization energy of the excitonic state k
with respect to an isolated monomer. Please note the different energy axes in the upper and lower
panel. The dipole-dipole coupling in the top panels was scaled with & = fo9 = 0.21, which is
the oscillator strength of the electronic transition of the individual PTCDA molecule. In the bot-
tom panel a larger value of x = 0.4 was used. This spreads the absorption spectrum and thereby
effectively shifts the maximum of the nsg (T) curve. For further details see text.

transition strength at higher excitation energies and thus shift the maximum and the subsequent
decay of the 57 (T') curve to higher temperatures [147].

In the present work these effects have been compensated in an effective manner by scaling the
coupling strength | between the molecules by an artificial value « = 0.4 that replaced the Franck-
Condon factor fo,, in Eq. 3.22 and was higher than the typically used oscillator strength of the 0-0
transition of the individual molecule foo = 0.21 (cf. Chapter 3.2.3). The resulting spectrum and
nsr(T) curve is plotted in Fig. 5.5 below the original one. The larger factor spreads the absorption
spectrum and thereby shifts the maximum of the 7sr(T) curve to higher temperatures. The value
of « = 0.4 was determined empirically and fits the calculated curves to the experiment. For a
more detailed description of the calculations and the limitations of the used model it is referred to
Appendix A.2.

The experimental temperature dependence of 77sg was finally simulated based on the calculated
temperature dependence of #sr (¢ = 0.4) for different aggregates. For this purpose the aggregate
size distribution determined from SPA-LEED was used. The exact procedure of this simulation
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and the used formulas can be found in Appendix A.1. Additionally, also a simulation for the
different aggregate size distribution of sample B was performed. Both simulated curves are drawn
as solid lines in Fig. 5.2 and fit the experimental data points in good proximity. It can be seen that
the curve of sample B in contrast to the one of sample A has no maximum at finite temperatures,
which is because of the different underlying size distribution that contains mainly smaller and

more quadratic aggregates.

5.2.4 Aggregates with polar boundaries

Up to this point the finding of node planes in the wavefunctions of the excitonic ground state of
brickwall aggregates was only demonstrated for the very special case of rectangular aggregates
with unpolar boundaries. It is however of interest if equal phenomena can also be observed for
other aggregate geometries and boundary conditions. This is especially important since a rise of
the superradiant enhancement factor ysg with temperature was observed so far only in the present
experimental work but not in former experiments on brickwall aggregates [70, 148] and could thus

be a pure effect of the special aggregate geometry.

For this reason also a second type of brickwall aggregates has been theoretically investigated.
These are rectangular aggregates with polar boundaries. A real space model of such an aggregate
is depicted in Fig. 5.6. Additionally the wavefunctions of the excitonic ground states of different
aggregate sizes are shown similar to Fig. 5.4. It can be seen, that also for this geometry node planes
can be found in the excitonic ground states of some aggregates (20 x 10, 20 x 20). Again these node
planes are formed perpendicular to the direction of the repulsive interactions. Different from
aggregates with unpolar boundaries however now also ground states without any node planes
can be observed (10 x 10, 10 x 20). These have the symmetry that is typically expected for the
ground state of a classical J-aggregate and also their transition strength (TS ~ 0.7N) is comparable

to the one obtained for classical linear J-aggregates.

These observations can be explained by the different orientation of the transition dipoles with re-
spect to the main axes of the aggregate. Different from the aggregates with unpolar boundaries,
here the main axes of the attractive and repulsive dipole couplings are oriented along the main
y and x axes of the aggregate, respectively. Therefore a 10 x 20 aggregate has comparably more
attractive interactions and less repulsive interactions than a 20 x 10 aggregate. Node planes in the
excitonic ground state occur only for those aggregates, in which the cumulative repulsive interac-
tions have a comparably large contribution compared to the attractive ones. A simple prediction
of the symmetry of the excitonic ground state wavefunction based on the ratio x/y of the aggre-
gates axes x and y can however not be given. This can be seen from the comparison of a 10 x 10
and a 20 x 20 aggregate. Although they both exhibit the same ratio x /vy, the symmetries of their
excitonic ground state wavefunctions differ. For an accurate prediction presumably further fac-
tors like the coupling strengths in the different directions and the decrease of the coupling strength
with the distance between the coupled molecules would be needed to be taken into account.



5.3. Evaluation of the asymmetry of the FLE spectra 43

4%2 10x10 TS=0.71 N 10x20 TS=0.75 N

20%x10TS=0 20x20TS=0

Figure 5.6: Calculated excitonic wavefunctions of the lowest excitonic state k = 1 for a series of
rectangular brickwall aggregates with polar boundaries. A real space model of a 4 x 2 aggregate
of this geometry is shown in the top left corner. Some of the wavefunctions show node planes
perpendicular to the repulsive dipole-dipole interactions. The ground states of other aggregate
shapes show no node planes and high transition strength as it is expected for typical J-aggregates.
For further details see text.

Finally these results show that the occurrence of a dark or weakly radiant ground state in a finite
size aggregate is not only possible for a single special boundary condition. It however strongly de-
pends on the exact coupling situation and the interplay of the cumulative attractive and repulsive
couplings. This finding may be used in the future to tune the interactions and sizes of aggregates
in order to obtain J-aggregates with either stronger superradiance or higher excited state lifetimes.
While the first would be favorable as strong and sharp emitters, the second could be beneficial for
the decay free transport of excitons, e.g. in a solar cell.

5.3 Evaluation of the asymmetry of the FLE spectra

5.3.1 Comparison of different FLE spectra

Besides the superradiance that was described and explained in the previous chapter also the FLE
spectra and especially the asymmetric broadening of the pure electronic transition depends on
the finite aggregate sizes on the sample. This had already been demonstrated in detail in the
publication of M. Miiller et al. [16] for sample B and was here re-investigated for the present
sample A. In Fig. 5.7 two excitation spectra A1 and A2 measured for sample A at a temperature
of 6 K are depicted together with the FLE spectrum of sample B that had been measured at 20
K. All spectra show the characteristic asymmetric broadening of the 0-0 line on the high energy
side, that is both the result of several bright excitonic states present at the lower energies of the
excitonic spectrum of finite size J-aggregates, and of the distribution of aggregate sizes [16].
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Figure 5.7: Comparison of the 0-0 line shape in the FLE spectra of the two samples A and B. The
spectra were measured for the respective lowest achievable experimental temperatures of 6 K for
sample A and 20 K for sample B. Different from sample B, the spectra of sample A (A1, A2) depend

strongly on the choice of the detection wavelength Aqe; and are thereby broader (A2) or sharper
(A1) than spectrum B. For further details see text.

Different from the measurements of M. Miiller, the excitation spectrum of sample A depends
strongly on the choice of the detection window. For spectrum Al the intensity variation of a
single pixel of the CCD (at a spectral position of 18224 cm ') is plotted as a function of the exci-
tation wavelength. For spectrum A2 the intensity variation of a much broader detection window
(100 pixels, 17856 - 18542 cm 1) of the same measurement is plotted. As can be seen from Fig. 5.7,
this influences the width and form of the spectra dramatically. The full width at half maximum
(FWHM) of the 0-0 line for the narrow detection window of A1 is considerably smaller (20.2 cm™!)
than the one of sample B (40.0 cm~!). Moreover, an additional shoulder can be observed on its
high energy side at 19630 cm ™. In contrast, using the broad detection window (A2) results in a
0-0 line that is even broader (47.0 cm™!) than the one of sample B. In both cases the increased or
decreased broadening concerns only the high energy side of the spectrum, the low energy side
and the position of the peak maximum of the spectra are almost identical to that of sample B .

Important for the understanding of these observations are the differences in the excitonic stabiliza-
tion energy between aggregates different in size. The excitonic stabilization energy refers to the

red-shift of the excitonic ground state of an aggregate with respect to excited state of a monomer
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due to the attractive coupling of transition dipoles. It increases with the aggregate size and satu-
rates in the limit of large aggregates. For example, it is only —77 cm ™! for an aggregate containing
4 x 4 molecules and already —123 cm™! for an aggregate containing 20 x 30 molecules.

The dependence on the detection wavelength can now be understood primary as an effect of the
broad (geometric) aggregate size distribution of sample A. For the new preparation conditions, a
variety of aggregate sizes is present on the surface, ranging from very small to very large aggre-
gates (cf. Appendix A.2). The difference between the excitonic stabilization between these extrema
is considerable so that the absorption energies of their lowest excitonic states differ strongly from
each other. As a result the fluorescence signals of the respective aggregates are shifted by these
amounts. Therefore, dependent on the position and width of the fluorescence detection window,
different fractions of the aggregate size distribution contribute to the FLE spectrum. For the broad
detection window (spectrum A2) all aggregate sizes within the distribution contribute to the spec-
trum leading to the broader peak in the FLE spectrum. For the narrow detection windows (like
given by only one a single pixel, Spectrum A1) a smaller fraction of the aggregates contributes to
the spectrum. In case of the specific detection wavelength of spectrum A1 (18224 cm~!) mainly the
larger aggregates of the distribution contribute to the FLE spectrum. This can be seen from Fig. 5.8.
At the detection energy of spectrum A1l mainly the vibrational peak of the orange FL spectrum in
the lower left panel of Fig. 5.8 contributes intensity to the FLE spectrum and is responsible for the
sharp maximum of spectrum Al. This orange spectrum contains the most red-shifted FL peaks of
this vibrational mode during the FLE measurement which resemble the most stabilized and there-
fore largest aggregates. For further details on Fig. 5.8 it is referred to the following Chapter 5.3.2.

For comparison, the variation of the FLE spectrum with the size and position of the detection
window was checked also for the dataset of sample B (not shown). There no dependence on
the detection window was observable. This can primarily be explained by the much narrower
Poissonian aggregate size distribution [16]. In this distribution, the excitonic stabilization and the
position of the FL signals of all aggregate sizes are very similar. Additionally, these measurements
were performed at a higher sample temperature of 20 K, which slightly broadens the FL signals
and leads to an overlap of the FL signals of the different aggregate sizes. Therefore, at the reso-
lution of the spectrometer the FL signals of the different aggregate sizes of the distribution were
indistinguishable and no variation with the choice of the detection window occurred.

5.3.2 Variation of the FL spectrum during the FLE measurements

The different excitonic stabilization of different sized aggregates can be observed in the FL spectra
that were measured during an FLE measurement. Fig. 5.8 shows the evolution of the FL signal of
sample A during the FLE measurement as a function of the excitation wavelength. The detected
fluorescence signal in the regime of the vibronic modes (17800 - 18500 cm™!) is depicted in the
lower left panel. The corresponding excitation light of the dye laser scanning through the asym-
metrically broadened 0-0 line of the absorption spectrum is shown in the lower right panel. As
a reference, the FL spectrum for an excitation wavelength of 476.5 nm (cf. Fig. 5.1) and the FLE
spectra for the broad detection window (cf. spectrum A2 in Fig. 5.7) are depicted in the top panel.
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Figure 5.8: Variation of the FL spectrum during the FLE measurement. In the lower left panel a
series of FL spectra that were measured for varying excitation wavelengths Aey. are shown. The
spectra are normalizes with respect to the maximum intensity and vertically shifted for clarity.
The corresponding signal of the varied excitation laser is plotted in the lower right panel, the
laser signal is broadened by the spectrometer. Some of the vibrational peaks in the FL spectra
shift Raman-like with the excitation wavelength, while other peaks remain stationary. These are
marked with guidelines for the eye, respectively. For a reference of the respective absorption and
emission positions the measured FL (Aexe = 476.5 nm) and FLE spectra (Fig. 5.7 A2) are plotted in
the upper panel. The narrow detection window of FLE spectrum A1l (not shown) is highlighted
by a light red bar at 18224 cm™~!. For further details see text.



5.3. Evaluation of the asymmetry of the FLE spectra 47

raman like peaks static peaks
|
A large A small ! A
aggregate aggregate !
|
|
|
l— |
| R
A : \
S s T [ LB Y
@) @ | @ \
® i & I S
|
- -~ ! -
- - | -
|
|
A 4 v ! A4
,l' ’,’ | 7
'/' ," | ,:'l
/1 '/ 1 ",
_ ’ I s
|

Figure 5.9: Schematic energy level diagrams illustrating the origin of Raman-like and static fluo-
rescence peaks during the FLE measurement. The Raman-like peaks are explained by a selective
excitation of the excitonic ground states of differently sized aggregates dependent on the excita-
tion energy. Larger aggregates can be excited at lower excitation energies and emit fluorescence
light of lower energy. For smaller aggregates both the excitation energy and the emission energy
are higher, between these extrema there is a continuum of different aggregate sizes. The static
peaks are explained by the excitation of higher excitonic excited states and the non-radiant decay
in the excitonic ground state before emission. For further details see text.

The excitation wavelength was varied between 19600 cm ™! (at the low energy edge of 0-0 line of
the FLE spectrum, orange spectrum) and 19700 cm ™! (after the main absorption peak of the FLE,
blue spectrum). As can be seen the detected fluorescence signal varies strongly with the excitation
wavelength. Two groups of peaks can be identified: The peaks of the first group shift their spectral
position parallel to the excitation wavelength (Raman-like). The peaks of the second group appear
only for excitation energies higher than ~ 19630 cm~! and do not shift with a variation of the
excitation energy (static). Compared to the Raman-like peaks the corresponding static peaks are

red shifted. The fraction of the static peaks increases with increasing excitation energy.

The different mechanisms leading to the Raman-like and static peaks are exemplary sketched
in Fig. 5.9. The Raman like peaks can easily be explained by the broad continuous distribution
of aggregate sizes present on the sample. Dependent on the excitation wavelength aggregates
of different sizes absorb the excitation light. The fluorescence signal of the vibrational modes
appears then red shifted by the vibrational energy. Since the vibrational energy is independent of
the aggregate size, the shift of the respective peaks is directly parallel to the excitation wavelength.
At the lowest excitation energies the largest aggregates absorb, at the highest excitation energies
the smallest aggregates absorb, and in between these two energies the corresponding aggregate

size of the continuum is selected.
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The static peaks can be understood by remembering that the excitonic absorption spectrum of a
single finite size aggregate consists of more than just a single transition with oscillator strength.
Therefore, at higher excitation energies also higher excited excitonic states have some oscillator
strength (cf. Fig. 5.5) and can absorb. After absorption, they decay into the ground state of the
excitonic states because of the low temperature. Then the radiative decay back into the electronic
ground state occurs, which is red shifted with respect to the excitation energy (vibrational energy
+ relaxation energy). With increasing excitation energies also the fraction of aggregates that ab-
sorb via higher excited excitonic states increases. Therefore also the fraction of the static signal
increases. The position of the peaks remains mostly static however small deviations due to the
varying subset of absorbing aggregates of the aggregate size distribution can be observed. In gen-
eral, also the static peak would be expected to shift to higher energies with increasing excitation
energy, since also the number of excited small and blue shifted aggregates increases. This could
however not be observed, presumably due to a very dominant spectral contribution of larger red
shifted aggregates to the static peaks.

No further pronounced changes in the FL spectra are observed for excitation energies higher than
~ 19700 cm ™! (teal spectrum). Already at this excitation energy the majority of the aggregates
contributes to the static peaks. Comparing this teal spectrum with the FL spectrum in the top
panel of Fig. 5.8 it can be seen that the spectral shape and positions of the peaks in the two spectra
are very similar to each other. From this agreement it is can be deduced that also for the FL
experiment with an excitation wavelength of 476.5 nm (20986 cm 1), i.e. far above the energy
of the 0-0 transition, the majority of the aggregates of the sample was excited and contributes to
the FL spectrum. Thus no undesirable spectral selection of a specific aggregate size/shape takes
place and the assumption that all aggregates of the aggregate size distribution contribute to the
measured #7sg(T) dependency discussed in Chapter 5.2 is justified.

It should be mentioned that also an alternative explanation for the static peaks in the FL spectra
exists. Generally, it is possible that an exciton migrates between neighboring aggregates. In this
case the excitation on a smaller aggregate (less excitonic stabilization) could be transferred to
a higher excited state of a larger neighboring aggregate (more excitonic stabilization) of same
energy. Then again a non-radiative decay into the thermal ground state of the excitonic states
occurs before the red shifted fluorescence occurs from the largest aggregates. This mechanism
cannot be excluded. It was however shown by polarization dependent fluorescence spectroscopy
that at least no exciton migration between 90° rotated aggregates occurs [16].

5.3.3 Simulation of the FLE spectra

Up to this point, the new findings concerning the FLE spectra of sample A could be explained on a
qualitative basis under consideration of the presence of a broad geometric aggregate size distribu-
tion. In order to confirm these findings also quantitatively, the experimental FLE spectrum of sam-
ple A (spectrum A2) was simulated according to the procedure described for sample B in Ref. [16].
First, the excitonic absorption spectra of all aggregates of the type Ny x N, with 1 < N, < 100
were numerically calculated. Here, for a start the inter-molecular coupling | was scaled with the
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correct value of the oscillator strength of the electronic transition & = foo = 0.21. This value had
been extracted from the monomer FL spectrum [8] and had also been used for the simulation of
the asymmetric broadening in Ref. [16]. Likewise as in Ref. [16], site disorder was implemented in
the calculation by the varying the individual transition energies of the monomers of the aggregate
within a Gaussian distribution (27 cm~!). This induces a broadening of the aggregate stick spectra
that is partially reduced with an increasing size of the aggregate due to exchange narrowing [146].

The calculated spectrum for a single aggregate of the size 12 x 12 molecules, which corresponds
to the average aggregate size of sample A, is depicted in the top panel of Fig. 5.10. The spectrum
contains several separated absorption lines that have decreasing intensity towards higher ener-
gies. This behavior is typical for finite size aggregates and was found to be the main reason for
the asymmetric broadening of the FLE spectrum of sample B [16].

By comparison of this single aggregate spectrum with the experimental FLE profile of sample A,
it can however be seen that the width and shape of the envelope of the calculated absorption
spectrum does not sufficiently describe the experimental profile, especially its high energy wing.
This is different from the situation of sample B, but so far in agreement with the above finding of
a broad aggregate size distribution. The so far not reproduced regions of the profile should rather
be described by very large and very small aggregates of the distribution. These have absorption
spectra that are red or blue shifted with respect to that of the 12 x 12 aggregate and could therefore
describe the low energy and high energy wings, of the experimental profile.

In order to test this, the FLE profile was calculated by weighting and summing up the individ-
ual aggregate spectra according to the geometric aggregate size distribution with the expectation
value Iy, = 12.4 (cf. Appendix A.2). The resulting profile is depicted as a red line in the bottom
panel of Fig. 5.10. Surprisingly, it does not fit the experimental profile and is by far too narrow on
its high energy wing. This seems to be astonishing on the first sight, since the majority of the ag-
gregates of the distribution is smaller than the 12 x 12 aggregate and hence exhibits a blue shifted
absorption spectrum. On the second sight, these aggregates however contain significantly less
molecules and have thus also significantly less transition strength than the less frequent but larger
aggregates. In the end, the absorption spectrum is therefore dominated by those larger aggregates
with high transition strength.

Nevertheless, the significant discrepancy between the simulated and the experimental FLE profile
needs to be explained. One solution for this could be the use of a modified aggregate size distri-
bution that contains a larger quantity of small aggregates. This approach is indeed possible and
leads to a good agreement of the simulated and experimental profile (not shown). The modified
size distribution however needs to contain several orders of magnitude more small aggregates
(4 x 4 molecules and smaller) and thereby contradicts both the experimental LEED profiles and

the observed maximum #gg values.

Therefore, just like in Chapter 5.2.3, rather the simplicity of the applied model is supposed to be
the limiting factor. The model is used to calculate pure excitonic states but neglects molecular
vibrations. For the most molecular vibrations this simplification is justified, since their vibrational

energy is much higher than the energy of the excitonic states with high transition strength. This
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Figure 5.10: Simulation of the experimental FLE of sample A. In the top panel the FLE spec-
trum A2 and the simulated absorption spectrum for a single aggregate of the size 12 x 12 mole-
cules are shown. The coupling | between the molecules was scaled by « = foy = 0.21 and site
disorder on the order of 27 cm~! was introduced. The experimental FLE spectrum was spec-
trally shifted to the position of the calculated spectrum by the transition energy of the monomer
(—20000 cm ') and the D-term (=~ 270 cm ™!, arbitrarily chosen). In the bottom panel simulated
FLE profiles according to a geometric aggregate size distribution with 'y, = 12.4 are shown. De-
spite the broad size distribution the calculation with fyy = 0.21 results in a much too narrow FLE
profile and does not explain the experimental broadening. Again an increase of the scaling factor
from a = foo to & = 0.40 compensates the lack of vibration induced transition strength at higher
energies by effectively spreading the absorption spectrum. Both the experimental profile and the
simulated profile for & = 0.40 were shifted to the position of the simulated profile with « = 0.21.

For further details see text.
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is however not the case for the low energetic surface induced modes (50-200 cm~!), that have
been described by Paulheim et al. [19]. They are on a similar energetic scale as some of the bright
excitonic states, which means that they can intermix. This intermixture would lead to a further
redistribution of transition strength towards the vibrational modes, which results in additional
transition strength at higher energies and is frequently termed ‘intensity borrowing’ [149]. This
transition strength at higher energy induced by low energetic vibrations appears to be necessary
to describe also the high energy wing of the experimental FLE profile of sample A.

Effectively the lack of transition strength at higher energies of sample A can again be compensated
by scaling the coupling strength | (Eq. 3.22) with a value « larger than the oscillator strength
of the electronic transition foy (cf. Chapter 5.2.3). A simulation of the FLE spectrum based on
a scaling factor « = 0.4 that stretches the individual absorption spectra is depicted as a blue
line in the bottom panel of Fig. 5.10, and it describes the width of the experimental spectrum in
good proximity. For a more accurate description however more advanced calculations including
molecular vibrations should be applied.

In conclusion the detailed evaluation of the FLE spectra has shown several effects that are related
to the different aggregate size distribution of sample A compared to sample B. Especially the pos-
sibility to excite aggregates different in size selectively by the choice of the excitation wavelength
is interesting and may have potential for future experiments on finite size molecular aggregates.
From a quantitative comparison, especially the limitations of the used theoretic model became
aware. These do not lead to problems in the description of sample B, but are decisive for the
description of the present sample A. It became especially evident that besides the pure excitonic
peaks also molecular vibrations need to be considered for a more accurate description of the ab-
sorption spectrum.
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6 Optical single molecule spectroscopy of
PTCDA adsorbed at KCl step sites

This chapter presents results on the high resolution spectroscopy of single PTCDA molecules at
KCl step sites. A manuscript prepared for publication that concerns these results can be found in
Appendix A.3. In the following the experimental approach and the major experimental findings
are summarized and interpreted in a molecular picture. At the end of this chapter the limiting

experimental factors, open questions, and suggestions for their solution are discussed.

6.1 Experimental approach

The spectroscopy of single PTCDA molecules on defined alkali halide surface sites has been the
next step in a series of experiments that were concerned with the optical and structural proper-
ties of diluted PTCDA phases on alkali halide surfaces (cf. Chapter 2.4) [8, 14, 15, 17-19]. In the
preceding experiments the high spectral resolution in combination with the structural order made
it possible to obtain very detailed information on the interaction of molecules with specific sur-
face adsorption sites. In addition also the influence that these interactions have on the molecular

optical properties was studied (cf. Chapter 2.4).

Nevertheless, the information that can be extracted from the spectroscopy of an ensemble is lim-
ited, the measured spectra always resemble the averaged or superimposed signal of this ensemble
of molecules, and the information on the individual molecules gets lost. The aim of the present
work was therefore to separate the optical signals of the individual molecules from each other
by application of high resolution single molecule fluorescence excitation spectroscopy. This tech-
nique facilitates to study the sharp optical absorption lines of single molecules independently
from the signals of other similar but not identical molecules of the ensemble. Until now this tech-
nique has mainly been used for molecules embedded in solid hosts but never for molecules on a

defined surface.

The goal of the present work was therefore to apply this high resolution spectroscopy method to
molecules adsorbed at surface sites, measure their individual homogeneous absorption profiles,
and test the possibilities of this method in a surface science experiment. Compared to the previous
experiments mainly the laser setup for the fluorescence excitation measurements was changed (cf.
Chapter 4.1.2). The detection apparatus, on the other hand, was so far only slightly modified by
the construction of a black box for the exclusion of background light. As a sample system PTCDA

molecules adsorbed at KCl step sites were investigated.
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In order to separate the molecular absorption lines from each other, the spectral density inside the
inhomogeneous broadening of the absorption spectrum needed to be reduced in several steps.
First, the molecule density on the surface and inside the focus of the excitation laser was re-
duced by modified evaporation parameters (cf. Chapter 4.2.3). These lead to a surface coverage
< 2- 107% ML and between 400 and 40000 molecules in the focus of the laser (cf. Appendix A.3).
In a second step, the spectral areas far off the center of the inhomogeneous broadened line have
been measured since there the density of molecules with appropriate transition energies decreases.

Finally, the sample temperature and the excitation power of the laser were reduced as much as
applicable. This was done in order to reduce a temperature and laser induced broadening of the
single molecule absorption lines (cf. Chapter 3.2.2) that otherwise could result in a spectral overlap
of neighboring molecular transitions.

6.2 Inhomogeneous profiles

6.2.1 Substructures of the inhomogeneous profile

Prior to the high resolution measurements of single molecules, the inhomogeneous broadening of
PTCDA at KCl step sites has been reinvestigated by ‘low resolution” FLE measurements. This was
done in order to check for an influence of the reduced surface coverage or the reduced line width
of the excitation laser on the spectra. Similar to earlier measurements of Paulheim et al. [18], the
width and the shape of the FLE profile changed slightly between different preparations. Addi-
tionally, some of the measurements with reduced coverage and laser linewidth revealed a slight
splitting of the inhomogeneous profile. This was interpreted to stem from a superposition of sig-
nals from molecules at two energetically minimally dissimilar adsorption sites (cf. Appendix A.3).
An exemplary FLE profile that shows such a splitting is depicted in Fig. 6.1 and will be compared
to an earlier measured profile from Paulheim et al. [18] in the following.

Despite the differences in coverage and the sample temperatures, the widths of both profiles are
similar. Therefore it has been assumed that in both cases the same types of adsorption sites are
populated and that the populated adsorption sites are independent from the surface coverage. The
main difference between the measurements is therefore the above indicated small indentation at
the profile of the recent measurement. This profile could be fitted by a sum of two Lorentzian
peaks separated by 2 cm ™! resembling two different species. Fitting the profile and especially the
indentation with a sum of two Gaussian profiles was however not successful.

Based on theoretical calculations and assumptions that have been described in Ref. [18] these
contributions could be assigned to the deep vacancy site and the deep vacancy site +1 of PTCDA at
KClI steps, respectively. These were calculated to be the energetically most favorable step sites
with an energetic difference of the binding energy of only 0.01 eV [18]. Structure models of these

adsorption sites are given on the right side of Fig. 6.1.

It turned out, that the profile splitting was only observable due to the significantly reduced in-
strumental broadening Avins that was obtained by using the ring laser for excitation (Avinst =
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Figure 6.1: Fluorescence excitation spectra of the 0-0 transition of PTCDA at KClI step sites for
different experimental conditions. The upper spectrum was acquired for a highly diluted phase
at a coverage of 2 - 107® ML and at a sample temperature of 6 K. For excitation a narrow line
width (0.0007 cm~!) ring laser was used. The bottom spectrum was taken from Ref. [18]. Here
the surface coverage was 10~2 ML and the temperature was 21.6 K. The spectrum was measured
with a broader excitation laser (1 cm ™). Due to the higher resolution of the excitation laser in the
upper measurement a splitting of the profile into two contributions can be resolved. The profile
can be fitted as a sum of two Lorentzian functions resembling two different adsorption sites of
PTCDA at KClI steps. Real space models of these adsorption sites are depicted on the right side of
the figure and are framed with a color referring to the individual and cumulated fit functions in
the upper plot. A convolution of the upper profile with a Lorentzian instrument function (1 cm—1)
is depicted as a dashed gray line in the upper graph. There no splitting of the profile is observable.
A Lorentzian fit of the bottom spectrum is depicted as a red line. For further details see text.

0.0007 cm ') and not, as before, a standing wave laser (Avinst = 1 cm™1) [18] (cf. Chapter 4). To
demonstrate the effect of the instrumental broadening, the splitted profile has been convoluted
with a Lorentzian instrument function with a width of 1 cm~!. The resulting profile is depicted as
a dashed gray line in Fig. 6.1. There, no longer an indentation can be observed and only a minimal
asymmetry of the profile shape remains. Keeping this in mind, also the slight asymmetry of the
profile measured by Paulheim et al., which can be seen from the deviations of the measured profile
from an ideal Lorentzian fit (cf. Fig 6.1), can be interpreted as an indication for the superposition
of different species.

By scanning smaller parts of the inhomogeneous profile with high resolution and in small in-
crements, further small intensity variations in the wing of the inhomogeneous profile known as
the statistical fine structure [128] could be detected. Consecutive scans of this fine structure are
depicted in Appendix A.3 and show that these measured intensity variations are not induced by
noise but are an intrinsic property of the sample at the position of the excitation laser. By changing
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this position on the sample also different statistical fine structures could be measured in the same
spectral range. The average distance between neighboring maxima of this fine structure is smaller
than 0.1 cm ™! and thereby much smaller than width of the inhomogeneous profile. In conclusion
this was a clear evidence that the measured Lorentzian profiles are indeed a superposition of a

multitude of homogeneously broadened 0-0 transitions and thus inhomogeneously broadened.

What remains unclear at this point is the reason for the Lorentzian profile form of the individual
contributions of the inhomogeneous broadening. Interestingly, this profile form is identical to
the one found for PTCDA at NaCl step sites where the (presumably) inhomogeneous profile is
expected to stem from just a single type of adsorption site [18]. Possible mechanisms inducing
this inhomogeneous broadening will be discussed in the following.

6.2.2 Molecular picture of the inhomogeneous broadening

The inhomogeneous broadening of an ensemble of molecules, i.e. the spread of their transition
energies, is typically explained by the presence of a variety of different molecular environments.
Each molecule in its unique environment exhibits a slightly different optical transition energy,
which leads to a distribution of energies. In the present system these different environments
are likely caused by different step surroundings of the KCl at which the PTCDA molecules are
partially embedded.

Indeed, in a series of previous studies [15, 17, 18] it has been demonstrated that the binding energy
of the molecule at a step adsorption site and the energy of the optical transition at this site vary
according to the morphology of the step site. Thereby, the spectral shifts that are induced by
small structural changes of the KCl step in direct contact to the molecule were found to be on the
order of 1-100 cm~! [18]. The smallest of these changes in transition energy is the one that could
be observed as the peak splitting in the previous chapter. Here the difference between the deep
vacancy site and the deep vacancy site +1 was induced by an additional row of ions at one side of the
molecule and caused a splitting of the inhomogeneous broadening into two main contributions
separated by 2 cm 1.

At this point it becomes clear that the much smaller differences in transition energies that have
been resolved in the statistical fine structure cannot be explained in the simple picture of such
archetype adsorption sites that involve changes of the K™ and Cl~ ions in close vicinity to the
molecule. The direct molecular environment influences the transition energy on a larger scale
but cannot explain the dense distribution and the small shifts between the different transition

energies.

In order to explain these smaller shifts therefore also much smaller interaction strengths have
to be considered. One possible explanation could be the influence of weaker long range order
Coulombic interactions between the molecule and KCl ions multiple lattice constants away at
the step edge. In this model, the center of the inhomogeneous broadening would correspond
to the KCl ions in direct contact with the molecule. Smaller shifts based on this center position
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Figure 6.2: Possible explanation for the inhomogeneous broadening by higher order Coulombic
interactions at step sites. The center of the inhomogeneous profile of the deep vacancy site is given
by molecules embedded in a flat KCl step (central model). Additional (right) or missing (left) KCI
atoms along the step edge induce smaller spectral shifts. The closer the position of the additional
or missing atoms is to the molecule, the larger is the spectral shift. As a reference also the structures
and the spectral positions of the deep vacancy site +1 and the Cl terminated vacancy site taken from
Ref. [18] are shown (bold lines). The spectral positions of the intermediate sites (dashed lines)
have been set in rough estimation of an 1/d> distance dependence of the Coulombic interactions.
For further details see text.

would be induced by KCl ions with a larger distance to the molecule. This principle is sketched
schematically in Fig. 6.2 for the deep vacancy site and will be outlined in the following.

The center position of the inhomogeneous broadening of the deep vacancy site supposedly corre-
sponds to a KCl step edge that is linear except for the (deep) vacancy formed at the molecule.
Deviations from this linear step edge cause a small blue or red shift dependent on the type of step
defect. The size of this shift would then be related to the distance d between the defect and the
molecule. It will scale with 1/d° according to the Coulombic dipole-dipole interaction between
the transition dipole of the molecular transition and the dipole induced by the missing or addi-
tional ions on the surface. For the case of several deviations from a linear step edge in vicinity to
a molecule, the respective shifts having impact on this molecule are expected to sum up. Possible
step defects are neighboring additional or missing atomic rows (cf. Fig. 6.2), kinks, vacancies, cor-
ners or single ad-atoms. The profile form of the inhomogeneous broadening is then the result of
many small shifts due to defects at the step edge that are comparably far away from the molecule
(peak of the inhomogeneous profile) and few larger shifts that are induced by variations in the
step morphology closer to the molecule (wings of the inhomogeneous profile).

Apart from this explanation also inter-molecular interactions via resonant or off-resonant coupling
of transition dipoles similar to the situation inside the monolayer of PTCDA on KCl (cf. Chapter 5)
could explain the inhomogeneous broadening. Here again the spectral shift scales with the dis-

tance d between the molecules 1/d° (cf. Figure 5.3). Therefore the splitting of transition energies
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is far too large for molecules in direct contact but becomes reasonable for molecules separated by
few molecular distances. Regarding the low surface density of molecules in the present experi-
ments, about one molecule per ym?, this type of interaction can definitely not explain the entire
inhomogeneous broadening, since at such distances no significant intermolecular interactions are
present. It is however imaginable that some molecules are located close together by chance and
are therefore also affected by intermolecular interactions. For higher surface coverages, e.g. 1% of
a monolayer, these intermolecular interactions should become more important.

Finally, as a third possibility also slight conformational differences between different molecules at
identical step sites could induce small energetic shifts. A necessary condition for the occurrence
of such conformers is however the presence of local minima of the potential energy surface of
the molecule at the adsorption site. In addition the energetic barriers between these minima need
to be sufficient in order to freeze the molecule in its respective conformation at the experimental
temperatures. Regarding the stability of the statistical fine structure upon optical excitation it
appears however unlikely that the molecules are optically excited, relax into vibrational states
of the ground state (vibration energy: 50 - 1500 cm~!, 0.01 - 0.20 eV [8]), but obtain not enough
energy to overcome such barriers. This would result in small conformational changes and hence

small optical jumps that were at least not regularly observed for the statistical fine structure.

6.3 Single molecule measurements

6.3.1 Single molecule detection

By a further spatial and spectral dilution the individual homogeneously broadened single mole-
cule profiles have been separated from each other. Fig. 6.3 shows two different scans far off the
center of the inhomogeneous broadening (~ 1.9 - 2.3 X FWHM;hom) that demonstrate the spectral
dilution. While the scan in Fig. 6.3a shows several single molecule profiles that are still energeti-
cally close together and partially superimposed, the scan in Fig. 6.3b at a higher energetic distance
with respect to the inhomogeneous center shows fewer and more separated single molecule peaks.

All measured profiles show a Lorentzian profile shape, but vary somewhat in absolute size and
width. In general these variations can be explained by differences in the absorption of the exci-
tation light of different molecules. On the one side, these differences can be caused by different
positions of the molecules inside the focus of the excitation laser and thereby by different power
densities of the excitation light at the position of the molecule. On the other side, different ori-
entations of the molecule and its optical transition dipole with respect to the polarization of the
excitation laser can reduce the molecular absorption. Especially the latter aspect has been in-
vestigated in several single molecule studies in cold matrices [102, 103] since here the molecular
orientation was variable in all three dimensions. For the sample system investigated in this work
the variety of molecular orientations is however reduced to only two possible molecular orienta-
tions rotated by 90° with respect to each other due to the defined binding to the two dimensional
substrate (cf. Ref. [8]). By additionally aligning the polarization of the excitation light to only
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Figure 6.3: Spectral dilution and single molecule absorption profile. (a) and (b) show FLE scans
with several separated single molecule absorption profiles. With increasing energetic distance
to the center of the inhomogeneous broadening also the distance between the individual peaks
increases. Intensity variations can be explained by different positions of the molecules inside
the focus of the laser and hence by a different power density of the excitation light. (c) shows
a single lineprofile of a preparation with a lower molecule density on the sample. The profile
was measured only 5 cm~! separated from the center of the inhomogeneous profile. The single
molecule profile was measured at the minimal power density and is fitted by a Lorentzian peak
function. The integration time for every measuring point was 2 s. For further details see text.

one of these molecular orientations, also the last difference in the molecular orientation has been
experimentally excluded. Therefore the observed intensity variations of the single molecule pro-
files could be explained entirely by different positions inside the focus of the laser and hence by a
different local power density of the excitation light (cf. Appendix A.3).

Fig. 6.3c finally shows a single molecule line profile that was obtained at minimal experimental
temperature (6 K) and a power density of the excitation light (30 mW/ cm?). The depicted profile
has a linewidth of 463.8 & 24.5 MHz (1.9 ueV), which is a typical value and was found to be
the experimental limit to small values independent from the spectral position and the KCI film
thicknesses between 5 and 10 ML (1.6-3.2 nm).

Compared to the minimal line widths that were obtained in optical single molecule studies of mol-
ecules in solid hosts (8-180 MHz) the obtained line width in the present experiment is considerably
broader [97, 103, 106]. This broadening is presumably an effect of the comparably “high” sample
temperature of 6 K. In typical optical single molecule experiments minimal sample temperatures
of ~ 1.5 K have been achieved, so that a temperature induced broadening could be excluded [97,
98]. Comparing the obtained width with other profiles measured at 6 K showed that the obtained
width perfectly fits into the broad range of previously reported single molecule line widths at
this temperature (60-1000 MHz) [98, 100, 101]. This broad range of profile widths at this elevated
temperature is the result of different host materials and hence a different coupling of the optical
transition to phonons and local librations of the molecule inside these hosts.

Due to the temperature induced broadening only a lower limiting value of the radiative lifetime
of 0.34 ns could be determined from the obtained profile width (cf. Appendix A.3). As a reference
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the free molecule inside a liquid helium droplet at 380 mK has a radiative lifetime of 5.5 ns [150],
which would result in a natural linewidth of only ~ 30 MHz.

It shall be noted that a straight forward explanation of the determined profile width in accor-
dance with the model [131] that was applied in Ref. [18] to describe the temperature dependent
linebroadening of the ensemble spectrum between 6 K and 110 K was not possible. This model
describes the broadening of the profile induced by the coupling of the optical transition to acous-
tical phonons, which is well suited for temperatures > 10 K, but results in a broadening much too
small at the lowest temperatures (Av(6 K) ~ 0.3 MHz). In the lowest temperature regime other
mechanism are thus responsible for the temperature induced broadening. These can be for exam-
ple the tunneling between ‘two level systems’ (TLS) or the coupling to low frequency pseudolocal
modes (LFM) [151].

6.3.2 Single molecule characteristics

After the successful detection of single molecule profiles the next step was to study the influence
of external parameters like the laser intensity or the sample temperature on the behavior of the
single molecule absorption profiles and extract molecular parameters like fluorescence rates or the
interaction of the molecule with phonons of the substrate.

A series of profiles measured for variable power density of the excitation laser is depicted in
Fig. 6.4a. This series was measured in order to study the saturation behavior of the optical tran-
sition. The corresponding profile widths and detected fluorescence rates are depicted in Fig. 6.4b.
Different from earlier single molecule studies [102, 103], here not the saturation behavior of one
single molecule, but from several different molecules have been plotted in the same curve. This
was necessary due to frequent spectral jumps and the laser induced vanishing of molecular tran-
sitions at higher power densities (cf. Chapter 6.3.3). In order to reduce the uncertainty of the laser
intensity at the position of the molecule, always the largest profile within the scan range has been
chosen for the evaluation assuming that it belongs to a molecule close to the intensity maximum

of the focused laser.

Nevertheless, the obtained spectra show the expected saturation of the fluorescence rate and
broadening with increasing power. The saturation and the broadening behavior could be fitted
according to Eq. 3.13 and Eq. 3.15 and yielded a saturation intensity of Is ~ 270 + 100 mW/cm?
and a maximum emission rate of R, ~ 11500 photons per second (for details see Appendix A.3).
The obtained values were found to be in the typical range of other single molecule experiments,
e.g., of terrylene in hexadecane [102, 106]. For the line width at vanishing laser intensity vy a value
of 19 = 443 + 33 MHz was obtained, which shows that the minimal achieved profile widths, i.e.
463 MHz, were not significantly power broadened. The maximum emission rate of R is signifi-
cantly reduced compared to the value that would be expected for an undisturbed two level system
(=~ 10° photons per second at a radiative lifetime of 1 ns), which implies the presence of additional
non-radiative decay channels, e.g via non-radiative triplet states. Nevertheless the temporarily
intermittency of fluorescence known as blinking could not be observed, possibly due to the long
exposure time of 2 s per data point used for the present experiments.
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Figure 6.4: Saturation effects and power broadening of single molecule profiles. (a) Series of
single molecule profiles for different power densities in the range between 30 mW /cm? and
1500 mW /cm?. The profiles are fitted by Lorentzian peak functions and show a power induced
broadening. The profiles of different molecules have been plotted. The profile shown at the lowest
power density is identical with the profile shown in Fig. 6.3c. (b) Dependence of the fluorescence
rate and the profile width on the power density. The open symbols have been extracted from the
Lorentzian fits of (a), the solid lines are fits to the data points according to Eq. 3.13 and Eq. 3.15.
For further details see text.

An attempt to measure the temperature dependence of the single molecule profiles is illustrated
in Fig. 6.5. Here three neighboring profiles were continuously scanned while slightly reducing
the liquid helium flow and thus warming the sample. During the first scan, the sample temper-
ature was stable at the lowest possible temperature of 6.1 K. Then the temperature was slowly
increased, which resulted in a continuous broadening of the profiles and a loss of the signal to
noise ratio. Already at 6.6 K the broadening becomes very pronounced and at 6.8 K additional
spectral changes in the form of additional appearing or shifted peaks can be observed. Above
7.0 K the profiles almost vanished completely into the background signal. Finally, by re-cooling
the sample the molecular signals partially reappeared. The molecular peak on the right side of the
plot however vanished completely, and the central peak shows a shoulder that was not present in

the first scan.

In contrast to the saturation behavior, a quantitative evaluation of the temperature behavior was
hardly possible. This was on the one hand due to the limited temperature range and the irre-

versible temperature induced changes of the investigated profiles. On the other hand, also the
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measured sample temperature needs to be treated with caution. Since the position of the tem-
perature measurement is located relatively far away from the sample at the sample mounting (cf.
Chapter 4.1.1, Appendix A.4), the temperature measurement under non-static conditions could
lead to an underestimation of the real sample temperature.

From a qualitative point of view it can however be stated that already a small increase of the
sample temperature leads to a very pronounced broadening and a vanishing of signal. In addition,
presumably the thermal energy of the system is sufficient to induce a partial reorganization on the
sample, which results in the vanishing and shifting of molecular transitions. Similar effects upon
short heating have also been observed for the statistical fine structure (cf. Appendix A.3). It
should however be noted that such temperature induced spectral changes could also be the result
of the more trivial effect of thermal expansion of the manipulator and the sample mounting. This
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Figure 6.5: Temperature dependent measurement of single molecule profiles. The temperature
was continuously varied during the measurement and the temperatures at the profile positions
are given. Small numbers and arrows at the sides mark the number of the respective scan and
the scan direction, respectively. All measurements have been considerably smoothened for better
visibility. For further details see text.
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would change the position of the probing laser on the sample and let the molecules migrate out
of the excitation focus of the laser. For the assumption that the temperature T of the manipulator,
which has a length of | ~ 1000 mm, increases by AT = 5 K during the reduced liquid helium
flow, an increase of the manipulator length by Al = 0.05 mm, would be obtained for a thermal
expansion coefficient « ~ 10~° K~1. This is on the order of magnitude of the diameter of the laser
on the sample. Therefore, unfortunately, such thermal expansion effects cannot be fully excluded
in the current experimental setup.

6.3.3 Spectral jumps

As noted in the last chapter, occasionally the complete vanishing of single profiles or their small
spectral jumps between or during consecutive scans have been observed. The probability for
such a spectral change was found to increase with the power density of the excitation laser (cf.
Appendix A.3). At constant power density differences in the stability of the molecules could be
identified. Here three types of molecular transitions could be distinguished. The stable type did
not change its spectral position independent on how often it was scanned at a given power den-
sity. In contrast, the instable type vanished directly upon excitation and probably jumped to a
spectral position outside the scan range (> 60 GHz). Finally the meta-stable type was found to
undergo small and reversible jumps on the length scale of the width of the profile (< 1000 MHz).
These occurred mainly upon excitation, but also independent from being in resonance with the
laser. While the stable and instable type have been observed rather frequently, the meta-stable
type was observed very infrequently and is therefore considered to be related to special condi-
tions. Exemplary scans that show the behavior of the instable and meta-stable type are depicted
in Appendix A.3.

Under the assumption that the irreversible vanishing of the instable molecular transitions is con-
nected to a large spectral jump and not to a chemical bleach (cf. Appendix A.3), this type of jump
is presumably related to a structural change of the KCl step in vicinity to the excited molecule,
e.g., the hopping of a single ion pair towards or away from the molecule (cf. Chapter 6.2.2). This
is schematically depicted in Fig. 6.6a. Regarding the dependency of these jumps on the power
density of the excitation laser the structural change at the step edge is presumably activated by
molecular vibrations or the dissipation of the vibrational energy on the surface. The differences
in stability upon excitation could be explained by different initial step geometries and hence dif-
ferent activation barriers for the hopping process of a pair of KCl ions. After the hopping process
also the absorption wavelength of the molecule has changed. Therefore a further excitation of the
molecule at the probed wavelength, which could supply the energy for a reversible back-hopping,
is not possible and the spectral jump is irreversible.

The smaller jumps that were observed for the meta-stable profiles can presumably not be ex-
plained by this simple model. To induce a spectral jump on this much smaller energy scale the
structural change at the step edge supposedly needs to occur in much larger distances with respect
to the molecule. At this point it becomes however unclear why the local excitation on the molecule
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a) large spectral jump b) small spectral jump
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Figure 6.6: Possible mechanisms that are responsible for the occurrence of large (a) and small (b)
laser induced spectral shifts. In (a) the vibrational energy that remains after excitation and fluores-
cence on the molecule induces a structural change at the step edge, which induces a large spectral
shift. In (b) this process takes place on a second molecule that is coupled with the initially excited
molecule via dipole-dipole interactions. The large spectral shift of the second molecule affects
the intermolecular interaction with the first molecule and leads to a very small shift. The dashed
line between the molecules indicates an arbitrary distance of several lattice constants between the
coupled molecules. For further details see text.

should induce such structural changes far apart from the molecule itself. Therefore presumably a
different mechanism needs to be found.

Small spectral jumps on a similar energy scale were also reported for the absorption lines of sin-
gle molecules in solid hosts and have been frequently described under the term spectral diffusion
[100, 102, 134]. Here the jumps were commonly explained by the tunneling of the molecule or
the surrounding matrix atoms between different confirmations, so called two level systems. The
presence of metastable confirmations of the molecules and their environment were already briefly
discussed as a reason for the inhomogeneous broadening in Chapter 6.2.2. For the case of strongly
bound PTCDA molecules at ionic KC1 step edges this mechanism was however expected to be
rather unlikely.

Finally a possibility based on inter-molecular dipole-dipole interactions can be imagined. On the
one hand these interactions are expected to be very rare in the present experiment because of the
extremely low molecule density on the surface. On the other hand the molecules investigated in
a single molecule experiment are located energetically far away from the center of the inhomo-
geneous broadening and thus represent especially those molecules that have different local sur-
roundings than the average molecule. Therefore such interactions could explain the comparably
rare phenomenon of small spectral jumps.

A possible mechanism based on intermolecular interactions is schematically shown in Fig. 6.6b. It
concerns two molecules on different sites with unequal transition energies that are off-resonantly
coupled via transition dipole-dipole interactions. Due to the coupling both transition energies are
affecting each other, which already initially leads to a small splitting. After excitation of one of the
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molecules the excitation can be transferred to the second molecule, where it decays. This energy
transfer is not resolvable in FL. measurement due to the small energetic difference in transition
energies and the limited resolution of the spectrometer. If the decay on the indirectly excited
molecule induces the hopping of an ion pair close to it, the transition energy of this molecule
undergoes a large jump spectral. On the initially excited molecule this larger jump translates
into a much smaller spectral jump due to the change of the intermolecular coupling. Since the
interaction between the two molecules persists also after the spectral jump, the excitation can
still be transferred and may lead to reversal or additional structural changes in the vicinity of the
second molecule.

In the end none of these possible interpretations could yet be experimentally proven or falsi-
tied. Nevertheless these experimental findings and their possible interpretations give an insight
on what kind of processes may be further investigated in future experiments. Here especially
the combination of optical spectroscopy and spatial imaging may lead to new insights in these
dynamic interactions.

6.3.4 Co-adsorption of Argon

In order to check for the influence of long range order van-der-Waals interactions on the molecular
transition energy a co-adsorption experiment with argon atoms was carried out. Here the profiles
of single molecules were continuously scanned, while small amounts of argon were dosed into
the UHV-chamber and sticked on the cold sample surface. The idea of this experiment was to
induce small spectral shifts of the transition energy of single molecules, that could be related to
the distance between the molecule at its step site and argon atoms on the surface. With increasing
doses also the average distance between a molecule and an argon atoms should decrease and thus
there should be an increasing likelyhood for a larger shift with increasing doses.

A typical experimental sequence is depicted in Fig. 6.7 for a single isolated absorption profile.
First, a molecular transition was scanned as a reference. Then the ionization gauge was switched
on in order to measure the argon pressure. Already this induces a short increase of pressure, that
could possibly induce an adsorption of gas atoms on the sample. A spectral shift of a profile was
however not observed. Instead a small rise of the background level due to the detection of the
glowing filaments of the ionization gauge was detected. In the next step, argon was incrementally
dosed into the UHV chamber starting at a pressure of 5 - 1071 mbar and ending at a pressure of
3-10~7 mbar. Although the argon valve was each time opened for only few seconds, the pressure
of the UHV chamber needed more than a minute of pumping at pressures above 1 - 1078 mbar to
reach the base pressure level. Therefore the doses of argon that have been applied to the UHV
chamber have only been roughly estimated to be in the range between 2 - 10~ mbar -s and 5 -
10~® mbar - s. Assuming that all argon atoms that hit the surface at a sample temperature of 6 K
stick on the surface a complete argon monolayer is expected at a dose of 3.8 - 107% mbar - s.

Surprisingly, not even an argon dose of 5- 1077 mbar - s (cf. Fig. 6.7), which resembles about
15% of a full argon monolayer, induced any observable shift in one of the detected molecular
absorption profiles, although at this coverage, statistically at least one argon atom should be close
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to the investigated molecule. Only when increasing the dose to 5- 107 mbar - s (more than a
monolayer), a spectral change could be observed. This was however not a small shift as initially
intended, but the complete vanishing of all single molecule profiles in the complete scan range.
Finally, by shortly heating the sample to 60 K and desorbing the argon from the sample, the single
molecule profiles reappeared. They appeared, however, on different spectral positions, possibly
due to small structural reorganizations on the sample or the irreversible thermal expansion of the
sample mounting (cf. Chapter 6.3.2).

Up to now it is not clear, why no small spectral shifts could be observed in these experiments.
The simplest explanation is that the molecular transition energy is only affected, if the argon atom
is in direct contact with the molecule. The adsorption on a site near the molecule would then
have a negligible effect on the transition energy. By taking in mind that the argon atoms carry no
charge and can thus interact only by weak van-der-Waals interactions with the molecule this ap-
pears at least imaginable. These interactions scale with 1/7° compared to 1/7° for the Coulombic

interactions of the KCl ions and have thus a much lower range.

after thermal desorption at 60 K T=6 K
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Figure 6.7: Influence of the co-adsorption of argon on the spectral position of a single molecule
profile. The offset of the baseline of the second scan with respect to the first scan due to the
switched on ionization gauge is marked by a dashed line. All scans have been performed at
T = 6 K. For further details see text.
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6.4 Classification of results and future experimental improvements

Concluding these first high resolution optical single molecule spectroscopy experiments on a de-
fined surface, it can be stated that the optical properties of a single molecule adsorbed on a thin
insulating film are qualitatively similar to those reported for molecules inside a solid host. This
includes the width and shape of their absorption profiles at a given sample temperature, the sat-
uration behavior with increasing excitation density, and the observation of temperature and laser

induced processes.

Comparing the minimal achieved linewidth (463.8 & 24.5 MHz) and thus the obtained energy
resolution of the current experiment (1.9 ueV) with more typical surface science techniques, like,
e.g. photo electron spectroscopy (UPS: > 20 meV [152], XPS: > 100 meV [153]), the obtained
energy resolution of a single molecule experiment is extraordinarily high. This shows the large
potential of this technique for the studying of so far not resolvable minimal interactions at surfaces.

Also with respect to recent optical single molecule experiments that induced fluorescence by the
tip of an STM [110, 111, 154] (STM-LE, cf. Chapter 2.3), the profiles measured in the present
experiments are several orders of magnitude sharper. This demonstrates that the broadening in
these STM based experiments has to be either experimentally induced or an effect of the lower
thickness of the insulating film, typically only 2-3 atomic layers. In the latter case this broadening
could be induced by a partial quenching process due to the close-by metal surface [141]. This
would result in a reduction of the radiative lifetime and a broadening of the natural line width (cf.
Chapter 3.2.2).

Despite the principle agreement of the present single molecule experiment with earlier experi-
ments on single molecules in solids and the potential of this technique for future highly sensitive
surface science experiments, the experimental setup and thus also the quality of the achievable
data is limited at the present. Therefore the obtained data sets do so far not allow to extract ro-
bust molecular constants or deliver a large statistics for example concerning the length of spectral
jumps or the broadening of individual molecules with the laser intensity or the temperature. This
has several experimental reasons that will be discussed in the following including possible steps

for a future optimization.

Temperature: At the present the experimental setup is limited with respect to the minimal achiev-
able temperature, the detection efficiency of photons, and the spatial resolution. The most obvious
limitation is the minimum temperature of 6 K, since it broadens the homogeneous profiles. This
results in a lower resolution and hence in a smaller sensitivity for energetic shifts or broadenings.
Moreover, the signal-to-background ratio decreases significantly with the temperature [101, 129],
which results in less clear profiles. This is also an effect of the spectral broadening, but results from
the overlapping wings of broadened molecules energetically close to the investigated molecule.
Finally, the limited minimal temperature prevents to measure larger temperature ranges and thus

to study the temperature dependence of the induced broadening.

A further improvement of the minimal experimental temperature would therefore definitely en-

able a larger number of experiments. However, at the moment the sample temperature is limited
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mainly by the used cryostat so that additional improvement demands for a complete change of
the present continuous flow cryostat (5 K) to a multistage cryostat (1.5 K). This would include also
the change of the sample manipulator and the sample mounting, which would in sum be a very
costly modification in many aspects.

Collection efficiency: The second experimental limitation concerns the collection efficiency of the
emitted photons: Here so far the nearly unmodified detection apparatus of the previous works
with a detection efficiency of only 0.3% of the emitted photons has been used. As a reference,
highly optimized experiments can reach overall collection efficiencies of ~ 10% [130]. The com-
parably low collection efficiency in combination with the increased background signal due to the
higher temperature demands for rather long exposure times (2 s per data point). Therefore, the
high resolution measurement of a single line profile takes several minutes, which aside of the pure
temporal costs leads to additional problems: The experiment is slow with respect to fast changes,
for example of the laser position on the sample or a change of temperature. Furthermore, the
molecules stay in resonance with the laser for long time, which increases the probability for un-
intended laser induced spectral jumps. And finally temporal effects on a shorter time scale than
the exposure time, e.g., the blinking of molecules, may not be observable due to the temporal

averaging.

In the present setup the highest loss of photons occurs at the collection lens (NA 0.22) in front
of the sample that collects only 2.5% of the emitted photons. Highly optimized setups that use
for example a parabolic mirror detector (NA 1.0) can collect up to 50% of the emitted photons at
this stage [97]. In the present setup the use of a high NA collection optics is however not straight
forward. The use of an parabolic mirror detector requires a transparent sample and is therefore
not possible with a non-transparent Ag crystal. Other optics with high collection efficiency, for
instance microscope objectives, need to get very close to the sample. This is difficult because
the sample is under vacuum and thus separated from the outside by at least the thickness of the
wall of the glass head. Fortunately, this problem has already been tackled for the construction of
the UHV-light microscope that will be discussed in detail in the following Chapter 7 and which
enables at least the use of a microscope objective with NA 0.5. This results in a collection efficiency
of about 10% at this stage. Much higher NA values above 0.6 can however only be obtained with
custom bake-able microscope objectives inside the vacuum.

Further significant efficiency losses are due to the quantum efficiency of the CCD detector (65%)
the gratings inside the spectrograph (65% transmission) and the parts of the molecular fluores-
cence spectrum that are blocked together with the light of the excitation laser by optical filters
(35% of the spectral intensity are transmitted) (cf. Appendix A.3). While the last point is unavoid-
able, the detection losses in the spectrometer and the CCD could be partially reduced by use of
sensitive and fast point detector like a single photon avalanche diode. This would also further en-
hance the acquisition rate during the measurements, since the current setup has an internal delay
time of ~ 0.2 s between the acquisition of two data points (cf. Appendix C.1).

Spatial resolution: The last significant limitation of the present setup is the spatial resolution. At
present, this is given by the size of the laser spot on the sample, i.e. ~ 0.2 mm in diameter. This
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spot includes a multitude of molecules even at the lowest obtained surface coverages (400-40.000).
This is on the one side problematic, since one needs to significantly dilute the molecule density
spectrally in order to separate the individual signals. Therefore the molecular species that can be
investigated are rather exotic and do not represent the typical molecules and their surroundings.
In addition also the background signal induced by the fluorescence of molecules that are excited
via absorption in the wings of their absorption profiles increases. With respect to single molecule
spectroscopy in the bulk, this background signal is however not such a large problem due to the
reduced dimensionality on a surface. On the other side, at the moment the larger spot diameter
is experimentally beneficial since the investigated sample position is less susceptible for thermal
drift or vibrations.

Nonetheless, an additional spatial separation of molecular signals would be desirable. This has for
instance been demonstrated by Giittler et al. who built a setup for both spatial and energetically
resolved single molecule microscopy [155]. In this publication several single molecule spectra
have been measured in parallel since they appeared spatially separated in the microscope images.
Due to the spatial image also thermal drift should not be a problem anymore.

Since an optical microscope is now available at the UHV-chamber (cf. Chapter 7), the next exper-
imental step should be to combine the single molecule measurements with the microscope and
obtain spatially and energetically resolved images. By using the microscope for detection, the so
far used spectrometer and its grating would be replaced by the microscope camera. This does
not allow for a spectral resolution but should improve the collection efficiency. In combination
with the microscope objective that also improves the collection efficiency, this should additionally

reduce the measurement times.
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7 Optical microscopy of samples under ultra
high vacuum conditions

This chapter presents results that were obtained by use of an optical microscope that was mounted
to an UHV-chamber and is able to image sample surfaces in brightfield and fluorescence mode di-
rectly under UHV-conditions. The detailed design principles of the microscope, its construction,
and the first results that have been obtained were published and can be found in Appendix A 4. In
the following, these results are briefly summarized and complemented by more recent improve-

ments and applications.

7.1 Field of application and design

The intention for building an optical microscope that is able to image samples directly under
ultra high vacuum conditions was to obtain information on the macroscopic sample morphology,
the distribution of molecular fluorescence on the sample, and the spatial correlation of these two
properties. So far the surface morphology in the present experiment had always been determined
from SPA-LEED patterns, i.e. from the width and form of the diffraction profiles. Although this is
sensitive for the microscopic morphology, e.g. for the presence of steps and grain boundaries on
the surface, it is insensitive for more mesoscopic structures and distances on the order of several
micrometers instead of nanometers. Moreover the obtained information is averaged over a large
sample area and not locally resolved. On the other side the distribution of fluorescence from
molecules on the sample was so far checked by probing different sample positions with a focused
excitation laser (diameter 0.2 mm). Although it could be roughly confirmed that the intensity of
fluorescence was usually homogeneously distributed across the sample, no information about the
mesoscopic fluorescence distribution inside the laser focus was obtainable. An optical microscope
should however be capable of imaging such mesoscopic structures and obtain both optical and
structural information in parallel. It should therefore supplement the existing techniques in ideal

manner.

Surprisingly, it turned out that optical microscopy under UHV conditions had so far attracted
hardly any attention among surface scientists, and only a single work by Blumenfeld et al. de-
scribing the construction of an UHV optical microscope had been published [112]. There a confocal
scanning microscope with a custom bakeable reflective microscope objective inside the UHV had
been constructed. In the present work, a different approach has been chosen, which is sketched in
Fig. 7.1. A far-field incident light microscope and conventional microscope objectives outside the
vacuum have been used. The sample was imaged through a 1.75 mm thick glass window. This
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Figure 7.1: Schematic drawing (left) and photography (right) of the glass window between the
sample inside the vacuum and the microscope objective outside the vacuum. In order to com-
pensate for the 1.75 mm thickness of the glass window, microscope objectives with large working
distances and a correction collar have been used. For ideal imaging conditions the microscope
objective needs to be as close as possible to the glass window.

approach involves some mechanical and optical difficulties related to the glass window, but facil-
itates more flexibility in the exchanging of parts of the microscope without braking the vacuum,
especially in the use of different microscope objectives.

A detailed description of the microscope, its construction, and its imaging probabilities can be
found in Appendix A.4. This includes also a detailed overview drawing of the microscope. At
this point only the most important points of the design will be briefly summarized: The glass
window in front of the sample has been attached at the end of a glass tube that points out of the
vacuum and has a U-turn before a metal glass transition. The U-turn accounts for the strain resis-
tance of the metal-glass transition. The microscope objectives were positioned as close as possible
to the glass window, nevertheless objectives with extra large working distances needed to be used
to overcome the thickness of the window. In case of the 40x objective the objective was addi-
tionally equipped with a correction collar that compensates for the thickness of the glass window
(cf. Fig. 7.1) and improves the image quality. The microscope objective then was connected with
an incident light microscope by a metal tube including a telescope optics. The telescope optics
maintains the Kohler illumination of the incident light microscope and compensates for the ex-
tended tube length of the microscope. All parts of the microscope, including the glass tube were
mounted on a linear transfer and could be retracted from the UHV chamber. The microscope was
equipped with blue high power light emitting diodes and optical filters for fluorescence imaging.
In the master thesis of N. Rohbohm it was additionally extended by polarization filters in order to
measure polarization dependent fluorescence images [156]. The microscope was tested to reach
an optimum resolution of 0.7 ym with a 40 x microscope objective of an NA = 0.5 and by use of a
blue light source (A = 450 nm). This is about 1.5 times the Abbe limit of the used microscope ob-
jective at the given wavelength, but can be considered to be a good value regarding the simplicity
of the used microscope optics and the difficulties that are connected with the imaging through a
thick glass plate.
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7.2 Sample morphology

Bright field images of the Ag(100) surface were taken in order to investigate the surface morphol-
ogy. The Ag(100) oriented sample itself was well prepared and had been used for several years
in the experimental setup. Exemplary images of that sample surface including an overview im-
age can be found in Appendix A.4. Contrary to expectations from an excellent LEED pattern of
the sample (cf. Appendix A.4), its mesocopic surface showed several significant defect structures.
The most prominent structure was a corrugation that was present on the entire sample surface
in different strength. An image showing both a stronger and a weaker corrugated crystal region
is depicted in Fig. 7.2a. Both regions show the same structural motives: flat roundish areas that
are surrounded by elongated and curved protrusions. At higher magnifications also additional
smaller structures on top of these mesoscopic protrusions could be imaged (cf. Appendix A.4). In
contrast, no additional structures were found on the flat areas. No drastic changes of the observed
surface structures were observable after several cycles of sputtering and annealing with the typ-
ical parameters (cf. Chapter 4.2.1). Therefore it has been supposed that the mesoscopic surface
morphology had reached a stable equilibrium.

Additional surface defects that were observed are larger point like protrusions, slight scratches,
and contaminations of the surface by larger metal splinters. Apart from the corrugation that was
ascribed above, especially the larger point like protrusions are of interest. They have been ob-
served randomly distributed all over the surface and seem to be independent from other defects
of the surface. In Fig. 7.2a some of them are marked by circles. They occur both on the stronger
and weaker corrugated regions of the image. A detailed image of a particularly remarkable pro-
trusion is shown in Fig. 7.2b. This one is surrounded by smaller structures that have the stair step
appearance typical for tungsten or bismuth crystals [157]. It is therefore plausible to assume that
this defect has a different chemical composition than the average surface and stems from a con-
tamination of the surface or the bulk of the sample. In the case that it stems from the bulk it could
have been uncovered during the initial crystal preparation (cutting and polishing). In the case that
is stems from a contamination of the surface, e.g., by a particle that has fallen on the surface, this

particle could have merged with the surface during multiple cycles of sputtering and annealing.

A further argument for a different chemical composition of the surface in the region near such
point like protrusions came from a growth experiment of C. Briilke that failed [158]. Instead of the
growth of a single monolayer of hexagonal boron nitride on the Ag(100) crystal, a macroscopic and
presumably poly-crystalline film was grown on parts of the surface. This macroscopic film was
clearly observable under the microscope but revealed circular open regions where no film growth
occurred. An image of this phenomenon is shown in Fig. 7.2c. As can be seen these circular open
regions occurred around the central position of some of the point like protrusions, so that it can be
deduced that the surface composition in these areas was different and hindered the macroscopic
film growth. Although the largest open region occurred around the defect depicted in Fig. 7.2b,
also other, but not all, point like protrusion showed a similar pattern. This in turn gave evidence
for varying compositions of the different defects.
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macroscopic
film

Figure 7.2: Bright field images of defect
structures on a Ag(100) crystal surface. a)
Image that shows both a stronger (top) and
weaker corrugated surface region (bottom)
with roundish flat areas and elongated pro-
trusions. Additional point like protrusions
that appear randomly distributed across
the surface are marked by white circles. b)
Detail image of a prominent point like pro-
trusion that is surrounded by small crystal-
lites that presumably stem from a contami-
nation metal on the sample. c) Overview
image after a macroscopic growth of a
boron nitride film on the Ag sample. The
grown film covers the darker regions. Al-
most perfect circles of the clean surface re-
main around some of the point like protru-
sions indicating differences in the chemical
reactivity of these areas. For further details
see text.
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Concluding the observations from the bright field images, a variety of different mesoscopic defects
have been observed on the surface of a typical metal single crystal. Until now the mechanisms that
are responsible for the formation of these different structures have not yet been understood. It has
however been checked that similar mesoscopic surface structures, i.e. a corrugation and point like
defects, could also be observed on further coinage metal crystals (a further Ag(100) crystal and a
Cu(111) crystal) that have been imaged outside the vacuum after use as samples in different UHV
experiments. The formed structures therefore seem to be characteristic for such metal crystals.

For a better understanding of the structure formation, the necessary next step would be to inves-
tigate the morphology of a freshly polished crystal and monitor its evolution during the initial
preparation. It is well known that the surface of Ag crystals that have been stored under ambient
conditions typically undergoes a transition from a shiny to milky surface and back to a shiny sur-
face during the first 10-20 preparation cycles. Therefore, it comes naturally to ones mind that such
mesoscopic structures will probably evolve during this initial preparation. Otherwise already the
initial polishing and etching process could lead to similar corrugations. Finally, also other influ-
ences of the sample preparation like the culmination of remaining fragments of adsorbates cannot
be fully excluded.

7.3 Fluorescence distribution

With knowledge of the sample morphology, the next step was to check for the distribution of fluo-
rescence from the sample. This could for example be influenced by the homogeneity of the evapo-
ration procedure or by mesoscopic and microscopic defect structures on the surface. As a sample
system for the fluorescence microscopy experiments isolated PTCDA molecules (< 5% ML) on
thin insulating KCl films (5-10 ML) have been investigated. Neither the KCl film nor the PTCDA
was observable in the bright field images. As already expected from earlier spectroscopy ex-
periments, the integral fluorescence intensity on a macroscopic scale was found to be uniformly
distributed across the crystal surface. This confirmed the general homogeneity of the evaporation
procedure.

On a shorter length scale, however, two different types of intensity variations or inhomogeneities
have been observed (cf. Appendix A.4). The first inhomogeneity was identified to be a shading
effect of the protruding structures, which resulted from an inclined angle of incident of the molec-
ular beam with respect to the surface normal of the sample (45°). A very illustrative example of
this effect can be seen in Fig. 7.3a. Here one of the larger point like protrusion that sticks out of
the surface induced a large and structured shadow on an otherwise homogeneously fluorescing
sample. The evaporated molecules sticked to one side of the defect that appears brighter; the
other side cannot be reached by the molecules and remains dark. This kind of shading effect was
observed for all kinds of protruding structures of the sample with various degree.

The second effect occurred only occasionally and is depicted and discussed in Appendix A.4.
Here presumably an inhomogeneity of the KCI film that followed the corrugation of the surface
inside the flat surface areas induced a weak additional fluorescence contrast. Brighter fluorescent
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Figure 7.3: Fluorescence microscope images of mesoscopic surface defects. a) A large point like
protrusion casts a shadow (marked by a white arrow) where no molecules adsorbed. b) Small
bright fluorescent spots around point like protrusions. c) Bright fluorescent edges of small crys-
tallites around a point like protrusion. d) Bright fluorescent edge of a single point like protrusion.
All images have been taken by use of a 20 x microscope objective at surface coverages between 1%
and 5% of a monolayer and a sample temperature of 6 K. The sample was illuminated with blue
light (Aexe = 450 nm) and the detection window was set between Agqer = 485 nm and Ager = 555.
For details see text.

patches surrounded by darker lines were observed (cf. AppendixA.4). The contrast was explained
by variations of the KCl film thickness that were induced by the mesoscopic morphology of the
sample. Locally thinner regions of the KCl film could possibly lead to a partial quenching of the
fluorescence and thereby reduce the fluorescence intensity.

Besides these more general observations also further, more local phenomena that could be related
to distinct defects of the sample have been observed. These are exemplary depicted in Fig. 7.3b-d
and can be subdivided into two groups: The first group consists of sharp and bright fluores-
cent spots that appeared inside the otherwise homogeneous fluorescence signal (Fig. 7.3b). These
bright spots occurred either very isolated or bunched around some of the point like protrusions.
The second group appeared as a brightly fluorescent edge decoration of mesoscopic defect struc-
tures of the sample. It was observed both for the smaller crystallites of presumably foreign ma-
terial around the large point defect (Fig. 7.3c) that was already discussed in the previous chapter
(cf. Fig. 7.2b) and around some (but not all) of the other point like protrusions on the surface
(Fig. 7.3d).
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So far it is not clear what these brighter fluorescent species are. Notably, none of these bright
fluorescence spots could be observed without the presence of PTCDA molecules on the sample.
Therefore one possible solution would be a photonic antenna effect [159] that massively enhances
the absorption rate of PTCDA molecules close to a nearby metallic defect. A different solution
could however also be the fluorescence of surface defects like color centers inside the KCI film
that do not directly absorb the excitation light but become indirectly excited via close-by excited
PTCDA molecules. Such defects could appear preferentially close to a macroscopic sample de-
fect. Possibly the spectral information of these species has been detected during experiments with
pentacene on KCI (cf. Appendix B.2). In these experiments spectral features independent from
the pentacene molecules could be detected at distinct sample positions. At that time of the exper-
iments, however, a direct correlation to the microscopic position on the sample was impossible.

For a more precise evaluation of such local defects the next experimental step should be the com-
bination of spatial imaging with spectral resolution. This would complement the current mea-
surements with chemical information and could for example be achieved by analyzing the locally
detected light by a spectrometer. A different approach would be given by spatially and spectrally
resolved FLE measurements similar to the ones proposed for the measurements of single mole-
cules in Chapter 6.4. In case of an indirect absorption of color centers this method would however
still measure the absorption lines of the surrounding PTCDA molecules.

Finally, it should be noted that also monolayer phases of organic molecules can be investigated
by means of the UHV optical microscope. This has been done in the master thesis of N. Rohbohm
with polarization dependent fluorescence microscopy for a monolayer of PTCDA on KCI(100).
The structural and optical quality of this monolayer was of comparable quality as the one de-
scribed in Chapter 5 [156]. Here, in the fluorescence microscope images an additional polarization
contrast based on the two types of rotational domains of PTCDA (rotated by 90° with respect to
each other) could be observed. Since the size of the individual domains was significantly below
the resolution of the microscope, this was only possible due to a slight excess of one type of ro-
tational domain in certain surface regions (~ 55 : 45). It was found that the regions with excess
of one type of rotational domain were gigantic with up to 1000 ym? in size. Within these regions
the excess of one type of rotational domain was almost constant. In addition these regions were
found to be related to the mesoscopic morphology of the Ag(100) surface. Therefore, it can be
assumed that the morphology of the surface influences the growth probabilities of the otherwise
energetically equal domains. Thus a further understanding of this growth processes could possi-
bly help to suppress the rotational domain boundaries and to facilitate the growth of much larger
continuous structures with further improved optical properties.
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8 Conclusions and outlook

In the present work, condensed and diluted phases of 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTCDA) have been investigated on thin KCI(100) films on the Ag(100) surface. While the
structural properties of the sample system were investigated by spot profile analysis low energy
electron diffraction (SPA-LEED), and bright field microscopy, the optical properties were inves-
tigated by fluorescence spectroscopy (FL), fluorescence excitation spectroscopy (FLE), and fluo-
rescence microscopy. The work tackled advanced questions of the so far already quite well un-
derstood sample system. For this purpose, the experimental setup was improved and completed
by additional techniques. A more detailed understanding of the superradiance of the PTCDA on
KCI(100) brick wall phase was of interest. Additional topics were the spectroscopy of isolated
molecules beyond the inhomogeneous broadening including the detection of single molecules,
and the spatial imaging of the fluorescence by use of optical microscopy under ultra high vacuum
conditions. In the following the main results of these three topics will be briefly summarized:

I The condensed PTCDA brickwall phase was investigated by SPA-LEED, FL, and FLE with a
special focus on the temperature dependence of the superradiance. With respect to the ear-
lier work of M. Miiller et al. [16], an improved sample preparation and a redesigned cooling
allowed investigating larger aggregates and achieving lower minimum temperatures. A de-
tailed SPA-LEED analysis revealed a broad distribution of the aggregate sizes that included

strongly elongated (asymmetric) aggregates.

The temperature dependence of the superradiant enhancement factor showed an atypical ini-
tial rise in the low temperature regime that could be explained by a theory based on finite
size effects. It was found that besides the strong attractive transition dipole-dipole interac-
tions between nearest-neighbor molecules also the weaker repulsive next-nearest-neighbor
interactions are important for the optical properties of brick wall aggregates. It was shown
that these interactions induce node planes in the wavefunctions of the excitonic ground state.
Thus the transition strengths of these states are reduced or even zero, despite the overall at-
tractive J-aggregate like coupling. It was found that the occurrence of such dark excitonic
ground states depends on the size and shape of the aggregates. Especially highly asymmetric
aggregates were found to exhibit a larger number of node planes and a dark ground state.

For the simulation of the temperature dependent superradiance of a single aggregate the tran-
sition strengths of its dark and bright states were weighted by their thermal population. By
averaging over the aggregate size distribution obtained from the SPA-LEED analysis the ex-
perimental temperature dependence could be simulated. This broad distribution of aggregate
sizes could also be confirmed from an asymmetrically broadened FLE profile and the shifting
of the fluorescence signals depending on the wavelength of the excitation laser.
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II

I

PTCDA molecules at KCI(100) step sites were investigated by high resolution single molecule
spectroscopy. Here first a splitting of the inhomogeneous broadening into two main species
that had already been proposed by Paulheim et al. [18] could be proven. In addition, it was
shown that the absorption profiles of these main species were inhomogeneously broadened
and consist of a superposition of many individual homogeneously broadened single molecule
absorption profiles. Here, primarily the statistical fine structure was observed. Far off the
center of the inhomogeneous profile, also spectrally isolated single molecule profiles were

measured.

The FLE measurements of these single molecules adsorbed on a surface revealed a molec-
ular behavior qualitatively equivalent to that observed in earlier single molecule studies on
molecules in solid hosts. This includes aspects as: the width and the form of the absorption
profiles, the saturation behavior with the intensity of the excitation light, an observed broad-
ening with temperature, and a tendency to undergo laser induced and independent spectral
jumps. Especially the high energetic resolution and sensitivity should make it possible to
measure minimal interactions that had so far not been accessible in typical surface science

experiments in future.

The mesoscopic morphology of the surface of the Ag(100) crystal and the spatial distribution
of the fluorescence of isolated PTCDA molecules on thin KCI(100) films on this crystal were
investigated by a self-built optical microscope. This was developed for the investigation of
samples under ultra high vacuum conditions and images the surface through a glass window.

Bright field images of the sample revealed a characteristic mesoscopic corrugation and a vari-
ety of local defects. In the fluorescence images, a mostly homogeneous coverage of the sample
could be proven. However, also exceptions from this homogeneity were observed and could
be correlated with the sample morphology. These included shading effects of mesoscopic
surface protrusions related to an inclined angle of the molecular beam, occasional intensity
variations presumably due to a local inhomogeneity of the KCl film thickness, and very local
and bright fluorescence signals at some special surface defects. By polarization dependent
fluorescence microscopy at the condensed PTCDA on KCI(100) brickwall phase also local
preferences in the growth direction of two different rotational domains could be observed
and related to the sample morphology [156].

In conclusion, the results of the present work demonstrated the large variety of interactions, spa-

tially and energetically that can have an influence on the growth and the optical properties of

molecules on surfaces. These can be very subtle differences within the local adsorption sites

that can induce minimal shifts between two otherwise spectrally equivalent single molecules, the

boundary conditions of an molecular aggregate that determine its optical transition strength, or

the vicinity to a mesoscopic surface defect that influences the molecular growth and the fluores-

cence behavior.

Both newly introduced experimental techniques, i.e. the optical single molecule spectroscopy and

the optical microscopy inside an UHV experiment, possess large potential for the investigation

of surfaces on very different and so far unusual length and energy scales. However, in order to
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achieve the full benefits of both techniques, they should be directly combined in future experi-
ments. Then one would be able to spatially distinguish between spectrally superimposed molecu-
lar signals in single molecule spectroscopy or to obtain spectral information from specific surface
sites. Needless to say, this could also be applied for the spectral and spatial isolation of specific

molecular aggregates or the studying of defect sites.
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Aggregates of interacting molecules can exhibit electronically excited states that are coherently
delocalized over many molecules. This can lead to a strong enhancement of the fluorescence decay rate
which is referred to as superradiance (SR). To date, the temperature dependence of SR is described by a
1/T law. Using an epitaxial dye layer and a Frenkel-exciton based model we provide both experimental and
theoretical evidence that significant deviations from the 1/7 behavior can occur for brick-wall-type
aggregates of finite size leading even to a maximum of the SR at finite temperature. This is due to the
presence of low energy excitations of weak or zero transition strength. These findings are relevant for

designing light-emitting molecular materials.

DOI: 10.1103/PhysRevLett.119.097402

Aggregates of fluorescent dye molecules are of great
interest not only for various technological applications, e.g.,
organic light-emitting displays, but also as model systems for
studying the delocalization of electronic excitations in many-
particle physics. Often in these aggregates the distances
between the molecules are so large that there is negligible
overlap of electronic wave functions; i.e., there is no
exchange of electrons. However, the molecules can exchange
electronic excitation via transition dipole-dipole interaction.
This can have a strong effect on their optical properties [ 1-3].
Some aggregates show an enhancement in the fluorescence
emission rate of a single electronic excitation compared to
that of the individual, noninteracting monomers. This phe-
nomenon is generally referred to as superradiance (SR). (Itis
related to the general concept of SR introduced by Dicke [4],
but in the present case restricted to a single optical excitation
[5].) Superradiant molecular aggregates have been exten-
sively investigated experimentally [6—-16] and theoretically
[17-24].

The SR depends strongly on temperature. In several
studies a 1/T decay of the SR was observed (see, e.g.,
Refs. [11,12]). It is explained by an excited lowest energy
state of high transition strength (TS) that dominates at low
temperature, but is thermally depopulated at the expense of
states at higher energies with reduced TS. This “canonical”
situation is generally encountered for typical 1D J aggre-
gates of infinite and finite size with parallel arrangement of
the transition dipoles [1].

Here we provide experimental and theoretical results
demonstrating that strong deviations from this 1/7 behav-
ior are possible for 2D aggregates with a brick-wall-type
arrangement of the transition dipoles and a finite size of
N, X N, molecules (cf. inset in Fig. 1). The temperature
dependence of the SR yields direct information on the
excited states and their energetic spectrum and indirect

0031-9007/17/119(9)/097402(5)
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information on the intermolecular coupling. The 2D brick-
wall arrangement bears competing negative interactions
(mainly along the direction of the transition dipoles) and
positive interactions (mainly in the direction perpendicular
to the transition dipoles). As we will demonstrate, this can
result in antisymmetric (with respect to the center of the
aggregate) excitonic multiparticle wave functions of the
lowest excited eigenstate. These wave functions lead to
destructive interference of the molecular transition dipoles,
causing vanishing TS. As a consequence, for certain
aggregate sizes and shapes, at small temperatures an
increase of the fluorescence with increasing temperature
is possible, contrary to the established 1/7 behavior.

Our experiments were performed on 2D aggregates
prepared by epitaxial growth of about one layer of the
perylene-type dye PTCDA (see Fig. 1) on the (100) surface
of KClI [25,26]. This surface promotes the arrangement of
the PTCDA molecules in ordered aggregates of the brick-
wall type as illustrated in Fig. 1(a). The transition dipole j/
of the PTCDA molecules is parallel to the long molecular
axis. The details and the optical spectra of this structure
were described in Ref. [27]. One important aspect of our
experimental system is that effects such as static disorder or
strong exciton-phonon coupling that typically complicate
the interpretation of observations are very small, as
reviewed in Sec. I of the Supplemental Material [28].

For measuring the SR, the sample was excited by a
weak laser beam (476 nm) and fluorescence spectra
were recorded systematically under variation of the
sample temperature. The SR enhancement 7gg is defined
via the change in the radiative decay rate, namely,
kiEgrestie jgmanomer o jts experimental determination we
use the procedure described by Spano, which exploits the
increase of the intensity of the pure electronic transition
without excitation of an additional vibron (/_) relative to

© 2017 American Physical Society
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FIG. 1. (a) Enhancement factor 5z of the superradiance as a

function of temperature. The open circles show experimental data
for a monolayer of PTCDA on the KCI (100) surface. Note the
maximum of 7gg* = 50 at 7'~ 16 K. The dashed line is calcu-
lated for a geometric distribution of aggregates sizes with an
average size of (N, x N,) = 12.4 x 12.4 molecules (cf. Fig. 3)
determined from the LEED Profile. The solid line was multiplied
by an additional factor of 1.2 adapting the theoretical curve to the
experimental situation (for details see the Supplemental Material
[28]). Inset top: Hard sphere model of a 3 x 2 aggregate of
PTCDA molecules on the KCl (100) surface. The transition
dipole moment f is depicted for the top left molecule. Inset
bottom: Experimental and fitted LEED profile of the PTCDA
(1,0) spot using the above mentioned geometric aggregate size
distribution. More details are given in the SI. (b) Fluorescence
(FL) spectra normalized at the 0-0 transition (19600 cm™') at 6
and 56 K illustrating the enhancement of the 0-0 transition with
respect to the vibronic peaks due to superradiance.

the intensity of transitions to vibrational excited states
(Io—1) [24] [cf. Fig. 1(b)]. Our procedure is described in
Ref. [27] and additional details on its validity are provided
in the Supplemental Material [28]. The obtained SR
enhancement 7ngg versus temperature curve is displayed
in Fig. 1(a).

In our experiments, the surface is covered by aggregates
separated by structural antiphase boundaries or KClI steps.
As aresult aggregates with a broad distribution in sizes and
shapes are obtained. We determined the aggregate size
distribution by a low energy electron diffraction (LEED)
profile analysis. We consider aggregates of rectangular
shape, with a size of N, x N, molecules with edges as
sketched in Fig. 1.

An experimental and a fitted LEED profile are shown in
the inset of Fig. 1(a). The details of the analysis are described
in the Supplemental Material [28]. We find for the size
distribution of the aggregates: Py _y ~exp (=N, A7')x
exp (-N,A7'), A,y =In[[, /(T —1)], with T, , denot-
ing the expected values of the underlying one dimensional
distributions. Our analysis yields (N, x N) = 12.4 x 12.4

molecules (=156 x 156 A?). Important, because N, and N,
are independent, the distribution yields also aggregates of
elongated shape with aspect ratios N /N, # 1. We note that
due to an optimized sample preparation the average linear
aggregate size was about twice as large as that reported in
earlier experiments [27] (see also Supplemental Material
[28]). This leads to a larger number of coherently coupled
molecules. In combination with an extension of the exper-
imental accessible temperature range to low temperatures we
obtain an 5sg (7') dependence with new interesting features:
Athigh temperatures (220 K) nsg (7') is roughly compatible
with the noted 1/7 dependence. However, at low T 5sg does
not decrease, but slightly increases with 7" and goes through a
maximum at a finite temperature 7', = 10 K. This inter-
esting behavior deserves attention.

To understand these observations we perform numerical
simulations based on the Frenkel exciton model [43]. We
treat each monomer as a two level system with an electronic
ground state |g) and one electronically excited state |e),
with energies E, and E,, respectively. These two states are
coupled by a transition dipole ji. The electronic ground
state is taken as the state where all monomers are in their
ground state, i.e., |guee) = |9) - - - |9). Fluorescence origi-
nates from states which possess a single excitation. To
describe such states of the dipole-dipole interacting mono-
mers we consider a basis of localized excitations
|n) =g)---|e)---|g); i.e., states where one monomer n
is excited and all the others are in the ground state. The
Hamiltonian (of one domain) is given by

He =Y eln)(n| + Y _Vyln)(ml. (1)

n,m

Here, ¢ = E, — E, is the energy difference between the
electronic excited state and the electronic ground state, and
V,m is the interaction strength between states |n) and |m),
which we take as the point transition dipole-dipole interaction
Vnm i (]/477"60) (a/Rgzm)Wn ' /zm - 3(/2;1 ! Rmn)(:"_[m : an)}’
with R,,,, the direction between monomer n and m and R,,,,,
the corresponding distance. The scaling factor « is used to
take into account various effects including, in particular, the
Franck-Condon factor that is relevant for the interaction,
cf. Ref. [27], and the polarization screening by the KCl
surface. For @ = 1 the dominant interactions are presented in
Fig. 1 of Ref. [27]. All interactions between nearest neighbors
are negative. But there are positive interactions between next
nearest neighbors perpendicular to the dipole direction. We
note that in general one has to use a more sophisticated
method to calculate the interactions and one also has to take
internal and external vibrational modes of the molecules into
account explicitly [41]. However, for the present purpose,
where we aim at a qualitative understanding, we found it
sufficient to use the simple form of the above given point
dipole-dipole interaction.
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Formally the eigenenergies and eigenstates can be written
as Holwi) = Exlwy) with [y) = >, ciln). The radiative
lifetime of these states is inversely proportional to their TS
[44], which are calculated as Fy = |(aga | >t [wi) |*, where

;7,, is the dipole operator of monomer n. For aligned
molecules with identical transition dipoles (4, = f), as in
our case, this yields F; = u?A; with

E Cnk
n

To treat finite temperatures we assume that thermalization
in the excited state manifold happens fast on the time
scale of radiative decay, so that one has always a
Boltzmann distribution, where each excited state is popu-
lated according to pi(T) = (1/Z)exp(—E/kpT) with
Z =Y ,exp(—E;/kgT) and kz being the Boltzmann
factor. Then the (temperature-dependent) decay rate from
the excited state to the ground state is given by F(T) =
Skl (T)Fy = uPnsp(T) [44] with the enhancement factor

nse(T) = Zpk(T)Ak- (3)

2
Ak:

(2)

For our calculations we consider the same type of
rectangular aggregates as for the LEED profile analysis.
We neglect any interaggregate coupling (from our experi-
ments we have no indication of exciton diffusion between
aggregates). As in Ref. [27] we take |i] = 7.4 D. For the
calculations we use @ = 0.4. This is about twice as large as
the interaction strength that is obtained when we take only
the Franck-Condon factor of the 0-0 transition into account
[27] and treats several of the above noted effects in an
effective manner. This value of « is motivated because it fits
the calculations to the experiment. We note that our
principle findings are robust with respect to the value of
a. In Sec. II. b of the Supplemental Material [28] we treat
the coupling to phonons and discuss our approximations.
We note that the used value of a can also fit the 5sg (7)
curve of Ref. [27].

Figure 2 presents exemplary curves from the calcula-
tions, illustrating three cases (A—C) representing different
behaviors of 5sg (T'), which are found for different aspect
ratios N, /N, of the aggregates. From top to bottom N, is
increased, while N, = 10 is fixed. In case A (10 x 10), we
find a monotonic decay of ngg (7) with increasing temper-
ature. The curve shows a fast initial decay before it decays
more slowly (roughly like 1/7). For case B (10 x 20), the
initial decay is very steep and followed by a slight increase
leading to a local maximum and a slow decay again.
Finally, in case C (10 x 30), an initial increase is found
followed by a decrease after a maximum. These three cases
are a consequence of the different energies and correspond-
ing TS of the lowest excited eigenstates of the different
aggregates. These are illustrated together with the wave
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FIG. 2. Left: Temperature dependence of the enhancement

factor #qg, according to Eq. (3) for different aggregates of N, x
N, molecules. Right: Stick spectra of the transition strengths of
the lowest eigenstates corresponding to the respective aggregates.
The energies are referenced versus the excitation energy e of the
single molecule. The eigenstates are marked by filled (TS > 0) or
open circles (TS = 0). The inset illustrates the normalized wave
function of the lowest state (k = 1). The values of the real
coefficients c,; are plotted with red and blue color indicating
positive and negative values, respectively. Note that the two wave
functions at the top are symmetric, while the lower is antisym-
metric leading to TS = 0 for the k = 1 state.

functions of the lowest states (k = 1) in the right column
of Fig. 2.

To understand the 7gr(7) behavior we consider the
energies E; and the corresponding TS (u?A;) of the lowest
eigenstates. Numerically, we find that if the state with the
lowest energy is bright (A; > 0), then the state with the next
higher energy is dark (A, = 0), and vice versa. Thus it is
instructive to discuss the origin of bright and dark states as
the lowest energy states. It can be understood from the
wave functions illustrated in the right panel of Fig. 2 and it
is an effect from the brick-wall arrangement. Important to
note are the parallel node lines of the wave functions
running along the direction of the transition dipoles which
are a consequence of the intermolecular interactions.
Because a pair of molecules (n,m) contributes to the
eigenenergy by V,,,c,.c..x the presence of node lines turns
positive interactions V,,, between molecules separated by a
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node line into negative contributions by the factor
CaxCmr < 0. The interplay between negative interactions
along the dipole direction (supporting c,;c,,x > 1) and
positive interactions in the perpendicular direction thus
leads to the node lines in the wave functions. The number of
node lines increases with the elongation of the aggregate. In
addition the symmetry of the wave function of the lowest
eigenstate can change. This is seen in Fig. 2. While the
wave function is symmetric for the quadratic (10 x 10) and
the slightly elongated aggregate (10 x 20) (2 node lines), an
antisymmetric wave function (3 node lines) is formed for
the strongly elongated aggregate (10 x 30). Similar pat-
terns of the wave functions with alternating symmetries are
observed for larger aggregates with increasing elongation.
Importantly, antisymmetric wave functions lead to zero
values of TS, because the positive and negative c,; values
cancel each other in Eq. (2). Thus the size- and shape-
dependent formation of symmetric and antisymmetric wave
functions of the lowest energy state leads to the occurrence
of bright or dark eigenstates at the lowest energies.

In case C one will have a rise in #sg (T) for increasing
temperature, since bright states are thermally occupied. In
the opposite case when the lowest state is bright (and the
second excited state dark) one has an initial decrease of
nsr(T) (cases A and B). The details depend on the TS and
the energy differences between the lowest states.
Numerically, we found that most of the TS is located on
the first 5—10 states where the ratio between bright and dark
states is roughly equal. As long as the temperature is
smaller than the energy difference of these states, details of
the TS play a role. When the temperature becomes larger,
details of the energy differences and TS of the few lowest
energy states are no longer important and for all aggregate
sizes one obtains a similar curve, which goes roughly like
1/T as expected for a single bright state at k =1 and a
linear density of states [24].

In Fig. 3 we present an overview of ngg* and the
corresponding temperatures 7,,, for which this maximum
occurs for a large number of N, X N, combinations. In the
top panel #7g* values are displayed for different N, x N,
aggregates. In the bottom panel the corresponding 7.«
values are shown, whereby regions corresponding to the
three cases A, B, and C are indicated. Aggregates where
ngp* occurs at T = 0 (black region) are foremost found for
an aspect ratio N,/ N, close to one (cases A and B), but also
for N, or Ny < 3 (case A). In the latter case, node planes
perpendicular to the direction of the transition dipoles
cannot form due to the reduced coupling in that direction.
From the top panel one sees that for symmetric aggregates
neR* ~2(N, + N,), which is much smaller than the num-
ber of coherently coupled molecules (N, x N,). Outside
the black area, the maximum occurs at finite temperatures
(case C). In the corresponding regions in the top panel one
finds a clear decrease in #7gg* compared to similar aggre-
gates located in the black region of the bottom panel. One

max
NsR

Trmax (K)

0 10 20 30 40 50
Ny

FIG. 3. (a) The maximum of the enhancement factor »gg* for
aggregates of different size N, x N,. The blue overlayed isolines
refer to the geometric aggregate size distribution used for the
calculated 5sg (T) curve presented in Fig. 1(a). (b) The corre-
sponding temperature 7. The regions where the three cases A,
B, and C apply are indicated and separated by blue lines. For
further details see text.

also sees that in this region the smaller value of N, and N,
determines #gR* and the temperature T, at which it
appears.

We finally compare to our experimental results. In
Fig. 1(a), in addition to the experimental data, the calculated
nsr(T') curves are shown: nsg = > Py _y. - f1se(Ny, Ny, T),
whereby Py, =Py, (N, xNy)/ > Py, N, (N, X Ny).
Here, results from Eq. (3) for different N, x N, aggregates
are averaged using the probability distribution Py x,
extracted from LEED and a geometric factor N, X N,
accounting for the absorption cross section of the respective
aggregates. The distribution Py _y is indicated in Fig. 3(a).
We obtain a very good agreement to the shape of the
experimental 7gg (7) curve. We note that the 5sg (7) curve
cannot be explained by quadratic aggregates only, because
then the 7' dependence (in particular the shape) cannot be
fitted. This implies that in the experiment a large number of
rectangular aggregates with a ratio N,,/N,, # 1 exists, which
is plausible from the two independent growth directions x and
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v, and also supported from LEED analysis (see Supplemental
Material [28]).

Our theoretical and experimental results show that for
2D brick-wall aggregates the smallest temperature does not
necessarily give the largest fluorescence rate. Theoretically,
we have found that the temperature dependence of the
enhancement can show various different behaviors, which
strongly depend on the shape of aggregates. The reason is
that elongated aggregates favour antisymmetric wave
functions which exhibit small transition strength. Our
results can be used for the design of light emitting
materials, since they demonstrate that the radiative lifetime
can be dramatically effected not only by the size but also by
the shape of finite size molecular aggregates.

We acknowledge helpful discussions with J. Wollschldger
and support by the Deutsche Forschungsgemeinschaft
through the Project No. S0407/8-1.
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Temperature dependence of superradiance in finite brick-wall aggregates

Alexander Eisfeld,!"* Christian Marquardt,? Alexander Paulheim,? and Moritz Sokolowski?
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In this Supporting Information we provide additional details on the following points:
I. What are the detailed properties of the sample and what do they imply for the theoretical modeling?
II. Details on the theoretical modeling. In particular, we discuss how we handle vibrations.

III. Aspects of the determination of the superradiant enhancement from the fluorescence (FL) spectra.

IV. LEED profile analysis for determination of the aggregate size distribution.

I. DISCUSSION OF VARIOUS ASPECTS REGARDING THE EXPERIMENT AND THEIR
CONSEQUENCES FOR THE THEORETICAL MODELING

In several recent publications we have characterized the experimental system [1-7]. In the following we will briefly
discuss specific properties that are important in the context of the present work, and which also motivated many
aspects of our theoretical modeling.

A. Sample properties

a. The KCI surface as template for aggregate formation: The KCI surface, on which the PTCDA molecules were
deposited was prepared as an epitaxial film on a Ag(100) surface. It is not perfectly flat and consists of terraces
that are limited by KCI steps remnant from the epitaxial growth process. These steps on the KCI surface limit the
maximum achievable size of the PTCDA domains. However, the main limitation of the domain sizes is caused by
the incoherent nucleation of two types of PTCDA domains that are rotated by 90° with respect to each other. From
electrostatic considerations one expects that the molecules at the edges of a domain are arranged as depicted in Fig. 1
of the Letter.

b.  Optimized preperation protocol: The new experiment is based on an optimized preperation protocol of the
PTCDA layer, yielding much larger average aggregate sizes ((IN; X Ny) = 12.4x12.4 molecules, details see Chapter IV)
compared to the protocol used for the sample ((N, x Ny) = 7x 7 molecules) described in Ref. [1]. This was achieved by
using a kinetically favourable very low deposition rate of the PTCDA (25 min per layer) and a subsequent prolonged
annealing procedure of the sample (90 min at 260 K) to induce healing of PTCDA aggregate boundaries. Also the
quality of the Ag(100) crystal surface and the KCI film was improved before PTCDA deposition. The Ag(100) crystal
was now annealed for 60 min at 1000 K (before 723 K). The KClI film (about 5 KCI monolayers in thickness) was
grown at 520 K (before 500 K) and subsequently annealed (520 K, 20 min) to smoothen the film. Now we achieved
an average KCl terrace size of 2r/FWHM ~ 350 A. This was estimated from the width of the KCI(1,0) profile at
anti-phase conditions under consideration of the instrument function of the SPA-LEED apparatus.

c. Static disorder within one domain: Disorder in the positions and orientations of the PTCDA molecules is
negligible. The PTCDA brickwall structure is commensurate to the KCI(100) lattice [2] and strong Coulombic
interactions exist between the partially negatively charged anhydride groups of the PTCDA and the K* ions of
the sample. Therefore, the PTCDA molecules are strongly bound on the KCI(100) surface and exhibit well-defined
adsorption sites [5]. This is in contrast to typical self-assembled molecular aggregates in solution, where disorder in
the transition energies of the monomers is an important issue [8]. We can estimate the amount of this disorder from
the width of the absorption spectrum at low coverage, i.e. for isolated molecules (< 1% of a monolayer PTCDA). In
Ref. [1] we discuss this point in detail and conclude that the random disorder has a distribution with a full width at

*Electronic address: eisfeld@mpipks-dresden.mpg.de
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half maximum (FWHM) of the absorption line width ~ 27 cm~!. Further insight comes from calculated transition
energies for PTCDA located at different KCI step sites [7]. One sees in particular that the influence of the step
on the transition energy variation of molecules not excactly located at the step is expected to be below 10 cm™?.
In Ref. [1] we have performed numerical simulations for the lineshape using Gaussian disorder and found that this
disorder strength is also consistent with the experimental result for a monolayer. To estimate how strong the results
of the present Letter are affected by static disorder in the transition energies, we have performed such simulations for
exemplary aggregates. For disorder which is consistent with the linewidth of isolated PTCDA molecules on KCI (i.e.,
FWHM = 27 cm~1) we find, as expected, only minor changes in the curves of nsg(7) shown in Fig. 1 of the paper.

d. Vibron (phonon) emission / coupling to molecular vibrations: For our arrangement one can estimate that the
dipole-dipole interaction between the monomers is small compared to the energies of the majority of the molecular
vibrational modes (> 230 cm~1!). Therefore, in contrast to many J-aggregates in solution [9] or PTCDA oligomers in
Helium nanodroplets [10] one does not have to take these modes explicitly into account. There are some molecular
low energy modes (with energies approximately smaller than 200 cm™!) which will couple to the electronic transition
[6]. However, the Huang-Rhys-factors of these modes are very small, so that one does not expect a large influence; in
particular for the states at the bottom of the exciton band, which are responsible for the low temperature behaviour
of the SR enhancement.

e. Coupling to substrate phonons: From measurements on isolated molecules one sees that at low temperature
(up to approximately 20 K) disorder dominates the inhomogeneous molecule linewidth [7]. Since this linewidth is
quite small (less then 5 cm™! in FLE) the coupling to low energy phonons is also expected to be quite small.

1. Spatial diffusion: We have no evidence of exciton diffusion between domains (aggregates). For example, from
recording the polarization of the emission with respect to the absorption we know that there is no excitation transfer
between domains with 90 degree rotation of the molecules (note that this is expected to be the most relevant mechanism
for domain formation). Therefore, in the Letter we have focused on individual domains.

g.  Multi-exciton effects: We worked at low laser powers (30 mW) with the laser focused to a spot on the sample.
The laserspot had a diameter of about 0.3 mm, which resulted in a power density of ~ 40 W/ecm~2 on the sample.
Therefore there was not more than one excitation in a domain at the same time (we estimate on average less than
0.1 excitations per 1000 molecules). Hence, multi-exciton effects such as exciton-exciton scattering or exciton-exciton
annihilation within one domain are negligible. In addition, we have varied the power of the excitation laser and
observed a linear dependence of the number of emitted photons with the laser intensity.

h. Re-absorption of emitted photons: Is negligible: Our sample consists of a single monolayer PTCDA. The
measurement is performed such that the excitation laser hits the monolayer with at angle of 45°. Emission is detected
in normal direction to the monolayer.

i.  Emission from trap sites: We have not seen any variations in the fluorescence spectra as a function of tem-
perature which could indicate the emission from different states. Temperature variations of the aggregate spectra
(fluorescence and absorption) are discussed in detail in Ref. [1]. No spectral changes other than the noted variation
in the enhancement of the 0-0 emission and general broadening of the lines due to thermal dephasing are seen [1].
Under these aspects the spectra of our sample are much clearer than those of common organic films which often show
different emissive species at different temperatures (e.g., see [11]).

j. Polarisation of light: The sample was excited by linearly polarized laser light. The polarisation of the laser
was chosen in the way that aggregates of both symmetry equivalent growth directions (cf. Ref. [2]) were excited. The
fluorescence detection was performed independent of the polarization.

II. DETAILS ON THE THEORETICAL MODELING

The theoretical derivations of the temperature dependence of the fluorescence rate presented in this section are for
aggregates with general arrangement of the monomers. Results specific to a parallel arangement of the molecules are
indicated; these results are applied to PTCDA domains in the Letter.

A. Electronic Hamiltonian

We treat each molecule (monomer) as a two level system with ground state |g) and one excited state |e), with
energies F, and E, respectively. This approximation is justified because the next electronic state of PTCDA is
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energetically well separated. The two states |¢g) and |e) are coupled by a transition dipole ji, which for PTCDA is
aligned along the long molecular axis.
The electronic ground state of the aggregate is taken as the state where all monomers are in their ground state, i.e.,

[Gage) = 19,---,9) =19) - 9) (1)

Fluorescence originates from a state which posseses a single excitation. To describe such states of the dipole-dipole
interacting monomers we consider a basis of localized excitations

In) =lg)---le)---19) (2)

i.e., states where one monomer n is excited and all the others are in the ground state. The Hamiltonian in this
one-exciton manifold is given by

Hex = Z ﬁn‘n> <n‘ + Z Wn,m‘n> <m‘ (3)

n n,m

Here €, = E.(n) — E4(n) is the energy difference between the electronic excited state and the electronic ground state
of monomer n and W, ,, is the interaction-strength between a state |n) and |m). For the derivations presented below
the exact form of the interaction does not matter. In the numerical calculations of the Letter the point dipole-dipole
interaction is used, which is expected to be sufficiently accurate for the distances between the PTCDA molecules on
the KCl surface (the center-to-center distances larger than 1 nm).

Formally the eigenenergies and eigenstates can be written as

Hex|br) = Exltr) (4)

with

‘wk) = chk|n> (5)

Note that in general one has to take internal vibrational modes of the molecules and coupling to the surrounding into
account. We will comment on internal vibrations below. However, first we will discuss the radiative decay for this
purely electronic Hamiltonian.

1. Radiative decay rates

Let us start by considering the case when the aggregate is prepared in an excited eigenstate |1;). The radiative
lifetime of this state is inversely proportional to its transition strength[12] which is calculated via

(6)

Fi=|tg- ol Y k)|

(in this work we neglect the overall dependence on the cube of the transition frequency). Using Eq. (5) we can write

n
2 Cnk
n

where the second line holds when all molecules are aligned parallel, and have identical transition dipoles, as it is the
case for the PTCDA domains considered in the Letter. This leads to Eq. (2) of the Letter.

a. Finite temperature: To treat finite temperature 7', in general one has to consider explicitly the relaxation and
decoherence dynamics in the excited state manifold. For the sizes of the domains we consider in the Letter (larger
than 100 molecules) the corresponding density matrix evoltion becomes quite involved. However, more seriously,
for PTCDA molecules on KCl we do not have detailed information on the relaxation dynamics or the underlying
processes. From fluorescence measurements of diluted PTCDA on KCI we conclude that relaxation dynamics happens
faster than the fluorescence lifetime (which is around 1 ns). Based on this observation we model fluorescence assuming
that thermalization happens fast on the timescale of radiative decay, so that one is always in a Boltzmann distribution,

(7)

‘ 2

2
=u? (for fin = fi) (®)
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where each state is populated according to py(T) = Lexp{—Ey/kgT} with Z = 3, exp{—E}/kgT} and kg is the
Boltzmann factor. Note that for an enhancement of nsgr = 50, as deduced for PTCDA in the Letter, this implies that
relaxation in the excited state manifold should happen in the order of a few picoseconds.

Then the (temperature-dependent) decay-rate for excitation to the ground state is given by [12]

F(T) =Y pi(T)Fy 9)
k

With Eq. (8) this leads to Eq. (3) of the Letter.

Note that a global scaling of the dipole-dipole interaction, i.e. Wy, — aWp,,, does not change the coefficients ¢,k
and therefore also F}, is unchanged. However, the eigenenergies scale as Fr — aFj. Thus one finds that under the
above scaling the curve F(T) stays invariant, if one scales the temperature via T'— aT.

B. Inclusions of vibrations

So far we have ignored internal vibrations of the molecules. Including vibrations the eigenstates of a monomer
(within Born-Oppenheimer approximation) are given by |g,v) and |e,v), where v lables the vibrational states in the
ground and excited electronic state. To a good approximation the transition dipole operator can be considered to be
independent of vibrations so that one obtains (g, v|file, 7) = jif, 5 with the so-called Franck Condon factors.

fug = (v|P) (10)

1. Vibrations in the one-exciton manifold

To describe excited states of the aggregate we will then use as a basis states |n, 7/,) where monomer n is electronically
excited while all other monomers are in their electronic ground state. The respective vibrational states are comprised
in the vector 7,,. The Hamiltonian (3) then becomes

Hex = Z Z €n, i, |’I"L7 ]7"><n7 ]7"‘
no Uy
+ Z Z Z Z Vn,ﬁn;mﬁm
n

2N,

(1)

n, V) (M, 57n|

and V, 5 = = fu, 0, tmwm Wnm. The diagonalization of this Hamiltonian is in general limited to rather small
aggregates if one has to take many vibrationaly excited states into account.

As mentioned above (point I.c) all dominant vibrational modes have frequencies more then twice as large as the
dipole-dipole interaction between the molecules. To a good approximation the vibrationally excited states of these
modes do not have to be explicitly considered when calculating the low energy eigenstates of Eq. (11). The most
important states to consider are |n, 6n), i.e., the states where monomer n is electronically excited and in the vibrational
ground state of the excited potential surface and all other monomers are in the ground vibrational state of the lower
potential surface. As discussed above (point 1.d) the coupling to low energy phonons is quite weak. To take their
effect approximately into account we include their transition strength to that of the 0-0 transition of a individual
PTCDA molecule.

Under the above made assumption that the dipole-dipole interaction is much smaller than the vibrational frequen-
cies and the assumption that the temperature is smaller than the vibrational energy, the Hamiltonian relevant for
fluorescence is approximately given by

He = Z €n|n7 6n><n7 677' + Z Z d|f00|2Wn,m|n7 6'n><ma 6m| (12)
n n m
where | foo\Q is the Franck-Condon factor of the 0-0 transition of an individual PTCDA molecule, and the factor &
accound for the effect of low energy phonons.
The corresponding eigenstates are given by

) = 3 carln. 0) (13)

where the coefficients ¢, are identical to those obtained from Eq. (3) and the corresponding eigenenergies are the
ones of Eq. (3), simply scaled by a|foo|?. Here & is a number slightly larger than one.
Denoting Vi = & foo|?Wi.m we arrive at Eq. (1) of the Letter.
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2. Radiative decay rates

From our assumption that the transition dipole-dipole interaction is much smaller than the vibrational frequencies
we could ignore details of the vibrations when forming the exciton band (only the 0-0 Franck-Condon factor enters).
However we have to keep in mind, that emission proceeds to all vibronic states of the ground state. Since in the ground
state there is no excitonic interaction, the corresponding Hamiltonian is the sum of the ground state Hamiltonians

Hén) of the monomers, i.e.

Hy =3 H{ =373 Eoulg:va){g. val (14)

no Up

where E, ,, are the vibrational eigenenergies of the groundstate potential of monomer n and |g, v,) the corresponding
eigenstates. The eigenenergies I, and corresponding eigenstates |gagg, ) of the Hamiltonian H, are given by

agg-,l_;
|gage, 7) =lg---g)|vi---vn) (15)

N
Byev = Egu,. (16)

n=1

Then the rate for a transition from the state Eq. (13) to the state Eq. (15) is given by

. 2
Bl vn) =[(g gl -l Y fimliin)| (17)
n
. 2
=[S curtintin ooy 05 0x)| (18)
. 2
:) chkunéul,o “'fO,Vn o '61/1\7,0’ (19)
Here, and in the following, foo should be regarded as the scaled Franck-Condon factor, i.e., foo — V@&foo-
For emission to the wvibrationless ground state (1 = 0,...,vy = 0) one finds
Fr(0-+-0) = | > cnkfin fool” (20)
n
= 12| fool | Y eanl?  (for ji, = fi) (21)
and for states with vibrational excitation on one monomer one finds
Fio(0- - vy -+ 0) = [eokflm fope, | (22)
= /12|f0m|2‘cmk|2 (for fin, = i) (23)
Note that in contrast to the vibrationless case now there is no summation over all coefficients involved.
All other final states where more than two vibrations are involved are zero:
Fi(v1---vn) =0; more than one v; # 0 (24)
The total rate from the state Eq. (13) to the electronic ground state is
Fp= Y Fviv) (25)
1 VN
=F(0--0)+ Y Y Fi(0-+- v, -+-0) (26)
m Uy, 70
2 - -
=2 {1002 > enr|* + D0 3 VowPlemnl?}  (for fin = i) (27)
n M Uy #0
2
=a2{|fool?| D car| + (1= fool®)} (28)
n
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In going from the second to the third line we have used that all transition dipoles are parallel and identical in
magnitude. In going from the third to the fourth line we used that for identical monomers fy,,  is independent of m

so that Zm Zum |f0’/m|2‘cmk|2 = Zu;«éo |f011‘2 Zm |ka‘2 = (1 - |f00|2) -1
The total temperature dependent radiative decay rate is with Eq. 9 given by
F(T) = piFi (29)
k
2 - -
= /L2{|f00\2 Zpk| chk| +(1- \f00\2)} (for fin = i) (30)
k n
= 12{ | foo PN (T) + (1= |fool®) } (31)
~ 1| foo|* Nem (T) (32)
with
2
NBU(T) = pe| Y cnrl (33)
k n

This ’optical coherence size’ is what is denoted as ngg(7') in the Letter (see Eq. 3 of the Letter).

III. EXTRACTION OF THE SR ENHANCEMENT FROM THE FL SPECTRUM
A. Theoretical considerations
1. FL spectrum of the aggregate

In this section we will briefly discuss the fluorescence spectra for our finite size aggregates. Note that our derivation
does not rely on harmonic modes. The FL spectrum can be written as

FL(w) ~ > > peFu(#)6(w — wo—o + wp) (34)
kU

where we have ignored dephasing and relaxation in the electronic ground state. Here, wg_qg is the energy of the
0-0 transition and wy = >, €,,, where €, is the energy of the v,th vibrational state of monomer n. Inserting the
expressions Eq. (20), Eq. (22) and Eq. (24) one finds

FL(w) ~ Y prFi(7 = 0)6(w — woo) (35)

k
+ZkaZFk(07 s Unyoot ,0)6(&} — Wo—-0 +w7—’71,)
k

2
=1* Yl fool*| D enk| (w — wo—o) (for fin = fi) (36)
k n
+ N2 Zpk Z Z | fou, Q‘Ckn|25(w — Wo—0 + wy,,)
k n.o Vp
=42 foo | N6 (w — wo—0) (37)

+pu? Z [ fou 26 (w — woo + wy)

In the last step we have used that for identical monomers fy,, is independent of n, which then allows to evaluate
summation over n to give > |c,k|?> = 1. The resulting expression is independent of k so that one can use >, py = 1.

To account for interaction with an environment and finite temperature the § function should be replaced by
appropriate lineshape functions. One reasonable choice could be Gaussians where the width scales linearly with
temperature.

One sees that one can extract Nohv = nsg from Eq. (37) by considering the relative intensities of the 0-0 line and
the peaks with vibrational excitation. Note, that in this equation |fg|? should be regarded as the Franck-Condon
factor scaled by a.
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2. FL spectrum of the monomer

The aggregate emission spectrum Eq. (37) is closely related to that of the monomer: The monomer spectrum is
given by

FLuon = 1% Y | fou[?6(w — Wi + wy) (38)
v=0

From this one sees that (i) all peaks in the emission spectrum are at the same relative positions as in the monomer
case. (ii) All peaks have the same relative intensities as in the monomer case, but the 0-0 peak, which is enhanced in
the aggregate.

B. Experimental procedure

The vibrational peaks and the 0-0 line of the fluorescence spectra measured at the lowest temperatures are shown
in Fig. 1. All spectra were normalized to the maximal intensity of their respective 0-0 lines, as can be seen in the
right panel. In the left panel, the corresponding variation of the intensity of the vibronic peaks can be observed. It
shows a clear minimum at 10 K. For better visibility of the effect the spectra were shifted horizontally.

We extracted the superradiance enhancement factor nsg(7") from the ratio of the intensity of the 0-0 line to that
of the peaks of the vibrational excitations via nsr(7T") = Ioo/(Ip1/fo1). The integrated intensity of the superradiant
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FIG. 1: Temperature dependent fluorescence spectra of the vibronic modes (left) normalized to the integrated intensity of the
0-0 transition (right). For clarity, the spectra were horizontally shifted to the right for increasing temperatures with respect to
each other by 12 cm ™. Their colors refer to the data points of the nsr (T) curve shown in the inset. The normalized intensity
of the vibronic modes varies with temperature and shows a minimum at 10 K. Please note the very different scaling of the
intensity axes on the left and right spectra. The inset shows the low temperature regime of the nsr (7) curve from Fig. 1 of the
Letter.
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0-0 line (1) was extracted from the fluorescence spectrum by fitting the high energy side of the peak with a Gaussian
profile. This avoids an overestimation of the 0-0 line intensity by a possible overlap with low energetic vibronic modes.
The intensity of the peaks with vibrational excitations (named as Ip;) was determined by a numerical integration
over several peaks in the wavenumber interval 17750 cm ™! — 18750 cm™!. These integration boundaries were found
to be well suited to compile the correct total intensities Ip; of the chosen peaks at all temperatures. We note that
“01” refers to a group of different vibrational peaks. For a detailed assignment of the peaks we refer to Ref. [3]. For
calculating ngr an effective Franck-Condon-factor (f§if = 1.06) describing the intensity ratio of Ing/Io1 determined
from a spectrum of diluted molecules (with no SR) was used. Its value differs from the one used in Ref. [1], which is
due to the different integration boundaries that were used for the evaluation of Iy;.

By this procedure the relative 7" dependence of ngr is determined very reliably. Nevertheless, we cannot fully
exclude small systematic errors in the experimental determination of the absolute integrated intensities of Iyg, o1,
and the value of fo;. Such errors will result in a scaling of the extracted nsg (7') curve by a proportional factor. This
was taken into account when adapting the theoretical (dashed) curve in Fig. 1 of the Letter to the experimental data
by an additional scaling factor of 1.2 yielding the solid curve.

IV. LEED PROFILE ANALYSIS FOR DETERMINATION OF THE AGGREGATE SIZE
DISTRIBUTION

A. Developement of the functional form of the aggregate size distribution

For the determination of the aggregate size distribution, we analyzed the one- and two-dimensional LEED profiles.
Then we used a bottom up simulation to model the profiles and to compare them to the measured ones. All measure-
ments were performed at 260 K sample temperature and at an electron energy of 95.2 eV, which corresponds to an
in-phase condition of the (0,0) spot with respect to KCI steps of monoatomic height [13].

A two dimensional LEED pattern of the specular (0,0) spot and the (1,0) spot of the PTCDA superstructure is
shown in Fig. 2a. The respective one dimensional LEED scan is given in Fig. 2b. For a complete diffraction pattern
see Ref. [2]. As can be seen, the (0,0) spot exhibits a pronounced diamond shaped broadening that is also present for
the PTCDA(1,0) spot, although a little less pronounced. This profile shape is an effect of the preferred direction of
the nonpolar boundaries of the PTCDA aggregates along the principal surface directions as indicated in Fig. 1 of the
Letter. This argument is already valid for quadratic aggregates, but for asymmetric aggregates, e.g. N, < N, the
diamond shape becomes even more pronounced. (This effect can be seen from the simulations for the distributions A
and B shown in Fig. 3 below.) According to this observed profile form we used a distribution of rectangular aggregates
of the size N, x N, in our model.

In reality not only the size distribution but also the relative arrangement of the aggregates on the surface contributes
to the correlation function that determines the LEED profile. However, in our case we can neglect inter-aggregate
correlations. We neither observed any additional spots or satellites in the LEED pattern that would imply significant
inter-aggregate correlations [14]. Nor did we find any significant variations in the widths and the profile forms of the
PTCDA superstructure spots when comparing several diffraction orders (cf. Fig. 2b). This would be otherwise an
indication for correlated anti-phase boundaries between the aggregates [15].

The one dimensional profile of the PTCDA(1,0) spot is depicted in the upper left panel of Fig. 3. A background
signal (determined at a position in between two neighboring superstructure spots) was substracted and the profile was
symmetrized afterwards. The profile form corresponds to a Voigt profile that can be understood as the convolution of
a Lorentzian profile, which is related to the size distribution, and a Gaussian profile, which resembles the instrument
function. A Lorentzian profile form immediately suggests the presence of a geometric aggregate size distribution,
which has an exponentially decaying probability as a function of aggregate sizes N, and N, [16]. In one dimension
this is given by:

—1\V
P = ( r ) (39)
where I' denots the expectation value.

In order to find the two dimensional form of the aggregate size distribution we analyzed the two dimensional profile
of the PTCDA(1,0) spot that is shown in the upper right panel of Fig. 3. Parallel sections along the k, direction
of this profile have only a marginal dependence on k, and vice versa. Namely, the changes of the full width at half
maximum (FWHM) are less than 10%. This indicates that for the aggregate size distribution both directions are
widely independent from each other. We can thus use Py, n, = Py, - Py, with Py, = Py, for the two dimensional
distribution. Py, = Py, is warranted because of the symmetry of the KCI(100) surface.
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FIG. 2: a) Detailed two dimensional false color LEED pattern of the specular (0,0) spot and the PTCDA(1,0) spot. The
(0,0) spot shows a pronounced diamond shaped broadening that is also weakly present for the PTCDA (1,0) spot. Both
profiles are elongated in the vertical k, direction due to a slightly elliptical instrument function. b) Linescan across of the
(0,0) spot and the first four PTCDA superstructure spots. The PTCDA(4,0) spot is superimposed with the KCI(1,1) spot
due to commensurability. The superstructure spots of the PTCDA show no significant variation of their profile widths. The
measurements were performed at a sample temperature of 260 K and at an electron energy of 95.2 eV.

B. Simulation of the experimental profile
We simulated the LEED spot profile in the kinematic approximation [14] as a sum of Laue functions:

sin?( N kza/2) Sinz(Nykya/Q)
I(kac»k ZZ Na, Ny sin (k a/2) Sinz(kya/2) .

N, Ny

(40)

The two dimensional Laue functions were calculated for each aggregate of size IV, x N, and weighted by a probability
factor Py, n, according to the aggregate size distribution. Here N, and N, denote the number of molecules of a
given aggregate in « and y direction, k, and k, are the reciprocal lattice vectors, and a is the lattice constant of the

aggregates, i.e. 12.6 A.

The profiles were calculated using Eq. (40) for aggregate sizes between 1 x 1 and 100 x 100 molecules. Thereby, the
upper limit of N, = N, = 100 was sufficient to take into account all aggregate sizes with relevant probabilities. The
calculated two dimensional spot profile was convoluted with a two dimensional Gaussian function in order to model
the instrumental broadening. An asymmetric Gaussian function was used to take into account the elongation of the
instrument function in k,, direction (cf. (0,0) spot in Fig. 2a) and additionally the small azimuthal broadening of the
PTCDA(1,0) spot in k, direction. The latter can be traced back to a weak rotational mosaicity of the epitaxial KCI
film [2]. Finally we calculated the one dimensional profile in k&, direction from the two dimensional profile. We note
that the broadening of the instrument function in &, direction has only very little impact on the k, direction.

An independent exact experimental determination of the width of the Gaussian instrument function was not possible.
We therefore narrowed this value by an upper and lower limit. The lower limit is given by the maximum theoretical
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FIG. 3: Experimental and simulated LEED profiles of the PTCDA(1,0) spot. The experimental profiles are depicted in the
upper panel (1D left, 2D right). Please note the different k, scale for the one and two dimensional profile. The middle
and lower panel on the left side show two dissimmilar aggregate size distributions (A and B) with an average aggregate size of
(Nz x Ny) = 12.4 x 12.4 molecules (marked by a black dot). The probability for the occurence of an aggregate of the dimensions
N, x N, molecules is given by the red and blue isolines, respectively. Please note the exponentially decaying probabilites. The
corresponding simulated spot profiles are shown on the right side. As can be seen, asymmetric domains (distribution A) lead
to a more diamond shaped profile that is necessary to fit the wings of the one dimensional experimental profile.
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11

resolution of our SPA-LEED instrument, namely by a FWHM of 0.005 A1 (Please note that, different from the
standard setup, we used a 300 pum channeltron aperture for increased counting rates.) The upper limit of 0.01 At
was given by the FWHM of the peak of the (0,0) spot. This profile is however slightly broadened by the imperfections
of the sample [17], which do not contribute to the PTCDA(1,0) spot.

For our simulation of the experimental data we varied both the width of the instrument function (within the narrow
above limits) and the aggregate size distribution to fit the experimental profile. While the overall profile form and
especially the wings of the profile (k, > 0.02 Afl) are mainly determined by the correct form of the aggregate size
distribution, the very exact profile shape at the center (k, < 0.02 /0\_1) depends on both parameters. We found that
for a fully satisfying description of both the center and the wings of the profile it was necessary to use a Gaussian
instrument function with a FWHM of 0.0085 A~! in k, direction. For the k, direction a larger width of 0.018 A1
was used for the Gaussian, as determined from the two dimensional profile.

The aggregate size distribution A (I'; , = 12.4) that fits the data best is depicted in the middle left panel of Fig. 3.
It has an average aggregate size of (N, x N,) = 12.4 x 12.4 molecules. The averaged aspect ratio of the aggregates
seen by a molecule, i.e. (N;/Ny, x N, x N,) for N, > N, is about 3. The resulting two dimensional profile is
shown in the middle right panel of Fig. 3. A section of this profile fitting the experimental data is displayed as a
solid line in the upper left panel. The resulting profile is in very good agreement with the experimental data for two
orders of magnitude in the intensity. Merely the wings of the profile are slightly underestimated for larger k, values
(ke >0.05 A71).

We further tested the uncertainty in the fitted average aggregate size (N, x N, ). The fitted value varied between
11.4x11.4 and 13.7x 13.7 molecules when the width of the instrument function is varied within its limits of uncertainty
(0.005 A= < FWHM < 0.010A~1). The range of 11.4 - 13.7 can thus be taken as that of the error bars of (N,) and
(Ny) of the resulting aggregate size distribution.

For comparison, we also simulated the diffraction profile for a very dissimilar aggregate size distribution B with
an identical average aggregate size of 12.4 x 12.4 molecules, but mainly quadratic, non-asymmetric aggregates. The
distribution is depicted in the lower left panel of Fig. 3 and the corresponding simulated spot profile is shown in the
lower right panel. A one dimensional section along k, of this two dimensional profile is also shown in the upper left
panel. As can be seen, the center region of the simulated profile (k, < 0.015 A~!) is very similar to that of the
experimental one and that calculated for the distribution A. This is due to the same average aggregate size of both
distributions. However, the simulated profile is much too narrow at the wings of the profile (k, > 0.02 A~!) and does
not fit the experimental data thus. This discrepancy cannot be lifted by variations of the instrument function. This
proves that the presence of many more asymmetric aggregates, as in distribution A, is required to reproduce a more
pronounced diamond spot shape and leading to wider wings of the one dimensional profile.
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High resolution optical single molecule spectroscopy in
a surface science experiment: The homogeneous ab-
sorption profile of PTCDA at KCI(100) step edge sites

Christian Marquardt, Alexander Paulheim, and Moritz Sokolowski *

We perform high resolution fluorescence excitation (FLE) measurements on the single molecule level
on PTCDA molecules located at step sites of a KCI(100) surface. The inhomogeneous broadening
is overcome by spatial and spectral dilution. At cryogenic temperatures (6 K) we observe narrow
peaks (with a FWHM of 460 MHz) that exhibit a Lorentzian shape. They show spectral jumps and a
saturation behavior characteristic for single molecules. We determined a saturation intensity between
200 and 300 mW/cmz, and a maximum emission rate of ~ 11500 photons per second.

1 Introduction

Probing the properties of single molecules is of great interest for
the fundamental understanding of interactions and processes on
the microscopic scale. In contrast to properties that are obtained
by averaging over an ensemble of molecules, the properties of a
single molecule are directly connected to its unique local environ-
ment, conformation, and the site specific interactions!.

Optical single molecule detection was first performed on im-
purities in solid hosts1~©. Here, at high spatial and spectral di-
lution, the natural linewidth of single molecules became accessi-
ble, which is at cryogenic temperatures several orders of magni-
tude below that of the inhomogeneously broadened ensemble?2.
It can thus be used as a sensitive probe for fundamental inter-
actions’ or smallest environmental changes. Besides, also photo
physical phenomena like blinking®, spectral diffusion®>?, or the
coupling of the optical transition to local two level systems>19,
were observed and further investigated. One drawback of these
experiments inside a solid is however the lack of complementary
structural information. This would be beneficial for a further un-
derstanding of the interactions but is hardly accessible inside a
solid.

Leaving the bulk and going to the surface, especially this local
structural information is commonly investigated. Scanning probe
methods 1112 are capable of imaging microscopic structures with
up to atomic resolution or manipulate and reassemble the local
environment by use of the tip1314. In addition these techniques
can be extended or combined with other techniques to obtain fur-
ther local information. For example by tunneling induced light
emission (STM-LE) also local optical and vibrational information
can be obtained 1520, Single molecules, decoupled from a metal-
lic substrate by a thin insulating film, can be electronically excited
by the STM tip and show a fluorescence spectrum with resolved
vibronic transitions 1°-17,

An aspect that remains discussion worthy in these surface ex-
periments is however the achieved energetic resolution for a

Institut fiir Physikalische und Theoretische Chemie, Universitat Bonn, Wegeler-
str. 12, 53115 Bonn, Germany. E-mail: sokolowski@pc.uni-bonn.de

low temperature single molecule experiment. Compared to the
linewidth of optical transitions obtained by high resolution op-
tical single molecule spectroscopy in solids (between 10 MHz2
and few 100 MHz®), the narrowest line reported recently from
STM-LE experiments is 60 GHz19, which is already small for a
typical photoluminescence experiment, but still orders of magni-
tude broader. Moreover, in typical STM-LE experiments rather
linewidths on the order of few THz were achieved 1>17. There-
fore one of the biggest advantages of single molecule spec-
troscopy, the ultra-narrow linewidth and hence the high sensi-
tivity for minimal perturbations, remains inaccessible in these ex-
periments.

It is up to now not understood, what causes the line broad-
ening in these STM mediated experiments and if the obtained
spectral linewidths are an intrinsic property of the molecules on
the surfaces or broadened by the experimental technique. Here
we provide an experimental approach that combines an optical
approach, namely high resolution spectroscopy via fluorescence
excitation spectroscopy (FLE), with molecules adsorbed on de-
fined surface adsorption sites. We are particularly interested in
the homogeneous linewidth of molecules on an insulating sur-
face. This value is especially interesting for molecules on thin
insulating films nearby a metal surface. Here the excitation could
possibly be affected by partial quenching by the metal?!, which
would lead to a reduction of the radiative lifetime and thus a sig-
nificantly broadening of the homogeneous lines. Additionally, it
is yet unknown whether and which of the typical single molecule
related photophysical processes can be observed also on surfaces
and under ultra high vacuum conditions. It is for instance possible
that the process of bleaching that is often related to interactions
with impurities like oxygen is not observable under clean vacuum
conditions.

As a sample system we use isolated molecules of 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) adsorbed on de-
fined step sites of a thin KCl film. The structural and optical
properties of this system were extensively investigated in former
experiments and are well understood22-26, By annealing after
deposition the molecules diffuse to KCl step edges and are par-
tially embedded into the step at highly defined step sites 222426,
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Fig. 1 Excitation spectra of PTCDA at KCl step sites measured at 6 K. a)
Low resolution scan of the inhomogeneously broadened 0-0 transition.
The origin of wavenumber scale is shifted to the center of the inhomo-
geneous broadening. The measured profile shows a peak splitting at
the top that can be explained by a superposition of the contributions of
two different adsorption sites. The profile can be fitted by two Lorentzian
contributions. Real space models of the two adsorption sites are given
as an inset. b) High resolution scans in the low energy wing of the in-
homogeneously broadened profile. The scan range is marked in a) by
a dashed box. The scans show the statistical fine structure with distinct
maxima and minima at fixed positions. Only minor changes are observed
between consecutive scans. The laser intensity was 15 W/cm?. ¢) Scan
with single adsorption peaks on a flat baseline. The single peaks are the
resolved zero phonon lines (ZPL) of single molecules. For this scan the
molecule density on the sample was reduced by an additional factor of
10-100. Here the laser intensity was 300 mW /cm?. For details see text.

Structure models of these step sites are shown in Fig. 1a as an in-
set. The molecules embedded in these sites are energetically very
similar so that the inhomogeneous broadening is already consid-
erably reduced compared to that of the ensemble on the statisti-
cally occupied terrace sites 225,

2 Experimental

Our experiments were performed under ultra high vacuum (UHV)
conditions. The sample could be heated by a tungsten filament
and cooled by liquid helium. The lowest achievable sample tem-
perature was 6 K27,

We worked on high quality epitaxially grown KCl-films on a
Ag(100) single crystal surface?8. The KCl-films had a typical
thickness of 10 atomic layers. The PTCDA was sublimed onto
the sample from a homemade Knudsen-type evaporator and the

2|

PTCDA flux was monitored in the quadrupole mass spectrometer
(QMS) at m/z =392 amu.

We specify the surface coverage of PTCDA in monolayers (ML).
Hereby, 1 ML refers to a coverage of 7.5 x 1073 molecules per A2,
We used deposition rates below the detection limit of the QMS,
i.e. below 1.5-10~* ML/min. This was achieved at temperatures
of the PTCDA crucible between 600 K and 630 K. The sample
was kept at 20 K during deposition. With a deposition time of
~ | s we can estimate an upper limit for the coverage of ~ 2.5 x
10~% ML from the detection limit of the QMS. This corresponds
to one molecule per um?. Directly after deposition the molecules
were statistically adsorbed on the KCl terraces. After deposition
the sample was heated to 150 K for 20 min in order to thermally
induce a migration of all PTCDA molecules to step edges 4.

For the optical experiments the sample was cooled to 6 K and
transferred into a glass head standing out at the end of the UHV
chamber. The glass head and the whole detection apparatus were
placed inside a black box for an exclusion of room light. The
quality of the sample was then checked by fluorescence spec-
troscopy (FL). Here, the molecules were excited by an optically
pumped semiconductor laser (Coherent Sapphire LP USB CDRH)
operated at 458.0 nm (50 mW). For fluorescence excitation (FLE)
spectroscopy we used a tunable ring laser (Sirah Matisse II DS)
operated with Coumarin 498 as the laser dye. The ring laser was
pumped by an optically pumped semiconductor laser (Coherent
Genesis CX 480 4000) at 480 nm and 4 W excitation power. With
a custom output coupler, stable and tunable single mode opera-
tion with laser output > 50 mW was obtained between 495 and
525 nm. The wavelength of the laser was monitored with a wave-
length meter (HighFinesse Angstrom WS/6).

The excitation light was filtered by a 510 nm short pass filter in
order to block unwanted fluorescence from the laser dye. Then
the laser beam was focused onto the sample. We focused the laser
under an angle of incidence of 45° to the sample. The directly
reflected beam was blocked by a beam dump. The size of the fo-
cused spot on the sample was approximately 0.2 mm in diameter.
The number of molecules inside the focus was estimated to be
40000 at the maximum coverage. We used different power den-
sities between ~ 30 and 1500 mW /cm? for excitation. To reduce
the laser power, neutral density filters were used. The fluores-
cence from the sample was collected and focused on the entrance
slit of a spectrograph by a pair of collecting lenses (f; = 100 mm,
NA; = 0.22, f, =200 mm). The excitation light scattered from
the sample was blocked by a 520 nm long pass filter. The spec-
trograph (Acton 2300i, f/# = 4, f = 0.3 m) was equipped with
a liquid nitrogen cooled CCD Camera (Spec10:100BR(LN)). We
used a wide opened entrance slit (2 mm) for increased detection
efficiency and hardware binning of the CCD pixels (binning of
each 20 pixel columns) to minimize readout noise.

The FLE spectra were computed from FL spectra recorded for
varying excitation wavelength by integration of the fluorescence
intensity in the regime between 518 and 602 nm. Each FL spec-
trum was measured with an exposure time of 2 s, while con-
tinuously scanning the cavity of the ring laser with a speed of
30 MHz/s. The instrumental broadening of the FLE spectra is
determined by the width of the laser line of the ring laser. We
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operated the laser in the non frequency stabilized mode with a
linewidth of < 20 MHz rms. For this experimental setup we esti-
mate an overall detection efficiency of 0.3% of the emitted pho-
tons. This value is comparably low, which is also the reason for
the comparably high but necessary exposure time. The detection
efficiency is majorly limited by the NA (0.22) of the collection op-
tics that was taken from the former experimental setup and has
not yet been optimized with respect to the more demanding single
molecule experiment. Therefore currently only 2.5% of all emit-
ted photons are collected by the collection lens. Further losses are
due to the chosen detection window (35% efficiency), the spec-
trograph (= 65%), the CDD (= 65%) and partial reflections on the
surfaces of lenses and filters (~ 80%).

3 Results and Discussion

3.1 Inhomogeneously broadened profile

We begin with the measurements of the inhomogeneously broad-
ened 0-0 line profile. The FLE profile depicted in Fig. 1a was mea-
sured by scanning the thin etalon of the ring laser. Thereby, the
excitation wavelength is varied in steps defined by the free spec-
tral range of the thick etalon, i.e. 0.63 cm~!. The total width of
the measured profile can be described by a Gaussian peak shape
with a center at 20140.5 cm~! and a full width at half maximum
(FWHM) of 5.3 cm ™! (=~ 160 GHz)." This is slightly larger than the
value obtained in Ref. 24, but within the range of FWHM values
obtained for typical preparations.

However additionally, small indentations at the top of the peak
are observed that can be interpreted as a splitting into two main
contributions separated by ~ 2 cm~!. In Ref. 25 it was already
proposed from theoretical calculations that the measured 0-0 pro-
file could have contributions from both the deep vacancy site and
the deep vacancy site +1 (for real space models see the inset of
Fig. 1). So far this was however not resolved experimentally due
to a limited resolution of the excitation laser.

Generally inhomogeneously broadened profiles are expected to
exhibit a Gaussian shape that originates from a Gaussian distribu-
tion of the energies of the positions of the homogeneous lines2°.
However, fitting the profile with two Gaussians for the two re-
spective adsorption sites was not successful here. Instead, the
measured profile can be well fitted as a sum of two Lorentzian
contributions (20139.3 cm~!, FWHM: 2.9 cm™!, 20141.6 cm™!,
FWHM: 3.8 cm~!). A similar shape and width was already ob-
tained for the inhomogeneous broadening of PTCDA molecules
located at NaCl step sites2> and seems to be characteristic for this
type of adsorption sites.

3.2 Statistical fine structure

Aside from the rough scan of the inhomogeneously broadened
profile also high resolution scans on its low energy wing were

t The central wavelength of the inhomogeneous broadening is shifted by ~ 10 cm™!

compared to the position reported in our earlier publications>*2>. This deviation is
due to the different method of determination. While the wavelength of the excitation
laser in earlier experiments was determined via a manually calibrated spectrometer
now a self-calibrated wavelength meter with higher absolute accuracy is used.

measured, i.e., on the low energy wing of the deep vacancy
site. Such a scan is shown in Fig. 1b. Here the curves show
distinct variations with several local maxima and minima. The
positions and intensities of these maxima are mostly fixed and
barely change within several scans. They belong to the statistical
fine structure, that was already observed for molecules in solid
hosts2?, and resembles the local energetic distribution of the en-
ergy levels of the molecules inside the excitation area of the laser
spot. The statistical fine structure is an intrinsic property of the
investigated sample and must not be confused with noise2°.

Already from the appearance and the width of the local max-
ima in the fine structure depicted in Fig. 1b we can derive that
the single molecule linewidth in our sample system is orders of
magnitude smaller than that of the inhomogeneous broadened
line. Though, due to the superposition of the signals of several
molecules it remains not possible to investigate the molecules sep-
arately or determine the single molecule linewidth.

Despite the mostly fixed positions of the maxima and minima
of the statistical fine structure, small local changes can be ob-
served already between consecutive scans (cf. Fig. 1b). Then
one or more maxima shift or vanish between consecutive scans.
This can be due to a local reorganization on the sample or by
a small thermal drift of the sample with respect to the probing
laser. Generally, by changing the position of the laser spot on the
sample different local distributions can be probed. Therefore also
the individual positions and intensities change. At a fixed sample
position the probability for a local reorganization can be related
to the laser intensity and the sample temperature. For higher
laser intensities (> 100 mW/cmz) also the probability for a local
variation increases. Selectively inducing a local variation by long
term excitation of a specific maximum is however not possible.
The effect of the sample temperature is more dramatical. Flash-
ing the sample to ~ 15 K for a few seconds leads to a complete
reorganization of the local fine structure.

3.3 Single molecule spectroscopy

The next step towards the detection of single molecules was a
further decrease of the number of excited molecules. This was
done spectrally by scanning the spectral regions far off the center
of the inhomogeneous broadening, and also spatially by a further
reduction of the total coverage; we estimate by an additional fac-
tor of 10 - 100. Fig. 1c finally shows a scan 11.2-12.2 cm™! apart
from the center of the inhomogeneous broadening. Here isolated
peaks on a smooth baseline with no additional substructure can
be observed. As it is expected the peak density decreases with the
distance from the inhomogeneous center. The observed peaks are
the resolved zero phonon lines (ZPL) of the electronic absorption
of single molecules.

By scanning the same spectral area repeatedly, spectral shifts
and the vanishing and appearing of some peaks can be observed.
Intensity drops after the vanishing of a single peak go always to
the background level, which gives evidence for a single molecule
behavior. This is also supported by the form and the width of the
profiles. A detailed scan of a single ZPL is shown in Fig. 2. Like all
of the observed profiles it exhibits a Lorentzian like profile form
as it is expected for a homogeneously broadened transition?2.
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Fig. 2 Absorption peak profile of a single PTCDA molecule at a KCl step
site. The profile was measured at the lowest applicable laser intensity
of 30 mW/cm? and a temperature of 6 K. The profile was fitted by a
Lorentzian with a FWHM of 460 MHz. The inset shows the saturation
behavior and power broadening of single molecule peaks. The maximum
fluorescence rate (black dots) and linewidth (red diamonds) were evalu-
ated for different molecules as a function of the laser intensity. The solid
lines are fits to the data points according to the saturation behavior of a
molecular three-level system. For further details see text.

The minimal achieved linewidth, at the FWHM, was 463.8 +
24.5 MHz (1.9 peV). This was measured at the lowest achiev-
able temperature (6 K) and power density (30 mW/cmz) in or-
der to reduce a broadening by temperature or saturation effects.
Indeed the achieved resolution is remarkably high compared to
that of common surface science techniques, e.g. photoelectron
spectroscopy (UPS: 20 meV 30, XPS: 100 meV3!). The obtained
minimal linewidth is however still significantly broader than the
ones reported in earlier high resolution optical single molecule
studies?3. This has been identified to be mainly a temperature
effect3>32,

The width of homogeneous profiles Av is ultimately limited by
the natural linewidth Av, of the transition that is given by the
radiative lifetime 7 via

Avy=1/(2n7).

It is however also broadened by the interaction with the environ-
ment, i.e. interaction with phonons and local librations, a process
that is temperature dependent and commonly referred to as ther-
mal dephasing32. Therefore typically high resolution optical sin-
gle molecule spectroscopy is performed at or below liquid helium
temperature (in many cases around 1.5 K239) so that thermal
induced dephasing is eliminated. Our experimental setup is lim-
ited to a lowest temperature of 6 K. At this temperature the ho-
mogeneous profiles are presumably still significantly temperature
broadened. Nevertheless, it is possible to state a lower limit of
0.34 ns by 7=1/(2m Av). As a reference the free molecule inside

4]

a liquid helium droplet at 380 mK has a radiative lifetime of 5.5
ns33. This would result in a natural linewidth of only 30 MHz.

We also tried to check for the temperature induced broadening
of the investigated system. This however failed due to an extraor-
dinarily limited temperature range for the measurements. We
found that by slightly reducing the liquid helium flow and thus
warming the sample by only 1 K two effects occur. The first effect
is a strong broadening of the molecular transitions combined with
an over proportionate increase of the background signal. Thus we
can only estimate a linewidth of ~ 1000 MHz at 7 K. The second
effect is an instability of the position of the ZPL, which means
irreversible shifting within or to the outside of the scan range.
In combination an exact and reliable determination of the tem-
perature behavior in this small temperature window was hardly
possible.

3.4 Saturation behavior

For studying the saturation behavior of the molecular transitions,
i.e. the dependency of the profile height and width on the laser
intensity, we varied the laser intensity between 30 mW/cm2 and
1600 mW /cm?. The investigated intensity range was limited by
the detection efficiency for the lowest intensity and by the signal
to background ratio for the highest intensity. The measured peaks
were evaluated by subtracting a constant background signal and
fitting the profile with a Lorentzian. Then the fluorescence rates
at the peak maximum and the FWHM of the Lorentzian fit were
extracted. The dependencies of the emission rate and the total
linewidth on the laser intensity are plotted in the inset of Fig. 2.

We note that unlike to previous single molecule studies %34, the
plotted data points correspond to different molecules. This was
necessary since we did not succeed in measuring the complete in-
tensity range for just a single molecule, which was mainly due to
instabilities upon excitation. Due to the defined adsorption geom-
etry of the molecules on the sample (the molecules adsorb planar
with two possible orientations rotated by 90° with respect to each
other) an insecurity in the orientation of the molecules can be
widely excluded by the selective excitation of a single orientation
with polarized light?4. The polarization of the laser was set to
preferably excite molecules with one of the two orientations. Due
to the different positions of the molecules inside the focus of the
laser, the error bars on the intensity axis are large and prevent an
exact determination of the system parameters. Nevertheless the
obtained data set allows observing the general trends and giving
an estimate on the system parameters.

The fluorescence rate (inset of Fig. 2 black data) shows a mono-
tone rise and a saturation behavior. This behavior is typical for
single molecules and can be described by the model of a molecu-
lar three level system with a triplet bottleneck 33>

1/Is
C1+1/Ig

where R is the fluorescence rate obtained at a power density I,
with the maximum fluorescence rate R.. and the saturation in-
tensity Is. By fitting the data to the model we determined an
experimental maximum fluorescence rate R., of 35+4 cps and a
saturation intensity Is of 23080 mW /cm”.
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Within the same model also the saturation broadening (inset of
Fig. 2 red data) can be described. Here the width of the profile
Av increases with the root of the laser intensity as can be seen

from?3
Av = Avy/1+1/I,

where Avy is the width of the profile at vanishing laser intensity,
I is the laser intensity, and /g is again the saturation intensity.
Here the saturation intensity Ig obtained from the fit was 300 +
70 mW / cm?, which is larger but within the error bar of the value
obtained from the saturation of the fluorescence rate. For the
minimal linewidth a value of 443 4 33 MHz is obtained, which
means that a significant saturation broadening can be excluded
for the profiles measured at the lowest applicable laser intensity
(Av =463.8 MHz).

For a comparison with other experiments, the experimental
maximum fluorescence rate R., has to be corrected for the detec-
tion efficiency of the experimental setup, namely by 0.3%. After
correction a maximum fluorescence rate R.. ~ 11500 photons per
second is obtained, which is comparable to experiments on terry-
lene in hexadecane34. Also the obtained saturation intensity is in
the typical range3°.

3.5 Spectral jumps

As noted above, spectral shifts and the vanishing of some of the
peaks can be observed by scanning the same spectral region or
the same spectral profile repeatedly. These processes are strongly
dependent on the excitation intensity. While for the lowest laser
intensities of up to 60 mW /cm? barely any spectral shifts are ob-
servable, for higher intensities (> 150 mW/cmz) also the proba-
bility for spectral changes increases. This could either be related
to a laser induced heating of the sample or to relaxation processes
after photo excitation. At fixed excitation intensity, differences in
the stability of the ZPLs of individual molecules can be observed.
Overall, three principle types of ZPLs can be distinguished: We
name them (i) stable , (ii) instable, and (iii) meta-stable ZPLs.

The spectral position of the stable type (i) of ZPLs does not
change independent on how often their profile is scanned, at least
at a given power density. This is particular interesting concern-
ing photochemical bleaching. It can be widely excluded for these
molecular transitions. As noted above this can presumably mainly
be traced back to the clean environment inside the UHV and espe-
cially to the absence of oxygen that is often responsible for photo-
oxidation reactions.

Also the intermittently vanishing and reappearance of the
molecular transition, commonly known as blinking was not ob-
servable. However this absence may also be explained by the lim-
ited temporal resolution of the experiment in combination with
a triplet state lifetime significantly lower than the used exposure
time of 2 s.

Exemplary scans of the instable (ii) and meta-stable (iii) types
of ZPLs are depicted in Fig. 3a and Fig. 3b, respectively. The ZPL
of the instable type (ii) vanishes directly upon excitation. Here
an abrupt and irreversible drop in the intensity is observed while
scanning into the wing of a profile. This vanishing is most likely
connected to a large spectral shift of the line to a position outside
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Fig. 3 Vanishing and shifting of peaks due to spectral jumps. a) Laser
induced vanishing of an instable ZPL. The intensity drops spontaneously
to the baseline intensity while scanning the wing of the profile. The
laser intensity was 250 mW /cm?. b) Sequence of consecutive scans of
a metastable ZPL. The scan directions are marked by black arrows. The
ZPL is stable during the first scan (top) but undergoes a laser induced
shift by ~ 500 MHz during the second scan. The third scan is again sta-
ble and the fourth shows a minimal intensity drop like in the first scan
marked by a red arrow. Laser intensity: 300 mW/cm?. For better visi-
bilities the scans are vertically shifted with respect to each other. The
measurement of the 4 consecutive scans took about 30 min. For further
details see text.

the scan range, likely due to an environmental change. But also a
photochemical bleaching cannot be fully excluded. Regarding the
clean environment inside the UHV chamber and also the finding
of other molecular transitions that are fully stable this possibility
appears however rather unlikely.

The metastable type (iii) (Fig. 3b) is comparably rare. It in-
volves smaller jumps (often < 1 GHz) so that the molecular tran-
sition appears at a different position inside the scan range. Again
the spectral shift can be induced photophysically by resonance
with the laser. However also excitation independent reversible
and irreversible shifts or a vanishing of the ZPL can be observed
at times. For example the ZPL in Fig. 4b is first shifted ~ 500 MHz
by the laser. However in the last scan again a small intensity drop
at the initial position of the ZPL is observed, which can be in-
terpreted by a prior back shifting of the ZPL independent on the
resonance with the laser.

The shifting in small steps is commonly reported as spectral
diffusion and related to the existence of local two level systems>.
Such effects were already observed for molecules in solid and par-
ticularly amorphous hosts, where they were explained by tunnel-
ing of nearby atoms or molecular groups between different con-
firmations>10-34, For the situation of a rigid PTCDA molecule on
a KCI step site such an explanation can however not be used. For
example already for the hopping of a single ion pair in the vicinity
of the molecule one can estimate an energetic shift on the order
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of ~ 1 ecm~! (30 GHz) 25, which is by far larger than the observed
spectral changes. Therefore rather weak long range interactions
with other molecules or substrate atoms far away from the de-
tected molecule are conceivable. In this case however the ques-
tion remains why the excitation of the molecule with the laser
should induce small environmental changes relatively far away
from the excited center.

4 Summary and conclusion

In this paper we reported on first optical high resolution single
molecule investigations in a surface science experiment. Homo-
geneously broadened single molecule absorption lines of PTCDA
molecules on step sites of a thin KCI film on a Ag(100) substrate
were measured by high resolution fluorescence excitation spec-
troscopy. The measured profiles showed properties and behav-
ior comparable to molecules embedded in solid hosts. Namely,
a comparable linewidth and profile form, a saturation behavior
with laser intensity, and spectral jumps upon excitation were ob-
served. Blinking and photochemical bleaching were however not
observed.

Especially the finding of the high energy resolution may be im-
portant for the development of future experiments that may com-
bine high resolution optical spectroscopy with local imaging and
selective manipulation of the investigated systems for the inves-
tigation of smallest interactions. For example investigating the
spectral shift of a ZPL as a function of the distance between the
molecule and an ad-atom, a second molecule, or even an STM tip
could help to understand these minimal interactions.
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REVIEW OF SCIENTIFIC INSTRUMENTS 88, 083702 (2017)

‘We modified an epi-illumination light microscope and mounted it on an ultra high vacuum chamber for
investigating samples used in a surface science experiment. For easy access and bake out, all optical
components are placed outside the vacuum and the sample is imaged through a glass window. The
microscope can be operated in reflection brightfield or epifluorescence mode to image the sample
surface or fluorescent dye molecules adsorbed on it. The homemade sample mounting was made
compatible for the use under the microscope; sample temperatures as low as 6 K can be achieved.
The performance of the microscope is demonstrated on two model samples: Brightfield-images of a
well-prepared Ag(100) surface show a macroscopic corrugation of the surface, although low energy
electron diffraction data indicate a highly ordered crystalline surface. The surface shows macroscopic
protrusions with flat regions, about 20-200 um in diameter, in between. Fluorescence images of diluted
3,4,9,10-perylene tetracarboxylicacid dianhydride (PTCDA) molecules adsorbed on an ultrathin epi-
taxial KCI film on the Ag(100) surface show a shading effect at surface protrusions due to an inclined
angle of incidence of the PTCDA beam during deposition. For some preparations, the distribution of
the fluorescence intensity is inhomogeneous and shows a dense network of bright patches about 5 um
in diameter related to the macroscopic corrugation of the surface. We propose that such a light micro-
scope can aid many surface science experiments, especially those dealing with epitaxial growth or

fluorescent materials. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4997953]

l. INTRODUCTION

When talking about microscopy in the field of surface sci-
ence, most people think about scanning probe microscopy '
(SPM), low energy electron microscopy’ (LEEM), or photoe-
mission electron microscopy* (PEEM). Whereas SPM tech-
niques are best suited for imaging surface areas in the range
between a few nm and several 100 nm on the lateral scale with
up to atomic resolution,” LEEM and PEEM can be used to
image surface areas on a mesoscopic scale between a few ym
and several 100 ym with up to a few nm resolution.®” For a
larger scale, light microscopy (LM) is the method of choice.
However, up to today there are less than a handful of publica-
tions describing the use of LM for samples under ultra high
vacuum (UHV) conditions.®° This is astonishing since LM
can be performed in various modes yielding complementary
information: Besides brightfield or darkfield imaging for inves-
tigations of the sample morphology, also fluorescence- and
polarization microscopy can be applied. With the latter tech-
niques, the positions and orientations of isolated or aggregated
dye molecules can be determined,'® giving one the opportu-
nity to study and control thin film growth, nucleation, and
phase transitions of the related materials under surface sci-
ence conditions. Moreover, LM is capable of detecting single
molecules and hence gives one the opportunity to study sin-
gle molecule dynamics and distributions.®%!! We note that
earliest experiments on organic molecular beam deposition

0034-6748/2017/88(8)/083702/7/$30.00

88, 083702-1

on single crystal surfaces were done by LM, although only
ex vacuo.'?

Most experimental groups that use both surface science
techniques and LM perform the sample preparation and first
experimental investigations inside the vacuum. The LM is per-
formed outside the vacuum.'3~!3 This is extra time consuming
and can lead to contamination, modification, or decomposi-
tion of the prepared samples. An in vacuo solution would
therefore be desirable. However, the design of an UHV com-
patible light microscope is not trivial: First, it has to fulfill
the requirements for UHV operation, which are low out-
gassing rates and bake out stability so that pressures down
to 1 x 10~!0 mbar can be achieved. Second, it should have
ideal illumination and imaging properties as well as flexi-
bility in the use of different objectives and filters. For the
design of such a microscope, the major problem is the short
working distance between the front lens of the microscope
objective and the sample surface that is usually less than
a millimeter already for medium magnification microscope
objectives (20x, 40x). Blumfeld et al. constructed a confocal
laser-scanning microscope.® They chose an approach with a
custom-made vacuum compatible and bakeable Schwarzschild
microscope objective placed inside the UHV. They were
able to image single molecule fluorescence on various sub-
strates with near-diffraction-limited resolution. However, due
to the placement of the microscope objective inside the
UHYV, they had to accept a maximum bake out temperature of

Published by AIP Publishing.
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only 100 °C and the risk of a deterioration of the microscope
objective.

In this paper, we report on a different and in some aspects
more flexible approach to an UHV microscope. It is based
on a standard wide field (non-confocal) microscope, which
is able to image large sample areas in brightfield or fluores-
cence mode. It was adapted to an existing surface science
setup. This adaption had to fulfill the following aspects: (a) the
sample preparation and observation have to be performed
under UHV conditions, (b) for higher flexibility and bake out
stability, all optical components (including the microscope
objective) have to be mounted outside the vacuum, (c) the
sample has to be easily accessible both by the microscope
and other surface science techniques, (d) the sample has to
be cold for fluorescence imaging, and (e), this is special to
our setup, the microscope has to be retractable from the path-
way of the sample in order to grant a transition of the sample
into a glass head at one end of the UHV chamber (cf. Fig. 1,
below).

In Sec. II, the design of the microscope and the sample
mounting will be described in detail. In Sec. III, we demon-
strate the performance of the microscope on a well-prepared
clean Ag(100) surface for brightfield application and on diluted
organic dye molecules adsorbed on a thin KClI film on this
surface for fluorescence imaging.
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FIG. 1. Overview of the epi-illumination light microscope including the opti-
cal components, the sample holder, and the glass head. The optical pathways
corresponding to the conjugated field and aperture planes are sketched in red
and yellow, respectively. The trinocular head and the camera are not drawn to
scale. For further details see the text.
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Il. SYSTEM DESIGN
A. UHV system

The microscope was implemented onto a horizontal tube
attached to a typical stainless steel UHV chamber, which was
equipped with an instrument for spot profile analysis low
energy electron diffraction (SPA-LEED, Omicron NanoTech-
nology GmbH) and designed for fluorescence spectroscopy
on organic molecules adsorbed on thin films. The chamber
contained a sputter gun for surface preparation and home-
made Knudsen-type thermal evaporators for the deposition of
alkalihalides and organic molecules. For deposition control, a
quadrupole mass spectrometer and quartz-microbalances were
used. The Ag(100) sample was invariably mounted on a home-
made sample mounting on a horizontal long travel manipulator
with a liquid helium cryostat (VAb GmbH). Sample temper-
atures between 6 K and 1000 K were achieved. (We will
report the details of the sample mounting in Sec. II D.) Struc-
tural characterization of the sample was typically done by the
SPA-LEED apparatus. For fluorescence spectroscopy, the sam-
ple could be transferred into a glass head at the end of the
same horizontal tube to which the microscope was attached.
A schematic view of the microscope is shown in Fig. 1.

B. Microscope

The microscope was mounted on a stainless steel UHV
6 way cross (microscope adapter) with a length of 160 mm
and an inner diameter of 70 mm. It was inserted between the
preparation part of the vacuum chamber and the glass head
with two conflat flanges (CF 100 and CF 63) and had four
additional CF 40 flanges on diametrically opposed sides of the
tube (top, bottom, front, and back). The flanges in front and
back were used as viewports. The flange at the bottom was
used for a linear motion feedthrough holding a post, which
could stabilize the sample against vibrations. The microscope
itself was mounted on the top flange.

As mentioned above, the most critical problem concerning
the design of an UHV microscope was the required small work-
ing distance between the front lens of the microscope objective
and the sample. Since the sample was inside the vacuum and
in our approach, all optical components were supposed to be
outside the vacuum, the sample needed to be imaged through a
glass window. For mechanical stability and pressure stability,
this window had to exhibit a significant thickness. We used a
plane borosilicate window (Borofloat 33, Schott AG) with a
diameter of 36 mm and a thickness of 1.75 mm. This thick-
ness was indeed below that of conventional UHV windows of
similar size (~3 mm), but it still exceeded the typical work-
ing distances of medium magnification microscope objectives
(20x%, 40x). Therefore, we used microscope objectives with
larger working distances (for details see Sec. II C). Optically
the window acted as an additional plane parallel plate, i.e., like
a thick cover glass slip. We did not use an anti-reflection coat-
ing on the glass window so far. This may reduce stray light
and increase the detection efficiency. However until now stray
light has not been an issue.

To bring the window as close as possible to the sample, it
was melted to the foremost end of a glass tube that pointed into
the UHV (see Fig. 1). The glass tube had a length of 230 mm,
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a wall thickness of 2 mm, and an inner diameter of 32 mm. At
its upper end, it turned into a U-turn before it was connected
with a metal glass joint on top of a CF40 flange. This con-
struction may appear laborious but had a very simple reason:
The metal glass joint can only stand compressive but not tensile
forces. This was taken into account by orienting the metal glass
joint pointing to the high-pressure side in combination with
a U-turn made out of glass. The described construction with-
stood pumping to vacuum and bake out temperatures of at least
150 °C.

To retract the glass tube out of the pathway of the sample,
it was mounted to a 50 mm linear transfer (VG Scienta) on the
top flange of the microscope adapter. For microscope opera-
tion, the front window of the glass tube can be approached very
close to the sample surface while watching this from a hori-
zontal window of the microscope adapter at 90°. A drawback
of the linear transfer was the elongation of the length of the
glass tube, which added to the optical paths of the microscope.
Therefore, this option for retraction may be reconsidered if it
is not required.

The optical parts of the microscope were connected to the
UH V-part via a mounting platform with a circular dovetail. The
microscope objective was mounted at the end of a brass tube
(see Fig. 1) that fitted inside the glass tube and positioned the
objective close to the window at the front end. To avoid stray
light, the brass tube was black oxidized at the in- and outside.
It had an outer diameter of 30 mm, a wall thickness of 2 mm,
and a length of 230 mm to compensate the length of the glass
tube. The mounting platform was moved and fastened on four
200 mm M8 threaded rods that were attached at the top flange
of the linear transfer. By moving the platform on the rods, the
distance between the microscope objective and the window at
the end of the glass tube could be adjusted. For the increase
of stiffness and reduction of vibrations, an additional platform
was fixed on half way of the rods. The platforms and all optical
components could easily be removed for bake out or mainte-
nance. Please note that most conventional microscope objec-
tives typically cannot stand temperatures higher than ~50 °C.
Therefore the possibility to remove the objective from the
apparatus during bake out was essential.

C. Microscope optical setup

In principle any modular incident light microscope could
be used in combination with the above described microscope
adapter. We used the universal epi illuminator of a Nikon
Optiphot-Pol microscope and the associated trinocular head
for illumination and observation, respectively. The microscope
used an incident light Kohler illumination'© that was designed
for a finite tube length of 210 mm. However, due to the elon-
gated glass tube, the nominal standard tube length of 210 mm
was exceeded by far (by about 200 mm). To retain ideal Kohler
illumination, we thus inserted a telescope optics (elongation
length 4f) with two achromatic lenses inside the brass tube. The
lenses were arranged in such a way (distance = 2f, f = 50 mm)
that the image plane of the aperture diaphragm was projected
into the rear focal plane of the objective and the image plane
of the field diaphragm was projected onto the sample. The
corresponding conjugated image planes are drawn in Fig. 1.
For imaging, a series of Nikon M Plan microscope objectives
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(5% NA 0.1, 10x NA 0.25, and 20x NA 0.4) corrected for a
finite tube length of 210 mm was used. The 20X microscope
objective exhibited an extra long working distance (ELWD) so
that the thickness of the glass window could be easily tolerated
and the front surface of the window was at a minimum distance
of 2-3 mm from the surface of the sample. We note that none
of the Nikon objectives was corrected for the 1.75 mm thick-
ness of the glass window, which caused some loss of image
quality and fluorescence intensity due to spherical aberrations.
These issues became more pronounced with increasing NA of
the microscope objectives. Therefore, at higher magnification
and NA, an Olympus CDPlan 40 PL objective (40x NA 0.5)
was used. This objective exhibits a larger working distance and
is equipped with a correction collar, which we used to com-
pensate the effect of the thickness of the glass window (up
to 2 mm). Since this objective was corrected for a finite tube
length of only 160 mm, and the trinocular head of the micro-
scope exceeded this distance by 50 mm, it was replaced by a
shorter homemade adapter tube for the use of this objective. We
note that the maximum diameter of all used microscope objec-
tives was 29 mm so that they all fitted smoothly into the glass
tube. For detection we used a monochrome, thermoelectri-
cally cooled 12-bit CCD-camera (PCO Sensicam) mounted on
commercially available standard 0.4x or 1X c-mount adapters.

The original light source, a halogen lamp, was substi-
tuted by a homemade passively cooled illuminator with high
power light-emitting diodes of the type Luxeon M LXR7-
SW65 (cold white, 6500 K) and LXR0-SRO00 (royal blue, 450
nm, Philips Lumileds Lighting Company) for brightfield and
fluorescence illumination, respectively. The light was colli-
mated by an aspheric condenser lens (Edmund Optics) with
a focal length of 13 mm. For fluorescence application, the
royal blue light-emitting diode was used in combination with
a bandpass excitation filter (448 nm, 20 nm bandwidth, OD6,
Edmund Optics), a dichroic beam splitter (T470Ipxr, 470 nm,
Chroma), and a bandpass emission filter (520 nm, 70 nm band-
width, OD6, Edmund Optics). This set of filters was chosen
on the basis of the absorption and fluorescence spectra of iso-
lated molecules of PTCDA (3,4,9,10-perylene tetracarboxyli-
cacid dianhydride) adsorbed on KCI(100) terrace sites.!” In
this configuration, we measured a maximum light density of
250 mW/cm? at the position of the sample surface with the
Olympus 40x objective.

D. Sample mounting and cooling

The construction of the sample mounting was optimized
for low temperatures, good accessibility by surface science
techniques, as, for instance, LEED and photoelectron spec-
troscopy, and compatibility with the light microscope. Espe-
cially the combination of low temperatures and good accessi-
bility was challenging: On the one hand, the sample needed
good thermal coupling to the cryostat, which is favored by
short distances and large cross-sectional areas; on the other
hand, it had to be in an exposed position for the approach of
the front window of the microscope, without being hindered
by the sample mounting or the cryostat. In addition, reduction
of heat impact via cryoshields needed to be considered.

A detailed picture of the sample mounting and the
cryoshield is shown in Fig. 2. The sample mounting consisted
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He-cryostat

10 mm
Cu-block —
Si-diode
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/
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FIG. 2. Schematic drawing of the sample mounting (top) and the cryoshield
(bottom). For further details see the text.

of three parts: A block made out of oxygen-free copper, two
tungsten rods (3 mm in diameter) pressed into the copper block
for optimal thermal contact, and a sample holder made of solid
silver pressed onto the tungsten rods. The Ag(100) sample was
of the “hat type” and had a diameter of 10 mm. It was fastened
on top of the sample holder with a silver ring lid. Silver was
used for the sample holder to avoid mechanical strain induced
by differences in thermal expansion. As a further benefit, it
has a high thermal conductivity. The crystal surface was posi-
tioned in the rotational axis of the manipulator, about 4 mm
above the tungsten rods. In combination with the length of the
rods (80 mm), this brought the sample in an exposed position
with ideal accessibility for the microscope.

The copper block was pressed against a liquid helium
cryostat by VAb GmbH that reached temperatures down to
5 K. Between the head of the cryostat and the copper block,
three 1.5 mm sapphire plates were inserted for electrical isola-
tion. These sapphire plates also granted high heat conductance
at low temperatures and thermal isolation at elevated sample
temperatures required for annealing of the sample. Annealed
0.1 mm thick gold foil was inserted on both sides of the sap-
phire plates to compensate small irregularities of the fitted
surfaces.

The sample could be heated by radiation from a 100 W
tungsten filament at its rear side and by additional electron
impact. Sample temperatures above 70 K were measured
with a type K thermocouple attached to the sample holder.
Cryogenic temperatures (<70 K) were measured via a silicon
diode (DT-670B-SD, Lake Shore Cryotronics Inc.) mounted
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on the copper block. This location was apart from the sample
but is necessary since the Si-diode cannot withstand tempera-
tures higher than 500 K. Despite that, an accurate temperature
measurement was possible in the low temperature regime. This
was checked by a calibration experiment with a second Si-
diode mounted for test purposes directly to the rear side of the
sample. We found that the temperature measured directly at the
sample was less than 1 K above that measured on the copper
block. For a reduced heat impact, Manganin cables were used
to connect the Si-diode. All cables that were connected to the
sample holder were precooled at the cryostat, as it is common.

We used a cryoshield made of polished aluminum. It was
mounted on the second cooling stage of the cryostat, which was
cooled by the helium backflow. As can be seen in Fig. 2, the
cryoshield was composed of different parts in order to shield
the entire sample mounting except the sample surface, which
stuck out of the cryoshield and was the topmost surface for
unrestricted access. The cryoshield was optimized for allowing
inclined incidence or emission of probing beams (or particles)
up to an angle of at least 45° with respect to the sample normal
in all azimuthal directions.

The cooling was performed by either pumping or press-
ing liquid helium through the cryostat. Usually the pumping
method was used because it was highly reproducible and the
flux could easily be controlled especially in the case of small
fluxes. However, we found this method to be limited by a min-
imum sample temperature of 12 K at a flux of 5 dm*/h of
liquid He. By pressing helium through the cryostat, sample
temperatures of 6 K at a flux of 8 dm>/h of liquid He could be
achieved. This was done by applying about 400 mbar of extra
He pressure to the dewar.

lll. RESULTS AND DISCUSSION
A. Brightfield microscopy on a Ag(100) surface

The performance of the microscope is tested on a well-
prepared Ag(100) crystal. It represents a typical sample that
has been used for surface science experiments for many years.
It was extensively prepared by numerous cycles of Ar* ion
sputtering with 1000 eV and subsequent annealing to 1000 K
for 1 h. It exhibits a shiny surface. Originally, the crystal was
prepared by chemomechanical polishing. The crystal shows a
very good and sharp low energy electron diffraction (LEED)
pattern. As a measure for the microscopic crystal quality,
the full width at half maximum Ak of the LEED spots is
determined at an in-phase condition (81 eV) with respect to
monoatomic Ag(100) steps. The corresponding length in real
space L =27/Ak;'® has a value of ~600 A. This can be con-
sidered to be a very good value for a metal crystal since in
general, the limitations on L by the mosaic spread of metal
samples are more pronounced.'®

In the following, we show brightfield images of the crystal
surface that were recorded with the Nikon 5 and 20x objec-
tives and with the Olympus 40X objective. We estimate that
we achieve a resolution of 0.8 yum with the 40X objective, as
these are the smallest features visible in our acquired images.
Figure 3(a) shows an overview image of the sample that was
assembled from individual brightfield images. The contrast
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FIG. 3. Brightfield images of the Ag(100) crystal surface. (a) Overview image
of the sample. The image was assembled from individual pictures that were
taken with a 5x objective and a 1x c-mount adapter. To avoid artifacts from the
image plane curvature, the individual images were taken with a reduced field of
view. The sample shows macroscopic defects like scratches and splinters and
has a macroscopic corrugation. (b) Enlarged brightfield image of the surface
corrugation (objective 20x, c-mount 0.4%). The surface shows a dense network
of curved linear protrusions with flat areas in between. (c) Detail image of the
linear protrusions with additional substructure (objective 40X, c-mount 1x).

present in these images is related to the topology of the sur-
face and originates in either specular or diffuse reflection of
light. Unlike the expectations that may have arisen from the
diffraction data, the surface shows strong inhomogeneities and
a macroscopic height corrugation. In addition, at some posi-
tions, the surface is damaged by scratches or contaminated by
metal splinters that stick to the surface. On this length scale,
no changes are observed after repeated cycles of sputtering
and annealing. The corrugation is present on the entire sam-
ple surface; however, less and more corrugated regions can be
identified. For example, near the edge of the crystal, the surface
is slightly elevated with respect to the rest of the crystal and
shows a very pronounced corrugation, whereas in the middle
of the crystal, smoother regions are more frequent.

A more detailed image of the surface is shown in Fig. 3(b).
We find that the surface corrugation corresponds to a frame-
work of flat areas that are surrounded by curved narrow pro-
trusions. These are presumably macroscopic step bunches that
locally merge into each other. Additionally, at some positions
also larger rather dot shaped protrusions can be observed. The
width of the narrow protrusions along their short direction
is always about 10 um, their individual lengths vary and can
exceed 200 ym depending on their location on the sample. Also
the flat areas between them vary in size. They are 20-30 pm
in diameter in the more corrugated and up to ~200 ym in the
smoother regions of the surface.

The smallest structures that can be detected in brightfield
mode are shown in Fig. 3(c). The image shows a closeup of
the above mentioned protrusions. On top and at the sides of
the protrusions, a ruffled substructure is observed. The size
of the individual ruffles varies between 0.8 and 1.0 um in
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diameter. In contrast, in the flat areas between the protrusions,
no additional substructure, such as the ruffles, can be detected.
Thus, we conclude that the flat areas are the smoothest areas
on the surface on this microscopic scale.

On this scale, further cycles of sputtering and anneal-
ing have only marginal influence on the images. We therefore
assume that the formation or flattening of the corrugation is
a rather slow process and the macroscopic morphology of the
crystal surface changes rather on the scale of several tens of
preparation cycles.

B. Fluorescence microscopy on monomers
of PTCDA/KCI/Ag(100)

For the fluorescence imaging of adsorbed molecules,
an about 10 atomic monolayer thick KCI film was epitaxi-
ally grown on the Ag(100) crystal.!” This film electronically
decouples the dye molecules from the metallic Ag sample
and prohibits quenching of the fluorescence.’’ The PTCDA
coverage was varied between 1 x 107 and 5 x 1072 of a
complete monolayer.”! Below 20 K sample temperature, the
deposited PTCDA molecules are immobile and form a diluted
phase. We are able to record fluorescence images for cover-
ages above 1 X 1073 of a monolayer. Below this concentration,
the fluorescence signal is too small and vanishes into a diffuse
background signal that originates from residual excitation light
surpassing the filters. This light is, different from the situa-
tion of fluorescence microscopy in solutions, reflected by the
mirror like sample surface. In the brightfield images, neither
signatures of the growth of the epitaxial KCl film nor of the
deposited PTCDA molecules can be detected.

Before we will consider the details of the fluorescence
images, we summarize some facts known about PTCDA on
KCl1 from fluorescence spectroscopy: The molecules adsorb
flat lying and azimuthally aligned to the KCI(100) surface on
well-defined adsorption sites.!”>> As said above, the molec-
ular surface diffusion of PTCDA is hampered below 20 K
and thus attractive defect sites of the KCl surface, e.g., step
edges, are not preferentially populated (different from the
situation at higher temperatures). Also no aggregation into
compact islands takes place.?®* The fluorescence spectra are
dominated by a sharp 0-0 transition and show well-resolved
vibrational modes.!” However, the quality of the fluorescence
signal depends to some extend on the exact position of the exci-
tation laser on the surface (diameter 200 um), i.e., additional
diffuse background signal or additional peaks from minor fluo-
rescent species can be observed. Comparing these observations
from spectroscopy experiments with the present results from
brightfield microscopy, these differences can tentatively be
related to the local macroscopic quality of the sample surface.
Spectra from generally smoother surface regions [cf. Fig. 3(a)]
are proposed to give better quality than spectra taken from
stronger corrugated or even defective regions.

In the fluorescence microscopy images, the averaged fluo-
rescence intensity (integration area larger than 100 x 100 um?)
is independent from the sample position, which corresponds to
the fact that the deposition procedure leads to a homogeneous
coverage. However, on the microscopic scale (see Fig. 4), the
fluorescence signal is not constant but shows structures with
an additional contrast that increases with dye concentration.
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FIG. 4. Fluorescence images of diluted PTCDA molecules (1% of a mono-
layer) on a 10 monolayer thick KCI film on Ag(100) at T = 6 K. (a) Superposi-
tion of a brightfield image and a green colored fluorescence image (objective
20x, c-mount 0.4x, exposure time 0.5 s). The white arrow indicates the
azimuthal direction of the molecular deposition, which leads to a shading
of the surface protrusions. (b) Magnification of the fluorescence image of
the white box in (a). The fluorescence images show an additional structured
contrast in the flat surface areas. We attribute this to partial open regions
in the KCI film (For better visibility, a background signal was subtracted).
(c) Detailed fluorescence image of a single dot shaped protrusion on the sur-
face demonstrating the shading effect and the achieved resolution (objective
40x, c-mount 1X, exposure time 2 s). In contrast to (b), the surface shows
no additional structured contrast but small bright spots on top and around the
macroscopic defect. For further details see the text.

The image shown in Fig. 4(a) displays an overlay of a green
colored fluorescence image with a brightfield image. It allows
correlating the fluorescence contrast and the surface morphol-
ogy. Two observations can be made: The first is a shading
effect for the protruding structures. They have a brighter and a
darker side. This is due to the inclined angle of incidence of the
molecular beam (45° with respect to the surface normal). The
protrusions are covered on the sides that face the evaporator;
the opposite sides are shadowed and appear darker in fluores-
cence images. The second aspect is an additional contrast in
the flat regions between the macroscopic protrusions [see the
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closeup in Fig. 4(b)]. This contrast depends on the particular
preparation of the sample, presumably on the preparation of
the KCl film. We see a dense pattern of brighter oval patches,
about 5 um in average diameter. Near the protrusions and on
top of them, they are elongated and their density increases,
whereas in the smoother areas, they are more roundish and
clearly separated from each other. Between these oval patches,
the detected fluorescence intensity is not zero but noticeably
smaller.

Up to now it is not fully understood, what causes this addi-
tional contrast in the fluorescence images. We can nevertheless
exclude a relation to the concentration of PTCDA molecules on
the surface since the form and size of the patches do not change
for increasing PTCDA concentrations. We estimate that at a
coverage of 1 x 1073 of a monolayer, about 10* molecules
contribute to a single patch of 20 um?. Consequently, a sin-
gle molecule related contrast or random fluctuations of the
molecule density can be excluded. Regarding the fact that the
structure of the fluorescence contrast is correlated with the
morphology of the surface, it is more likely that additional
morphologic effects of the surface or the epitaxial KCI film are
decisive here. One explanation is, e.g., based on a further cor-
rugation of the Ag surface that is not seen in brightfield mode
due to a lack of contrast. Corrugations on this length scale
(5 um) were reported, for example, by Cheynis et al. They
observed a morphology of a Au(111) surface with plateau-
and canyon-like structures in LEEM images.>* Possibly the
KCl film is also inhomogeneous and surface areas remain un-
wetted by the KCI, preferentially where canyon-like structures
are present. There, the PTCDA molecules are adsorbed to the
bare silver surface where their fluorescence is quenched. In
conclusion, we propose that in these images the fluorescence
contrast is related to the inhomogeneities in the KCl film.

Finally, in Fig. 4(c), we show a fluorescence image of
a larger dot shaped protrusion in order to demonstrate the
achieved resolution. As can be seen, it is covered and sur-
rounded by small bright spots that have a diameter of about
0.7 um. The origin of these spots is not clear, yet. They could
be related to the cluster formation of molecules or emission
from defect sites. A reliable explanation and assignment of
these are however out of reach of the present work and ask for
a combination of spatial and spectral resolution.

IV. SUMMARY

We demonstrated the operation of an epi-illumination
light microscope adapted to an UHV chamber by recording
brightfield images of a well-prepared Ag(100) surface used for
surface science experiments. We could resolve a surface mor-
phology with regular corrugations in height on a lateral scale
of 10-200 um. Fluorescence images of diluted dye molecules
deposited and imaged at 6 K on a thin KCI film show a pattern
of structures on the scale of 2-10 pm, which we attribute to
inhomogeneous “wetting” of the surface by the KCl film. We
propose that this type of UHV light microscope is a helpful
tool to identify well-suited surface positions for experiments
with other techniques or to study the growth of deposits on
the wm scale, e.g., for organic semiconductors. A combination
with spectroscopic resolution also appears possible.
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B Spectroscopic results on further types of
molecules

Besides the PTCDA molecules that have been investigated on thin epitaxial KCI(100) films in the
main part of this work, also two different types of molecules have been investigated on KCI(100)
films by fluorescence spectroscopy. On the one hand this has been the molecule MePTCDI (N,N’-
dimethylperylene-3,4,9,10-bis(dicarboximide)), which is a perylene derivative like PTCDA but
has imide groups instead of anhydride groups at its ends. On the other hand this has been the
molecule pentacene, which is a pure hydrocarbon without any functional groups. For comparison

ball and stick models of all three molecules are depicted in Fig. B.1.

w bSC) : : : C)
PTCDA MePTCDI Pentacene

Figure B.1: Ball and stick models of the molecules (a) PTCDA, (b) MePTCDI, and (c) pentacene.

B.1 MePTCDI on KCI1(100)

The system MePTCDI/KC1(100) has been studied analogue to the system PTCDA /KCI(100) both
in a diluted phase and in a condensed monolayer phase.

Diluted phase: Fig. B.2a shows the FL spectrum of the diluted phase of MePTCDI on KCI(100).
About 1% of a monolayer has been adsorbed on the KCI(100) surface at a sample temperature of
T = 20 K. At this sample temperature the molecules are supposedly immobile and thus located at
KCl terrace sites. Due to the similarities between the MePTCDI and PTCDA molecules also their
adsorption sites on the KCl are probably similar. A structure model of the MePTCDI adsorption
site on KCl terraces is depicted as an inset in Fig. B.2a. The terrace site FL spectrum is dominated
by the 0-0 transition at 19780 cm~! and shows partially resolved vibrational modes. Compared
to the FL spectrum of PTCDA on KCI(100) the 0-0 transition is red shifted by 220 cm~! and sig-
nificantly broadened (FWHMyeprepr(20 K) = 82 cm ™!, FWHMprcpa (20 K) = 20 cm™1). The
broadening is presumably inhomogeneous and caused by a less defined adsorption geometry of
the MePTCDI molecule on the KCI(100) terrace sites compared to the PTCDA molecule.
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Figure B.2: Fluorescence spectra of isolated MePTCDI molecules on KCI(100) terrace (a) and step
sites (b). Both spectra were measured at a sample temperature of T = 20 K with an excitation
wavelength of A.xc = 458 nm. The surface coverage was ~ 1% of a monolayer. While the terrace
site spectrum (a) shows the 0-0 transition at 19780 cm !, the spectrum of the step site shows a blue
shifted 0-0 transition at 19904 cm~!. The width of the 0-0 transition is reduced from FWHM =
82 cm™! for the terrace site spectrum to FWHM = 30 cm ™! for the step site spectrum. Real space
models of the molecules at terrace and step sites are given as insets, respectively. For details see
text.
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Differences in the bonding to the KCI substrate between PTCDA and MePTCDI can also be de-
duced from the optical transition energies of the two molecules in the gas phase compared to the
KCl terraces. The 0-0 transition of PTCDA in He-nanodroplets (comparable to the gas phase) is
located at 20980 cm ™! [114]. On the KCl terrace site it is located at 20000 cm ™! [8]. Thus the transi-
tion energy of PTCDA molecules is reduced by 980 cm ! due to the bonding to the KCl substrate.
For MePTCDI the 0-0 transition in He-nanodroplets is located at 20570 cm ! [160] and on the KCl
surface it is located at 19780 cm~!. Here the reduction of the transition energy due to the binding
to the KClis only 790 cm ! and thus 190 cm ™! smaller than the one of the PTCDA. This shows that
the spectral shift induced by the binding to the substrate is not a material constant of the substrate

but dependent on the distinct binding situation.

Analogue to PTCDA on KCI(100) a migration of the molecules can be induced by a heating of the
sample to 150 K for 10 minutes. The FL spectrum after annealing is shown in Fig. B.2b. Similar
to the system PTCDA /KCI(100) the heating of the sample induces a spectral blue shift and a
reduction of the inhomogeneous broadening of the FL spectrum. It can therefore be assumed that
also the MePTCDI migrates to defined KCl step sites. The 0-0 transition of MePTCDI molecules
at KCI(100) step sites has an energy of 19904 cm ™! and a width of FWHM = 30 cm ™. It is shifted
by 124 cm ™! with respect to the 0-0 transition of MePTCDI molecules on KCl terrace site, which is
comparable to the situation for PTCDA. Although the inhomogeneous broadening of MePTCDI
at the KCl step site is significantly reduced with respect to the terrace site, it is still broader than
the one of PTCDA molecules at KCl steps (FWHM (20 K) ~ 11 cm~!) [18]. This could possibly be
an effect of the methyl group at the end of the imide groups that sterically hinders the MePTCDI
molecule from getting as close to the step edge as the PTCDA molecule. A possible step geometry
based on the deep vacancy site of PTCDA on KCl is shown in the inset of Fig. B.2b. As can be seen
a further K ion is needed to be removed from the step in order to avoid the overlap with the
methyl group.

Monolayer phase: The SPA-LEED pattern of the monolayer structure of MePTCI on KCI(100) is
shown together with a structure model in Fig. B.3. Identical to PTCDA, the MePTCDI molecules
grow in a brickwall structure commensurate to the KCI(100) lattice (2v/2 x 24/2 R45°).

The monolayer phase of MePTCDI on KCI(100) has been grown at similar conditions as the
PTCDA monolayers investigated by M. Miiller et al. [14] at a sample temperature of T = 260 K
with a growth rate of 1 monolayer per 10 minutes (crucible temperature ~ 760 K). After de-
position the sample temperature was kept at T = 260 K for 5 minutes in order to heal domain
boundaries between MePTCDI domains and improve the overall order on the sample. Different
from the situation of PTCDA on KCl (cf. Chapter 4.2.3), slower deposition rates and longer anneal-
ing times after deposition did not lead to an improvement in the size of domains but to smaller,
more disordered structures.

The average size of MePTCDI domains was estimated from the width of the MePTCDI(1,0) spots
(not shown). A full width at half maximum (FWHM) of Ak = 0.06 A~1 was determined at an
electron energy of E = 95.6 eV. By the simple estimation that the average domain size corresponds
to L = 271/FWHM this gives a size of ~ 100 x 100 A2 or 7 x 7 molecules. However the spot profile
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Figure B.3: SPA-LEED pattern with simulation and structure model of the commensurate
MePTCDI/KCI(100) brickwall phase. The LEED pattern was taken at an electron energy of
E = 95.6 eV and a sample temperature of T = 100 K. The simulation shows the LEED spots
and the unit cells of the KCI(100) substrate (green) and the MePTCDI superstructure (red). The
structure model shows the unit cell of the MePTCDI molecules in the brickwall phase. The ad-
sorption sites are identical to the PTCDA /KCI(100) brickwall phase. Please note the overlap of
the van-der-Waals radii of the methyl groups of neighboring molecules in a row. For details see
text.

was found to be also compatible with a geometric domain size distribution as it was found for the
optimized preparation conditions of PTCDA on KCI(100). Assuming this type of domain size

distribution the average domain size would be determined to be only 3.2 x 3.2 molecules.

The FL and FLE spectra of the MePTCDI brickwall phase are shown in Fig. B.4. Due to the brick-
wall arrangement of the molecules in the superstructure also the MePTCDI domains form two-
dimensional J-aggregates, which results in a spectral red-shift and a superradiant enhancement
of the 0-0 transition with respect to the vibrational modes. The 0-0 transition has an transition
energy of 19360 cm™!, which is 420 cm ™! red-shifted with respect to the MePTCDI terrace site
on KCI(100). This shift is slightly larger than the one for PTCDA on KCI (400 cm~!) and will be
partially explained by a different excitonic stabilization of the MePTCDI domains in the following.

The optical transition dipole moment of the MePTCDI molecule |ji| = 6.8 Debye [68] is smaller
than the one of the PTCDA molecule |ji| = 7.4 Debye [68]. According to Eq. 3.22 this will decrease
the coupling strength and thereby also the excitonic stabilization of the MePTCDI aggregates with
respect to the PTCDA aggregates. However additionally, the Franck-Condon factor of the elec-
tronic transition contributes to the coupling strength. This is larger for the MePTCDI molecule
foo = 0.33 [161] (PTCDA: fyoo = 0.21) and overcompensates the smaller transition dipole moment.
Therefore, by calculating the energetic stabilization of the excitonic ground state (k = 1), in the
limit of an infinite MePTCDI brickwall aggregate, an excitonic stabilzation energy of 173 cm™!
is obtained. This is larger than the excitonic stabilzation energy obtained for infinite PTCDA ag-

gregates (130 cm™1). Since the calculated increase of the excitonic stabilization of the MePTCDI is
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Figure B.4: FL and FLE spectra of the MePTCDI/KCI(100) brickwall phase. The FL spectrum has
been measured for at a temperature of T = 20 K and at an excitation energy of Aexc = 458 nm. The
0-0 transition is superradiantly enhanced with respect to the vibrational modes. It has an energy
0f 19360 cm~!. A magnification of the suppressed but resolved vibrational modes is shown as an
inset. The FLE spectrum of the 0-0 transition was measured at T = 20 K, it shows an asymmetric
broadening at the high energy side. For details see text.

even larger than the increased red-shift of the spectrum due to aggregation, it can be assumed that
the non-resonant D-term that also contributes to the red-shift is smaller for MePTCDI aggregates.

The superradiant enhancement factor has been determined to be #sg = 17 at a sample temperature
of T = 20 K. This value has been extracted from the MePTCDI bw-phase spectrum analogue to the
procedure described in Appendix A.2. The extracted value is comparable to the one determined
by M. Miiller et al. (7sg = 20) at the same temperature and at similar aggregate sizes of PTCDA
on KCI(100) [16].

In summary, the system MePTCDI on KCI(100) showed large structural and therefore also spectral
similarities with the system PTCDA on KCI(100). On the one hand these similarities showed
that phenomena like the spectral blue-shift due to migration of the molecules to step-edges, or
superradiance in a two dimensional brickwall structure are not restricted to the PTCDA molecule
alone, but can at least also occur for similar molecules in a similar environment. On the other hand
in particular the large similarities between PTCDA and MePTCDI allowed to compare and discuss
the small spectral differences and learn about how small differences in the molecule-substrate or

molecule-molecule interactions influence the optical properties.

B.2 Pentacene on KCI(100)

The system pentacene/KCI(100) was investigated together with Peter Zeppenfeld during a short

term visit of him at the university of Bonn in May 2016. The aim of this investigation was to test
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whether the high spectral resolution with clearly resolved vibrational modes that had been ob-
tained in the FL and FLE spectra of isolated PTCDA molecules on alkali halide surfaces [8, 9, 17]
could be also obtained for a large organic molecule without functional groups that anchor the mol-
ecule on defined adsorption sites. Since the pentacene molecule does not exhibit any functional
groups, its binding to the KCl will be limited to van der-Waals interactions.

Fig. B.5 shows a series of FL spectra that were taken for increasing coverages of pentacene on
KCI(100). The pentacene molecules have been evaporated onto a 5 ML thick KCl film at a sample
temperature of T = 12 K and at a crucible temperature of 445 K. The deposition was controlled
by monitoring the mass signal of m/z = 278 amu in the QMS. A calibration of the coverage has
not been performed, therefore the coverages are quantified relative to the maximum coverage in
this series (100%). It has been assumed that this coverage is still on the order of a first molecular
monolayer. The molecules have been optically excited by use of the ring dye-laser adjusted to a
wavelength of Aexe = 519.2 nm. This wavelength was chosen since it lead to a high absorption at
the lowest coverage, it was determined by maximizing the FL signal, while tuning the excitation
wavelength.

At the lowest coverage (1%) the spectrum shows a 0-0 transition at 18169.8 cm ™! and further weak
but narrow vibrational modes on top of two red-shifted broad features. With increasing coverage
(2%, 5%, 10%) both the intensity of the narrow and the broad features increases, while especially
the narrow features including the 0-0 transition become more clearly distinguishable. At even
higher coverages (20%, 50%, 100%) the intensity of the narrow features saturates (or even de-
creases) and only the broad features increase in intensity. This increase in intensity occurs together
with a spectral red-shift of the broader features. Finally, annealing the sample at the maximum
coverage to 150 K leads to the complete vanishing of the narrow features and a further red-shift
of the broad features.

The narrow features at low coverages and medium coverages stem supposedly from isolated mol-
ecules at distinct adsorption sites. These could be special defect sites, e.g. step edges, or simply
isolated molecules on defined terrace sites [27]. The broad spectral features, especially at higher
coverages, can supposedly be assigned to a condensed phase of pentacene molecules. This may
consist of small aggregates of upright standing and 7r-stacked molecules like they were observed
on the quartz(0001) surface [162]. Here also a spectral red-shift was observed during the forma-
tion of the first monolayer [162]. A further red-shifting was observed for coverages higher than a
monolayer and the formation of multilayers [162]. Similar to condensed phases of tetracene mole-
cules [49, 72], the rt-stacking of pentacene molecules presumably leads to a J-aggregates behavior,
which induces a spectral red-shift with increasing aggregate size.

In the end many more experiments and further experimental methods would be necessary to ob-
tain a clear picture on the growth situation and the spectral evolution of pentacene molecules
on KCI(100). Regarding the initial question, it could however be shown that it is possible to ob-
tain spectra with resolved vibrational modes even for molecules without functional groups on
KCI(100).
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Figure B.5: FL spectra for different coverages of pentacene on KCI(100). The spectra were mea-
sured at a sample temperature of T = 12 K with an excitation wavelength Aexc = 519.2 nm. The
sample coverages are given relative to the maximum coverage. At lower coverages the spectrum
consists of broad and narrow features. The 0-0 transition of the narrow spectral features is located
at 18169.8 cm~!. With increasing coverage first both the narrow and broad features, at higher
coverages only the broad features increase in intensity. The maxima of the broad features are
slighty red shifted with increasing coverage. Annealing of the sample at the maximum coverage
to T = 150 K for 5 min results in a further red-shift and the vanishing of the narrow features.
The narrow spectral line around at 14480 cm~! is independent from the coverage of pentacene
and corresponds to localized defects on the sample. For better visibility the spectra are vertically
shifted with respect to each other. For details see text.
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Local defect peaks: Besides the spectral signals of pentacene on KCI(100) also further superimposed
signals have been detected around 14480 cm™! (cf.Fig. B.5, 2%). A high resolution spectrum of
! and
14514 cm~!, and two broad signals at 14030 cm ! and 14180 cm~!. The signals occurred highly

dependent on the position of the excitation laser on the sample but were independent on the

these signals is shown in Fig. B.6. The spectrum shows two sharp signals at 14481 cm™

coverage of pentacene on the sample.

The same type of signal could also be detected for PTCDA on KCI(100) but was usually not mea-
sured due to a different spectral range. For a bare KCI(100) film or the clean Ag(100) surface this
type of fluorescence signals could not be detected. In combination this leads to the assumption
that the emitting species are local defects in the KCl film or on the Ag crystal that are indirectly
excited by an energy transfer from an excited molecule. The type and origin of these defect could
however not be solved. Possibly they are however related to the bright point like emitters that
have been observed with the UHV-light microscope (cf. Chapter 7.3). These did also occur only
for the presence of molecules on the KCl film but were very localized close to mesoscopic defect
structures of the Ag surface.

1.0 4 Defect Peaks on KCI(100)
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Figure B.6: Magnified FL spectrum of defect emission detected together with pentacene on
KCI(100). The spectrum shows two sharp signals at 14481 cm~! and 14514 cm~!, and two broad
signals at 14030 cm ! and 14180 cm~!. The occurrence and intensity of the signals was highly
dependent on the position of the excitation laser on the sample. The spectrum was taken with
the high resolution grating (1200 groves/mm) at a sample temperature of 12 K with an exciation
wavelength Aexc = 519.2 nm. For details see text.
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The LabView program initially written by M. Miiller (and extended by A. Paulheim) for FLE mea-

surements was not designed to meet the requirements of single molecule FLE experiments. There-

fore a new LabView program (“FLE kontinuierlich.vi”) based on these older programs was writ-

ten and optimized with respect to the speed of the data acquisition, the implementation of the

wavemeter measurement, and the online evaluation and visualization of the FLE measurement.

measurement time

Figure C.1: Schematic illustration of the LabView program (“FLE kontinuierlich.vi”) for single
molecule FLE measurements. Different parallel work packages for the collection, evaluation, and
visualization of data are drawn in rectangular boxes. The empty boxes illustrate the repetitive
execution of the above drawn filled boxes. The different vertical sizes of the empty boxes account
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for the different time scales that are necessary for their execution. For details see text.
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Figure C.2: Screenshot of the user interface for the measurement of single molecule FLE spectra.

A schematic overview of the program is depicted in Fig. C.1. In the first step all measurement
parameters are read and the measurement is initialized. Then all necessary parameters of the ex-
periment (excitation wavelength, excitation power and FL intensity) are measured in parallel. In
combination with some improvements of the LabView code this parallel measurement results in
a significant reduction of the interval between two measurement points from initially 6 s + expo-
sure time to 0.3 s + exposure time. The respective values of the excitation wavelength, excitation
power, and FL intensity are collected together with individual time stamps in a cache. The use
of a shared time grid was avoided, since this was identified to cause additional temporal delay
between measurement points. While the measured data of the wavemeter and powermeter are
only collected, the FL intensity is extracted from the FL spectrum by integration of a spectral area
after an optional substraction of a constant readout noise. For later inspection each FL spectrum
is saved. During the measurement all parameters are visualized in graphs. At the end of the
measurement the data collection is stopped and the data are saved to individual files.

During the measurement all parameters and their temporal evolution can be monitored on the
user interface. A screenshot showing the user interface during a measurement is depicted in
Fig. C.2. The first row contains the setting options for the measurement parameters: the file path,
the exposure time for each FL spectrum, the binning factor of the CCD, the integration limits for

the intensity extraction from the FL spectrum, and the possibility to subtract a constant readout
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noise before integration. The second row contains the graphs of the most recent FL spectrum, the
powermeter signal vs. time, and the wavemeter signal vs. time. In the last row the integral FL
intensity is plotted against the wavemeter signal and the measurement time, respectively. The
graphs in the last row can be automatically or manually scaled during the measurement.

The measurement is started by clicking the arrow button in the upper left corner of the LabView
program (not shown). It can be stopped by clicking the green “Dauermessung”-button in the
first row of the user interface. After stopping the program four files are saved to the file path.
They contain: (i) intensity vs. time, (ii) wavenumber vs. time, (iii) laser power vs. time, and (iv)
intensity vs. wavenumber. Please note that the files (i), (ii), and (iii) have different lengths and time
values, whereas file (iv) is not corrected for the intensity of the excitation laser. In order to obtain
a corrected version of file (iv) the files (i), (ii), and (iii) can be processed by a script written in GNU
Octave that is described in Appendix C.2.

Tuning the wavelength of the ring-dye laser is not possible within the LabView program. It must
be independently controlled with the “Matisse Commander” software. For FLE measurements
with the standing wave dye-laser however a modification of the current program can be used
(“FLE 599.vi”). This program has additional controls for the Lyot-filter of the dye-laser but works

similar concerning the data collection and monitoring.

C.2 Octave script for FLE data processing

The LabView program described in the previous chapter Appendix C.1 produces output files of
the FL intensity (i), the wavemeter signal (ii), and the powermeter signal (iii), each listed with
individual time axes. In order to match the time axes of the three files and correct the FL intensity
by the powermeter measurement a small script written in GNU Octave can be used. The source
code of this script is depicted in Fig. C.3.

For the use of the script all three files have to be in a dedicated folder that needs to be specified in
the input parameters of the script. When executed, the script reads the files and matches the time
axes of the wavemeter signal (ii) and the powermeter signal (iii) to that of the intensity signal by
linear interpolating the measured values of (ii) and (iii) at the times of (i). Then the FL intensity
is normalized by the powermeter signal. This again is normalized by its mean value so that the
mean FL intensity is not affected by the normalization and only variations of the laser power are
compensated. Finally, a file is created that contains the normalized FL intensity values against the

interpolated wavemeter signal.
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%Processing of the file-output of the "FLE kontinuierlich" LabView program

clear

R R T T R R T E T T Rt I Tt T T T T T Tt T T T T T T T TR TR ey
iInput Parameters

R R T T R R T E T T Rt I Tt T T T T T Tt T T T T T T T TR TR ey

dirname=strcat ([ "D: /Users/marquardt/Desktop/FLE Temp/"]):%file path
3file names: data vs. time
savename intensity=strcat ([dirname, "FLEMsssung. txt"]) %¥intensicy

savenams powermeter=strcat ([dirname, "For ung. ExE"] ) ; fpowermeter

7 InCM-1.txE"]) » $wavenumbers

gavenams wavenumbers=strcat | [dirname, " =1
X=1; %Fcorrection factor to avoid H&A wvalues after interpolation: >=1
R R e R E T T Tt T Tt Tt T e ey

iy

fread '"intensity vs. time'

I t=dlmread|savenams intensity);
time=I t(:,1l};

I=T t(:,2}):

fread 'powermeter ws. time' and interpolate (linear)

P tl=dlmread (savename powWermeter):

tl=F tl(:,.):

P=P tlj:,2

finterpolate powermeter signal to the time stamps of the intensity values
P int=interpl(tl,P,time);

fread 'wavenumber vs. time'

W_tZ=dlmread (gsavename wavenumbers)

t2=W_t2(:,1):

W=w t2i:,z2

finterpolate wavemeter signal to the time stamps of the intensity values
W_int=interpl(tZ,W,time);

jcorrect for HA wvalues

I=T(1l: (length(I)-x));:

P int=F int(l: (length(P_int)-=x));
W_int=W_int(l: (length(W_int)-x));
time=time(l: (length(time)-x) ) ;

fnormalization of intensity signal by powermeter signal
P mean=mean (P _int); %gives mean value of the powermeter signal
I_CDII=I.K(P_int.fP_mEﬂn]; fnormalize the intensity by a norm. powermeter signal

fcreate and save corrected intensity vs. wavenumber file

plot (W_int,T corr) 3%plot corrected intensity vs. wavenumber

Wint t=[W_int,I corr]:

savename output=strcat|[dirname, "FLE korr.txt']);

dlmwrite (savename output,Wint t); %saves corrected intensicy file to file path

Figure C.3: GNU Octave script for the processing of the output files of the FLE LabView program.
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