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Abstract

The further miniaturization of electronic devices is a strong driving force in science.
In the last few decades, devices based on organic materials have been studied. One
goal is to create applications performed nowadays by silicon-based CMOS technology
with organic materials. In these studies the interest is placed upon diverse proper-
ties of the organic molecules, such as their electronic, geometric, thermal, optical, and
electroluminescence characteristics. One of the main problems of these studies is the
lack of geometrical control of the systems during the measurements. As the physical
properties critically depend on the exact geometry, contradictory results are found in
literature.

To overcome this lack of control, this work introduces a new method which enables
transport studies on single molecules with highly controlled junction geometries. The
concept of this method, which is based on scanning probe techniques, will be presented
as well as its realization. The method will be applied to molecule-metal junctions with
molecules of different lengths which are contacted by different metal electrodes. It will
be shown that highly reproducible experiments can be performed. Furthermore, the
physical interpretation of the measurements will be discussed. It will be demonstrated
that the profound knowledge of the geometry in these junctions helps to achieve a better
understanding of the transport properties.
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1 Introduction

The state of the art in the semiconductor industry is a 22nm CMOS transistor [1]. For
2014 a 14nm transistor was announced by Intel at their annual investors meeting in
Santa Clara in may 2011 [2|. These transistors are multiple gate field-effect transistors
(MuGFET), which are build in a 3-D architecture by photolithography [3]. It is believed
that the miniaturization of the CMOS transistors is coming to an end with transistors
of about 10nm. The main reason for this threshold are leak currents due to quantum
tunneling and thermal excitation, which lead to energy dissipation in the transistors [4,5].
Also the photolithographic fabrication of these devices reaches its limits as the 157 nm
lithography failed in 2003 [6].

In the last decades alternatives to CMOS technology were proposed, such as single
electron transistors (SET) [7], carbon nanotubes (CNT) [8] or single molecule tran-
sistors [9]. Especially in the field of organic materials new devices have proven their
applicability, such as the organic photovoltaic cell (OPVC) [10], the organic field-effect
transistor (OFET) [11] and the organic light emitting diode (OLED) [12]. Their per-
formance was massively improved since then [13-15]. All these devices were built of
thin films of organic materials. The advantages of organic semiconductors are their
lighter weight, the mechanical flexibility of organic devices and the simple and low
cost production via ink-jet printing, spin coating, or stamping [16]. Moreover, the
complex structure of molecules and the variety of interactions between them offers a
whole bunch of intrinsic functionalities which could be used in a variety of electronic
devices [17].

The ultimate miniaturization can be attained with devices build of single molecules.
In their famous paper, Aviram and Ratner [18] describe the possibility to use single
molecules in electronic circuits. Since then a lot of effort was dedicated to investigate
the electron transport through single molecules. One can separate the experiments car-
ried out into the following groups: scanning probe techniques (SPT), fixed electrodes
and mechanically formed molecular junctions [19]. In the SPT a scanning tunneling

microscope (STM) or atomic force microscope (AFM) is used to image, manipulate,
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contact and probe single molecules [20-23]. Fixed electrodes are made on insulating
substrates by electromigration, electrochemical etching or deposition [19]. Into the gap
between the electrodes molecules are deposited and conductance measurements can be
performed [9,24,25]. Mechanically formed break junctions are realized with either me-
chanically controlled break junctions (MCBJ) or by break junctions based on scanning
probe microscopy (SPM) [26-30]. It was found that the control of the exact molecule-
electrode contact geometry on an atomistic level during a measurement is very diffi-
cult [31]. As this contact is crucial for the conductance behavior, large variations in
the conductance measurements are observed [32]. As a consequence the transport mea-
surements of different studies vary substantially, even when the same electrode-molecule
system is observed [31,33,34]. In this thesis an experimental method will be presented
which overcomes at least partly this difficulty to control the junction. This was done in

the following way:

The metal-molecule-metal junction structure is controlled by attaching the tip of a scan-
ning tunneling microscope (STM) to a specific part of the molecule. The structure of the
junction formed in this manner has still a structural improbability. This is mainly caused
by the undefined tip structure. To limit the improbability of the junction structure the
noncontact atomic force microscope (NC-AFM) based on a qPlus sensor was used to
monitor the mechanical properties during the transport measurements. Using force-field
simulations these mechanical properties are connected to structural information. With
this structural information the transport measurements can be selected and sort into
categories (classes). In this way the structural control is enhanced. Further by scanning
tunneling spectroscopy (STS) the electronic structure of the molecules was probed. This
electronic structure was measured with the tip above the absorbed molecule or with the
tip in contact to the molecule to measure the so-called transport spectroscopy. In chap-
ter 2 the experimental techniques just mentioned are described as well as their specific

application in this thesis.

As the control over the junction is achieved, reproducible transport measurements were
carried out. To understand the transport behavior, the concepts of ballistic transport
and double barrier tunneling have to be introduced. It is found that the molecular
orbitals rearrange after contact formation with the metal electrode [32,35,36]. This
rearrangement characterizes the transport properties to a large extent. In chapter 3 the
concepts of ballistic transport and double barrier tunneling are presented, it is shown that
the charge transport through the molecule can be described by coherent double barrier

tunneling. Furthermore, the concepts of molecular vibrations and the Kondo effect are
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introduced.

As mentioned above the transport through the tip-molecule-substrate junction is de-
fined to large extent by the rearrangement of the molecular orbitals upon contact to
the metal [32,35,36]. When the molecule gets into contact, its electronic structure
changes. The orbitals are shifted and broadened [37,38]. The overlap of the molec-
ular orbitals with the substrate, i.e the coupling, then defines the transport behavior.
In chapter 4 a systematic study of the electronic spectra of four different molecules on
two different substrates is presented. Thereby an interesting electronic structure was
observed for the system NTCDA on Ag(111). It was found that the electronic structure
formed by NTCDA is composed of two distinguishable molecules within the submono-
layer. This structure was investigated by STS. It is suggested that the structure is
the result of the Kondo effect which was formally observed for the system PTCDA on
Ag(111) [39-41]. By comparing the experimental results to DFT calculations side peaks
in the scanning tunneling spectra were identified as originating from electron-vibrations

coupling.

To investigate the transport through the molecules the experimental approach described
earlier was used. A single molecule was isolated from the molecular island, contacted
with the STM tip with atomistic precision and finally lifted up and lowered down with
respect of the substrate. This routine is describe in chapter 5. In the first experiments
it was shown that one can simultaneously measure the conductance and the force of the
junction during this up and down movement of the molecule [42]. Later this technique
was improved and highly reproducible lifting and lowering cycles were realized [43]. The
highly reproducible transport measurement are remarkable considering that the tip was
oscillating to measure the force in the noncontact AFM mode simultaneously to the
STM measurement. The frequency shift was used to control the junction geometry and to
determine the adsorption energy for the system NTCDA /Au(111) and PTCDA/Au(111).
This was done by comparing the experimental data to simulations. By this the total
adsorption energy as well as the different interactions between the molecule and the

substrate are quantized.

Finally in chapter 6 the results of the transport measurements are presented. The four
m-conjugated molecules NTCDA, PTCDA, TTCDA and QTCDA were probed on the
two metal substrates Ag(111) and Au(111). By performing thousands of molecule ma-
nipulations large statistics for all the systems were collected and analyzed. It was found
that all experimental data can be split basically into two different classes of behavior.

The first one called class A is characterized by a strong Kondo resonance at the Fermi
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energy when the molecule is contacted by Ag(111) electrodes and a hysteresis in the force
and conductance data. Class B is characterized by a highly stable junction configuration
which provided maximum reproducibility. It is assumed that the different behavior of
the two classes is the result of a bistable versus a stable junction configuration, as a
consequence of different tip apex atoms. Apart from this separation into two classes it
was found that the conductance behavior is fundamentally different for the two electrode
materials Ag(111) and Au(111). Further a clear dependency of the conductance behavior
on the length of the molecule is observed. This is a consequence of the different degree of

bending of the molecules during the manipulation process.



2 Experimental methods

2.1 Introduction

In this thesis transport measurements on single molecules are presented. The measure-
ments are distinguished by high control and reproducibility. This was achieved by the

use of scanning probe microscopy (SPM).

In this chapter the theoretical concepts of the experimental techniques and the details
of the sample preparation are discussed. In the first part scanning tunneling microscopy
(STM), scanning tunneling spectroscopy (STS) and atomic force microscopy (AFM) are
presented. Further their application to our transport measurements is addressed. In
the second part the preparation of the crystal and the deposition of the molecules is
discussed. Finally STM images of the molecular islands are presented and the unit cells

of the investigated systems are determined.

2.2 Scanning tunneling microscopy

The basis of scanning tunneling microscopy (STM) is the tunneling effect. The first
experimental observation of the tunneling effect in the 1960s was on metal/oxide/metal
sandwiches [44-46]. This phenomenon was described by Bardeen’s perturbation theory
[47]. In 1981 Binnig and Rohrer invented the STM [48,49]; its theoretical description
was proposed by Tersoff and Hamann in 1983 [50,51].

2.2.1 The tunneling effect

If a particle hits a potential wall, and its energy FE is inferior to the energy of the
potential wall @, it cannot pass through it in a classical mechanics picture. In a quantum
mechanical picture the particle has a finite probability to pass through the wall (see Fig.

2.1). This phenomenon is called the tunneling effect, a consequence of the wave-like
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nature of a particle. The particle is described by a wave function ¥, which must be
continuous. Inside the barrier the wave function decays exponentially. On the other
side of the barrier the wave function must still be continuous, hence there is a finite

probability for the particle to tunnel through the barrier.

N
............................ >

E z

Figure 2.1: Tunneling barrier and wave function of a particle hitting a barrier. In the
upper part the tunneling barrier with height ® and width 2z and the incoming
particle with energy E is sketched. In the lower part the particle’s wave
function with the exponential decay inside the barrier is sketched.

The probability to pass a barrier is given by the Schrédinger equation. For a particle of
mass m with an energy E hitting a barrier of energy ® and width z , the transmission

probability is given by:

T L 2.1)

D2sinh( 727”(:2715) z)
IE(—E)

The transmission probability decays exponentially in the tunneling barrier, depending on
the effective tunneling barrier height (® — F) and the barrier width z. The first tunneling
experiments were performed on planar metal/oxide/metal tunneling junctions [44-46].

Applying a bias voltage V' the tunneling current was measured. It was found that the
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tunneling current I is proportional to e2%*, with the decay constant x = 4/ %W,

PL+Pr—cV
2

where the effective barrier height is given by the work functions of the two

metals @1, and P (see Fig. 2.2).

E.

Figure 2.2: Tunneling barrier of width z between two planar metal electrodes with the
work functions @1, and &g and Fermi level Fr. The bias voltage V is applied
between the two metal electrodes.

2.2.2 Bardeen’s theory

John Bardeen presented in 1961 a description of the tunneling effect between two planar
electrodes [47]. It is based on a time-dependent perturbation theory. The tunneling

current can be expressed as follows:

2me
==
h

v

[f(En) = f(By = eV)]|Myu|*6(E, — Ey) (2.2)

This is a sum over all states ¥, and ¥, of the electrodes, where f(E) is the Fermi
function, e is the charge of an electron and V' is the bias voltage applied to the electrodes.
M,, ., is the tunneling matrix element between the two states ¥, and ¥,, which have
eigenenergies F,, and E,. This tunneling matrix is an integral over a surface within the
tunneling barrier, which represents the overlap of the two states ¥,, and ¥,. The matrix

element is given by the following expression:

N .
M,, = —(%)/ds * (UEVT, — U, VT) (2.3)
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As mentioned above, equation 2.2 is the sum over all states ¥, and ¥, of the electrodes.
This sum can be substituted by an integral by defining the density of states (DOS) p(E),
which is the number of states per unit interval of energy. Equation 2.2 can than be

written as:

2me [+ 9
I'=—= [f(e) = fe—eV)][M7|pp(€) pr(e — eV)de (2.4)
—00
This equation can be simplified as the Fermi function can be represented by a step

function at low temperatures:

2re [V,
I'=—= |M=|pL(EF + €)pr(Er + € — eV)de (2.5)
0

The tunneling current is thus function of the density of states (DOS) of both electrodes
multiplied with the tunneling matrix element, which describes the overlap of the elec-

tronic states.

2.2.3 Tersoff-Hamann theory

In 1983 after the advent of the scanning tunneling microscope (STM) the theory of
Bardeen was applied to the system of a tip (a sharp wire) and a sample (planar electrode)
[50,51]. Taking the limits of low temperatures and small voltages, as are typically used

in STM, the tunneling current is given by:

2T

sze

V> My, *0(E, — Er)d(E, — Eg). (2.6)
v

By further assuming that the STM tip apex is composed of an s-orbital the tunneling
matrix element can be estimated and the tunneling current can be expressed in the

following way:
Ep+eV
I / (7o, €)de 2.7)
Er

with the local density of states (LDOS) p(79,€), which is the density of states of the

sample at the position 7y of the tip. If the assumptions just mentioned are fulfilled the
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tunneling current is proportional to the local density of states (LDOS) near the Fermi
energy. To get a STM image which only shows the modulus squared of the sample wave
functions at the Fermi energy and none of the spatial derivatives, it is essential to have a
tip with an s-orbital [52-55]. In this way the STM image shows the lateral distribution
of the LDOS at the sample surface.

2.2.4 The scanning tunneling microscope

The scanning tunneling microscope (STM) was invented by Gerd Binnig and Heinrich
Rohrer in 1981 at IBM Ziirich [48,49]. It allows the imaging of conducting surfaces with

atomic resolution [56-58].

In Fig. 2.3 a schematic representation of a STM is shown. A sharp metal wire, hence-
forth referred to as the tip, is scanned above the sample surface at a distance of a few
A. This motion is controlled by three piezoelectric elements. A voltage is applied be-
tween tip and sample and the resulting tunneling current is measured. This tunneling
current depends exponentially on the distance between tip and sample surface. Con-
sidering typical work function values the rule of thumb is that for one additional A the
current drops by one order of magnitude. Two scanning modes are usually used for

imaging:

constant current mode The feedback loop is set such that the tunneling current between
tip and sample is constant. In this way the tip follows the contour of a constant
density of states (DOS). The signal retrieved from this mode is the vertical position
of the tip, which allows a topographic image to be displayed.

constant height mode The feedback loop is set such that the distance between tip and
sample is constant. The tunneling current measured in this mode as a function of

the lateral tip position is used to make an image.

The STM used for the experiments presented here is the commercial Besocke beetle type
LT-STM/AFM produced by SPS-CREATEC GmbH [59]. It is operated at low temper-
atures (Tgample ~ 5 K) under ultra high vacuum (UHV).

2.2.5 Preparation of the tip

We used a tip made from Pt/Ir wire with a diameter of 15 pm (see Fig. 2.4). The inert

platinum-iridium was chosen instead of tungsten, as it oxidizes much less and is thus
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Piezo control signal

Piezo
DSP
Amplifier
Tip Data processing
and display

Figure 2.3: Schematic representation of a scanning tunneling microscope (STM). A sharp
wire (tip) is scanned at a few A distance above the sample surface. This mo-
tion is controlled by piezoelectric elements. A bias voltage is applied between
tip and sample and the tunneling current is measured. Two scanning modes
are usually used. constant current mode and constant height mode.

more stable over a long period of time [60,61]. This was especially important as the tip
could not be annealed inside the vacuum chamber once glued to the qPlus sensor. The
tip was prepared by a focused ion beam (FIB) [62-64]. This was done with the help of
D. Park and J. Mayer from RWTH Aachen. The working principle of a focused ion beam
(FIB) is as follows:

Similar to a scanning electron microscope (SEM) a beam of particles is accelerated by
applying a strong electric field [65]. In the case of FIB, gallium ions (Ga™) are used,
in contrast to electrons used in SEM. Typically the gallium ion beam energy is in the
range of 10keV to 50keV. The FIB can be used for imaging, sputtering and deposition.
A tip which is in a vacuum chamber (= 10~" mbar) can be sputtered by the beam. For
this purpose high beam energies are used. When the ion beam hits the tip, the ions
transfer their energy to the electrons and atoms of the target. By this tip material is

removed.

Before imaging the surface or manipulating a molecule the tip apex structure had to be
refined. This was done by dipping the tip carefully into the crystal. Typical parameters

for this vertical manipulation of the tip are a voltage of 0.1V and a displacement from the

10
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x1000 SkU
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Figure 2.4: SEM image of a Pt/Ir wire with a diameter of 15 pum cut by FIB. This is the
Pt/Ir tip used for the transport measurements presented in this thesis.

stabilization point of 10 A. By this procedure the apex of the tip was covered by the metal
atoms of the sample crystal. This dipping procedure was repeated until the tip was sharp.

Sharp manifesting as superior contrast in STM images.

2.2.6 Imaging and manipulation of single molecules with STM

In the experiments presented in this thesis the STM was used to image and manipulate
molecules on metal substrates. The imaging and manipulation procedure as used in this

work are described in this section.

The samples were prepared for the experiments by deposition of organic molecules onto
metal substrates (see section 2.5). By annealing the sample after the deposition molecular
islands would form. Ideally the molecular islands covered the metal substrate by 10 %
to 30 %. In this way sufficient molecules and clean metal space for tip preparation were
available. The tip preparation was crucial as only a clean and sharp metal tip would
allow reproducible transport measurements. To measure the transport through single

molecules, first the molecule had to be isolated from a molecular island and then secondly

11
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dragged with the STM tip a few nm away from the island border [42,43]. Furthermore the
single molecule had to be at a sufficient distance from any defects to perform transport

measurements.

After a sample preparation the sample was brought into the STM chamber and the
tip was approached towards the surface. Then the system was given time to find its
thermal equilibrium which was around 5°K. This usually took about 12 hours. This
was necessary as the feedback loop was open during the transport measurements and thus
the drift had to be minimized as much as possible. After this the sample was scanned
until an overview scanning image of 3200 A x 3200 A (see Fig. 2.5a) showed the desired

molecular coverage of 10% to 30 %.

Within this large overview scan a smaller scanning image of about 200 A x 200 A (see
Fig. 2.5b) was scanned. This smaller scanning image typically showed a molecular island
border and free metal substrate. From this molecular island border a single molecule
could then be isolated. This detaching procedure of the molecule was done by a lateral
manipulation with the tip. For this purpose the feedback loop was closed. Typical lateral

manipulation parameters were:

e tunneling current I = 50nA
e bias voltage V = 10mV
e preamplifier gain G = 10" V/A
The lateral manipulation was done in the following way:

e molecule S jutting out of the border was chosen within the 200 A x 200 A scanning

image
e two points A and B were chosen
e point A was the position of one of the carboxylic oxygen atoms of molecule S

e point B was the position where to drag molecule S, typically around 100 Ato150A

away from the molecular island border
e tip displacement in z-direction (vertical to the sample) was chosen
e tip moves laterally to point A, vertically towards the carboxylic oxygen

e by transferring a molecule-substrate bond to the tip the molecule is bound to the

tip

12
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e tip moves laterally to point B and then vertically to the stabilization height breaking
the tip-molecule bond

After this manipulation procedure the molecule usually was at point B (see Fig. 2.5¢).
However this detaching procedure was not always successful. The success rate depended
on the type of molecule and metal substrate. It also happened that the molecule was
not moved at all, broke during the lateral manipulation, jumped onto the tip or sev-
eral molecules were moved to point B. Critical parameters for a successful manipulation
were the atomistic shape of the tip, the extent to which the molecule jutted out of
the island (the more the better) and the lateral manipulation parameters. Of particu-
lar importance were the exact contact point and the height at which the molecule was

dragged.

These manipulation parameters varied for each type of molecule, as well as for the two
metal substrates used, Ag(111) and Au(111). With silver electrodes it was generally
easier to isolate a molecule. The reason is the stronger covalent bond between the silver
and carboxylic oxygen atom, compared to the gold and carboxylic oxygen atom. The
higher success rate for bigger molecules was probably due to the fact that it was less
likely that they jumped onto the tip during the manipulation. The reason could be, that
the aggregate position of the four highly reactive carboxylic oxygen atoms is larger for
a long molecule. Also the shape of the tip influenced the manipulation parameters. A
sharp tip, as was also preferable for imaging made a lateral manipulation more likely to

be successful.

When a molecule was successfully detached from the island the system was given five
minutes to minimize drifting of the tip because of piezo creep. Then the transport mea-
surement could start by contacting the single molecule with the tip and performing verti-
cal manipulation [39,40,42,43]. The details of this vertical manipulation for the transport

measurements are described in the chapters 4 to 6.
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() (d)

Figure 2.5: Creating a single TTCDA molecule on Ag(111). (a) Large overview scan
with two TTCDA islands in the lower left and center left of the image.
3200 A x 32004, 0.1nA, 278 mV. (b) TTCDA island border. The line in-
dicates the path of the lateral manipulation. Point A and B are the starting
and endpoint of the manipulation as described in the text. 200 A x 200 A,
0.1nA, 278mV. (c¢) Same TTCDA island border as in (b) and detached
single TTCDA molecule. 200A x 2004, 0.1nA, 278mV. (d) The detached
TTCDA molecule. 50A x 50 A, 0.1nA, 278 mV.
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2.3 Scanning tunneling spectroscopy

As was shown in equation 2.7 the first derivative of the tunneling current, i.e. the differen-

tial conductance, is proportional to the local density of states (LDOS):

dl

2y (&) (7o, €) (2.8)

at the position 7 of the tip with the energy € = eVj,as, where Vyyas is the voltage applied
between tip and sample. This proportionality is used in scanning tunneling spectroscopy
(STS) to probe the LDOS of a surface. In comparison to other spectroscopic methods
such as photo emission spectroscopy (PES), with STS it is possible to probe the filled as
well as the unfilled states of a sample. Also, in STS the sample can be probed locally, i.e.
a single molecular entity can be probed [66—69]. In contrast to this in PES the signal is
integrated over a large area of typically several pm, with some techniques as nano-ESCA

reaching spatial resolution in the order of 100 nm [70,71].

2.3.1 Working principle of the STS

The STS allows to measure current-voltage (I — V) characteristics. This is done by
measuring the tunneling current I between tip and sample as a function of the bias
voltage V. By STS information about the local density of states (LDOS) at the surface
of a sample is gained [72].

A scanning tunneling spectra is obtained by placing the tip above the spot to be probed,
e.g. a molecular orbital. Then the feedback loop is opened. This allows the tip to remain
in the same position during the measurement. For the measurement the bias is swept
through an interval of typically £1eV to £2eV. At higher bias voltage the risk of a tip
crash increases and field emission might set in [73]. Ideally the tip is prepared such that
it has no features in the DOS of the energy range probed, i.e. its density of states (DOS)
is constant. This has to be checked before probing a molecule by doing a STS on clean
metal. The (111) surfaces of noble metals are known to have a Shockley surface state [74].
Probing such a metal surface, the most prominent feature in the spectra should be the

surface state (see Fig. 2.7).

In Fig 2.6 a schematic representation of a tunneling barrier with an applied bias voltage
Vbias is shown. Electrons tunnel from the tip to the sample. The electrons can only

tunnel into empty states of the sample within the energy range Er to Er + eV. The
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higher the energy difference between the electron in the tip and the Fermi energy of the
sample, the higher the probability for the electron to tunnel from the tip to the sample
(indicated by the red arrows).

E

E
¢t vac
E, > B
ievbias — EF
tip
~ \/|sample
local density

of states (LDOS)

Figure 2.6: Schematic representation of a tunneling barrier with an applied bias voltage
Vbias- The electrons tunnel from filled states in the tip to empty states in
the sample in the energy range Er to Er + eV. ¢s and ¢ are the work
functions of the sample and the tip, i.e. the energy difference between the
Fermi energy Fr and the vacuum energy Ey,.. The differential conductance
dI/dV measured in STS is proportional to the local density of states (LDOS)
on the sample at the position of the tip.

2.3.2 Spectroscopy at bare metal surfaces

As discussed before the shape of the tip apex atom orbital influences the tunneling current
significantly [52-55]. To minimize this influence the apex tip atom orbital desired for STS
should be an s-orbital. To check the shape of the tip apex atom orbital a spectrum is
taken from the (111) surface of the noble metal. The tip is prepared until the STS of the
metal has the Shockley surface state as its most prominent feature. In Fig 2.7 two spectra
measured on the bare Ag(111) and Au(111) samples are shown. The spectra taken on the
Ag(111) sample shows a surface state at —65mV (see Fig. 2.7a) as was found by Burgi
et al. [75]. The measured surface state of the Au(111) sample is with —490mV (see Fig.
2.7b) in the energy range as reported earlier [76,77].

16



2 Experimental methods
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Figure 2.7: Scanning tunneling spectra of the bare Ag(111) and Au(111) samples. (a)
The STS of Ag(111) shows the Shockley surface state at —65mV as was found
earlier by Burgi et al. [75]. (b) The ST'S of Au(111) shows the Shockley surface
state at —490mV which is within the energy range of experiments reported
earlier [76,77].

2.3.3 Electron-vibration coupling in STS

In chapter 4 electron-vibration coupling will be discussed. Therefore its influence on
scanning tunneling spectroscopy is worked out here. When a molecule is probed by STS
and electron-vibration coupling is observed, then the LDOS p(7, €) at the position 7 of
the tip will change. This change is observed at the vibrational threshold € = er + A2
which is defined by the frequency €2 of the molecular vibration [78]. This can be expressed
by the following equation:

p(Fo0,€) — plFo,€) + p(F,€) (2.9)

with the change of the LDOS dp(79,€). This change of the LDOS has a continuously
varying part and a discontinuity at the vibrational threshold A£). When it is assumed
that there is only one vibrational mode €, this discontinuous part can be called Ap(7).
This discontinuous part of the LDOS results in a discontinuity 7(7) in the differential

conductance:

(7o) = Ao (7o) /o (70, €) (2.10)
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with the differential conductance o = dI/dV at the position 7 of the tip at the vibra-
tional threshold € = ep + AQ). The discontinuous part of the change of the LDOS Ap
can be separated into two contributions - an inelastic contribution Api,e (see Fig. 2.8a)
which is characterized by the excitation of a real vibron with energy A2 and an elastic
contribution Apyg (see Fig. 2.8b) which is characterized by the emission and readsorption

of a virtual vibron:

Ap(70) = Apinel(70) + Aper (7o) (2.11)
E E
E. E, > >
hQ < —_reabsorption
/ of phonon
emission
of phonon
tip molecule sample tip molecule sample

(a) (b)

Figure 2.8: Tunneling processes by electron-vibration coupling. a) In the inelastic process
the electron loses energy by emitting a vibron. b) In the elastic process the
energy of the electron in conserved.

The discontinuous part of the change of the LDOS is responsible for the step in the
differential conductance dI/dV at the vibrational threshold ¢ = AQ. This is depicted
in Fig. 2.9. At the vibrational threshold a step in dI/dV is observed, which results
from the additional tunneling channel opening as the vibron of energy e = A is ex-
cited.

The LDOS of the electron eigenstate can be expressed as follows:

p(Fo,€) = Y [(ulFo) > * 8(e — €u) (2.12)

with the initial eigenstate in the tip |7) and the final eigenstate in the sample (u|. If a

transition to a electronic state |\) is allowed because of electron-vibration coupling, then
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di/dv

inelastic

elastic

I >V
hQ

Figure 2.9: As the vibrational threshold is reached an additional tunneling channel is
opening, resulting in a step in the differential conductance. This step in the
differential conductance is determined by the discontinuous part of the change
of the LDOS Apincl(FO)-

the LDOS can be expressed as:

e =TI Y P P s e (213

where ve is the effective one-electron potential and ey the energy of the electronic
state. This transition is depicted in Fig. 2.10a. With this, the inelastic contribution
can be expressed as was shown by Lorente et al. [78], based on the work of Caroli et
al. [79]:

V' | A7
Apinai(7o) = 6Q? Z | Z - i 729‘— o |+°ZO+| % 0(er — €,) (2.14)

with the electron-vibration coupling, v, which is the first derivative of the effective one-
electron potential, veg, regarding the vibrational displacement @, and 6Q? = h/(2MQ)

the mean-square amplitude of @) and the mass M.

For the elastic contribution Lorente et al. [78] derived the following equation:

Apa(io) = =20Q* Y " |m > (ulv/ N (Al7o) % (€ + hQ — €3)*  (ep —€,)  (2.15)
s A
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Figure 2.10: Electronic transition by electron-vibration coupling. a) The inelastic con-
tribution is characterized by a virtual transition. The electron loses energy
by emitting a vibron. b) The elastic contribution is characterized by a real
transition to an electronic state. The electron loses no net energy between
tip and sample.

This is depicted in Fig. 2.10b. In the elastic contribution the electron loses no energy be-

tween tip and sample. The transition through the electronic state |\) is real.

2.3.4 The lock-in amplifier

To measure the differential conductance a lock-in amplifier was used. Lock-in amplifiers
are able to measure very small AC signals down to a few nano volts [80]. These mea-
surements are possible even if the signal is covered by large noise. This is done by a
technique called phase-sensitive detection. Its basic operating principle is to filter out
parts of the signal at a known reference frequency and phase, the rest of the signal is

then suppressed.

This is done by superimposing a voltage modulation on top of the bias voltage applied
to the tunnel junction (see Fig. 2.11a). The resulting tunneling current through the
junction, the modulation signal, is amplified and multiplied with a reference signal of
the same frequency f as the modulation signal but shifted by the phase ¢ (see Fig.
2.11b). This product of the signals is integrated by a low pass for the time T'C. The
resulting averaged signal is a DC signal proportional to the initial tunneling current if
the frequency f of the modulation and the reference signal are of the same frequency. By

a sensitivity S the gain to amplify this DC signal is defined. To get absolute differential
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conductance values this resulting signal has to be calibrated using the tunneling current,

this is explained in the next section.

(@ | A

modulation

signal

S

(b)

modulation signal

bias voltage Y

modulation

reference signal

Figure 2.11: Working principle of the Lock-in amplifier.

phase
shift
(0]

reference signal
X
modulation signal

low pass

TC, S

DC signal

(a) A voltage modulation is

superimposed to the bias voltage V. The resulting current I is called the
modulation signal. (b) The modulation signal is multiplied with a reference
signal of the same frequency f as the modulation, but shifted by the phase
¢. The multiplied signal is integrated by a low pass which results in a DC

signal.

To get a good signal-to-noise ratio the parameters of the modulation and the reference

signal had to be carefully chosen. The frequency f of the modulation and reference signal

had to be chosen such that it did not match the noise in the tunneling current signal. In

the course of this thesis the frequency was changed several times, as the noise condition

of the whole setup changed. The increasing quality in the transport measurement was to

a great extent a consequence of the ability to use smaller and smaller frequencies. At the

beginning high frequencies of about f ~ 5kHz were used. As the noise conditions became
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better smaller frequencies of f < 1kHz were used. The use of smaller frequencies made
the transport measurements less noisy, as the crosstalk with the qPlus sensor oscillating
at fo = 30300Hz was reduced (see section 2.4).

The amplitude A of the modulation was constant during all the measurements. The phase
of the reference signal ¢ with respect of the modulated tunneling current signal had to
be adjusted each time the preamplifier gain G' was changed (typically G = 107 V/A
or 103V/A), such that the signal-to-noise ratio was maximized. The time constant
TC defines the time the signal gets integrated in the low pass filter. The higher the
frequency was the shorter the time constant could be. It was chosen such that there was
no hysteresis in the resulting signal. The lock-in amplifier S was chosen in a way that

the resulting signal used the whole range of the DAC.

The commercial Stanford Research Systems SR830 DSP Lock-in Amplifier was used in
this thesis to measure the differential conductance (dI/dV). To measure the second
derivative of the differential conductance d21/dV? a second lock-in amplifier of the same
type was connected to the first lock-in amplifier in series. The following parameters were

the ones used most of the time for the experiments:

e modulation amplitude A = 5mV

e modulation frequency f = 933.3 Hz

e phase ¢ = —30 with preamplifier gain G = 103V /A
e sensitivity of first lock-in S; = 500mV

e time constant of first lock-in T'C; = 3 ms

e sensitivity of second lock-in S = 50 mV

e time constant of second lock-in T'Cy = 30 ms

2.3.5 Calibration of the lock-in amplifier

The lock-in amplifier puts out the differential conductance in DAC values. We want
to display the differential conductance data in units of the quantum of conductance
Go = 2e%/h. This quantum of conductance is derived from the Landauer formalism
[32,81]. To display the data in units of the quantum of conductance a conversion factor

a was derived from spectroscopic measurements.
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This was done by measuring a scanning tunneling spectrum. The measured tunnel-
ing current I was numerically differentiated with respect to the applied bias voltage.
This derivative of the tunneling current must be identical to the differential conduc-
tance dI/dV from the lock-in amplifier. With a conversion factor a the two signals
can be matched. This conversion factor a depends on the preamplifier gain G and the
gain of the lock-in amplifier (sensitivity) S. It can be calculated by following equa-

tion:

a(G, S)[Go/DAC] = %[V/DAC] « 12900[A/ V] * 200[Go/A?] é[A/V] « S[V]. (2.16)

With the conversion factor a the conductance values are converted from DAC units to
Go = 2¢2/h units:

dl dl

— = DA —[DAC]. 2.1

2L Gol = (G, 5)[Go/DAC] » T [DAC] (217)
To rule out other influences on the factor a the calibration routine was repeated every few
weeks. Apart from the just mentioned dependency on the preamplifier gain and the gain

of the lock-in amplifier no fluctuation of o was observed.

2.4 Noncontact atomic force microscopy

The atomic force microscope (AFM) was invented in 1986 by Gerd Binnig, Calvin Quate
and Christoph Gerber [82]. It allows to image conducting as well as non-conducting
surfaces with atomic resolution [83-86]. The surface is probed by measuring the deflection

of a force sensor.

The setup we use is the combined LT-STM/AFM from SPS-CREATEC GmbH [59]
mentioned earlier. This means that almost all the components are shared by the STM
and the AFM. This is realized by the use of a qPlus sensor as force sensor (see Fig.
2.12(a)), a tuning fork to which the Pt/Ir tip is glued [87].
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2.4.1 Working principle of the AFM

The force sensor is scanned by piezoelectric elements above the sample. In dependency
of the lateral position the force signal is measured. With this force signal an image
can be made. In our setup we use a qPlus sensor, which allows us to perform STM
and AFM measurements simultaneously. In Fig. 2.12b the qPlus sensor setup is shown
schematically [87]. The qPlus sensor consist of a commercial tuning fork with two prongs
of length L = 2.4mm. To one of the prongs (blue electrode) the tip is connected.
The tunneling current is measured at the sample. The deflection of the force sensor
is measured by piezoelectric detection between the two prongs of the tuning fork [88].
The advantage of this piezoelectric detection in comparison with light detection is the
lower temperature of the setup, as the sensor does not get heated up by photon bom-
bardment. The gPlus sensor is made of quartz material and thus has a high stiffness
(ko ~ 1800N/m) compared to silicon cantilevers [88]. This allows oscillations at small
amplitudes, which in turn enables high resolution measurement of the short-range forces.
Furthermore the small amplitudes allow tunneling current to be measured, next to the

deflection.

The gPlus sensor deflection is influenced by attractive and repulsive forces [89]. The
attractive forces are van der Waals interaction, electrostatic forces and chemical forces.
The repulsive forces are hard-sphere repulsion, Pauli exclusion interaction and electron-
electron Coulomb interaction. The forces acting on the qPlus sensor result in a frequency
shift Af of the tuning fork resonance frequency fy. This frequency shift Af is propor-
tional to the derivative of the forces acting on the qPlus sensor. This can be expressed
as follows [42]:

&PV fo  dF. fo

Af=—_720 _
f dZQ 2]{?0 dz Qk/'o

(2.18)

with the potential energy of the junction tip-sample V', the vertical component of the force

F,, the distance tip-sample z and the spring constant kg.

The resonance frequency fo depends critically on the weight of the tip attached to the
quartz fork. The tuning forks used for the qPlus sensor have a resonance frequency of
foare = 32768 Hz [88]. With the Pt/Ir tip the force sensor used for this thesis had a
resonance frequency of fy = 30300 Hz. The frequency was checked every few weeks, the

observed fluctuation was very small in the order of +5Hz.
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Figure 2.12: The qPlus sensor. (a) Three qPlus sensors with different tips glued to them.
(b) Schematic representation of the qPlus sensor and the wiring for the
simultaneously measurement in the STM and AFM mode (from reference
[87]).
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2.4.2 Controlling the junction with the AFM

The AFM was used in the experiments to control the geometry of the tip-molecule-
substrate junction. This was done by measuring the frequency shift Af of the qPlus
sensor and comparing it to simulations (see chapter 5) [43]. In order to perform the
vertical manipulation of the molecule with an oscillating tip, it was crucial to have a
small oscillation amplitude A,eq;. On the other hand the oscillation had to be large

enough to get a good signal-to-noise ratio.

In contrast to the tunneling current measured by STM, the forces measured by AFM
are long-ranged. It is therefore even more important to have a sharp tip for force mea-
surements, such that only the local interaction is measured. It is possible that a tip has
good STM properties, but bad AFM properties. The quality of the tip within respect of
the frequency shift measurement was judged upon the frequency shift at the stabilization
point. A tip was considered as good, when its frequency shift Af at the stabilization
point was 5Hz or less. To get such a tip, it was sometimes necessary to dip the tip up
to 100 A into the substrate.

To check the performance of the AFM measurement a calibration had to be done at
least each time the sample or the sensor had been moved. This was necessary since
the performance depended critically upon the exact contact geometry between the qPlus
sensor and the body of the LT-STM/AFM. The calibration was made by scanning the
resonance curve of the force sensor. A resonance curve with no side peaks was re-
quired. If there were side peaks, next to the resonance curve, the qPlus sensor had to
be repositioned by the nitrogen cooled manipulator. After repositioning the resonance
curve was checked again. If side peaks appeared again the procedure was repeated once

more.

The amplitude of the oscillation A,e, was kept constant during a measurement by the
feedback loop. This amplitude Ayea was set in the software with Agt. The relation
between Aget and Apen varied over time, as it depended on uncontrollable parameters.
This made it necessary to carefully determine this relation every time an experiment
was performed by making a calibration as described by Simon et al. [90]. In this way
the real oscillation of the qPlus sensor Aye, was known during a measurement. It was
found that a threshold of the oscillation existed under which the frequency shift was not
measured properly during a vertical manipulation. This threshold was at Aget = 0.4mV.

The real amplitude Ayea corresponding to this amplitude fluctuated between 0.2A to
0.4A.
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The typical AFM parameters set in the software which were used for the manipulation

experiments presented in chapter 6 were:

e oscillation amplitude Aget = 0.4 mV
e resonance frequency fo = 30300 Hz
e resonance phase ¢ = —150

e maximum frequency shift A fiax = 100 Hz

2.5 Sample preparation

In this section the experimental details of the sample preparation are presented. First, the
different sample preparation routines for the Ag(111) and Au(111) crystal are discussed.
Then the method used for the molecular deposition, which is based on a deposition from
the sample storage, is presented. In the last part STM images of the molecular islands

are presented and discussed.

2.5.1 Preparation of the crystals

The preparation of the samples was carried out in a preparation chamber at ultra high
vacuum (UHV) which was separated from the STM chamber. The crystals were pre-
pared by sputtering and annealing cycles. The preparation procedure of the Ag(111) and
Au(111) crystals differed. In table 2.1 the preparation parameters are listed.

The sputtering was done by bombardment of the crystal with ArT ions. For both metals
an energy of 800eV was used for about 20min. The annealing procedure for the two
metals differed. The annealing of the Ag(111) sample was done at a temperature of
820K for 30min. The Au(111) sample had to be annealed first for 20min at 700K
and then for a longer period of 60min at 450 K. In this way the surface herringbone
reconstruction was rebuilt [91]. These preparation cycles were repeated one or several

times depending on the cleanliness of the sample.
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Sample  Stime [Min]  Senergy [€V]  Atime [min]  Atemp [K]

Ag(111) 20 800 30 820
20 700
Au(111) 20 800 p 150

Table 2.1: Typical parameters used for the preparation of the Ag(111) and Au(111) sam-
ples. Both samples were sputtered with Ar* ions for Sime = 20min with an
energy of Senergy = 800€V. The annealing of the silver sample was done for
Atime = 30min at Atemp = 820K. The gold sample was first annealed for
20min at 700 K. The long annealing period Atime for the Au(111) sample at
Atemp = 450 K afterward is necessary to rebuilt the surface herringbone recon-
struction [91]. These preparation cycles were repeated several times depending
on the cleanliness of the sample.

2.5.2 Deposition of the molecules

Once a sample was cleaned molecules were deposited on it. The molecule deposition
procedure did not depend on which metal it was deposited. The molecules were evapo-
rated from a crucible which was mounted on a sample holder. This sample holder was
placed on the sample storage. The crucible was heated by applying a voltage to the
button heater. To deposit molecules a metal crystal was moved above the crucible with
a manipulator for the deposition time t4epo and then removed. By using a quadrupole
mass spectrometer (QMS) the molecular flux was controlled during the whole deposition

process.

The crucible on the sample holder had the advantage that the molecular powder in the
crucible could be changed easily by transferring a sample holder with another powder
from the outside into the vacuum chamber. Also it offered the ability to work with
a very small molecular flux, as the crystal could be brought into close proximity of
the crucible (3cm to 4cm). This was especially of importance for the deposition of
TTCDA and QTCDA as the total amount of molecular powder available was very lim-
ited.

For the experiments a submonolayer coverage of molecules was needed, with the molecules
assembled in molecular islands. The coverage was controlled by two parameters, the de-
position time fgepo and the crucible temperature Tyyen. To form molecular islands the
molecules had to diffuse on the crystal after they were deposited. This was done by
annealing the sample after the deposition for t,,, = 60s to a annealing temperature

Tonn = 470K. During the deposition the crystal was kept at room temperature to
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prevent contamination by the adsorption of the residual gas in the preparation cham-
ber.

Another important parameter is the pressure Ppc in the preparation chamber during the
deposition. This pressure is an indicator for the molecular flux as well as the cleanliness
of the molecular powder. In table 2.2 the parameters just described, used for our depo-
sitions, are listed. The pressure Ppc in the table refers to the pressure measured at the

end of the deposition process.

Molecule  Toven [K]  tdepo [s] Ppc [mbar]

NTCDA 500 5 6E-10
PTCDA 570 60 1E-09
TTCDA 710 10 3E-08
QTCDA 690 1800 8E-10

Table 2.2: Typical parameters used for the deposition of molecules. The deposition was
realized by moving a metal crystal for the deposition time t4cp, above a cru-
cible. The crucible was mounted on a sample holder and heated to Tiyen by
applying a voltage to a button heater. By long annealing cycles of the cru-
cible, the pressure in the preparation chamber Ppc was kept low during the
deposition. By this a clean submonolayer of molecules was prepared.

The deposition of NTCDA and PTCDA was a very clean process, i.e. almost no contam-
ination was found on the sample after deposition. Also almost no defects were found in
the molecular islands. This suggests that the molecules did not decompose upon heat-
ing. The TTCDA islands usually showed more defects. Also the islands borders were
contaminated by other types of particles. But the amount of impurities was still small
enough to perform the experiments described later. In contrast the QTCDA evaporation
was accompanied by the deposition of a large amount of another type of particle. These
particles could be fragments of QTCDA or a contamination in the molecular powder. It
is possible that some of the molecules decomposed during the heating of the crucible.
Also one could imagine that particles in the powder could be a side product of the

synthesis.

To reduce the flux of this second type of particle the deposition temperature Tgep, Was
kept as low as possible. The consequence was a very long deposition time for QTCDA.
Nevertheless, it was not possible to find a temperature at which only intact QTCDA
molecules were evaporated. Long annealing cycles of the crucible did not clean the de-

position process. On the Ag(111) crystal the second type of particle could be separated
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from the QTCDA molecules by annealing. Both particle species agglomerated in indi-
vidual islands. This made it possible to investigate QTCDA on Ag(111). In the case of
the QTCDA deposition on Au(111) it was not possible to separate the molecules from
the fragments by annealing (see Fig. 2.14d).

2.5.3 The molecular islands

After the preparation the coverage and the cleanliness of the sample was checked. A good
sample was considered to have a coverage of about 10% to 30 % of molecules arranged
in islands. This low coverage was necessary to have enough space of clean metal on
the sample to make tip preparations. A perfect tip shape was the prerequisite for the

molecule manipulations as discussed in chapter 6.

In Fig. 2.13 four molecular structures as they were imaged by STM on Ag(111) are shown.
The red parallelograms depict the unit cells which will be discussed in the following. In
Fig. 2.13a an ordered structure of NTCDA/Ag(111) is show. It is characterized by two
types of molecules with different electronic structures (for more details see chapter 4).
The molecules are arranged in a brick-wall-like structure in this commensurate phase
as was observed earlier [92]. Next to this two more phases were observed which are
not shown here, but discussed in details in section 4.4. The lattice parameters of the
commensurate phase determined by STM are a = 15.1A, b = 12.1 A and o = 91°. This
is in good agreement with the lattice parameters found by Stahl et al. [92] with STM and
LEED: a = 15A, b = 11.6 A and o = 90°. Fig. 2.13b shows PTCDA/Ag(111) imaged
with a bias voltage of V' = —340mV. The two bright lobes, i.e. the highest density of
states (DOS), are in the region of the hydrogen atoms. The contrast seen here is caused
by the lowest unoccupied molecular orbital (LUMO) [66]. This herringbone structure
has the lattice parameters @ = 17.8 A, b = 13A and o = 93°. This results in a slightly
smaller unit cell than the ones reported of earlier by Glockler et al. [93], determined by
LEED and Kilian et al. [94], determined by SPA-LEED. They found the following lattice
parameters: @ = 19A, b = 12.6 A and o = 89°. In Fig. 2.13c an ordered structure of
TTCDA/Ag(111) is shown. The molecules are arranged in a square phase, with four
molecules in the unit cell. The molecular layer is interspersed with defects. The lattice
parameters determined from STM are a = 27.9A, b = 26.6 A and o = 98°. Usually the
borders of the TTCDA islands are populated by defects, which had to be removed by
tip manipulation before accessing the TTCDA molecules and performing the experiments
discussed in chapter 6. Fig. 2.13d shows QTCDA /Ag(111) which is forming a herringbone
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structure similar to PTCDA /Ag(111). The amount of defects in the island is smaller than
in the TTCDA islands on Ag(111). This results as QTCDA could be separated from the
defects by annealing on Ag(111). The lattice parameters of the QTCDA/Ag(111) unit
cell are @ = 23.3A, b = 19.4A and a = 92°. No earlier measurement with TTCDA or

QTCDA molecules was found in literature.

In Fig. 2.14 four ordered molecular structures as imaged by STM on Au(111) are shown.
The red parallelograms depict the unit cells which will be discussed in the following. In
Fig. 2.14a NTCDA/Au(111) is shown. The herringbone reconstruction of the Au(111)
surface is well visible through the molecular layer. By STM the lattice parameters of
this phase were determined to @ = 15A, b = 9.1A and o = 96°. This results in a
area per molecule which is about 25 % smaller than in the case of NTCDA /Ag(111), i.e.
the NTCDA molecules are much closer packed on Au(111) than on Ag(111). Fig. 2.14b
shows PTCDA/Au(111) in the herringbone structure as was observed earlier [95, 96].
The lattice parameters of the unit cell determined by STM are a = 18.6A, b = 12.7A
and a = 92°. This results in about the same area per PTCDA molecule as measured on
Ag(111) (see table 2.3). Fenter et al. [97] measured PTCDA /Au(111) by X-ray diffraction
(XRD) and found the following lattice parameters for a rectangular unit cell: a = 19.91 A,
b=11.96A and a = 90°, which is in good agreement with the parameters determined
in this work. In Fig. 2.14c TTCDA/Au(111) is shown. The molecules are oriented
perpendicular to each other in a square phase. The lattice parameters of the unit cell are
a=278A,b=264A and o = 97°. Also for TTCDA the area per molecule is about the
same on both metal substrates (see table 2.3). In Fig. 2.14d the result of the QTCDA
deposition on Au(111) is shown. The QTCDA molecules are oriented in long chains.
In between the QTCDA chains another type of particle is arranged in chains as well.
Different annealing temperatures and annealing times were tried to separate both types
of particles. In contrast to the case of QTCDA/Ag(111) it was not possible to separate
both types of particles. In consequence this smaller type of particle used to stick at the
QTCDA molecules, when they were dragged away from the islands by the STM tip to
perform the experiments discussed in chapter 6. In table 2.3 the lattice parameters and

the area per molecule for each system are summarized.

To check the chemical structure of the molecules TTCDA and QTCDA the well estab-
lished technique scanning tunneling hydrogen microscopy (STHM) was used [98-100].
In Fig. 2.15 two STHM images are shown [98 100]. These images were measured with
the tip functionalized by a CO molecule. In Fig. 2.15a a TTCDA island on Au(111) is

shown. The three naphthalene units which form the carbon backbone of the molecule are
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Figure 2.13:

STM images of molecular islands on Ag(111). By the red parallelograms the
unit cells as discussed in this section are depicted. (a) NTCDA on Ag(111).
Molecules with two different types of electronic structures (see chapter 4) are
arranged in stripes. They form a brick-wall-like structure. 100 A x 100 A,
0.1nA, 50mV. (b) PTCDA on Ag(111) in a herringbone structure. The
LUMO contrast is shown, with the two bright lobes, i.e the highest density of
states (DOS), above the hydrogen atoms of the molecules [66]. 50 A x 50 A,
0.1nA, —340mV. (c) TTCDA on Ag(111). The molecules are arranged in a
square phase. The amount of defects is much higher than in the NTCDA or
PTCDA islands. 400 A x 400 A, 0.1nA, 278mV. (d) QTCDA on Ag(111)
also forms a herringbone structure like PTCDA. The number of defects is
smaller than in the TTCDA islands. 200 A x 200 A, 0.1nA, 278 mV.
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Figure 2.14: STM images of molecular islands on Au(111). By the red parallelograms
the unit cells as discussed in this section are depicted. (a) NTCDA on
Au(111) with the well visible herringbone reconstruction of the metal un-
derneath. 100A x 1004, 0.1nA, 1666 mV. (b) PTCDA on Au(111) forms
a herringbone structure. 100A x 100 A, 0.1nA, 300mV. (c) TTCDA on
Au(111), with the molecules arranged perpendicular to each other in a
square phase. 100A x 100 A, 0.025nA, —11mV. (d) QTCDA on Au(111)
forms long chains. In between of the QTCDA molecules another type of
particle is also arranged in chains. It was not possible to separate them
from the QTCDA molecules by annealing. Thus the molecule manipula-
tions could not be performed with QTCDA on Au(111). 200A x 200A,
0.1nA, 316 mV.
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Substrate Molecule a [A] b[A] a[?] Area[A?] No.of mol. sAara— [A2/ mol)]
NTCDA 151 121 91 183 2 92
PTCDA 17.8 13.0 93 231 2 116

Ag(111)
TTCDA 279 26.6 98 735 4 184
QTCDA 233 194 92 452 2 226
NTCDA 150 9.1 96 136 2 68

Au(111) PTCDA 186 127 92 235 2 118
TTCDA 278 264 96 729 4 182

Table 2.3: The coordinates of the unit cells of the different systems probed with STM. The
unit cell of the system NTCDA /Ag(111) refers to the commensurate phase, the
other two phases are discussed in section 4.4. QTCDA/Au(111) is not found
isolated from another type of particle, therefore no unit cell was determined.

indicated by red ellipses. In Fig. 2.15b a single QTCDA molecule on Au(111) is shown,

which is characterized by four naphthalene units. The molecule is bound to a defect,

in this way the single molecule did not move when scanned with the functionalized tip.

Because of the defect the STM image was not fully scanned. This had to be done in

order to preserve the tip, as it was found that scanning above such a defect often resulted

in losing the CO molecule on the tip.
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(a) (b)

Figure 2.15: Scanning tunneling hydrogen microscopy (STHM) images made with a CO
molecule bound to the tip [98-100]. (a) STHM image of a TTCDA island on
Au(111). Clearly visible are the three naphthalene units forming the carbon
backbone of the molecule (see red ellipses). 50A x 50A, 0.1nA, —11mV.
(a) STHM image of a single QTCDA molecule on Au(111) bound to a defect.
As defects tend usually to change the tip, the image was not fully scanned.
In this way the CO molecule on the tip was preserved. Also here the four
characteristic naphthalene units are visible. 25 A x 25 A, 0.05nA, —10mV.
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3 Theory of transport

3.1 Introduction

In this chapter the theoretical concepts to understand the charge transport through
molecular junctions are worked out. In the first part the description of the charge trans-
port through mesoscopic conductors, e.g. a molecule, is described. Introducing the Lan-
dauer formalism the concept of ballistic transport is introduced. In the second part the
concept of double barrier tunneling, as is found in molecular junctions, is discussed. Fi-
nally the vibration-electron coupling and the Kondo effect are introduced, as they will

be observed in the experiments discussed in chapter 4.

3.2 Ballistic transport

The conductance of a conductor contacted by two contacts (see Fig. 3.1a) can be ex-

pressed with the material dependent conductivity o by the following equation [101]:

G=oW/L (3.1)

where W is the width of the conductor and L its length. According to this equation,
the conductance is growing infinitely as the length of the conductor L is reduced. It is
found however that the conductance is saturating at G. when the length of the conductor
is much smaller than the mean free path L. The resistance limiting the conductance
is resulting from the interface between the conductor and the contacts. Therefore this
resistance is referred to as contact resistance G . This contact resistance is the conse-
quence of the current, which is carried by infinite modes in the contacts, having to be
redistributed on a few modes in the conductor (see Fig. 3.1b). Furthermore reflectionless
contacts have to be assumed, i.e. an electron can move from a narrow conductor to a

wide contact with negligible probability of reflection.
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Figure 3.1: (a) Ballistic conductor with length L and width W. If the length of the
conductor is smaller than the mean free path L < L, the conductance of the
conductor is saturating at a value G.. This is a result of the contact resistance
G71. (b) The contacts left and right of the conductor have an infinitely
number of modes. In the ballistic conductor the number of transverse modes
is discrete. The current through the ballistic conductor is carried by the +k
states of the transverse modes in the energy range between py and us. (c)
The distribution of the electrochemical potential. The voltage drop occurs at
the interface between contacts and conductor (after [101]).
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The current is carried by a few transverse modes N in the conductor (see Fig. 3.1b). With
the dispersion relation E(N, k) a cut-off energy ey = E(N,k = 0) can be attributed to

each mode. The number of modes M at a certain energy E is given by

M(E) =Y 9(E —ex) (3.2)
N

The current through the conductor can be calculated by summing up the current trans-
ported by each mode N. An electron gas with an electron density n moving with
the velocity v result in the current I = enwv. The electron density of a +k state
in a conductor of length L is (1/L). With this the current can be expressed as fol-

lows:

k k

with a function f*(E), which describes the occupation of the +k states and the charge
of an electron e. By replacing the sum Y, with an integral 2 (for spin) * & [ dk the

current is:

= 27_:“’ / (BB (3.4)

with the Planck constant h and the cut-off energy e. With the number of modes M at a

certain energy E (see equation 3.2) the current can be expressed as:

It = %/jo fH(E)M(E)E. (3.5)

If the number of modes is constant in the energy range between p; and po the current

can be expressed as follows:

2e® 1 — o
I=—M——— 3.6
W c (3.6)

The contact resistance can then be written with the voltage (pu1—p2)/e as:

1 _h120k0
¢ 2e2M M

3.7)
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where the contact resistance is decreasing with the number of modes M. The voltage
drop occurs at the interface of the contacts and the conductor as can be seen in Fig.
3.1c.

3.2.1 Landauer formula

In the previous section an ideal ballistic conductor was considered, i.e. a conductor where
the electrons can move without being scattered in the conductor. To account for the
scattering events the transmission probability 7" has to be introduced. This transmission
probability T' gives the probability an electron has, entering the conductor on one side,

to exit the conductor on the other side.

We can assume that left of the conductor the +k, states are occupied by electrons at
the electrochemical potential p and right of the conductor the —k, states are occupied
by electrons at the electrochemical potential pg (see Fig. 3.1b). If the temperature

is zero, than the current is driven by electrons in the energy range between p; and

12

If the current from the left side into the conductor is given by:

2e
I = EM[M — pa], (3.8)

than the current from the conductor out to the right side is equation 3.8 times the

transmission probability 7"
L+ 2e
12 = zMT[ﬂ] - ,LLQ}. (39)

If the transmission probability 7" is not unity, than part of the current is reflected at the

right interface of the conductor:

I = 2 MO =T — o] (3.10)

With this the net current I = I} — I; = I through the conductor is given by equation

3.9. Together with the voltage across the conductor #=£2 the conductance can be

expressed by the Landauer formula [101]:
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I 2¢?

e ey i (3.11)

with the number of modes M, the transmission probability 7" and the conductance quan-
tum % This means the conductance does not depend on the width W of the conductor,
but instead the conductance is discrete and depends on the number of transverse modes
M. Further the contact resistance is independent of the length of the conductor L. If all
electrons entering from one side exit the other side of the conductor (T" = 1), equation

3.7 for the contact resistance is recovered.

3.2.2 Transmission probability

The transmission probability 7" of a conductor of length L is typically not unity as the

electrons can scatter [101]. Its dependence on the length can be expressed as:

Ly
L+L0

T(L) = (3.12)
with the characteristic length Lo which is on the order of the mean free path, i.e. the av-

erage distance of an electron between two scattering events.

Considering two conductors connected in series (see Fig. 3.2a) one could assume that the

net transmission 772 through the series is

Tz =TT (3.13)

This is wrong, as it would mean that the transmission is going down exponentially
with the length of the series of conductors T(L) = exp[L/Lg] and that Ohm’s Law
(see equation 3.1) is not true. To get the real transmission Ti2, the probabilities of all
path have to be added, i.e. the path which the electrons undergo which are multiply
reflected by the resistors in the series (see Fig. 3.2b). The phase relation between the
path can be neglected assuming that the phase-relaxation length is much shorter than
the distance between two resistors. The net transmission is then gained by summing
up the transmission with no reflection, with two reflections, with four reflections and so

on:
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Figure 3.2: (a) Two conductors connected in series with transmission probability 77 and
T, and reflection probability Ry and Rs. (b) When all phase information
are neglected, the net transmission can be calculated by summing up the
transmission with no reflection, with two reflections, with four reflections
and so on. (after [101]).

Tio = 1Ty + T ThR Ry + TYTo RZR2 + ...
D (3.14)
" 1—RiRy

This can be rewritten using 77 =1 — R; and 75 = 1 — Ra:

1—T12:1—T1+1—T2

3.15
Tio Ty T (3.15)

From this the transmission probability of N conductors in series, each with an individual

transmission probability 7" is given by:

T

W)= §a-D+7

(3.16)

With the density of scattering events v = N/L, i.e. the number of scatterers N in a

conductor of length L, equation 3.12 is recovered:

42



3 Theory of transport

T(L) = (3.17)

Finally the total resistance can be written as a combination of the contact resistance and

the resistance of the conductor:

h 1 h h 1-T

Gl = — =
2e2M T  2e2M * 2e2M T

(3.18)

3.3 Molecule in a vacuum junction

In chapter 2 the scanning tunneling microscope (STM) was introduced. The working
principle of the STM is based on the tunneling effect, i.e. transport which is characterized
by the probability of a particle to cross a potential barrier which is classically forbidden.
It was found that this transmission probability decays exponentially inside the barrier.
The effective tunneling barrier height, which is defined as the energy difference between
the particle energy E and the potential barrier ®, as well as the barrier width z define
the transmission probability. With the mass of the particle m the tunneling current is

then given as:

where K= 2%(@ —F) (3.19)

T 672%;,2

By introducing a molecule into the vacuum gap we observe the system which was probed
in this thesis. As the molecule is contacted by the electrodes charge flow, charge rear-
rangement and geometric reorganization takes place [32]. A simplified picture of the elec-

tronic structure after contact formation is given in Fig. 3.3 [102].

In Fig. 3.3a the Fermi level of the metal electrodes is lying in between the lowest unoccu-
pied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). The
Fermi level can not only lie in the middle of the two orbitals, but anywhere in between
them. The transport through such a junction is defined by two properties. The coupling
between the electrodes and the molecule I' and the charging energy of the molecule U.
When I' < U than the coupling is weak, for I' > U strong coupling is observed. In Fig.
3.3a-c the molecule-electrode coupling I' is increasing from left to right. The increase

of the coupling is reflected by a broadening of the energy levels of the molecule. This
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happens as the molecular energy levels mix with the metal states. For some coupling a

Kondo resonance (see section 3.5) may be observed.

In Fig. 3.3d-g the transport through a quantum dot (QD) is depicted. This picture can
be used to understand the transport through a metal-molecule-metal junction. This can
be done as the transport properties of a molecule and a QD in the conductance behave
very often similar [102]. To have a significant current flow the molecular orbitals have to
be brought to the Fermi level Er such that resonant tunneling is enabled. By mechanical
gating or a gate voltage Vj (3.3e) the energy levels can be brought in resonance and hence
electrons can tunnel through the junction. Another possibility is to bring the Fermi
level Ep of the electrodes up to a molecular orbital by applying a bias voltage (3.3f).
When vibrational modes appear, resulting from interaction of electrons and molecular
vibrations, additional transport channels can be opened. This is the consequence of

incoherent tunneling (see section 3.4).

3.3.1 Coherent resonant tunneling in a double-barrier

A double-barrier, as will be discussed in this section, consists of two potential barriers
which are separated by a few nanometers [101]. The double-barrier is observed in molec-
ular junction, where the first barrier is the tip-molecule contact and the second barrier
is the molecule-substrate contact [103]. One could assume that the current through such
a double-barrier can be understood on the basis of a single-barrier. According to Ohm’s
Law to get the same current through a double-barrier as through a single-barrier the

voltage has to be doubled. This is not the case!

The different characteristic between the conductance through a single-barrier and a
double-barrier is the consequence of the energy quantization between the barriers. If
the spacing between the two barriers is small enough, than only a single energy state Ep
is allowed between the barriers (see Fig. 3.4). This state acts like a filter and only lets
through electrons at the energy Er. By applying a voltage between the two barriers the
energy of this single state can be changed. With this it is possible to probe the density
of states of the right and left electrode at different energies. At some voltage V = Vr the
energy of the state between the barriers lies below the conduction band of the electrode.
In consequence the current-voltage (I — V) curve shows a sharp drop, as no more state
is in the probed energy range. By further lowering the voltage the current can increase

again. This effect is called negative differential resistance (NDR). It was first observed by
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Chang et al. [104] in a double-barrier structure made by a thin GaAs layer sandwiched

between two GaAlAs barriers.

To calculate the I — V characteristics the Landauer formula as given in 3.11 has to
be modified. This has to be done, as the transmission probability can depend on the
energy. In fact it is found, that at non-zero temperature and non-zero bias the trans-
mission has to be described by the transmission function T(E) = M (E)T(E). With the
Fermi functions fi(E) and f2(E) for the two contacts the current can be described as

follows:

1= [1(B)(1(B) - pa(E)aE (320)

by approximating the Fermi functions to step functions equation 3.20 can be simplified

to

2e [H2 _
I= —/ T(E)dE (3.21)
h M1

The transmission function is given by:

- Ty
T(E) =S "Ti(E —e,) = A(E — E,, 3.22
()= S TE — ) = 1 DA En) (322)
where
En = Er +em (3.23)

with the longitudinal resonance energy Er, the transverse mode m with its energy €,
the coupling of an electron in the barrier to the left and right contact I'y and I'e, i.e. the
rate at which an electron leaks out from the barrier into the right or left contact. The

Lorentzian function A(e) is defined as follows:

A(e) (=T +Ty) (3.24)

- r
RCEE:

The transmission function has now to be integrated as shown in equation 3.21 to get the

current. The integration is done from €,, to p; as no transmission is possible if the total
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energy is smaller than the energy of the transverse mode (F < €,,). With this we get

the current carried by one transverse mode:

2e M1

2e I'ID
I, = e lily

T(E)dE = = ——=_
( )d h 14Ty

228
/ A(E — Ep)dE (3.25)
€m €
Thus the current per transverse mode is equal to the area its Lorentzian function is cover-
ing in the energy range between €, and . If the Lorentzian function covers the whole en-
ergy range, than the current is maximized, this is the so-called resonant condition (see Fig.

3.5a). The maximum current per mode is than given by:

. 2e F1P2

=28 172
P hT1+Ty

(3.26)
This means that the current per mode is approximately Ip if the mode is resonant and

zero if the mode is non-resonant (see Fig. 3.5b).

3.3.2 Incoherent tunneling

In the previous sections coherent tunneling processes were discussed. This means that
the electrons traveling through the double-barrier did not lose their phase memory. The
prerequisite for coherent tunneling is that the time the electron spends in the double-
barrier is short compared to the scattering time 7,. In molecular junctions however it
is observed that the tunneling electron interacts with the vibrations of the molecule.
This electron-vibration interaction can change the transport from coherent to incoherent
[105]. In the following the incoherent tunneling processes will be described, a distinction
between the resonant (see Fig. 3.4a) and the off-resonant (see Fig. 3.4c) transport will

be made.

To distinguish between coherent and incoherent transmission the scattering rate I', is in-

troduced [101]. It is proportional to the scattering time 7,

L'y, =h/7, (3.27)
with A = % the reduced Planck constant or Dirac constant. Comparing this scattering

rate to the coupling parameters I'; and I'y the transport can be characterized as mainly

coherent if:
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RIS S (3.28)

or incoherent if:
' +Ty < FLp (329)

3.3.2.1 Resonant current

In Fig. 3.6 the electron paths in a double-barrier are depicted. Only a part of the electrons
can pass the double-barrier coherently. Some electrons get scattered, e.g. by electron-
vibration coupling [105]. The coherent resonant current per mode is given as (compare

with equation 3.26):

2e Iy

_—— 3.30
hT1+T2+T, (3:30)

Ieon =
The scattered current per mode is very similar to the coherent resonant current per
mode. The only difference is the replacement of I's by I',. This is reasonable, as the
scattered electrons can be thought of passing through a third barrier with coupling I',.

The scattered current is then given as:

o 2e FlFSD

=0 le 3.31
hFl-i-FQ-Q—F(p ( )

These scattered electrons are reinjected. This reinjected current gets split and moves to
barrier 1’ and ’2’ with the ratio I'; : I's. The part of the reinjected current which goes

through barrier ’2’ is the incoherent current:

Ty r
I, = LT
Fl i FZ s Fl T F2 coh

Tincon = (3.32)
The total current through the double-barrier is then given by summing the coherent and

the incoherent current:

2e F1F2

IO = Icoh + Iincoh = gl—‘l T,

(3.33)
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This is the same current that was determined in the case of resonant tunneling without
scattering events (see equation 3.26). This means that the scattering has no influence on

the current in the case of resonant tunneling.

3.3.2.2 Off-resonant current

The off-resonant current is very small, as was observed e.g. by Chang et al. [104].
It is found in experiments however that the valley current in NDR is higher than
theory predicts (see e.g. [106]). This is the consequence of electron scattering and
thus incoherent transport [107]. The transport behavior differs between the resonant
and the non-resonant condition. The main difference is that in the resonant condi-
tion the resonance lies fully in the energy range of the electrons, while in the non-
resonant condition the resonance lies outside the energy range of the electrons (see Fig.
3.5).

If we treat the non-resonant condition as the resonant condition the current can be
described as was shown in equation 3.30 to 3.33. The coherent current is then given
by:

2e m TodE
[V,coh = ﬁKrl where K=~ /O m (334)
And the scattering current is given by replacing I'y with I',:
2e mo TudE
I = . gl'y  where g= /0 FE- e (3.35)

In contrast to the resonant condition, in the non-resonant condition all reinjected elec-
trons (see Fig. 3.6) exit the double-barrier via barrier ’2’. This is the consequence of no
states being available at barrier '1” at the energy of the reinjected electrons Er. There-
fore the incoherent current is the same as the scattering current in the non-resonant

condition:

2 Mo TodE
Iy incoh = ggfl where g~ /0 ( 2 (3.36)

E — Ey)2

The total off-resonance current is then given by summing the coherent and the inco-

herent current. This can be done if low temperatures are assumed, as in this case no
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electron that lost energy by emitting a photon can absorb a photon to gain energy
again:

2e

]V = IV,coh + IV,incoh = f[Krl + grl] (337)

This equation can not be correct, as it would mean that there is still a current even when

barrier 2’ is so thick that the coupling of the resonance to the contact is zero (I'y = 0).

To overcome this problem equation 3.36 has to be modified such, that the incoherent

current gets zero ones the resonant level is filled up with electrons. This is done by

introducing a occupation factor fr for the resonant level:

gl

Jr= g7 + 12

(3.38)

With this factor the occupation of the resonant level in dependence of the coupling
to both contacts can be determined. The occupation of the resonant level is zero if
Ty > gI'ty. When I's =~ g¢I'y the resonant level starts to fill up and the current is
decreasing. The incoherent current can then be expressed as follows with the occupation

factor fr:

2e 2e gF1F2
IV ineoh = — gDy (1 — fr) = = 92122 .
Vineoh = 7-9T1(1 = fr) h gT1 + T (3.39)

The total off-resonant current is then expressed as follows:

2e INTN
Iy = IV,COh + IV,incoh = *[KI—‘ + 912

—_ 3.40
h P+ FQ} (8.40)

With this one can compare the peak and the valley current, i.e. the current in the resonant
(see equation 3.33) and in the non-resonant condition (see equation 3.40). The current

depend on the coupling parameters as follows:

1 1 1 1
Lies ~ — + — d Ioff—res ~ — + — 41
res T, + Ty an off —res gF1 + Ty (3 )

This means that the ratio between the resonant and the off-resonant current critically

depends on the coupling parameters I'1, I'y and T',.
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Figure 3.3: Schematic representation of the energies of a molecule in the tunneling junc-
tion. As the molecule gets into contact with the metal electrodes, charge is
flowing until the Fermi level of the metal is in between the HOMO-LUMO
gap of the molecule. (a)-(c) The HOMO-LUMO gap gets smaller and the
orbitals are broadened when the coupling I' between molecule and electrodes
is increasing. (d)-(g) To enable the electron transport the energy levels of
the molecule have to be aligned with the Fermi level Er of the electrode.
Vibrational modes px can create additional transport channels (from refer-
ence [102]).
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Figure 3.4: Double barrier with (a) no bias applied to the contacts, (b) a bias applied,
such that the electrons tunnel through the barrier at the bottom of the con-
duction band and (c) a bias applied, such that the only energy state in the
barrier is off-resonance (after [101]).
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Figure 3.5: The area under the Lorentzian shaped transmission function gives the current
carried by a mode. (a) In the resonant condition the current is maximized, as
the Lorentzian shaped transmission function covers the whole energy range
from the transverse mode energy €, to the electrochemical potential u1. (b)
In the non-resonant condition the current is zero (after [101]).
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Figure 3.6: Double barrier with scattering events. Barrier '1’ and '2’ with scattering
matrices. (a) Some of the electrons pass the barrier coherently, some are
scattered. (b) The scattered electrons are reinjected, some of the reinjected
electrons pass through barrier '2’. This is the incoherent current (after [101]).
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3.4 Molecular vibrations

Due to thermal excitation molecules are vibrating. When an electron and a molecular
vibration interact the conductance is typically increased in the tunneling junction [108,
109]. This interaction is measured by inelastic electron tunneling spectroscopy (IETS)
[108]. The signal measured by IETS can help to gain further knowledge about the
molecules adsorption site, orientation and changes in bonding upon adsorption [109,
110].

The first time molecular vibrations in tunneling junctions were observed by Jaklevic et
al. [111]. In their experiment a molecular monolayer was deposited on the oxide layer of an
metal-oxide-metal junction. A bias voltage was swept up to 1V and the tunneling current
was measured. In the bias range 0.05V to 0.5V they observed that the differential con-
ductance dI/dV is increasing stepwise at certain voltages and thus peaks are observed in
the second derivative of the tunneling current d?I/dV? at those voltages. These voltages
were then identified to be resulting from vibrational modes of the molecules in the junc-

tion, namely C-H and O-H bending and stretching modes.

The observed conductance increase is described as follows [68]. When a electron has
sufficient energy it can excite a vibrational mode of the molecule. Depending on the
energy level alignment and the applied bias voltage non-resonant or resonant electron-
vibration coupling may be observed. In the non-resonant case the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are far
away from the applied bias voltage. The molecular vibrations are triggered by inelastic
scattering of the tunneling electrons at the molecule. The electrons loose energy and
by this a new transport channel opens which is observed as a step in the differential
conductance dI/dV. This scattering effect is very weak, which makes the observation
of the conductance increase difficult. This picture changes as the molecule has a state
very close to the Fermi level. If the molecular junction is now probed near the Fermi
level, resonant electron tunneling is observed. The electron-vibration coupling opens a
resonant transmission channel. This leads to the observation of peaks in the dI/dV
spectra. The condition for the observation of vibrational modes is given by eV = h{),
with € the frequency of the vibrational mode, h Planck’s constant and eV the energy of

the electron.
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3.5 The Kondo effect

The resistance of metals is limited by defects, vacancies and impurities on one side and
the nuclei motion on the other. As a metal is cooled down the motion of the nuclei
gets smaller until it almost disappears at some temperature 7". One would expect the
resistance to be constant when cooling further down the metal as defects, vacancies and

impurities are not temperature dependent.

In 1934 however de Haas, de Boer and van den Berg from the Kamerling Onnes Lab-
oratory in Leiden discovered that gold had a resistance minimum at 3.7K [112]. That
implies that there is another scattering mechanism which gets dominant at low tempera-
tures. It was not until 1964 that Sarachik et al. [113] made a relation between this newly
discovered resistance at low temperatures and localized magnetic moments due to impu-
rities in metals. In the same year Jun Kondo [114] published a theoretical description
of this effect, which involved a scattering effect between the localized magnetic moment

and the delocalized electron cloud of the metal.

The prerequisite for the observation of Kondo physics is the quantization of charge and en-
ergy. This can be achieved by the confinement of electrons in space. Therefore the Kondo
effect can be observed on various systems, as long as the electrons are confined, such as
in single atoms, single electron transistors and molecules. The Kondo effect was found
in many different systems, e.g. Ce adatoms on a Ag(111) surface [115], single electron
transistors (SET) [116], a Co ion connected by organic linkers to metal electrodes [24],
single-molecule transistors [25] or Cgp molecules contacted by Au electrodes in a mechan-
ical break junction (MBJ) [117]. The Kondo effect was also observed as the coexistence of
local and non-local Kondo screening in a so-called Kondo lattice formed by Oz molecules
adsorbed along chains on a [Au(111)-1x2] surface [118].

The increase of the resistivity at low temperatures results from the interaction between
a localized unpaired electron, e.g. in a molecule, with the delocalized electron cloud in
metal electrodes. This means the Kondo effect results from an interaction between a
single particle with many particles. The unpaired electron is characterized by a spin,
this spin is screened by the delocalized electron cloud, i.e. a spin singlet state is formed
(S =0). To screen the localized electron spin the delocalized electrons behave as a single

quantum-mechanical object.

In Fig. 3.7 a double-barrier structure is depicted as it is observed in a metal-molecule-

metal junction [116]. The charging or Coulomb energy U is the energy needed to add or
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remove one electron in a molecule. Ae is the energy difference between two molecular
orbitals. This energy Ae increases the smaller the molecule is. T is the coupling strength
of the molecular orbital in the barrier to the electrodes. This strength of the coupling
is given by the width of the orbitals electronic state. The larger I' is, the stronger
the coupling between the orbital and the electrodes. When T' > Ae the energy and
charge quantization is lost as electrons can fluctuate between the molecule and the metal

electrodes.

To observe the Kondo effect the energy kg7i must be smaller than the coupling I', with
kg the Boltzmann’s constant and Tk the Kondo temperature. In order to measure the
Kondo effect the energy difference Ae between two orbitals has to be large, as found
e.g. in the m-conjugated molecules probed in the context of this thesis. In this way the
coupling I' can be large and thus the temperature at which the measurement takes place
is accessible with a LT-STM. Later it will be shown that by lifting the molecule from
the metal substrate the coupling I' of the electronic state to the electrodes can be tuned.
Further the energy of the lowest unoccupied molecular orbital (LUMO) can be tuned such,
that the orbital is singly occupied at an energy ¢g = 0mV.

The electrons in a molecule occupy orbitals, with an occupancy of two electrons of op-
posite spin per orbital. In consequence the inner energy spacing of an orbital is given by
the charging energy U. The energy spacing between two orbitals is given by the inner
energy spacing and the energy difference between two orbitals U 4+ Ae. When a molecular
orbital at the Fermi energy is singly occupied, then an increase of the zero-bias differen-
tial conductance can be observed at low temperatures. This conductance increase results
from the Kondo effect. The localized unpaired electron in the orbital is screened by the
conducting electrons in the electrodes to form a spin singlet. This increases the density
of states at the Fermi energy and thus the conductance. Hence the energies have to fulfill

following criteria so that Kondo physics can be observed:

U
T (3.42)
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Figure 3.7: Energy diagram of a double tunneling barrier with a molecule in between the
barriers. The bias voltage between the electrodes is zero. The Fermi energy
is in the conductance minimum between two states of the same molecular
orbital. The charging energy U is needed to add or remove one electron in a
molecular orbital. To add an electron in the lowest excited state the energy
U + Ac is needed. The width of a state I" gives the coupling strength of the
state to the electrodes. To observe the Kondo effect at low temperatures the
following energy relation has to be given: U/T > Ae (after [116]).

3.6 Conclusions

In this chapter an overview about the theoretical concepts of charge transport through
metal-molecule-metal junction was given. The discussion was started by introducing
the Landauer formalism to describe ballistic transport. It was shown that the cur-
rent is discrete and depends on the number of transverse modes. Then double-barrier
tunneling, which is the transport observed in metal-molecule-metal junction, was de-
scribed. Thereby the differences between coherent and incoherent tunneling in the
resonant and non-resonant condition were worked out. The transport through the -
conjugated molecules studied in this thesis seems to be off-resonant coherent tunneling.
Finally some physical observations of a molecule in a vacuum junction were introduced,
such as the interaction between molecular vibrations and tunneling electrons and the
Kondo effect.
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molecules

4.1 Introduction

To obtain an understanding of the charge transport through a molecule it is of great
importance to known its electronic structure. As soon as a molecule gets into contact
with a metal surface, its electronic structure changes [32,35,36]. Therefore it is important
to probe the density of states of each molecule-metal system before performing transport
experiments. The density of states and the coupling strength (see chapter 3) between
the molecule and the electrodes define the charge transport through the junction tip-

molecule-substrate.

Four different molecules were probed on two different metals in this thesis, namely
the four planar m-conjugated molecules NTCDA (1,4,5,8-naphthalene-tetracarboxylic-
dianhydride), PTCDA, TTCDA and QTCDA (see Fig. 4.1) on Ag(111) and Au(111).
These molecules were chosen as they represent a family of wires which allow a systematic
study of the transport as a function of length, the end groups being identical (see chapter
1). It was not possible to prepare clean QTCDA islands on Au(111) since the molecules
were deposited unintentionally together with another, unknown type of particle which
could not be separated from the QTCDA molecules on Au(111). Hence the electronic
structure of QTCDA on Au(111) could not be probed (for more details see chapter 6).
The electronic structure of the other seven systems are presented in this chapter. While
making this investigation, a Kondo resonance was discovered for NTCDA on Ag(111).
This system was then studied in more depth, and the results of this study are discussed

in the second part of this chapter.
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Figure 4.1: The structure models of the four planar m-conjugated molecules investi-
gated. From left to right: NTCDA (1,4,5,8-naphthalene-tetracarboxylic-
dianhydride), PTCDA, TTCDA and QTCDA. The molecules have a carbon
backbone consisting of naphthalene units. On each short side the molecules
are terminated by two carboxylic oxygen atoms and one anhydrate oxygen
atom (red dots). The long sides are terminated by hydrogen atoms (not
shown here).
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4.2 Electronic structure of the seven systems

To measure the electronic structure the molecules were deposited on metal surfaces and
then probed by scanning tunneling spectroscopy (STS). To be able to probe molecules
inside a molecular island and at the same time have areas of clean metal to prepare the
tip a submonolayer coverage was chosen. This is important as the tip should have no tip
states when it is used to measure the differential conductance spectrum of a molecule
(see section 2.3.2). This is realized by recording a scanning tunneling spectrum of the
bare metal surface with the tip. If this spectrum exhibits the Shockley surface state as its
most prominent feature, the tip is considered as suitable, because the measured electronic
structure of the surface is barely influenced by tip states (see Fig. 2.7). If this is not the
case, the tip has to be cleaned by dipping it slightly into the bare metal substrate and

then check its electronic structure again (see chapter 2.2.5).

4.2.1 Electronic structure of the Ag(111) systems

In Fig. 4.2 the spectra measured for the four molecules on Ag(111) are shown. Each
spectrum was taken with the tip placed above a molecule within a molecular island.
The peaks in the range —500mV to OmV are the former lowest unoccupied molecular
orbitals (LUMO) of the free molecules (see arrows in Fig. 4.2). Upon adsorption charge
is transferred from the metallic substrate into the LUMO, this shifts the LUMO below
the Fermi energy [66,119,120]. This is known for PTCDA and NTCDA, and we assume
this to be true for TTCDA and QTCDA as well. The second feature, the onset of a
sharp step in the bias voltage range 300mV to 700mV, is the signature of the mixing
of the LUMO+1/LUMO+2 molecular orbitals with the depopulated Ag(111) surface
state [66,120].

In the case of NTCDA on Ag(111) two distinct types of molecules are observed within
the molecular layer. Type A is characterized by a bright contrast in the STM image
and has a sharp resonance at the Fermi level (shown in Fig. 4.2). Type B is char-
acterized by a darker contrast in the STM image and has its LUMO at —30mV (no
sharp feature at the Fermi level). This will be investigated in more detail later in this

chapter.

PTCDA on Ag(111) is characterized by two types of molecules (A+B) in the submono-
layer herringbone phase [39,66,67,119 121]. This is the consequence of the different
alignment of the two types with the Ag(111) substrate [121]. Type A molecules are
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Figure 4.2: Scanning tunneling spectra (STS) of the four molecules investigated on
Ag(111). The spectra were taken on molecules within the molecular island
on a substrate with submonolayer coverage. In the range —500mV to 0 mV
the former lowest unoccupied molecular orbitals (LUMO) are visible. The
orbitals shift to negative values upon adsorption of the molecules with the
metal surface. Due to the overlap of the wave functions a charge redistribu-
tion occurs [119]. The steps in the range 300mV to 700 mV are signatures of
the mixing of the LUMO-1/LUMO+2 molecular orbitals with the depopu-
lated Ag(111) surface state [66,120]. In the case of NTCDA the electronic
structure of the bright molecule (type A) is shown. It is characterized by
a sharp peak at the Fermi energy. This is the signature of a new transport
channel opening (more details in section 4.4.1). For PTCDA on Ag(111) the
electronic structure of type A is shown [39,66,67,119-121].
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perfectly aligned with the [101] Ag lattice direction and type B molecules are rotated by
18 & 2° within respect of the [011] direction [121]. Both molecules have slightly different
LUMO positions. In Fig. 4.2 the electronic structure of a type A molecule with its LUMO
at —190mV is shown.

For a better representation the position of the LUMO was plotted against the length of the
molecule (see Fig. 4.3). The longer a molecule is, the more its LUMO is shifted to larger
binding energies. A linear relation between the LUMO position and the molecule length is

observable, with a regression coefficient of Sz4(111) = —41 mV/A.

The behavior can be explained by the influence of the electron affinity (Ega) on the level
alignment. To zero order, the level alignment at the molecule-metal interface can be
predicted by vacuum level alignment. The larger the Ega of the molecule, the larger the
binding energy of this orbital after interface formation and charge transfer. The results
of Fig. 4.3 therefore imply that Fga rises in the sequence NTCDA to QTCDA. This
is to be expected, since the smaller a molecule is the larger is the energy gap between
the orbitals. In consequence the electron affinity Fga of the filled lowest unoccupied
molecular orbital increases the longer the molecule is. The same tendency is found when
discussing the delocalization of the electrons. The longer the molecule is the smaller is
the electron confinement. Hence the electron affinity Era is increasing the longer the

molecule is.

Of course adsorption changes the work function ®g of the surface, and this will addition-
ally influence the energy level alignment. It is know that the work function ®¢ of the
bare Ag(111) surface is increased upon adsorption of PTCDA [122]. Two contributions

influence the work function change A®:

bend dipole Dyc,q As the PTCDA is adsorbed on the Ag(111) surface its carboxylic
oxygen bend towards the surface [123]. This creates a dipole moment which de-

creases the work function.

bond dipole Dy,,q Charge is redistributed between the Ag surface and PTCDA upon
adsorption. In consequence a bond dipole Dyonq is formed which increases the work
function [122].

As the bond dipole is the more prominent contribution, a net work function increase is
observed for the system PTCDA /Ag(111) [122]. We assume here that a similar situation
prevails for the other molecules. Moreover it is known that the adsorption height of
PTCDA is smaller than the one of NTCDA on Ag(111) [124]. Again, we extrapolate this
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tendency to the adsorption height of TTCDA and QTCDA | i.e. the longer the molecule,
the smaller is the adsorption height. This could be explained by a superlinear increase
of the van der Waals interaction with the molecule size [125,126]. As a consequence
of a smaller adsorption height, a smaller bond dipole is formed (assuming the same
charge transfer), and thus the work function increase is smaller the longer the molecule
is. This is depicted in Fig. 4.4 (note that the energy scales are largely exaggerated for
a better representation). The vacuum level Ey,. and the work function ®q refer to the
bare Ag(111) surface, with the Fermi energy Er. Upon adsorption of the molecules
the work function is changed, resulting in the new work functions ®y, ®p, &7 and

We can thus conclude that both the electron affinity and the adsorption induced work
function change work in the same direction and together can explain the observed energy
level alignments for NTCDA, PTCDA, TTCDA and QTCDA on Ag(111).

4.2.2 Electronic structure of the Au(111) systems

In Fig. 4.5 the spectra measured for three molecules on Au(111) are presented. As for
the spectra taken on Ag(111), these spectra were taken on molecules within a molecular
island on a substrate with submonolayer coverage. The preparation of clean molecular
islands of QTCDA on Au(111) was not possible, therefore no spectrum was measured
for this system. The peaks in the bias voltage range 900 mV to 1500 mV stem from the
LUMO of the molecules (see arrows in Fig. 4.5). In contrast to the case of Ag(111)
the LUMO is not filled upon adsorption of the molecules on Au(111). This means that
no charge transfer occurs as the molecule adsorbs on Au(111). It is a physisorption
process, i.e. the molecules are bonding to the surface by van der Waals interaction only
[43].

The LUMO is plotted against the length of the molecule in Fig. 4.6. Also here a linear
dependence between the molecule length and the LUMO position is observable, with a
regression coefficient of Say(111) = —79 mV/A. Ason Ag(111) the LUMO position moves

to larger binding energies with increasing molecule length.

Since there is no charge transfer, there is no bond dipole. Also, no bending of the
molecule is expected. Nevertheless, combination of energy affinities and work function
changes can also explain the energy level alignments of NTCDA, PTCDA, TTCDA and
QTCDA on Au(111). The argument based on Ega applies in precisely the same way
as on Ag(111). Regarding the work function change, it is known that even without the
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Figure 4.3:
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Position of the former lowest unoccupied molecular orbital (LUMO) plotted
versus the length of the molecule in the case of Ag(111). For NTCDA and
PTCDA both observed LUMO positions, as discussed in section 4.2.1, are
plotted. With increasing molecule size the LUMO position shifts to larger
binding energies. Considering only the LUMO positions marked in red a
linear dependency between the LUMO position and the molecule length is
observed. This trend can be explained by the work function increase upon
deposition of the molecules on Ag(111) and the different electron affinities
(see Fig. 4.4).
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Figure 4.4: Sketch of the energy level shifts upon adsorption of molecules on Ag(111).
For a better representation the energy scales are largely exaggerated. The
vacuum level Fy,. and the work function ®( refer to the bare metal surface.
As the molecules are adsorbed, the work function is changed, resulting in the
new work functions ®y, ®p, 1 and ®q. The new work functions decrease the
longer the molecule is. This is a consequence of the smaller adsorption height
the longer the molecules is. This in return results in a smaller bond dipole
formation, which is responsible for the work function change. Additionally
the electron affinity Fga is increasing the longer the molecule is. These two
effects together result in the observed LUMO position behavior.
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presence of charge transfer the push-back effect influences the work function [127]. This
push-back effect decreases the electron density at the surface and thus reduces the work
function. This decrease of the electron density is larger the longer and hence closer to
the surface the molecule is because for larger molecules physisorption interaction will be

larger.
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Figure 4.5: Scanning tunneling spectra (STS) of the three molecules investigated on
Au(111). The spectra were taken on molecules within the molecular island.
A clean preparation of QTCDA on Au(111) was not possible, therefore no
spectrum was taken for this system. The peaks in the bias range 900 mV to
1500 mV are signatures of the LUMO of the molecules. In contrast to the case
of Ag(111) the LUMO is at positive values, i.e. upon deposition the molecules
physisorb on the metal, no charge transfer occurs.

In this section it was shown that the electronic structures of the molecules are significantly
different depending on which metal they are deposited. On Ag(111) the LUMO is below

the Fermi energy, i.e. charge is transferred from the metal to the molecular orbital, it
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Figure 4.6:
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Position of the lowest unoccupied molecular orbital (LUMO) plotted versus
the length of the molecule in the case of Au(111). For QTCDA no mea-
surement was performed. As in the case of Ag(111) the LUMO is at larger
binding energies the longer the molecule is. A linear dependency between the
LUMO position and the molecule length is observed, with a regression coeffi-
cient twice as high as in the case of Ag(111). The decrease of the LUMO with
increasing molecule length can be explained by the work function decrease
upon deposition of the molecules on Au(111) due to the push-back effect and
the increase of the electron affinity as was explained for Ag(111) (see Fig.
4.4).
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is a chemisorption process. In the case of Au(111) the LUMO stays at positive values,
i.e. the molecules physisorb, no charge transfer is observed. For both metals a linear
dependency between the LUMO position and the size of the molecule was found. This
was explained by the change of the work function upon adsorption of the molecules on
the dependence of the electron affinity on the molecule size. In table 4.1 the positions of

the LUMO for all systems are summarized.

substrate molecule Viyao[mV]

0
NTCDA 50
Ag(111) -190
PTCDA 310
TTCDA -370
QTCDA -500
NTCDA 1500
Au(111) PTCDA 1140
TTCDA 860

Table 4.1: Position of the LUMO, obtained by scanning tunneling spectroscopy (STS), of
the adsorbed molecules within the molecular layer. For NTCDA and PTCDA
on Ag(111) the first value refers to the type A molecule, the second value to
the type B molecule (see section 4.4.1) [39,66,67,119 121].

4.3 Investigation of NTCDA on Ag(111)

The case of NTCDA adsorbed on Ag(111) is particular interesting as the spectrum shows
a sharp peak at the Fermi energy. To get a better understanding of its origin the geometric
and electronic properties of this system were investigated in more detail. By STM in
UHYV at low temperatures the system was imaged and by STS the electronic structure

was probed.

In earlier investigations on the system PTCDA/Ag(111) in our group, it was found that
a Kondo-like transport behavior is observable when the PTCDA is lifted up from the
surface [39,66]. This can be explained by a reversed chemisorption as the molecule
is lifted. As the molecule-surface bond is reduced, the coupling I's of the molecule to
the surface is lowered. At the same time, as the molecule is lifted the energy of the

molecular bonding orbital € is shifted towards the Fermi energy Er (in accordance with
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the tendency discussed in 4.2.1). The correlation energy U, i.e. the Coulomb repulsion
between two electrons in one orbital (here: the LUMO), will also increase during the
lifting process, because as the molecule is removed from the metal surface, the screening
of the electron-electron interaction by the latter decreases. However with = 0.5eVtol eV
this change is smaller than the change in I', such that the condition for the Kondo
effect,

% > € (4.1)

is increasingly fulfilled. With the total coupling I' = I't + I's of the molecule to the two

electrodes tip and surface.

The physics of NTCDA on Ag(111) make the observation of the Kondo effect even more
likely. Because of its smaller size the correlation energy U of NTCDA is larger than
the correlation energy of PTCDA, also the coupling I" to the metal electrodes is smaller
as the molecule is adsorbed at a larger adsorption distance [124]. Considering this, the
equation 4.1 is more likely to be fulfilled, even in the adsorbed state without lifting by
the tip. From this we can expect to observe a Kondo resonance at the Fermi level in the
spectrum of NTCDA on Ag(111).

Another motivation to investigate this system is the still ongoing debate about the
geometric structure of NTCDA/Ag(111). Stahl et al. [92] proposed two superstruc-
tures based on their low-energy electron diffraction (LEED) and STM experiments.
The so called “relaxed monolayer” is found at a low coverage of about 0.8 monolayers.
The molecules are arranged in a slightly twisted brick-wall structure with two NTCDA
molecules per unit cell. The “compressed monolayer” is found at a coverage of 0.9 mono-
layers. In this case the unit cell consists of four molecules which are arranged in a herring-
bone structure. In 2008 Kilian et al. [128] investigated the system with high-resolution
spot profile analysis low-energy electron diffraction (SPA-LEED). In contrast to earlier
results, they found three different superstructures named «, ao and 5. « and g are the
structures introduced by Stahl et al. [92], but in contrast to them Kilian et al. [128] sug-
gested [ to be incommensurate, while the new structure as was found to be uniaxially
incommensurate. The forming of the three structures depends on the coverage (0.9 to 1.0

monolayers) and is reversible by variation of the coverage.
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4.4 Geometric and electronic structure of NTCDA on
Ag(111)

In this section details about the geometric and electronic structures of NTCDA on
Ag(111) are discussed. The technical details of the sample preparation, i.e. the sput-
tering and annealing cycles and the deposition of the molecules are discussed in chapter
2.

Three different geometric structures were found when imaging NTCDA on Ag(111) (see
Fig. 4.7). The different structures were obtained by variation of the sample temperature
Tsample during the molecule deposition, the coverage of the sample and by variation of

the annealing procedure after the deposition of molecules.

4.4.1 The commensurate phase

The most commonly observed structure was the commensurate phase, also known as the
a structure or relaxed monolayer in previous publications [92,128]. This phase (see Fig.
4.7a) is obtained when a submonolayer is deposited with the sample at room temperature
Tsample =~ 293 K. The molecules form a brick-wall-like structure. The unit cell of this
phase consists of two NTCDA molecules. By STM the following lattice parameters were
derived for the unit cell: a = 15.1A, b = 12.1A and a = 91°. In comparison, Stahl et
al. [92] found very similar parameters with LEED and STM: ¢ = 15A, b = 11.6 A and o =
90°. The STM image shows different brightnesses for the two molecules in the unit cell.
This can be explained by different electronic structures of the two NTCDA molecules.
Different electronic structures can be the result of different adsorption sites and in-plane
arrangements and thus the consequence of different molecule-substrate and/or molecule-

molecule interactions [120, 121].

To probe the electronic structure of the two different molecules, called type A and B
as introduced earlier, STS measurements (see section 2.3) were performed. The elec-
tronic structure was probed on both types of molecules inside molecular islands, i.e.
on molecules with four neighboring molecules. To probe the dependence of the elec-
tronic structure on molecule-substrate and molecule-molecule interactions, additionally
NTCDA molecules with less than four neighbors were probed. For this purpose molecules
were removed from an islands by vertical manipulation with the STM tip. By this a va-

cancy in the island was created (see Fig. 4.8), in which molecules in various different
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Figure 4.7: Constant current images of the three different phases observed for NTCDA
on Ag(111). By the red parallelograms the unit cells as discussed in this
section are depicted. (a) Commensurate phase with the unit cell containing
two molecules. The lattice parameters are a = 15.1A, b = 12.1A and o =
91°. 100A x 100A, 0.1nA, 50mV. (b) Incommensurate phase with a unit
cell which is 2% smaller than the commensurate unit cell (a = 15.34, b =
11.8A and a = 91°). The yellow line indicates the periodic length of the
superimposed moiré-pattern of about 17 molecules. 400 A x 400 A, 50 pA,
200mV. (c) Compressed phase, which has an unit cell of four molecules
(@ = 21.4A, b = 21A and o = 121°). Two molecules in this unit cell
have the same electronic structure, i.e. three different electronic structures
are observed in the unit cell. The compressed phase is observed in stripes
which are incorporated into the commensurate phase. 100 A x 100 A, 0.1nA,
50mV.

70



4 Electronic structure of w-conjugated molecules

configurations within respect of the neighboring molecules and the substrate were inves-

tigated.

Figure 4.8: Constant current image of a commensurate phase of NTCDA on Ag(111)
(100A x 100 A, 0.1nA, 50mV). The STM tip was used to remove molecules
from the molecular island to create a vacancy. In the inset the NTCDA
layer is blown up (25 A x 25 A, 0.1nA, 50mV). By the crosses the position
are indicated where the spectra of Fig. 4.9 were measured. The red cross
shows the position where the STS on the type A molecule (showing a bright
contrast) and the black cross where the STS on the type B molecule (dark
contrast) was recorded.

In the inset of Fig. 4.8 the black and red cross indicate were the STS spectra were
recorded. The bias voltage of the STM measurement in Fig. 4.8 was chosen such that
the LUMO of NTCDA is imaged [129]. The STS spectra shown in Fig. 4.9 were taken
on the outer lobe of the imaged molecule, i.e. in the region of the hydrogen atoms. The
red spectrum shows the measurement with the tip above the type A molecule, the black
spectrum the measurement above the type B molecule. For a better comparison of the
two spectra the red spectrum was normalized such that the broad peaks associated to
the LUMO in both spectra coincide. A remarkable difference between the two spectra is
the peak at V' = 0mV in the red spectrum (marked by K). This could be the signature
of a Kondo resonance, as NTCDA likely fulfills the criteria for the observation of Kondo

71



4 Electronic structure of w-conjugated molecules

physics, similar to the case of PTCA on Ag(111) [39]. The other features are present in
both spectra. The peak of width 400mV at V = —30mV is attributed to the LUMO
of NTCDA. The large step at V = 500mV is the signature of the LUMO-+1/LUMO+-2,
mixing with the depopulated Ag(111) surface state [66,120]. In the inset of Fig. 4.9 small
side-peak pairs marked by S, which are symmetrical within respect of the Fermi energy,
are visible. These side-peak pairs are signatures of molecular vibrations (see section 3.4)

which will be discussed in more details in section 4.5.

dl/dV [arb.unit]

NTCDA/Ag(111)
type A molecule
type B molecule

-1000 -500 0 500 1000
V[mv]

Figure 4.9: Scanning tunneling spectra recorded with the tip above the type A and B
molecules. For a better comparison the red spectrum was normalized. A
remarkable difference of the spectra is the peak at V' = 0mV (marked by
K). The peak of width 400mV at V = —30mV is a feature of both spectra
and can be associated to the LUMO of NTCDA. The step at V' = 500 mV
is attributed to the LUMO-+1/LUMO+2 and the depopulated surface state
[66,120]. The side-peak pairs in the inset (marked by S) are signatures of
molecular vibrations (see section 4.5).

All molecules of type A show the peak at V' = 0mV. However, these molecules are not

found everywhere. It seems that the appearance of a type A molecule depends crucially on

its environment. In Fig. 4.8 three molecules form a bridge in the vacancy which was made
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by removing single molecules with the STM tip. The two outer molecules in the bridge are
rotated by 90° compared to the molecules in the layer, i.e. they have a different orientation
within respect of the substrate. Yet, they show the peak at V' = 0mV, characteristic for
type A molecules. The molecule in the middle of the bridge is shifted from its row and
shows no peak at V = 0mV, i.e. it is a molecule of type B discernible also from its dark
appearance. The molecule left of the bridge is of type A showing the peak at V =0mV,
breaking the symmetry of alternating type A and B rows.

Next to this vacancy other structures were probed. It was found that all single isolated
molecules observed so far, i.e. molecules with no neighbors, were of type B. The smallest
molecular cluster containing both types of molecules was a diamond structure of four
molecules (see Fig. 4.10). The occurrence of one of the two different electronic structure

can be the result of three different mechanism:

(1) The number of neighboring molecules and their position within respect of the probed

molecule determine the electronic structure, i.e. the molecule-molecule interaction.

(2) The adsorption site determines the electronic structure, i.e. the molecule-substrate

interaction.

(3) The electronic structure is defined by an interplay of the adsorption site and the orien-
tation within respect of neighboring molecules, i.e. the molecule-molecule and molecule-

substrate interaction.

From the observation made on the system NTCDA on Ag(111) is seems as the electronic
structure of a molecule is determined by the adsorption site. This is in contrast to
the observations made by Kilian et al. [130] on the system PTCDA on Ag(111) and
Willenbockel et al. [131] for the system PTCDA on Ag(110), where the authors showed
that the different electronic structures observed were the result of the intermolecular

interaction.

4.4.2 The incommensurate phase

The incommensurate phase (see Fig. 4.7b) is obtained when the molecules are deposited
at submonolayer coverage. The unit cell of the incommensurate phase is about 2%
smaller than the commensurate unit cell: ¢ = 15.3A, b = 11.8A and o = 91°. The
molecules form a brick-wall-like structure, but with a superimposed moiré-pattern. In
their study on NTCDA/Ag(111) with SPA-LEED, Kilian et al. [128] found an incom-

mensurate phase as which had a slightly smaller unit cell than the commensurate phase
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Figure 4.10: Constant current image of four NTCDA molecules forming a diamond. The
upper and lower molecules are of type A, the left and right are of type B. This
was confirmed by probing the molecules by STS, the red and black crosses
indicate where the spectra were taken. The type A molecules show the
characteristic peak at the Fermi energy, the type B molecules do not. This
is the smallest molecule cluster found which shows both types of NTCDA
molecules. 40A x 25 A, 0.1nA, 600mV.

a. Tt is therefore assumed that the incommensurate phase observed here is the as phase
observed by Kilian et al. [128].

The periodic length of the superimposed moiré-pattern is about 17 + 2 molecules, indi-
cated by the yellow line in Fig. 4.7b. There was no indication found that the formation
of the commensurate or incommensurate structure depends on the exact submonolayer
coverage, i.e. at similar coverages of about 0.2 monolayers both structures were observed.
But it seems that the formation of an incommensurate or commensurate phase depends
on the thermal energy given to the molecules. The formation of the incommensurate
phase was observed for a deposition at Tiample =~ 273K and also after heating up a
sample with a commensurate phase to Tsample ~ 350 K. This seems contradictory as on
the one hand the incommensurate phase is observed as the system gets less energy than
in the case of the commensurate phase. On the other hand the commensurate phase
transforms into an incommensurate phase by giving the system additional energy. Thus
the question remains open which mechanism is responsible for the phase transforma-

tion.

As for the commensurate phase a distinction between type A and B molecules can be
made for each molecule in the incommensurate phase. This was verified by taking a

spectrum of each third molecule along a molecular row (see Fig. 4.11). Every spectrum
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can be associated either to a type A (red spectra) or type B (black spectra) molecule. No
intermediate types of molecules where found, either they show the Kondo resonance at
V = 0mV or not. From this one can conclude that very subtle changes in the geometrical

configuration lead to the formation of the Kondo resonance.

NTCDA/Ag(111)
type A molecule
type B molecule

dl/dV [arb.unit]

150  -100  -50 0 50 100 150
V[mV]

Figure 4.11: On every third molecule along a molecular row in the incommensurate phase
a spectrum was taken. Every spectrum can be associated either to type A
(red spectra) or type B (black spectra), i.e. no intermediate type of molecule
is observed.

4.4.3 The compressed phase

The compressed phase (see Fig. 4.7c) was observed after a deposition at Tyample ~ 273K
and a coverage close to a full monolayer. This phase is incorporated into the commen-
surate brick-wall structure and forms stripes. It consist of an unit cell of four molecules.

The observed stripes have a width of about 40 A and are not forming a regular pattern
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inside the commensurate phase, but are randomly distributed. Two of the four molecules
inside the compressed phase unit cell have the same electronic structure, i.e. three dif-
ferent electronic structures are found in the unit cell. The unit cell has the following
dimensions: @ = 21.4A, b = 21 A and o = 121°. A single NTCDA molecule in the
unit cell of the compressed phase occupies in average an area of 96 A2 in comparison in
the commensurate unit cell a single molecule occupies in average an area of 92A2, i.e. a
single NTCDA molecule has in average about 5% more space in the compressed phase

compared to the commensurate phase.

The coordinates of the three different geometric phases found for NTCDA on Ag(111)
are summarized in table 4.2. The commensurate and incommensurate phases were re-
ported earlier by Kilian et al. [128] with very similar lattice parameters. It was shown
that the molecules in these two phases can be separated into the two types A and B
by their electronic structures. The striking feature of the type A molecules is a peak
around the Fermi energy observed in STS. The origin of this peak is a Kondo resonance
at the Fermi energy Ep. The nature of this resonance is studied further in section 4.5
to 4.7. The compressed phase with four molecules in the unit cell was found to show

three different electronic structures, revealed by their different appearance in STM im-

ages.

Phase alA] b[A] a[?] Area[A?] No.ofmol. A [A2/ mol]
commensurate 15.1 121 91 183 2 92
incommensurate 153 11.8 91 180 2 90
compressed 214 21 121 384 4 96

Table 4.2: The coordinates of the unit cells of the three NTCDA phases observed by STM
on Ag(111).

4.5 Mapping the electronic structure within a molecule

In the previous section the differences in the scanning tunneling spectra of the two types
of molecules were discussed. It was found that the type A molecule shows a peak at the
Fermi energy, while the type B does not. The appearance of the resonance at the Fermi
energy was related to the Kondo effect. However, only spectra taken with the tip at the
position of the highest local density of states, i.e. in the region of the the hydrogen atoms,

were considered. In this section spectra taken on various spots within one molecule are
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discussed. By this the electronic structure of the molecule is mapped. Again, a distinction

between type A and B molecules is found.

4.5.1 Electronic structure within a type A molecule

In Fig. 4.12 four spectra recorded on a type A molecule are shown. Each spectrum was
measured at another position of the tip above the molecule. The arrow in the inset
of Fig. 4.12 indicates at which spatial position these spectra were taken. The first one
(black spectrum) was recorded with the tip above the region of the hydrogen atoms of a
type A molecule, i.e. at the position at which the spectra discussed in section 4.4 were
measured. The last spectrum (red) was measured with the tip above the center of the
molecule. The closer to the center of the molecule the spectra were taken, the smaller
the central peak K at the Fermi energy becomes. But even the spectrum taken in the
center of the type A molecule shows a small peak at K = 0mV. While the central peak
K is attenuated, the side-peak pair S; (and to a lesser extent also Ss) gets more and
more pronounced. The inner side-peak pair is found at S = +53 & 3mV, the outer at
So = +118 = 6mV.

To determine the origin of the side-peaks in the spectra of NTCDA/Ag(111) and their
dependence on the spatial position of the tip above the molecule, density functional theory
(DFT) calculations were performed in collaboration with Prof. Dr. Michael Rohlfing from
the University of Osnabriick for NTCDA. In Fig. 4.13a the local density of states (LDOS)
of the LUMO of NTCDA is shown at two positions above the molecule. A few A above
the molecule center, the LUMO has no amplitude. This is the result of the annihilation
of the positive and negative contributions to the LUMO in the region of the center.
This can be seen in Fig. 4.14b in the cutting plane perpendicular to the molecular plane
(solid line: W(r) > 0, dashed line: ¥(r) < 0). This cutting plane is indicated by a line
in Fig. 4.14a. In consequence of this annihilation elastic tunneling through the LUMO
is only visible when the tip is placed above the region of the hydrogen atoms (Fig.
4.14a).

This picture stays the same for most of the molecular vibrations except of one. The
displacement pattern of this particular vibration, with the phonon energy 50 & 5meV, is
depicted in Fig. 4.14d. The particularity of this mode is the different vertical displacement
direction of the atoms in the regions where the LUMO is positive respectively negative
(see Fig. 4.14c). This results in a considerable change of the LUMO LDOS above the

molecule (see Fig. 4.13b), since the earlier described annihilation process of positive and
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Figure 4.12:
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NTCDA/Ag(111)
type A molecule
-400 -200 0 200 400
V [mV]
Scanning tunneling spectra of a type A molecule. The spectra were measured

along a line above the molecule. The black spectrum was taken with the tip
in the region of the hydrogen atoms, this corresponds to the red spectrum
shown in Fig. 4.9. The red spectrum was measured with the tip above the
center, the two other in between (see the arrow in inset with 21 A x 214,
0.1nA, 50mV). The closer to the center the spectrum was recorded, the
smaller the peak K at the Fermi energy gets. Contrary to that the side-peak
pairs, which were introduced in the inset of Fig. 4.9, at S1 = £53 + 3mV
and So = £118 & 6 mV get more and more pronounced. The source of these
side-peaks are replicas of the central Kondo peak by inelastic tunneling due
to electron-vibration coupling [109,132,133].
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negative LUMO contributions gets weaker. This can also be seen in Fig. 4.14b and c,
whereas in Fig. 4.14b the positive and negative contributions are at same height, the
positive contributions in Fig. 4.14c are enhanced in a direction perpendicular to the

molecular plane.

The influence of the electron-vibration coupling on the differential conductance dI/dV
was introduced in section 2.3.3. It was shown that the electron-vibration coupling changes
the local density of state (LDOS) p(7,€) and thus the differential conductance. This
change of the LDOS §p was has a discontinuous part Ap, which could be separated in an
inelastic contribution Apjne and an elastic contribution Apej. The inelastic contribution
was found to be responsible for a step-like increase of the differential conductance at the
vibrational threshold ¢ = A2, with the reduced Planck constant & and the frequency of

the vibrational mode 2.

In the present case the quasistatic limit has to be considered, as the energy of the
vibrational mode is approaching zero (A2 — 0). In this case the inelastic term of the

LDOS change (see equation 2.14) can be written as [78]:

Apina (76) = 0Q* Z | |7”0 [?5(er — €) (4.2)

where Apinel denotes the inelastic part of the discontinuity of the change of the local
density of states dp(79, €) at the vibrational threshold caused by the electron-vibration
coupling. §Q? = h/(2MQ) is the mean-square of the vibrational displacement Q with
the mass M and the vibrations frequency Q. ¢, is the energy of the one-electron state
|@) in the sample and ep the Fermi energy, i.e. the energy of the electron in the tip.
E

(55 1712 is the change of the wavefunction at 77, |0%,,(79)|%, due to the excitation of a

v1brat10na1 mode.

This equation explains why side peaks are strong in the center while the peak K is weak.
However, in the spectra of NTCDA/Ag(111) (see Fig. 4.12) peaks are observed. These
peaks can be explained by a replica of the Kondo peak at the vibrational threshold due to
the opening of an inelastic channel. In Fig. 4.15 and 4.16 this scenario is depicted. The
energy diagram in Fig. 4.15a shows the situation with no bias voltage applied (V = 0mV).
Around the Fermi energy at the sample a Kondo state of width AX is shown which is
half populated. This Kondo state increases the LDOS of the sample from n? to nX. The

LDOS of the tip ny is constant in the relevant energy interval. The tunneling current
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Figure 4.13: DFT calculation on a free NTCDA molecule. (a) Local density of states
(LDOS) p(7) of the LUMO. No density is found at the center of the molecule.
(b) Change of the density of states dp(r, €) induced by the phonon of energy
50 & 5meV. An enhancement of the LDOS at the center of the molecule is
visible. (c¢) Inelastic tunneling intensity in dependence of the phonon energy
above the center of the molecule.
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LUMO ¥/(r)

(d)

vibrational displacement

Figure 4.14: DFT calculation on a free NTCDA molecule. (a) The LUMO of the free
NTCDA, with positive (solid line: ¥(r) > 0) and negative (dashed line:
¥(r) < 0) contributions. (b) Cutting plane through the molecular plane at
the position indicated by the line in (a). (c) The same cutting plane as in
(b) but for the molecule displaced by the phonon of energy 50 + 5meV. (d)
Vibrational displacement of the NTCDA molecule due to the phonon.
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can than be calculated with I = nyngeV, i.e. it only depends on the LDOS in the range
of the applied bias.

When a bias voltage V' is applied, the energy diagram looks as shown in Fig. 4.15b. To
calculate the tunneling current the energy interval has to be split into two parts and
the tunneling current has to be calculated for each parts separately. The two parts are
depicted by the blue and red colors. For a bias voltage which is below half the width of the
Kondo state (eV < ATK) the tunneling current is given by:

I =nnXev (4.3)

As the voltage is increased above half the width of the Kondo state (eV > ATK) the
tunneling current has to be separated into two cases. This can be expressed as fol-

lows:

nyneV for eV < &

K

2

K K K

nynf(eV — AT) + ntng% for eV > AT

(4.4)

with the LDOS of the sample at the Kondo state nX and elsewhere n?. This results in the
current I and differential conductance dI/dV behavior as shown in Fig. 4.15c. With the
tunneling junction symmetric with respect to the direction of the applied bias the peak
around the Fermi energy in the differential conductance can be understood. This process
is determined by elastic tunneling only. The change of the LDOS dp(r), €) due to the
vibrational displacement is proportional to the contribution of a phonon to the inelastic
tunneling. This can be seen in Fig. 4.13b where the phonon with energy 50 £ 5meV
changes the LDOS in the center of the molecule. The inelastic tunneling intensity as a
function of the phonon energy with the tip placed above the center of the molecule is
shown in Fig. 4.13c, with the peak at 50 meV of the vibration denoted earlier. Assuming
that the energy of the phonon does not change significantly as the molecule is adsorbed
on Ag(111) we can explain the behavior of the Kondo peak K and the side-peak pairs
S1 and Sy. If the tip is placed above the region of the hydrogen atoms, K is the most
prominent feature in the measured spectra. This is a result of the density of states of
the LUMO being maximum in this region. The more the tip is moved to the center of
the molecule, the more the intensity of K is attenuating as a consequence of the LUMO
LDOS decreasing.
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Figure 4.15: Elastic tunneling spectra of a sample with a sharp resonance of width AK
at the Fermi level. (a) Energy diagram of the tunneling junction with a
Kondo state of width AK at the Fermi level. For simplicity, the Kondo
peak is represented by a square function. By ng and ng the LDOS of the
tip and sample are denoted. (b) Energy diagram of the tunneling junction
with an applied bias voltage V. The blue and red colors denote the different
contributions to the tunneling current. (c) The resulting tunneling current
I and differential conductance dI/dV.
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The energy diagram shown in Fig. 4.16 depicts the situation where the bias voltage is
equal and above the vibrational threshold (eV > h)). As the bias voltage is equal with
the vibrational threshold #£2, the tunneling current can be separated into an elastic and
inelastic contribution. The elastic contribution, i.e. when the electron loses no energy
in the vacuum junction, is depicted by the dashed arrow in Fig. 4.16a (this corresponds
to the energy diagram shown in Fig. 4.15b). Next to elastic tunneling inelastic tunnel-
ing is observed, i.e. the electron loses energy by emitting a vibron. This is depicted by
the solid line arrow in Fig. 4.16a. In Fig. 4.16b the bias voltage is above the vibra-
tional threshold. In this case the tunneling current is composed by several elastic and
inelastic contributions. In the following the tunneling current above the threshold AS) is
described.

For i) < eV < hQJr%k the total current I = I+ Iipe) is given as:

Ak Ak
I =nnE— +ngnl(eV — 7) + nenneV (4.5)

with the elastic current Iy = nmls‘%k +ngnl(eV — %k) and the inelastic current Ije =

nmls‘neV. The resulting differential conductance is given as:

dl
W nenle 4+ ngnkne = nge(n? 4+ nkn) (4.6)

For hQ—l—%k < eV the total current I = I+ I, is given as:

k

Ak Ak AK A
I= ntnIEf? + ntng(eV — 7) + nmls‘nT + ntngn(eV — 7) (4.7)

with the elastic current I = ntnls‘%k + nmS(eV — %k) and the inelastic current ;e =

ntngn%k+ntn2n(evf%k). The resulting differential conductance is given as:

dI

W ninle + nyndne = ngnd(1 4 n)e (4.8)
with the cross-section of the vibrational excitation n. In Fig. 4.16c the different tunnel-
ing current contributions and the differential conductance are represented schematically.
With the symmetry with respect of the direction of the tunneling electrons given, the
side-peaks at the vibrational threshold A£) for negative and positive bias can be ex-

plained.
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Kondo peak replica. (a) Energy diagram of the tunneling junction with a
Kondo state of width AK which is half populated. The applied bias voltage
is equal with the vibrational threshold (eV = k). Elastic and inelastic
contributions to the tunneling current have to be considered. (b) Energy
diagram in the case that the bias voltage is above the vibrational threshold
(eV > hQ+0.5AK). (c) The different contributions to the tunneling current
and the corresponding differential conductance. As a result the Kondo peak
around the Fermi energy and the side-peak at the vibrational threshold are

visible.
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Symmetrical peaks or steps in the differential conductance or its derivative were observed
by various groups before [68,109,110,132 135]. Fernandez-Torrente et al. [133] describe
the observation of a Kondo resonance on TCNQ in a TTF-TCNQ (TTF: tetrathialful-
valene and TCNQ: tetracyanoquinodimethane) monolayer deposited on Au(111). The
LUMO of TCNQ is singly occupied, thus an unpaired electron which interacts very weakly
with the underlying metal substrate leads to an Kondo resonance. As for NTCDA on
Ag(111) they observe side-peaks next to the Kondo resonance. They assign the side-peaks

to the strong coupling of the unpaired electron with molecular vibrations.

4.5.2 Electronic structure within a type B molecule

In Fig. 4.17 five STS spectra are shown that have been measured on different positions
on a type B molecule. The position were the spectrum has been recorded is shown by
the arrow in the inset of Fig. 4.17, starting with the tip above the region of the hydrogen
atoms (black spectrum) moving to the center of the molecule (red spectrum). The spectra
are characterized by a broad peak with a width of 400 mV with its center around —30 mV.
Within this broad peak a fine structure is observed. As for the type A molecule a
central peak K at the Fermi energy and side-peak pairs around S; = +52 +2mV and
So = +114 + 5mV are visible. Similar to the observation described before for the type
A molecule, the ratio between central peak and side-peaks K/S is changing. Again the
center peak K is attenuating while the side-peak pairs get more pronounced. Further
an asymmetry is observed between the two side-peaks of pair S;. While the side-peak
at positive bias gets more and more pronounced as the tip is moved to the center of the
molecule, the peak at negative bias shows a step-like behavior. This step-like evolution
was not observed for the type A molecule or at least not as prominent as for the type B

molecule.

The same description used before to understand the side-peaks in the case of type A
molecules is valid for the type B molecule. The mechanism which leads to the formation
of a step at —52mV is not yet understood. Interestingly the side-peaks are found at the
same energies for both molecular types. This suggest that the different electronic struc-
ture of the two types of NTCDA molecule is not the consequence of different molecular

mechanics.
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Scanning tunneling spectra on a type B molecule. The spectra were mea-
sured along a line above the molecule. The black spectrum was taken with
the tip in the region of the hydrogen atoms, this corresponds to the black
spectrum shown in Fig. 4.9. The side-peaks introduced in the inset of Fig.
4.9 are again visible. The red spectrum was measured with the tip above
the center of the molecule, the two other in between (see arrow in the inset
with 21 A x 21 A, 0.1nA, 50mV). The closer to the center the spectrum
was measured, the smaller the peak K at the Fermi energy gets. Contrary
to that the side-peaks at S1 = +52 + 2mV and Sy = +114 + 5mV get more
and more pronounced. The side-peaks are at the same position as for the
type A molecule, i.e. that the molecular mechanics are the same and thus
not responsible for the different electronic structure.
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4.6 Temperature dependence of the Kondo resonance

As shown in section 4.4, the type A NTCDA molecule on Ag(111) is characterized by a
prominent peak K at 0mV in the scanning tunneling spectrum. Based on the knowledge
of the system PTCDA/Ag(111) it was assumed that this peak is a signature of the Kondo
effect [39]. To prove that the peak is really originating from the Kondo effect further
analysis are done. A well known feature of the Kondo effect is that the peak at the
Fermi energy, i.e. the Kondo resonance, is temperature dependent [25,133,134,136-139].
Two different correlations are observed, first the dependence of the peak height Kyeight
on the temperature and second the dependence of the peak full width at half maximum
Krwmm on the temperature. In principle it is possible to recover the Kondo temperature
Tk from these physical quantities. This Kondo temperature Tk is the binding energy of
the spin singlet formed between the localized, unpaired electron in the molecule and the

delocalized electron cloud in the sample [137].

To probe these two correlations a series of temperature dependent STS measurements
was performed in the temperature range Tyample = 12.5K to 78 K. Therefore the sample
was heated up to a specific temperature and than given time to find its thermal equi-
librium. After some time spectra were recorded with the tip placed above the region of
the hydrogen atoms of a type A molecule, i.e. the region where the Kondo resonance was
found to be most prominent (see section 4.5). To derive the temperature dependent cor-
relations, i.e. peak height Kjejene and peak full width at half maximum Kpwpw, the raw
data is fitted [133,140,141]. As the central Kondo peak K is accompanied by side-peak
pairs S and underlay by a broad LUMO peak the fit is rather complex. Following terms

are included in the fit:

Lorentzian fit of the Kondo resonance K

Lorentzian fit of the side-peak pair Sy

steps at the position of the side-peak pair S;

e Gaussian fits of the LUMO and LUMO+1

It is assumed that the width of all three peaks (Kondo peak K and the two side-peaks
S1) is the same. Next, the temperature broadening of the steps at the position of the
side-peak pair is included into the fit. The further observed side-peak pairs Sy and S
(see Fig. 4.9) are not included, as they were not always prominent enough in the raw
data.
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4.6.1 Temperature dependence of the peak height

It was observed earlier that the peak height of the Kondo resonance is decreasing with
increasing temperature [133,139]. To probe this dependence 34 individual spectra were
measured at different temperatures. In Fig. 4.18a one spectrum for each temperature
measured is shown. To analyze the peak height dependence the individual spectra are
normalized to the off-resonant background. In Fig. 4.18b the fits corresponding to the
raw spectra are shown. In the insets the temperature dependence of the peak heights
is shown. As can be seen the predicted temperature dependence of the peak height
is not observed, i.e. the peak height is not decreasing with increasing sample tempera-

ture.

All reasons for not observing the predicted dependence are not fully clear. One reason
is certainly that temperature dependent measurements with STM are characterized by
large drifts between tip and sample and tip instabilities, making it difficult to record

series of spectra under constant conditions.

4.6.2 Temperature dependence of the peak width

It was found earlier that the full width at half maximum (FWHM) of the Kondo resonance
is increasing with increasing sample temperature, i.e. the peak is broadening as the tem-
perature goes up [24,133,137,139,142,143]. In Fig. 4.19 the peak width is plotted versus
the sample temperature. For each temperature several spectra were measured and then
summarized. As can be seen the standard deviation is increasing with increasing temper-
ature. This is a result of the measurement difficulties as discussed earlier. To determine
the Kondo temperature Tk from the peak width a fitting function was derived from the
Anderson impurity model [144,145] by Nagaoka et al. [142]:

Krwam = \/(27rkBTsample)2 + 8(kpTi)? (4.9)

with the Kondo temperature T and the Boltzmann constant kg. In another pub-
lication by Ternes et al. [143] a similar function with sightly different pre-factors is

given:

Krwin = \/ (54kBTiampie)? + 4(kp Ti)? (4.10)
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Figure 4.18: Temperature dependent STS on NTCDA on Ag(111). (a) The measured
spectra, normalized to the off-resonant background to compare the peak
heights. In the inset the peak height is plotted versus the sample tem-
perature. (b) The corresponding fitted spectra. The predicted temperature
dependence of the peak height as discussed in literature is not observed [139].
It is believed that the large drift and the tip changes during the measure-
ment due to thermal instability and the fact that the measurements were
performed on a new STM under construction, not running at optimum con-
ditions, made it impossible to observe the predicted dependence.
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Because of these different functions the function is again determined in our group by
Taner Esat [146] based on the publication by Costi et al. [145]. Once more differ-
ent pre-factors are obtained. This new function is much closer to the originally pro-
posed function by Nagaoka et al. [142] compared to the one proposed by Ternes et
al. [143]:

Krwiin = /(27kn Taampe)2 + 720k T2 (4.11)

This new fit function is now applied to the full width at half maximum data derived
from the 34 fits as shown in Fig. 4.18b, plus additional four spectra obtained at an even
lower sample temperature (Tsample = 5 K) on a different LT-STM/AFM. In Fig. 4.19 the
full width at half maximum of the Kondo peak Kpwmn is plotted versus the sample
temperature Tgample- The red line shows the fit with the resulting Kondo temperatures
Tk = 236 K. As predicted the full width half maximum of the peak is increasing with
increasing sample temperature. Nevertheless the fitting function 4.11 does not fit the
raw data satisfactorily. The same explanation as given earlier for the peak width can be
used here to account for the bad fit, i.e. the difficulties to measure spectra at constant
conditions when operating a STM at high temperature. Note that also the two other
functions by Nagaoka et al. [142] and Ternes et al. [143] did not result in a satisfying
fit.

It was found that the Kondo temperature of a system dramatically depends on the
geometrical configuration of the magnetic impurity with respect to the electrode [147].
Most of the studies probe system with metal atoms as magnetic impurities [24,25,148-
150]. The temperature found for NTCDA on Ag(111) can be compared to studies on
organic molecules. An organic molecule which is probed by several groups is the fullerene.
Scheer et al. [139] contacted Cgp by aluminum electrodes and found Kondo temperatures
in the range 35K to 160 K, Yu et al. [134] probed the same molecule contacted by Ti/Au
electrodes and reported about Kondo temperatures Tx > 100 K. The earlier mentioned
study from Fernandez-Torrente et al. [133] found a Kondo temperature of 26 K for the
organic molecules TCNQ/TTF on Au(111).
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Figure 4.19: Full width at half maximum Kywm of the Kondo resonance versus the sam-
ple temperature Tyample. KrwhHm Was determined by fitting the 34 measured
scanning tunneling spectra as shown in Fig. 4.18, plus four additional spec-
tra obtained at Tyample = 5 K. The red line shows the fitting with function
4.11, with the corresponding Kondo temperatures Tx = 236 K. The fit is
not satisfying which might by a consequence of the experimental difficulties
discussed earlier.

92



4 Electronic structure of w-conjugated molecules

4.7 Differential conductance map of NTCDA on Ag(111)

In section 4.4 and 4.5 it was shown that NTCDA exists on Ag(111) in two configuration,
distinguished by a brighter or darker contrast in the STM image. The type A molecule
(brighter contrast) is characterized by a Kondo resonance in the STS while the spectrum
of the type B molecule (darker contrast) shows only a small Kondo resonance signature.
In PTCDA it was possible to induce the Kondo effect by pulling the molecule, i.e. by
decreasing the coupling to the substrate. It can now be speculated that also the coupling
of the type B NTCDA molecule can be tuned such, that the Kondo effect is observed.
Therefore it is now of interest to know how the transport depends on the geometrical
molecule-substrate configuration. Therefore differential conductance maps as described
by Toher et al. [40] were recorded.

A molecule at the edge of a molecular island was contacted by the STM tip at one of the
carboxylic oxygen and lifted up and lowered down 50 times. Each manipulation cycle
was performed with another fixed bias voltage. The probed bias range was —100mV to
100mV, i.e. the first manipulation was performed with a bias voltage of —100mV, the
second with —96 mV et cetera. The molecule-substrate bond was not ruptured completely
during the lifting. This made it possible to have a very stable and reproducible junction
geometry for each of the 50 lifting. The differential conductance dI/dV was measured
with a lock-in amplifier with a modulation amplitude of V' = 4mV and a frequency of
f=1333Hz.

The pattern of type A and B molecules as described in section 4.4 continues throughout
the whole molecular island in the commensurate phase. Even the molecules at the edge
show the alternating contrast. This made it possible to contact both types of molecules,
lift them and measure the transport through them. Only molecules at the edge of an
island could be manipulated in the way just described. When such an experiment is
performed on a molecule in the layer then typically more than one molecule was con-
tacted during the manipulation. Single molecules could not be probed, as they show no

distinction between type A and type B molecules.

To compare the conductance map with the electronic structure of the NTCDA molecule
in the equilibrium position it is of importance to know the absolute tip height during
the manipulation. In general it is difficult to estimate the absolute tip-sample distance.
From the exponential decay of the tunneling current I with respect to the tip-surface
distance z in principle one could calculate the absolute distance. The tunneling current

is given by:
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I = Iyexp(—2kz) (4.12)
with the decay constant k:
2
k= riw (4.13)

which depends on the work function of the tip and the sample:

o ¢tip + ¢sample

¢ 2

(4.14)

As we do not know the work function of the tip, the absolute tip-surface distance has to

be derived from geometrical assumptions.

Toher et al. [40] calibrated the absolute tip height by stabilizing the tip above the center
of a PTCDA at a setpoint of V= 340mV and I = 0.1nA. Then the tip was moved
towards the molecule until contact which was observed by a deviation from the expo-
nential approach curve. No jump into contact was observed as the tip was approached
above the carbon backbone. The height was then calculated using the following equa-

tion:

carbon silver

Zsetpoint = hPTCDA +roaw +Trvaw T Az (415)

where hppcpa is the height of PTCDA plane within respect of the outermost lattice
plane of Ag(111), 7’53‘\,?,‘)“ and riﬁ‘{,‘ff are the van der Waals radii of the carbon and silver
atoms and Az is the distance between the setpoint and the PTCDA plane as measured
by moving the tip into the molecule. This approach could not be realized for the NTCDA
experiments, as no measurement of the distance Az was performed. Therefore another
approach is used. With the following equation the absolute tip-surface distance at which
the tip and the molecule are in contact, i.e. where the molecule is in an equilibrium

position when contacted by the tip can be determined:

Zsetpoint — hox + dt—ox (416)
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with the distance between the outermost Ag(111) lattice plane and the carboxylic oxygen
hox of NTCDA in the equilibrium position and dy—ox, the bonding distance between
the tip apex atom and the carboxylic oxygen. The former value (hox = 2.747 A) was
measured by Stadler et al. [124] by normal incidence x-ray standing wave (NIXSW),
the latter (di_ox = 2.16 A) was calculated by Toher et al. [40] with DFT for PTCDA.
With this a tip-surface distance of Zsetpoint = 5A is determined (see Fig. 4.20c). To
compare this with the tip-surface distances recorded during the manipulation, the height
of the tip in the stabilization point (I = 1 x 1071 A and U = 0.05V) has to be known.
This height was measured by crashing the tip into the bare Ag(111) surface, the contact
between tip and surface was identified by a jump in the measured tunneling current. It
was found that the tip is about 9 A above the surface in the stabilization point (see Fig.
4.20a). With this assumption the relative tip-surface distance of 4 A is identified as the
equilibrium position of the molecule. This distance is sketched by a red line in Fig. 4.21
and 4.22.

In Fig. 4.21 the differential conductance map of a type A molecule is shown. The z-
scale is plotted relative to the stabilization point (z = 0A), which was defined with
I =1x10""A and V = 50mV above the clean Ag(111) substrate. The tip is moved
down from this stabilization point, making contact to the molecule and than lifting the
molecule up and lowering it down in the z-interval [5 A, 11&]7 with z = 5A being the
closest the tip approaches to the substrate. The gray scale represents the differential
conductance with white being the largest conductance. As there are no discontinuities
in the map it must be assumed that the tip made contact during the first cycle and kept

the contact until the end of the manipulation.

When looking at cuts through the map at constant height one can see the following
evolution: When the tip is at z = 5 A there is a broad peak in the differential conductance
at negative voltages, this peak can be attributed to the filled LUMO. The further the
molecule is lifted by the tip the more this peaks shifts towards the Fermi energy (V =
0mV), i.e. the LUMO gets depopulated. The peak gets sharper until it gets pinned at the
Fermi energy at around 4 A. At this z-scale the molecule is in its equilibrium position,
i.e. to the left of the red line in Fig. 4.21 the molecule is pushed towards the surface and
to the right of the red line the molecule is lifted relative to the equilibrium position. This
resonance at the Fermi energy is the signature of the Kondo effect as discussed earlier.
As the molecule is lifted further away from the substrate, the peak attenuates until it
vanishes completely. This happens as the molecular orbital at the Fermi energy gets

depopulated and thus the localized electron forming the spin singlet with the delocalized
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Figure 4.20: Absolute tip height derived from geometrical assumptions. (a) The tip is
about 9 A above the sample surface in the stabilization point, as was mea-
sured by crashing the tip into the surface. (b) When tip and molecule are in
contact the tip is about 6.3 A above the sample surface. This can be derived
from the measurement of the distance distance between carboxylic oxygen
and sample surface (hox = 2.747 A [124]), the distance the oxygen atom
flips up when the tip-molecule contact is formed (dgi, = 1.36 A [40]) and
the bonding distance between the tip apex atom and the carboxylic oxygen
(di—ox = 2.16 A [40]). (c) By pushing the oxygen atom further down until
the molecule is in an equilibrium position the tip is about zgetpoint ~ 494
above the sample surface (hox + di—ox). With this a relative tip-surface dis-
tance of 4 A is given at which the molecule is in an equilibrium position (see
red line in Fig. 4.21 and 4.22).
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Figure 4.21: Differential conductance map of a type A molecule. The z-scale is relative
to the stabilization point above Ag(111) with 5A the closest position to-
wards the surface. As the molecule is lifted up, a peak in the differential
conductance shifts from negative voltages to the Fermi energy. This peak is
the filled LUMO which gets depopulated. At the same time the LUMO gets
sharper until it gets pinned to the Fermi energy in the molecules equilibrium
position at z = 4 A. This resonance at the Fermi energy is a signature of
the Kondo effect. As the molecule is lifted further, the peak vanishes.

Fig. 4.22 shows the differential conductance map of a type B NTCDA molecule. This
measurement was done immediately after the differential conductance map of the type
A NTCDA molecule shown in Fig. 4.21 was recorded. No tip preparation was done
in between the manipulations and the STM image has not changed, thus it can be
assumed that both manipulations were done with tips of exactly the same geometry. The
stabilization point was chosen in the same manner as for the conductance map of the type

A molecule, i.e. the same z-scale was used for both maps.

Both maps show a very similar conductance behavior. In contrast, the features in the
differential conductance map of the type B molecule are shifted by 1 A with respect to
the differential conductance map of the type A molecule. For the tip position z = 5 A
the peak is at a more negative voltage in the case of the type B molecule compared to
the type A molecule. At the molecules equilibrium position at z = 4 A the peak is still
at negative voltage and only gets pinned at 3 A to the Fermi energy (V = 0mV). After
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this the peak vanishes as the molecule is lifted further away from the substrate, as seen

for the type A molecule.
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Figure 4.22: Differential conductance map of a type B molecule. The conductance map
shows the same features as the conductance map of the type A molecule,
but shifted by 1A. This means that in the molecules equilibrium position
(red line) no peak at the Fermi energy (V' = 0mV) is observed. Only as
the molecule is lifted up to z ~ 3A a peak in the differential conductance
pinned to the Fermi energy appears.

To get a better understanding of the mechanism responsible for the different behavior
of the type A and B molecule, the maps can be further analyzed by comparing them
to scanning tunneling spectra. In Fig. 4.23 the spectra shown previously in Fig. 4.9
are plotted together with the spectra taken from the conductance maps at the molecules
equilibrium position at the relative tip-surface distance z = 4 A. Note that this represents
two different scenarios. While measuring the scanning tunneling spectra, the tip is not
in contact with the molecule, the spectra from the conductance maps were measured
with the tip contacting the molecule via one of the carboxylic oxygen atoms. Further
the scanning tunneling spectra were measured on molecules inside the layer and the

conductance maps on molecules at the border of an island.

While in the case of the type A molecule both spectra are very similar, the type B spectra
show a significant difference. In both cases the conductance of the contact tunneling
(dI/dV map) is about four magnitudes higher than the conductance of the vacuum
tunneling (STS). In the case of type A molecules both spectra show the Kondo peak
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Figure 4.23: Scanning tunneling spectra shown in Fig. 4.9 versus the spectra taken from

the conductance maps at the molecules equilibrium position at z = 4 A.
The conductance of the vacuum tunneling measurement (STS) is about four
orders of magnitude lower than the conductance of the contact tunneling
measurement (dI/dV map). The spectra of the type A molecule show both
the peak at the Fermi level. The STS peak is broader, i.e. the lifetime of the
electron is shorter in the vacuum tunneling case. The LUMO peak of the
type B molecule is at higher binding energies in the spectrum taken from
the conductance map, i.e. the LUMO gets more populated as the molecule
is contacted by the tip. The same tendency was observed earlier for the
system PTCDA /Ag(111) [67].
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at the Fermi level. The peak width measured by STS is larger than the peak width
measured while contacting the molecule. In the case of type B molecules, the LUMO
as measured by STS is closer to the Fermi energy than the LUMO measured when
contacting the molecule, i.e. the LUMO is at higher binding energies ¢y when the molecule
is contacted. This increase of ¢y results in a decrease of the Kondo temperature Tk
which is proportional to the width the Kondo resonance. This is in consistency with the

observations made in Fig. 4.23 for both types of molecules.

The contact of the tip to one of the carboxylic oxygen of the molecule shifts the LUMO
to higher binding energies, i.e. the LUMO gets more populated. In consequence the
NTCDA type B molecule has to be lifted from the surface to depopulate the LUMO and
subsequently create a Kondo state. As the lower measuring limit of the dI/dV map was at
—100mV the shift of the LUMO can only be estimated to about 100 mV. This result can
be compared to studies of the system PTCDA/Ag(111) [67] were a similar comparison
of spectra was performed. Also there a shift of about 100 mV of the LUMO was observed
as the molecule is contacted by the tip of a STM.

4.8 Conclusions

In the first part of this chapter the electronic structure of seven systems presented in this
thesis were probed. It was found that in the case of Ag(111) the LUMO shifts to negative
values upon adsorption of the molecule on the metal. Furthermore it was found that the
position of the LUMO and the size of the molecules show a linear dependence. This was
explained by a work function increase upon molecule adsorption. This increase is found
to be larger the smaller the molecule is, as a consequence of the bond dipole being larger
the smaller the molecules is. Further it was argued that the electron affinity is increasing
the longer the molecule is. These two effects create the observed dependency of the
LUMO position on the molecules length. In the case of Au(111) the LUMO is not filled
upon adsorption of the molecules, i.e. no charge transfer is observed. The molecules
are physisorbed on Au(111), only van der Waals interaction is observed between the
molecules and the Au(111) substrate. Also here a linear dependence between LUMO
position and molecule size was found. This can be explained in a similar picture as
for the Ag(111) case by the change of the work function and the electron affinity upon

adsorption.

The system NTCDA on Ag(111) was investigated more profoundly as a particular elec-
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tronic structure was observed. Three different geometric phases were found during the
study, two of which were introduced in earlier publications. Their appearance upon the
deposition parameters was discussed and the unit cells were measured. It was found
that the molecular layer is composed of two different types of NTCDA molecules. Every
second molecule shows an electronic signature which was attributed to the Kondo effect.
A peak in the differential conductance at the Fermi energy and vibrational signatures
were found in the spectroscopic data. By measuring spectra at different positions above
the molecule and by performing DFT calculation the spatial variance of the electronic
structure and the influence of vibrations on the inelastic tunneling was explained. Mea-
suring temperature dependent STS the Kondo temperature of the Kondo resonance at
the Fermi energy was determined to Tix = 236 K by fitting the FWHM of the Kondo
resonance. However, due to experimental difficulties this fit was not satisfying. The re-
quirement for the appearance of the Kondo resonance was investigated and it was found
that it critically depends on the adsorption site. Finally differential conductance maps
were measured by lifting NTCDA molecules from the island borders. It was found that
both types of molecules form the Kondo resonance. While the type A molecule shows a
peak in the differential conductance in the equilibrium position, the type B molecule has
to lifted by 1A to show a peak.
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5 Highly reproducible lifting of

m-conjugated molecules

In this chapter a new method is introduced, which was used to probe single molecules.
The main idea of this method is to simultaneously measure the frequency shift and
the zero-bias differential conductance through a molecular junction while manipulating
the molecule with a combined LT-STM/AFM. The frequency shift is used to monitor
the geometry in the junction, by comparing the experimental frequency shift measure-
ment to simulations of the frequency shift based on force-field calculations. The fea-
tures observed in the zero-bias differential conductance can then be assigned to specific
junction geometries. This new method is introduced by presenting two published let-
ters [42,43].

In the first letter “Force-controlled lifting of molecular wires” by Fournier et al. [42] the
new method was first introduced. In contrast to the vertical manipulations discussed in
chapter 6 the tip was moved on a customized trajectory which was chosen to reduce the
lateral force on the tip during the manipulation. It was shown exemplary on the system
PTCDA on Ag(111) that while manipulating single isolated molecules reproducible, the
frequency shift and the zero-bias differential conductance can be measured. Further it
was shown that the frequency shift data measured is in very good agreement with the sim-
ulations based on force-field calculations. Finally the features A and B in the frequency
shift were introduced and the conductance of the molecule in the wire configuration was

determined.

In the second letter “Measurement of the Binding Energies of the Organic-Metal Perylene-
Teracarboxylic-Dianhydride/Au(111) Bonds by Molecular Manipulation Using an Atomic
Force Microscope” by Wagner et al. [43] the new method was applied to the two molecules
NTCDA and PTCDA on Au(111). The focus of this paper was on the measured fre-
quency shift. This measured frequency shift was used to identify the individual binding

energy contributions to the total molecule-metal bond. Therefore many simulations were

103



5 Highly reproducible lifting of w-conjugated molecules

generated with a Monte Carlo algorithm. From these simulations the best one was cho-
sen by comparing the simulated frequency shift to the experimental frequency shift by
determining the reduced y3. From this best simulation the energy contributions were
extracted. It was found that the molecule-metal bond is mostly the result of van der

Waals interaction.
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Lifting a single molecular wire off the surface with a combined frequency-modulated atomic force and tunneling
microscope it is possible to monitor the evolution of both the wire configuration and the contacts simultaneously
with the transport conductance experiment. In particular, critical points where individual bonds to the surface
are broken and instabilities where the wire is prone to change its contact configuration can be identified in the
force gradient and dissipation responses of the junction. This additional mechanical information can be used to
unambiguously determine the conductance of a true molecular wire, that is, of a molecule that is contacted via a
pointlike “crocodile clip” to each of the electrodes but is otherwise free.

DOI: 10.1103/PhysRevB.84.035435

Recently it has been demonstrated that the application
of scanning tunneling microscopy (STM) to single-molecule
transport studies increases the degree of experimental con-
trol considerably, because the conformation and the local
environment of the molecule before and after the transport
measurement can be determined.'~ In those instances when
the molecule can be contacted in a point-contact-like manner,
essentially like an atom, this degree of control is sufficient to
make transport measurements fully reproducible; examples
are conductance measurements of Cgy.'>>° In the more
general cases of ribbonlike or platelet molecules, however, the
molecule must be manipulated into a free-standing configura-
tion in which it remains connected to the junction electrodes
(i.e., substrate surface and STM tip) via the two pointlike
contacts. As no direct methods exist to control and monitor
the molecule during this manipulation, its configuration in the
junction is typically deduced from the transport data itself
or from theoretical simulations.”® This approach, however,
often leads to ambiguities with respect to the molecular
conformation and thus cannot yield detailed and reliable
characterizations of molecular junctions.

In this work we propose a new approach to single-molecule
transport measurements based on, first, contacting a surface-
adsorbed molecule with the tip of a combined atomic force
and tunneling microscope (AFM/STM), second, lifting up
the molecule into the free-standing wire configuration on a
trajectory that has been optimized before in a simulation,
and third, verifying the proper execution of the lifting by
monitoring online the AFM signal that measures the junction’s
stiffness. We show that molecular wire junctions formed in
this way can be characterized reproducibly. For our proof-
of-principle experiment we have chosen the well-studied
system of 3,4,9,10-perylene-tetracarboxylicacid-dianhydride
(PTCDA).'° The structure of PTCDA, shown in Fig. 1, can be
understood as a graphene nanoribbon'! with functional groups
attached at both ends. Therefore, PTCDA represents a wider
class of molecular wires which consist of two separated parts:
first, a conducting 7 -conjugated core and, second, clamps at its
ends which provide a mechanically stable electronic coupling
of the wire’s conducting body to the electrodes.>!?

For our experiments we prepared an atomically clean
Ag(111) surface in UHV by successive cycles of Ar™
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sputtering and annealing at 550 °C. A submonolayer coverage
of PTCDA molecules was evaporated onto the Ag(111) surface
kept at RT from a home-built Knudsen cell at a temperature of
300 °C. Finally, isolated PTCDA molecules on Ag(111) were
produced by detaching them with the STM tip from the edge
of a PTCDA island.”

In detail, we contact the single, isolated PTCDA molecule,
which initially is adsorbed flat on a single-crystal Ag(111)
surface, with the atomically sharp Ag-covered tungsten tip
of a low temperature CREATEC STM/AFM (based on the
gPlus tuning fork design'?). Moving the tip into contact with
the molecule and then retracting it away from the surface,
we bring the molecule into the free-standing wire geometry,
in which the molecule is bound to the surface on one side
and to the tip on the other, each via a carboxylic oxygen
atom (Fig. 1). To gain full control over the lifting process, we
retract the tip along a trajectory that minimizes lateral forces
in the junction. Lateral forces can lead to abrupt sliding of
the molecule on the surface and undermine external control of
the junction structure.>'* The trajectory with vanishing lateral
forces is shown in Fig. 1'* and was obtained from force-field
simulations that take into account both the chemical bonding
and the van der Waals interaction between the molecule and the
electrodes.

Force-field calculations have been carried out for the
tip/PTCDA/Ag(111) junction. The tip was modeled by a single
Ag atom. The Ag(111) surface was modeled by one atomic
layer. The interaction between the atoms within the PTCDA
molecule was described by the AMBER'® parameter set. The
tip-molecule interaction is modeled by a Morse potential
(depth 1 eV) acting between the tip atom and one of the car-
boxylic oxygens of PTCDA.!> The molecule-substrate inter-
action is modeled by interaction potentials between individual
atoms constituting the molecule and the surface as a whole.
The interaction potential for each species in the molecule (C,
H, carboxylic O, anhydride O) with Ag is represented by
a one-dimensional z-dependent Morse potential; for each of
these potentials, the position of the energy minimum and the
depth has been chosen separately to reproduce the available
experimental data, namely the adsorption height of PTCDA on
Ag(111),'18 its deformation,'®-!® and the adsorption energy
for PTCDA/Au(111)," which is taken as a lower boundary

©2011 American Physical Society
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FIG. 1. (Color) Simulated junction geometries during tip retrac-
tion. (a) PTCDA adsorbed on Ag(111). The molecule is shown in
the adsorption site that is used in the simulation. The tip trajectory
employed in experiment and simulation is shown in red (its projection
into the xy plane is shown as a shadow). An animation of this tip
trajectory is provided in the supplemental material (Ref. 14). Tip
positions corresponding to the four junction geometries in panels
(b) to (e) are marked in blue. The two angles ¢ and 6 describe
the orientation of the molecule in the junction. (b) The second
carboxylic oxygen is detached from the surface. (c) The almost planar
molecule is lifted into the upright configuration. (d) Upright molecule
(¢ =90°,06 =0°) bound to Ag(111) via two carboxylic oxygen
atoms. (e) Molecular wire configuration, that is, ¢ = 90°,0 = 15°.
The coordinate z., describes the motion of the molecule after it is
detached from the surface.

for the adsorption energy for PTCDA/Ag(111). Finally, the
potentials have been fine-tuned to optimize the fit to the
experimental Z—f(z) data. The corrugation of the interaction
potential between the carboxylic O atoms and the surface
has been set to 40 meV, according to the activation energy
of PTCDA diffusion that was measured on Ag(100).° The
force-field simulations have been carried out for a PTCDA
molecule that is aligned along the high symmetry direction of
Ag(111).2! In the simulations the tip is retracted in steps of
0.25 pm. After each step the junction geometry is relaxed. To
define the tip trajectory of Fig. 1(a), the lateral position of the
tip apex atom is adjusted at each tip height z;;, such that all
lateral forces on the tip vanish. The thus-obtained tip trajectory
has also been used in the experiments.

To measure the junction stiffness experimentally during tip
retraction, we record the frequency shift A f of the tuning fork
oscillations. In our experiments we have used qPlus sensors
from Createc Fischer GmbH. They consist of a tungsten tip
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that is glued to the quartz tuning fork. The tip was etched
electrochemically. Then it was prepared in situ by crashing into
the clean Ag(111) surface at a bias voltage of V = 100 V with
the current limited to 1 mA. The qPlus sensor (kg = 1800 N/m)
oscillates with its resonance frequency fy ~ 20.9 kHz and an
amplitude of Ay &~ 0.1-0.2 A. The Af signal can be directly
related to the stiffness (or force gradient) k = % ~ 72%A f
of the molecular wire junction, where F is the force acting
on the apex of the tip.?>?* The inset of Fig. 2(a) displays
Af data of a single cycle of tip approach toward the not-yet-
contacted molecule (black) and tip retraction after contacting
the molecule (red). The black curve shows a decreasing
stiffness due to the increasing attraction between the tip
and the substrate (the latter consisting of both the PTCDA
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FIG. 2. (Color) Stiffness of the tip/PTCDA/Ag(111) junction. (a)
Two-dimensional histogram of 121 Af(z) curves recorded while
lifting up single isolated PTCDA molecules. After each manipulation
cycle the molecule remained at the tip. In 65% of the cases it was
possible to redeposit the molecule back onto the surface by having
the tip approach the surface and applying a voltage of +0.6 V to the
sample. The inset shows A f(z) for a single approach/retraction cycle:
Approach is shown in black, retraction in red. For all curves in the
histogram, the Af signal during tip approach was subtracted from
the Af data taken during retraction. (b) Same dataset as in panel
(a), but each curve is shifted on the horizontal axis by individual
values zj such that the peak belonging to feature B is aligned with
the corresponding peak in the simulated Af curve (dashed line)
(Ref. 24). The inset shows a histogram of shift distances z,. (c)
Averaged dissipation signal for all 121 retractions of panel (b). Before
averaging, each curve was shifted by the same z, as the corresponding
Af curve in panel (b). The dissipation is a measure of the energy
needed to sustain a constant oscillation amplitude of the tuning fork
Sensor.

035435-2



FORCE-CONTROLLED LIFTING OF MOLECULAR WIRES

molecule and the metal surface). At the end of the approach,
the jump-into-contact of the PTCDA molecule to the tip apex
can be discerned as a sharp kink in the stiffness curve. To
exclude long-range forces that are not related to the lifting
of the molecule from our analysis, we subtract the approach
curves (background) from the retraction curves. The resulting
background-subtracted retraction curves of all 121 approach
cycles that we have performed are shown as a two-dimensional
color-coded histogram in Fig. 2(a).

In the range zg, = 5 to 14 A% Fig. 2(a) exhibits a shallow

dF

dip in the junction stiffness 7=, which we label as feature
Zip

A. When the tip is retracted beyond zi, ~ 14 A, the stiffness
curves in Fig. 2(a) scatter more strongly. Nevertheless, it is
evident that most of the curves show a characteristic peak/dip
structure, to which we refer as feature B from now on. In
Fig. 2(b), we have aligned all individual stiffness curves at
feature B, with the result that in the range z = 16 to 24 A,
the experimental curves collapse onto one. Apparently, the
macroscopically measured zg;, does not characterize the con-
figuration of the molecule in the junction unambiguously. This
ambiguity may, for example, arise due to different bonding
positions of the carboxylic oxygen atom of PTCDA on the
tip. In the remainder of the paper, we exclusively discuss the
aligned stiffness curves of Fig. 2(b), because feature B defines
a reference point for the microscopic z coordinate, as will
become clear below. This coordinate z is related to zg, by
2 = Zip + 20, Where 7o is an offset that varies from experiment
to experiment [inset, Fig. 2(b)].

Before discussing Fig. 2 in detail, it is necessary to analyze
which part of the junction the measured stiffness signal Z—f is
related to. Because we have never observed structural changes
of either the tip or the Ag(111) surface in our experiments,
we conclude that the Ag(111) surface and the tip apex are so
stiff that their small deformations occur within the harmonic
limit (‘fl—f = const). Consequently, any influence of these
deformations on the curves in Fig. 2 can be ruled out. The
three remaining elements which could in principle affect the
‘fl—f curves in Fig. 2 are the molecule itself and its bonds to
the surface and to the tip. According to ab initio calculations'?
and our experimental data, which show that at the end of the
approach-retraction cycle the PTCDA molecule nearly always
remains connected to the tip, we conclude that the tip-molecule
bond is the stiffest. Hence, it should deform much less than
the molecule and its bond to the surface. We can therefore
conclude that the measured ‘Z—f curves are a property of the
PTCDA molecule itself and of the PTCDA/Ag(111) surface
contact, revealing their response to the chosen tip trajectory.
This illustrates the benefits of using stiff sensors for force
spectroscopy: If the sensor is much stiffer than the probed
object, its properties do not affect the measurement.”® In
particular, unlike traditional force spectroscopy techniques,
which work only until bond ruptures occur,?’-?® stiff sensors
like the gPlus offer the possibility to coerce the molecular
junction smoothly through bond rupture processes. This is
vital in the present context, because it allows the stabilization
of the molecular junction in any desired configuration along
the chosen trajectory.

With this knowledge, we are able to interpret the experi-
mental stiffness curves %X (z) in Fig. 2(b) by comparing them

dz
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FIG. 3. (Color) Force, potential energy, and conductance of the
molecular wire. (a) Histogram of the 35 integrable ‘fl—f curves (i.e.,
no abrupt jumps for z > 15 A) from the dataset in Fig. 2(b). The
solid red line displays the averaged experimental data. The black
dashed line shows the simulated A f curve (Ref. 24). The tip heights
that correspond to the junction geometries in Fig. 1 are indicated
and labeled as b, c, d, and e. The upper horizontal axis (¢, 0, z.u.)
indicates the coordinates of molecular motion, enforced by the tip
trajectory shown in Fig. 1(a). (b) Black dashed line, force on the tip as
calculated in the force-field simulation; red solid lines, force on the tip
as calculated by integrating the averaged experimental % in panel (a)
[red solid line in panel (a)] for z > 16 A andforz < 15 A. The branch
for z < 15 A was shifted along the vertical axis such that it starts at
the value where the left section of the curve ended. (c) Black dashed
line, potential energy of PTCDA in the junction as calculated in the
force-field simulation; red solid lines, potential energy of PTCDA in
the junction as calculated by integrating the experimental F(z) curves
in panel (b) [red solid line in panel (b)]. The integration constant for
z < 15 A was again chosen to match the value where the left section
of the curve ended. (d) Histogram of the junction conductance %(2)
at a bias voltage of V = —0.5 mV for the same dataset as in panels
(a)—(c). At z~ 17 A the last molecule-substrate bond breaks and
the junction enters the tunneling regime. The inset is a line profile
through the histogram parallel to the vertical axis in the corridor
between 7 = 16.25 A and z = 17.0 A.

to a simulated ‘(’Tf(z) curve [black dashed lines in Figs. 2(b)
and 3(a)], which 1s obtained from the same force-field model
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that was used to extract the tip retraction trajectory.?* For
this comparison, we remove all curves from the experimental
dataset in which the lifting of the molecule ends prematurely,
for example, because the molecule instantaneously snaps to
the tip. The remaining histogram in Fig. 3(a) is in very good
agreement with the simulation, particularly for z > 16 A,
indicating that the lifting process in the corresponding
experiments proceeds as predicted by the simulation. This
conclusion is confirmed by the more detailed analysis in the
next paragraph.

Because it is more intuitive to discuss the junction in terms
of its total energy U(z) and the force F(z) = ‘ZU than in terms
of its stiffness fi—f = ddsz , we turn to the simulated F'(z) [dashed
line in Fig. 3(6)] and U(z) [dashed line in Fig. 3(c)] with
the aim to understand the origin of features A and B in the
measured stiffness curves. The simulated F(z) and U (z) reveal
that feature A is associated with the molecule being lifted out
of a shallow attractive potential as the tip moves away from
the surface. Considering the corresponding configurations in
Fig. 1, it becomes clear that this attractive potential A is due
to the delocalized 7= bond between PTCDA and Ag(111),
which is broken gradually as the tip is retracted from 7 to
15 A. According to Fig. 1 and animation 2 in the supplemental
material,'* in this range the retracting tip essentially changes
the angle ¢ between the molecule and the surface plane. At
7~ 16 A (point d), the tip trajectory changes [cf. Fig. 1(a)],
and the motion of the molecule is from there on constrained
to a different coordinate when the tip is retracted further.
From Fig. 1 and animation 2 in the supplemental material'*
it is clear that the relevant new coordinates are the angle 6
until point e (z ~ 17 A), and the z position of the center
of mass of the PTCDA molecule, z.,,_, beyond point e (z >
17 A). The simulated F(z) and U (z) in Figs. 3(b) and 3(c) show
that immediately after the coordinate change ¢ — (6,z¢.n.)
the molecule is again lifted out of an attractive potential
(potential B). Therefore, we can conclude that feature B in the
experimental stiffness curves originates from the interaction
of the lower end of the vertically upright molecule with the
surface. Outside this potential well the molecule is completely
removed from the surface and both F and U approach zero (at
7z~ 24 A).

Summarizing up to this point, we have seen that the shape
of the experimental stiffness curves verifies that the target
trajectory is executed in the experiments as predicted by the
simulation. In other words, starting from the surface-adsorbed
molecule that has been contacted with the STM tip, a free-
standing molecular wire of controlled geometry is created in a
systematic and reproducible manner. Unlike in the simulation,
however, the real junction passes through an instability at
7z~ 16 A, as evidenced by the sharp peak in the dissipation
signal of Fig. 2(c). In dynamic AFM, energy dissipation arises
whenever the work [ Fds in the downward and upward half
cycles of the tip oscillation is not the same. In the present
case, this indicates that the configuration of the molecule in
the junction changes within one cycle. We have seen in the
previous paragraph that at z ~ 16 A, where the maximum in
the dissipation signal appears, the molecule stands upright in
the junction and the change in coordinate ¢ — 6 takes place.
It is clear that in this configuration the oscillations of the tip
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(which, incidentally, are not contained in the simulation) may
lead to particularly large compressive or tensile stress in the
junction. This, in turn, makes the molecule prone to change
its configuration in the junction. The presence of the sharp
dissipation maximum at z ~ 16 A therefore confirms that at
this distance the molecule in the junction stands indeed upright,
and thereby it also confirms our interpretation of features A
and B to either side of the dissipation maximum.

To compare experiment and simulation quantitatively, we
have integrated the averaged experimental stiffness of Fig. 3(a)
(red line), once to yield the force F [Fig. 3(b), red line]
and twice to yield the potential energy U [Fig. 3(c), red
line]. It is clear that this integration cannot be extended
meaningfully across the dissipative region because here the
molecule traverses different trajectories with different forces
in the upward and downward half cycles of the tip oscillation,
and hence the measured frequency shift Af is not any more
related to a unique stiffness in a well-defined configuration.
The sharp dissipation maximum at the instability therefore
divides the lifting process into two regimes, both of which
must be integrated separately. Starting from z = 24 A, where
the force and the potential energy can be set to zero to
fix the integration constants, we have integrated the average
experimental curve of Fig. 3(a) up to z = 16 A. The results for
both F and U agree very well with their simulated counterparts
[cf. dashed lines in Figs. 3(b) and 3(c)]. We can therefore
conclude that the maximal force that has to be overcome to
remove the upright molecule from the surface is 0.6 nN. This
force corresponds to a binding energy in this configuration of
1 eV. This binding energy includes contributions both from
the short-range (chemical) interaction between the carboxylic
oxygen atoms and the surface as well as long-range van der
Waals interaction between the whole of the molecule and
the surface. For the integration from z =5 A to z = 14 A,
there is no experimentally accessible limiting case which can
be used to fix the integration constant. We have therefore
adjusted the integration constant such that the integrated curve
starts at the value where its left section ended. According
to this integration, the maximal force during cleaving of the
delocalized 7 bond between PTCDA and Ag(111) is 0.5 nN.

Finally, we turn to the electrical conductance measurements
through the PTCDA wire. Figure 3(d) shows the two-dimen-
sional color-coded conductance histogram for the data set of
Fig. 3(a), made with logarithmic bins. For 6 A < z < 10 A the
conductance behavior of the PTCDA wire has been reported
and discussed before.>>!> Here we concentrate on the range
z>16 A. At z~ 17 A, we observe a sharp turning point
at which the conduction through the molecular wire abruptly
gives way to tunneling, the latter revealed by the characteristic
exponential dependence of the conductance on the distance.
This shows that precisely at the point of largest force across the
wire junction a vacuum gap opens between the molecular wire
and the surface. Through the last angstrom before the transition
to tunneling, we observe a plateau in the conductance, which
should correspond to the conductance of a PTCDA wire that is
contacted by its carboxylic oxygens at one end to the tip and at
the other end to the Ag(111) surface [Fig. 1(e)]. Interestingly,
on this plateau the distribution of wire conductances exhibits
two well-defined peak values, G| = (1.3 £0.3) x 107G,

035435-4



FORCE-CONTROLLED LIFTING OF MOLECULAR WIRES

and G, = (0.6 £0.1) x 107Gy, where G is the quantum
of conductance (12.9k2)~". This indicates that there exist two
stable configurations of the molecular wire junction. Note that
the two conductances vary by nearly a factor of 2, that is, % ~
2.1. One may speculate that these configurations have one or
two (carboxylic) oxygen atoms, respectively, in contact with
the tip electrode.

The method used here for the characterization of a pro-
totypical molecular wire provides independent force-based
control over the conformation of the molecule in the junction.
The large stiffness and the low oscillation amplitudes of
the gqPlus sensor make it a unique tool for single-molecule
transport studies. The experimental strategy described here
is directly applicable to the broad class of molecules that
are composed of the nanometer-sized graphene ribbons or
flakes and functionalized with carboxylic or other groups
of sufficient reactivity as contacts to the tip. Since this
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type of molecular wire is of practical importance,!! their
systematic study is highly desirable. Furthermore, the case
of PTCDA analyzed here inspires optimism since it demon-
strates that molecular wires can sustain stable electrical
contacts between two macroscopic electrodes even if one
of the leads is subjected to mechanical oscillations with
amplitudes of about 10% of the total length of the wire. At
the same time, the rather low conductance of the present
wire should improve as the size of the conducting nanorib-
bon and/or the number of carboxylic clamps per contact
increases.

We gratefully acknowledge fruitful discussions with
M. Rohlfing (Universitit Osnabriick) and C. Toher (TU
Dresden), as well as the financial support from the Deutsche
Forschungsgemeinschaft (DFG SPP 1243). R.T. acknowl-
edges support by the Helmholtz-Gemeinschaft.

“Corresponding author: r.temirov @fz-juelich.de

IN. Néel, J. Kroger, L. Limot, T. Frederiksen, M. Brandbyge,
and R. Berndt, Phys. Rev. Lett. 98, 065502 (2007).

2R. Temirov, A. Lassise, F. B. Anders, and F. S. Tautz,
Nanotechnology 19, 065401 (2008).

3N. Néel, J. Kroger, L. Limot, and R. Berndt, Nano Lett. 8, 1291
(2008).

4L. Lafferentz, F. Ample, H. Yu, S. Hecht, C. Joachim, and L. Grill,
Science 323, 1193 (2009).

5Y. F. Wang, J. Kroger, R. Berndt, H. Vazquez, M. Brandbyge,
and M. Paulsson, Phys. Rev. Lett. 104, 176802 (2010).

°G. Schull, T. Frederiksen, A. Arnau, D. Sanchez-Portal,
and R. Berndt, Nat. Nanotechnol. 6, 23 (2011).

7A. Nitzan and M. A. Ratner, Science 300, 1384 (2003).

8N. J. Tao, Nat. Nanotechnol. 1, 173 (2006).

°F. Chen, J. Hihath, Z. F. Huang, X. L. Li, and N. J. Tao, Annu. Rev.
Phys. Chem. 58, 535 (2007).

10F. S. Tautz, Prog. Surf. Sci. 82, 479 (2007).

"'F. Munoz-Rojas, J. Fernandez-Rossier, and J. J. Palacios, Phys. Rev.
Lett. 102, 136810 (2009).

12C. Toher, R. Temirov, A. Greuling, F. Pump, M. Kaczmarski,
M. Rohlfing, G. Cuniberti, and F. S. Tautz, Phys. Rev. B 83, 155402
(2011).

BF. J. Giessibl, Rev. Mod. Phys. 75, 949 (2003).

“See Supplemental Material at http:/link.aps.org/supplemental/
10.1103/PhysRevB.84.035435 for animationl.avi and anima-
tion2.avi.

SW. D. Cornell, P. Cieplak, C. 1. Bayly, 1. R. Gould, K. M. Merz,
D. M. Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, and P.
A. Kollman, J. Am. Chem. Soc. 117, 5179 (1995).

16 A. Hauschild, K. Karki, B. C. C. Cowie, M. Rohlfing, F. S. Tautz,
and M. Sokolowski, Phys. Rev. Lett. 94, 036106 (2005).

17A. Hauschild, K. Karki, B. C. C. Cowie, M. Rohlfing, F. S. Tautz,
and M. Sokolowski, Phys. Rev. Lett. 95, 209602 (2005).

18R, Rurali, N. Lorente, and P. Ordejon, Phys. Rev. Lett. 95, 209601
(2005).

19P. Fenter, F. Schreiber, L. Zhou, P. Eisenberger, and S. R. Forrest,
Phys. Rev. B 56, 3046 (1997).

20§, Tkonomov, P. Bach, R. Merkel, and M. Sokolowski, Phys. Rev. B
81, 161412 (2010).

21 A. Kraft, R. Temirov, S. K. M. Henze, S. Soubatch, M. Rohlfing,
and F. S. Tautz, Phys. Rev. B 74, 041402(R) (2006).

22M. Ternes, C. P. Lutz, C. F. Hirjibehedin, F. J. Giessibl, and A. J.
Heinrich, Science 319, 1066 (2008).

M. Ternes, C. Gonzalez, C. P. Lutz, P. Hapala, F. J. Giessibl, P.
Jelinek, and A. J. Heinrich, Phys. Rev. Lett. 106, 016802 (2011).
%The simulated Af(z) curve was obtained as Af = dz(‘%“’ X %

The resultant curve was smoothed to remove numerical noise.

»The determination of the absolute zg, scale in the experiment was
done as reported in Ref. 12.

2A. Noy, Surf. Interface Anal. 38, 1429 (2006).

M. Rief, F. Oesterhelt, B. Heymann, and H. E. Gaub, Science 275,
1295 (1997).

28T, Hugel and M. Seitz, Macromol. Rapid Commun. 22, 989 (2001).

035435-5



PHYSICAL REVIEW B 84, 239906(E) (2011)

Erratum: Force-controlled lifting of molecular wires [Phys. Rev. B 84, 035435 (2011)]

N. Fournier, C. Wagner, C. Weiss, R. Temirov, and F. S. Tautz
(Received 25 November 2011; published 16 December 2011)

DOI: 10.1103/PhysRevB.84.239906 PACS number(s): 82.37.Gk, 73.63.—b, 81.07.—b, 99.10.Cd

In Figs. 2(a), 2(b), and 3(a) the units of d F/dz scale should be nN/nm. In Fig. 3(d) the G scale is incorrect. The corrected
Fig. 3(d) is shown here. The conductance values G; and G, are changed accordingly: G; = (1.3 £ 0.3) x 102 Gy, G, =
(0.6 4 0.1) x 1072 G,. None of the claims of the paper are affected.
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FIG. 3. (Color online) (d) Histogram of the junction conductance d1/dV(z) at a bias voltage of V = —0.5 mV for the same data set as in
panels (a)—(c). At z ~ 17 A the last molecule-substrate bond breaks, and the junction enters the tunneling regime. The inset is a line profile

through the histogram parallel to the vertical axis in the corridor between z = 16.25 A and z = 17.0 A.
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Based on single molecule manipulation experiments in a combined scanning tunneling microscope/
frequency modulated atomic force microscope, we quantify the individual binding energy contributions to
an organic-metal bond experimentally. The method allows the determination of contributions from, e.g.,
local chemical bonds, metal-molecule hybridization, and van der Waals interactions, as well as the total

adsorption energy.

DOI: 10.1103/PhysRevLett.109.076102

The bonding of large organic adsorbates to metal sur-
faces is subject of an intense research effort [1-6]. If the
molecule has functional groups, one may expect different
bonding channels to contribute to the overall bonding of
the molecule to the surface. An example for such a multi-
functional bond is that of the well-studied model molecule
3,4,9,10-perylene-teracarboxylic-dianhydride (PTCDA) to
noble metal (111)-surfaces. According to the established
picture, derived mainly from structural and electronic
structure data, the PTCDA-metal bond consists of three
attractive components [4,7—13]: firstly, local bonds of the
reactive carboxylic oxygen atoms (O,,,) to metal atoms in
the surface; secondly, weak chemisorption of the perylene
core due to hybridization of delocalized molecular and
metal states; and thirdly, the van der Waals interaction.
The theoretical description of such multifunctional bonds
presents a challenge because individual contributions may
compete against or reinforce each other depending on the
situation at hand. Moreover, the van der Waals interaction
is only now being included into density functional theory
(DFT) [12,14-17], and there is still some uncertainty re-
garding the reliability of the various approaches [18]. In
this situation, it would be helpful if the various contribu-
tions to the total energy of a multifunctional bond could be
determined experimentally.

In this Letter, we present an experimental method which
allows the partitioning of the overall bonding energy be-
tween different bonding channels and apply it to PTCDA/
Au(111). The approach is based on molecular manipula-
tion in a combined scanning tunneling microscope/
frequency modulated atomic force microscope (STM/
FM-AFM) with a qPlus sensor (cf. Fig. 1) [19]. STM is
used for high resolution imaging and location of the func-
tional group at which to dock the tip to the molecule, and
FM-AFM is used to measure the junction stiffness dF,/dz
[20] while manipulating the molecule off the surface by tip
retraction (z = vertical tip coordinate) [21-23]. Because
the stiffness of the surface-molecule-tip junction is mea-
sured throughout the complete removal process, the

0031-9007/12/109(7)/076102(5)
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strength of all interaction potentials constituting the
PTCDA-Au(111) bond is probed, albeit in a tangled man-
ner. To disentangle the various contributions, we use a
procedure which is based on the hypothesis that the
(dF./dz)(z) curve contains enough information to retrieve
the quantitative shape of all relevant interaction potentials.
This hypothesis is fully borne out by our results. The
retrieval, discussed in detail below, proceeds by firstly,
parameterizing the various bonding channels of the
molecule-substrate interaction with generic potentials of
sufficient generality, secondly, simulating the junction stiff-
ness dF,/dz based on these generic potentials throughout
the whole manipulation process, and thirdly, fitting the
simulated junction stiffness to the experiment, thereby ex-
tracting the correct potential parameters, from which the
desired partitioning can finally be calculated.

The experiments are performed with a commercial
STM/FM-AFM (CREATEC) operated at 5 K in ultrahigh

FIG. 1 (color). Scheme of the experimental setup. A single
PTCDA molecule on Au(111) is contacted by a tip attached to a
qPlus sensor. The oscillating sensor is retracted from and ap-
proached to the surface [28]. In this way, the molecule is
repeatedly detached from the surface and brought back.
Changes in the resonance frequency of the sensor reflect changes
in the stiffness of the junction.

© 2012 American Physical Society
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vacuum. The 15 um diameter Ptlr tip wire of the qPlus
sensor was cut and sharpened using a focused ion beam.
The tip was finally prepared at 5 K by indentation into the
clean Au(111) surface. The frequency of the qPlus sensor
was f, = 30311 Hz, its spring constant k = 1800 Nm™!
[19]. The surface was prepared using Ar* sputtering and
annealing in ultrahigh vacuum. The molecules were de-
posited from a home-built Knudsen cell. Single molecules
were prepared by detaching them from the molecular
islands with the STM/FM-AFM tip in STM mode. The
contact between the tip and one of the O, atoms of
PTCDA was established according to the procedure de-
scribed earlier [20-22]. Note that during contacting and
throughout the experiment the tip is vibrating with an
amplitude of = 0.2 A [24].

Having established the contact, the tip is retracted ver-
tically from the surface by 27 A, lifting the molecule and
fully breaking the molecule-surface bond. Then, the tip is
approached back to the surface, restoring the bond between
PTCDA and Au(l11). In each of the experiments, the
retraction-approach cycle is repeated 10 times while
dF./dz(z) = —(2ko/fo)Af(z) [19] is recorded. As Fig. 2
(a) shows, the gradual breaking of the molecule-surface
bond is reversible and reproducible. The dramatic im-
provement in reproducibility over previous work [20] is
attributed to the low corrugation of the adsorption potential
of PTCDA on Au(111). Hence, during tip retraction the
lower end of the molecule slides smoothly over the surface,
while on Ag(111) its motion is more abrupt and thus less
controlled [20].

In order to extract the desired information from the
histogram in Fig. 2(a), we model the PTCDA-metal bond
by generic potentials for the following four molecule-
substrate interaction channels that are qualitatively well
established for PTCDA on noble metal surfaces [4]: (1) the
local chemical bonds between the O, atoms and the
surface, (2) the chemical interaction due to hybridization
of the delocalized molecular orbitals with substrate states,
(3) the dispersion attraction, and finally (4) the Pauli
repulsion. The delocalized chemical and dispersion inter-
actions are split into interactions of individual atoms in the
molecule with the surface. In this way, three atom-surface
interaction potentials are defined for each atom in PTCDA
(Table I). These potentials are parametrized by a set P of
nine parameters [25]. There is no surface corrugation in
our model, which is a good approximation for PTCDA/
Au(111) [26].

The internal mechanical properties of the molecule itself
are described by a standard molecular-mechanics model
including covalent bonds, valence and dihedral angles, and
van der Waals and electrostatic interactions. Because the
molecule is strongly distorted during the lift-off [23] and
because the distortion determines the precise way in which
the molecule-substrate interaction potentials are sampled
in the experiment, the correct description of the internal
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FIG. 2. (a) Histogram (\/ﬁ) of 226 Af traces acquired during
lifting and lowering of PTCDA. All curves have been aligned at
feature B. The Af signal during tip approach was subtracted
[20]. The z axis is shifted to match the simulated curves in panel
(b). Dotted lines mark regions 1 and 2 within which the corre-
spondence between experiment and simulation is calculated
(reduced x?). Distinct features of the histogram are labeled A,
A,, and B. (b) Histogram (W/N) of 4166 A f traces simulated with
different parameter sets P that have passed the preselection
criteria (see text). (¢) The energy dissipation of the qPlus sensor
as well as the experimental variance o show a peak around
z=16 A (see text).

mechanics of PTCDA is essential. We have therefore opti-
mized the set Q of 34 force field parameters for the internal
mechanics of PTCDA by fitting them to DFT calculations
[BLYP/6-31(d)] [27] of molecular geometries that corre-
spond to the 108 vibrational modes of a free PTCDA
molecule. The DFT energies for the different geometries
are reproduced with an average deviation of 18% by our

TABLE 1. Atom-surface potentials used to describe the
PTCDA-Au(111) interaction. z denotes the atom height above
the surface. Superscript C refers to all atoms except Oy, O to
Oce\rb-

Parameters (set P)

C O AC A0
Dy, Dy, Ay, A

DS, DY, AS, A?
Dyaw

Potential

Veaui = D), eXP(_ApZ)
Vchem = 7Dr: exp(iAcz)
Viaw = ~Dyawz >
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force field. Details of the fitting procedure are given in the
Supplemental Material [28].

The thus specified potentials allow the calculation of the
total energy of the system

Et(P’ Z) = Emol—sub(Pr Z) + Einlra(z) (1)

as a function of the tip coordinate z that parametrizes the
equilibrium junction geometry, including the molecular
distortion. The equilibrium geometry for each z is deter-
mined by retracting the tip vertically (as in experiment) in
steps of Az = 0.25 pm and relaxing the molecular geome-
try with a force tolerance of 5 X 10~4 eV/A. For each z,
Enol-sub(P, 7) is obtained by summing the potentials of
Table I for each atom in the molecule. Ej,(z) is the energy
of the distorted molecule in the junction, calculated with
force field parameters Q and the molecule-tip bond [29].
The frequency shift of the qPlus sensor is calculated as
described in Ref. [30]:

A d°E,(P, z —
Af(P,z>=7T£fA2 [ e

A

The convolution with a semicircle simulates the experi-
mental tip oscillation amplitude of A = 0.2 A.

The task is to find the parameter set P which, if inserted
into Egs. (1) and (2), reproduces the experimental Af
curve in Fig. 2(a). Since each set P requires a separate
simulation of the complete manipulation process (which is
costly in terms of CPU time), a fast preselection routine is
employed which identifies promising parameter sets P and
discards the rest [28]. From a total of 10% parameter sets
that were randomly generated by a Monte Carlo algorithm
[28], we have selected 4166 sets P for which full simula-
tions were carried out.

A histogram of the simulated Af(P, z) curves [Eq. (2)]
for the 4166 sets P is shown in Fig. 2(b). Evidently, our
generic potentials simulate the experiment very well. The
features A;, A,, and B are reproduced with remarkable
accuracy [31]. There is, however, a small z shift of
~ 1 A between experiment and simulation for z > 15 A.
Moreover, the experimental Af peak B at z = 16 A is
much wider than its simulated counterpart. We suggest
that both the z shift and the broadening of the experimental
Af peak are due to the finite stiffness of the Au covered
Ptlr tip resulting in measurable relaxations that occur while
lifting the molecule. Additionally, the spurious vertical
forces that occur when the lower end of the molecule
moves laterally on a corrugated surface also contribute to
the broadening of the Af peak. The occurrence of such
motion is indicated by an increase in dissipation around
16 A [Fig. 2(c)]. Both of the described effects can, in
principle, be simulated by including a tip of finite stiffness
that oscillates in the direction perpendicular to the surface
in the simulation of the molecule lifting process. The
results of such simulations will be discussed in the forth-
coming publication. Here we account for both effects

(z shift and B broadening) by neglecting the experimental
data between 13.7 and 16.9 A when quantifying the corre-
spondence between individual simulations and the aver-
aged experiment by calculating a reduced 2. Because of
the discontinuity in the experimental z scale, regions 1 and
2 [as marked in Fig. 2(a)] are aligned separately with each
simulated curve to calculate x2.

We now examine the best parameter sets P with the
lowest x? values. In Fig. 3(a), x? is plotted versus the total
binding energy of PTCDA for all sets P with y* <3.
While the best fit to the experiment is found for a parameter
set P* with Ep; = 2.6 eV, the distribution of points in
Fig. 3(a) yields a binding energy of Ep;,q = (2.5 = 0.1) eV
for PTCDA on Au(111). The Af(z) curve that was simu-
lated using set P* is shown in Fig. 4(a) [28]. We note the
excellent fit between the experimental Af(z) and the cal-
culated Af(P, z) (apart from the issue of the peak width
discussed above).

To identify the nature of the PTCDA-Au(111) bond,
we plot the contributions of the different potentials in
Figs. 3(b) and 3(c). Here, each set P is represented by six
points with identical y?. From the plots a clear picture
emerges. While the van der Waals attraction is in the range
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FIG. 3 (color). (a) Plot of the correspondence between individ-
ual simulations and experiment (reduced y?) versus the adsorp-
tion energy of PTCDA for all sets P with x? < 3.(b)and (c) Plots
of x? versus the energy contributions of the different potentials
(and different types of atoms). “Carbon” stands for all atoms
except O,p- Dotted lines are a guide for the eye.
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FIG. 4 (color). (a) Comparison between simulated and experi-
mental A f curve for PTCDA and NTCDA on Au(111). Parameter
set P*, derived for PTCDA (see text), was used for both simula-
tions. The experimental curves are cut in the region of an instable
junction (Fig. 2), and both parts are separately aligned with the
simulation. (b) Binding potential as a function of molecule-
substrate separation calculated with set P* for PTCDA and
NTCDA. The molecule is relaxed on the surface and subsequently
moved to different heights without further relaxation.

of 100 meV for C as well as O, atoms, neither of the two
species has any chemical interactions with the Au(111)
surface. The fact that O,y atoms tend to bind slightly
stronger is due to their smaller distance (= 0.1 A less) to
the surface in the equilibrium geometry. To get the net
adsorption energy, the (positive) Pauli repulsion of
=~ 10 meV has to be added. Comparing our result to the-
ory, we find a good correspondence insofar as also ab initio
calculations, as well as other spectroscopic methods (ul-
traviolet photoelectron spectroscopy, x-ray standing wave,
etc.), suggest pure physisorption of PTCDA on Au(111)
[4,10,32]. However, our experiment yields a significantly
higher adsorption energy than predicted from calculations
(= 2.0 eV [18,26]). This indicates an underestimation of
dispersion interaction in the (semiempirically corrected)
DFT method(s) used. Parameter sets P which yield total
binding energies in the range of 2.0 eV are clearly incon-
sistent with our experimental result [Fig. 3(a)] and, hence,
can be discarded. Recent DFT calculations which include
dielectric screening within the substrate yield an energy of
2.4 eV, which is close to our experimental result [33].

To validate our method further and to check whether the
parameters obtained are meaningful beyond the fitted
example of PTCDA on Au(111), we use the parameter
sets P* and Q to calculate the frequency shift of the smaller

NTCDA (1,4,5,8-naphthalene-tetracaboxylic-dianhydride)
molecule during lift-off from Au(111) [also NTCDA is
known to physisorb on Au(111) [32]]. The comparison
between simulation and experiment is shown in Fig. 4(a),
showing an excellent agreement. Note that this agreement
for NTCDA is not the result of any fitting but just a
consequence of the universal character of our potentials.
The potentials, once fitted properly to yield the correct
parameter set P*, hence have predictive power for systems
which exhibit similar physics. The bonding energy of
NTCDA turns out to be 1.7 eV (compared to 1.3 eV
from DFT calculations [26]).

In conclusion, in this Letter we have reported the—to
our knowledge—first analysis which allows the quantita-
tive identification of different bonding channels of large
organic adsorbates on the basis of experimental data alone.
As a result of this analysis, the precise shape of the total
binding potential can be determined. As an example, we
show the van der Waals-like potential that results if the
distance between a flat and fully relaxed PTCDA molecule
and the Au(111) surface is varied [Fig. 4(b)]. The resulting
curves can be compared to ab initio calculations.
Moreover, the method reported in this Letter represents a
novel way to measure the adsorption energy of molecular
adsorbates on a single-molecule level. Note that this
method is also applicable in cases where the determination
of the adsorption energy by thermal desorption spectros-
copy is impossible because molecules decompose before
desorbing. In the present Letter, we have carried out the
experiments and the corresponding analysis for an
adsorbate-substrate combination which exhibits a small
lateral corrugation potential to demonstrate the principle.
However, we anticipate that our approach is also applicable
to more strongly corrugated substrates, if combined with a
customized tip retraction trajectory [20] which minimizes
sliding as much as possible.
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6 Systematic study of transport through
a homologous series of m-conjugated

molecules

6.1 Introduction

In this chapter the transport through single molecules is investigated. Therefore a sys-
tematic study on the four molecules NTCDA, PTCDA, TTCDA and QTCDA on Ag(111)
and Au(111) was performed. In the previous chapters important preliminary investiga-
tion were performed. In chapter 4 the electronic structures of the four different molecules
adsorbed on the two different electrodes material were investigated. It was found that
the adsorption differs significantly, with physisorption on Au(111) and chemisorption on
Ag(111). In chapter 5 a method was introduced to control the configuration of the wire in
the junction. It was shown that by comparing the frequency shift of the qPlus sensor with

simulations the geometry of the junction can be verified.

In the first part of the present chapter the measurement routine is discussed. In the
second part of the chapter the data processing procedure will be explained. Since a
large number of manipulations were performed, a statistical analysis has to be done.
Therefore the single differential conductance and frequency shift curves had to be sorted
into different classes. Two main behaviors were observed, one is characterized by a
hysteresis between lifting and lowering curves of the molecule. The second one is char-
acterized by a stable junction configuration, which allowed very reproducible measure-

ments.

The sorted data was then visualized in 2D histograms. From these histograms generic
behaviors were extracted by calculating arithmetic means or determining the correlation
between each measured curve. With the help of these generic behaviors two different

transport regimes were identified, which were found for all four molecules on both metal
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substrates. The last and main part of the chapter is dedicated to the analysis and inter-
pretation of the generic behaviors. Next to the already mentioned two different classes
of manipulations, the data is analyzed with respect to dependencies of the transport on

the molecule length and the electrodes material.

6.2 Transport measurements on single molecules

In this section the measurement routine is explained. To illustrate the quantities mea-
sured simultaneously, a single data set recorded in one manipulation cycle is shown. The

data set presented is a highly reproducible measurement of QTCDA on Ag(111).

6.2.1 Measurement routine

After a sample preparation (see section 2.5) the STM was given time to find its thermal
equilibrium. This was important to reduce the drift, as the feedback loop of the STM
was open up to 40 min during a measurement. Then the transport measurement could
be performed. The measurements presented in this chapter are performed in a similar

way as described in chapter 5.

First, a molecule had to be isolated from the molecular island. This was done by dragging
it by a lateral manipulation with the tip a few nm away from the island border (see section
2.2.6). Then the isolated molecule was contacted with atomic precision with the Pt/Ir
tip of the LT-STM/AFM. The molecule was then lifted up and lowered down many times
in a triangle wave-like manner by the tip. Next to the frequency shift Af, the zero-bias
differential conductance dI/dV and the second derivative of the differential conductance
d?I/dV? were measured, the latter two by the lock-in technique. For the measurement
of Af the tip had to oscillate during the whole manipulation. To remove the molecule
from the tip after the manipulation was over, a voltage pulse was applied. It was not
always possible to detach the intact molecule from the tip. In fact most of the time the
molecule did not stay intact when it was removed. In those cases a new molecule had to

be isolated to perform the next measurement.

In contrast to the experiments reported in chapter 5, one manipulation cycle consisted
of 47 lifting and lowerings (see 6.1 for the definition of the expressions manipulation
cycle, approach, lifting curve and lowering curve). The advantage of having more up

and down cycles in one manipulation cycle comes at the price of a larger distance of
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about 0.05 A between two data points. This is the consequence of the employed digital
signal processor (DSP) being only able to store 100000 data points in one manipulation

cycle.

As more lifting and lowering cycles require more time, the total drift in one manipulation
would have increased. Therefore, to minimize the drift, the manipulation time had to be
reduced. To do this, the moving speed of the tip was increased up to vy, ~ 2.7 ﬁ\/ s. The
consequence of the faster moving tip was a hysteresis caused by the propagation delay
of the electronics. It was thus essential to find a good balance between this propagation
delay and the drift.

6.2.2 Highly reproducible measurement

More than 600 manipulation cycles (see Fig. 6.1) were performed on the eight systems,
with about 23500 lifting and lowering curves recorded. Here a particularly reproducible
manipulation will be presented to illustrate the main features of the experiment. It
was found that the most reproducible experiments were performed with QTCDA on
Ag(111).

Fig. 6.2 shows a data set acquired by lifting and lowering a single QTCDA molecule
from Ag(111) 47 times in one manipulation cycle. The differential conductance dI/dV
is plotted logarithmically, in this way the features are better visualized. The conversion
of the conductance into units of Go = 2e?/h was done by the conversion factor a, which

was introduced in section 2.3.5.

The data trace recorded while the tip approaches the first time the molecule to make
contact is removed. Also the data of the first lifting and of the last lifting and lowering,
when the molecule is detached, is removed (this corresponds to the green and red lines
in Fig. 6.1). This is done as this data always differs from the rest as will be discussed in

section 6.3.1.

The data in Fig. 6.2 shows a hysteresis, splitting the curves into two groups. One group
is composed of curves recorded while lifting the molecule up with the tip, the other while
lowering the molecule down. This hysteresis is more pronounced for the frequency shift
Af measurement than for the differential conductance dI/dV measurement. The hys-

teresis is a consequence of the propagation delay, i.e. the delay between the physical action
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Figure 6.1: Tip manipulation procedure depicted by the movement of the STM tip rel-
ative to the surface versus the time. A manipulation starts with the tip in
the setpoint (relative tip-surface distance = 0 A). The tip is moved up to the
maximum distance relative to the surface (red line). Then the tip is moved
towards the molecule until a predefined position, this movement is called the
approach (green line). Around the minimum distance to the surface, tip and
molecule make contact by the jump into contact of the carboxylic oxygen
atom (green circle). After the contact is established the tip is moved 47
times up and down (black lines). An up movement is called lifting, with the
corresponding data called lifting curve. A down movement is called lowering,
with the corresponding data called lowering curve. At the end of the ma-
nipulation the tip is lifted up a last time and a voltage is applied to break
the tip-molecule contact at the maximum tip-surface distance (red lines). A
whole manipulation experiment is referred to as manipulation cycle. For the
analysis of the frequency shift and conductance data only the so-called lifting
and lowering curves are used, i.e. the maximum number of curves from one
manipulation cycle is 94.
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and the reaction of the measuring electronics. This means that this hysteresis is depen-
dent on the moving speed of the tip vip. To eliminate the unphysical hysteresis in the

data the two groups of curves are moved towards each other.

All four physical quantities measured show a very high reproducibility in this data set.
This is especially remarkable, considering that the tip was oscillating with an amplitude
of about 0.4 A during the whole measurement to measure the frequency shift. However,
this high reproducibility is not always observed. The reason is that there are parameters,
such as the exact adsorption geometry of the molecule, the contact point between tip
and molecule and the geometry of the tip, which we do not control. These parameters
together with the unavoidable residual drift between the tip and the substrate affect the
reproducibility.

Many features are visible in Fig. 6.2. The interpretation of the physics in the junction
tip-molecule-substrate will be based upon the measurement of the frequency shift Af
and the zero-bias differential conductance dI/dV. Most of the features visible in those
are found in every manipulation cycle. However, the uncontrolled parameters, drifts
and mechanical instabilities of the setup let to variation of the position and magnitude
of certain features. Therefore a statistical analysis is needed. This was realized by
performing many manipulation cycles for each system. Thereby a total number of about
2000 to 6000 lifting and lowering curves were measured per system. The procedure

applied to process this data is described in the next section.
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Figure 6.2: Lifting and lowering a single QTCDA molecule from Ag(111) 47 times. The
frequency shift Af and the damping were measured by the deflection of the
qPlus sensor. The differential conductance dI/dV and its derivative dI/dV?
were measured by lock-in technique from the tunneling current. The data
shows a very high reproducibility, which is remarkable as the tip was oscillated
by the gPlus sensor at about 0.4 A during the whole manipulation to measure
the frequency shift. A hysteresis splits the data into two groups, this results
from a propagation delay in the electronics. By shifting the two groups the
hysteresis effect can be almost eliminated.
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6.3 Processing the data

The large data volume obtained for each system has to be processed before physical
information can be extracted. The first step of this procedure is to assign each lowering
and lifting curve to a certain class. Then a shifting procedure is applied to each curve.
By this the effects of some of the uncontrolled parameters, such as, for example, the
vertical drift, are reduced. The resulting curves of a system, assigned to a certain class,
are then plotted in a 2D histogram. This 2D histogram is already a good representation
of the general physical behavior of the quantities measured during the manipulation.
But to make further analysis possible, two different procedures are applied to find a
curve which represented best the whole set of lifting and lowering curves of one system

molecule-substrate of each class.

These data processing procedures are described in this section. As an example the data
sets measured by manipulation of QTCDA on Ag(111) are used. The best representing
or generic curves of the other systems will be shown, but their processing will not be
discussed. They were obtained in the same way as shown here for QTCDA/Ag(111). In
Figs. A.1 to A.8 and A.10 to A.48 in chapter A the 2D histograms of all eight systems

are shown.

6.3.1 Sorting the data by classes

It is found that the lifting and lowering curves can be separated into four different classes
(see Fig. 6.3). To the class app are assigned the curves measured while the tip initially
approaches the surface to contact the molecule by the jump into contact (see green
line in Fig. 6.1). Class A is characterized by a strong hysteresis between lifting and
lowering curves especially in the region of the global frequency shift minimum. This
hysteresis is not the earlier mentioned hysteresis due to the propagation delay which is
observed for all classes. The origin of the distinctive class A hysteresis will be discussed
later. Class B is characterized by a smooth peak-dip feature in the frequency shift.
This class of curves is the one of which was reported in the publications by Fournier et
al. [42] and Wagner et al. [43]. The peak-dip feature was labeled feature B as introduced
earlier [42,43]. To class C, which will not be considered in the analysis, are assigned
all lifting or lowering curves which could not be assigned to class app, A or B. In the
following the four classes are listed, in brackets is given percentage of occurrence of classes
A, B and C:
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e app: the initial approach of the tip towards the molecule before contact

e A: curves characterized by a hysteresis, especially in the region of the global fre-

quency shift minimum, between lifting and lowering (17 %)

e B: curves characterized by a smooth peak-dip feature (feature B) in the frequency
shift [42,43] (72%)

e C: all remaining lifting and lowering curves (11 %)

All manipulation cycles with at least two curves are used for the statistical analysis. The
first curve of a manipulation cycle is always tagged as app, the second one either A, B or
C. This means that in such a manipulation cycle tip and molecule made contact and the
molecule was at least lifted once from the metal surface. Interestingly, this first lifting
of the molecule usually showed at the beginning features of class A and then during the
first lifting most of the time switched to a class B behavior. It seems that the mechanical
tension which is build up at the beginning of the lifting process leads to a conformational
change in the junction. The switch from class A to class B also happened in the first
lifting of the manipulation cycle shown in Fig. 6.2, for a better representation this first
lifting curve is removed from the data set used for this figure. These first lifting curves
which showed features of class A and class B are all assigned to class C. The opposite

switching from class B to A is never observed.

Also the last lowering curve always differed from the other curves as a voltage pulse of
1V was applied to the molecule to remove it from the tip. This voltage pulse together
with an increased manipulation speed made the last lowering curve differ and thus all
last lowering curves were assigned to class C. This last lowering curve was removed as
well from the data set used for Fig. 6.2.

Another observation made was that often after the first lifting of the molecule the lowering
curve looked similar to the class app curves. This happened when the molecule had
jumped up to the tip as soon as the molecule-substrate interaction was zero. These
manipulations had to be interrupted and the tip had to be cleaned from the molecule to

perform a new manipulation with another molecule.

In Fig. 6.4 all 4112 lifting and lowering curves measured for the system QTCDA on
Ag(111) are plotted in a 2D histogram with the counts, i.e. the density of measurement
points, on a logarithmic scale. To generate a 2D histogram the number of bins and

subsequently the bin size has to defined. As the data range varied the number of bins for
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Figure 6.3: The four different classes which were found in all systems investigated, shown
here exemplary for QTCDA on Ag(111). The first approach of the bare metal
tip towards the molecule of each manipulation is assigned to class app. Class
A is characterized by a hysteresis between the lifting and lowering curves.
Class B is characterized by a smooth feature B (see chapter 5). To the class
C all remaining lifting and lowering curves are assigned.
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each 2D histogram has to be determined separately. Therefore the following equation is

used:

number of bins = round((max(z) — min(z)) * 10) (6.1)

where max(z) is the maximum relative tip-surface distance and min(z) the minimum
relative tip-surface distance of the data used in this particular 2D histogram. From this

number of bins the bin size can be calculated as follows:

max(z) — min(z) 6.2)

bin size = number of bins
This is done for the frequency shift and the conductance data of each 2D histogram.
As the frequency shift is plotted on a linear scale one bin size is given for the z-axis
(velative tip-surface distance [A]) and one bin size is given for the y-axis (Af [Hz]). The
conductance is plotted on a semi-logarithmic scale. As for the frequency shift one bin
size is given for the z-axis (relative tip-surface distance [A]). Because of the logarithmic
conductance scale the bin size of the y-axis is varying. Therefore the smallest and largest
bin size is given for the y-axis (G [2e?/h]). These two bin sizes are determined using
a different approach. To get the smallest bin size the difference between the lower and
upper limit of the smallest bin is calculated, to get the largest bin size the difference
between the lower and upper limit of the largest bin is calculated. The bin size is given
at the end of the caption of every 2D histogram in the form: bin size of z-axis of Af [A],
bin size of y-axis of Af [Hz], bin size of z-axis of G [A], minimum bin size of y-axis of G

[2e?/h] and maximum bin size of y-axis of G [2¢2/h].

The further processing is done by assigning every single one of the lifting or lowering
curves of one system substrate-molecule to a certain class. By this the whole statistics
of one system is split into the different types of behavior. In table 6.1 the total number
of all lifting and lowering curves and the number of lifting and lowering curves assigned
to each class are listed. From this table one can see that curves assigned to class B are
much more often observed than class A curves, which only represent 16 % of the total

number of curves.

It is found that the most reproducible data sets were of class B (see Figs. A.11, A.16,
A.21, A.26, A.31, A.36, A.41 and A.46 in chapter A). This high reproducibility is the
result of a stable junction geometry. Apparently, one stable junction geometry leads to

manipulations where the molecule is lifted and lowered over a whole manipulation cycle.
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Figure 6.4: 2D histogram of all 4112 curves measured while manipulating QTCDA on
Ag(111). The counts are plotted on a logarithmic scale, as can be seen
in the legend. In this 2D histogram lifting and lowering curves of all four
classes app, A, B and C are represented. To gain physical information from
these curves they have to be processed. This is done by splitting them into
different classes of behavior. Then shifting each individual curve and finally
finding the best representing curve for each class of curves. Bin size of Af:
z=0.1A, y = 0.4Hz; bin size of G: z = 0.1A, min(y) = 2.8 x 1072 2¢?/h,
max(y) = 5.2 x 1073 2¢2 /h.
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Substrate Molecule all  class app class A class B class C
NTCDA 1748 26 135 (8%) 1334 (77%) 253 (15%)
Ag(111) PTCDA 3706 54 305 (8%) 3207 (88%) 140 (4%)
8 TTCDA 6121 123 1354 (23%) 4138 (69%) 506 (8 %)
QTCDA 4111 74 393 (10%) 3441 (85%) 203 (5%)
NTCDA 2362 51 41 (2%) 1912 (81 %) 358 (15%)
Au(111) PTCDA 2156 81 404 (19%) 1504 (72%) 167 (8 %)
TTCDA 2384 53 1035 (44%) 796 (34%) 500 (21 %)
QTCDA 793 32 116 (15%) 184 (24%) 461 (61%)

Table 6.1: Total number of lifting and lowering curves and number of lifting and lowering
curves assigned to each class. In brackets is denoted the percentage of lifting
and lowering curves of each class from the total number of curves.

The molecule does not jump to the tip before the end of these manipulation cycles. At the
end of these manipulations it was typically possible to detach the molecule from the tip
by a voltage pulse. The tip neither changed its geometry upon contact with the molecule,
nor when the contact to the molecule was broken by applying a voltage. The identical
molecule then could be contacted again and probed once more. This made it sometimes

possible to probe the identical molecule over several days.

In Fig. 6.5 only the curves of the system QTCDA/Ag(111) assigned to class B are shown.
The data set is reduced to 3441 curves. As can be seen the individual curves are scattered
with respect to the relative tip-surface distance. This is a result of the uncontrolled
parameters of the setup, such as the drift, and the hysteresis due to the propagation
delay. To get a better representation of the data the curves have to be aligned. This
aligning eliminates the fluctuations originating from the parameters just mentioned to

some extent.

Next to the class B lifting and lowering curves the curves assigned to class A will be
discussed in this chapter. In Fig. 6.6 the 394 curves of class A of QTCDA on Ag(111) are
plotted in a 2D histogram. The junction configuration leading to this class of manipula-
tions has a bistable tip-molecule-substrate geometry. The consequence is a hysteresis in
the frequency shift and the differential conductance in the region of the global minimum

of the frequency shift.

The characteristic of the lifting or lowering curves can change in one manipulation cycle.
Sometimes a switching from one class to another is observed. This switching behavior

between the different classes is depicted in Fig. 6.7. The segments represent individual
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Figure 6.5: 2D histogram of the 3441 curves measured while manipulating QTCDA on
Ag(111) assigned to class B. The curves are scattered with respect to the
relative tip-surface distance. This happens because some parameters, such as
the drift for example, are uncontrolled. By aligning the data the fluctuations
due to these parameters can be reduced. Bin size of Af: z = 0.1A, y =
0.3Hz; bin size of G: z = 0.1 A, min(y) = 2.8 x 1072' 2¢?/h, max(y) =
1.9 x 107322 /h.
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liftings or lowerings. By the up arrow a lifting of the tip is symbolized, by the down
arrow a lowering of the tip. In Fig. 6.7a the most often observed scenario is shown.
After the initial approach of the tip towards the molecule and the jump into contact the
molecule is lifted up. In the first lifting always a switching from a less stable molecule-tip
configuration to class B is observed. This switching is characterized by a decrease of
the conductance, which suggests that at the beginning of the first lifting always class A
is observed. Most of the time a switch to class B is observed during this first lifting.
In the following liftings and lowerings only class B characteristic is observed. The first
lifting of such a manipulation cycle, which shows class A and class B characteristic, is
then assigned to class C. The switching behavior shown in Fig. 6.7b is characterized by
the preservation of class A over several liftings and lowerings before switching to class
B behavior. In general those class A phases are much less stable and therefore shorter
than the class B phases. In Fig. 6.7c a switching from class B to class A is depicted.
This switching order was never observed. From these observation it can therefore be
concluded that the geometry leading to class A is less stable than the geometry leading

to class B. More details will be discussed in section 6.4.2.

6.3.2 Aligning the individual curves within class B

In the following the aligning procedure is described. This procedure was only applicable
to the curves tagged with class B. Curves of class A were not shifted, as the alignment

would screen out the effects of the hysteresis.

The aligning is done by determining a point (Zgnift, Yshite) which defines were to shift each
single lifting and lowering curve i of a particular system (see Fig. 6.8). This is done by first
choosing a value Yy which is global for all liftings or lowerings of one system molecule-
substrate. Then the value on the z-scale at which a lifting or lowering curve i cuts this
value zq1q i is determined for each curve. By taking the arithmetic mean of all the z-values

determined as just described the value Zgps, is defined:

n

1
Zsnite = > o (6.3)
i=1

with N the total number of lifting and lowering curves of one system assigned to class
B.
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Figure 6.6: 2D histogram of the 394 curves measured while manipulating QTCDA on
Ag(111) assigned to class A. This class is observed for bistable junction config-
uration. This leads to a hysteresis in the frequency shift and differential con-
ductance data. More details will be discussed in section 6.4.2. Bin size of Af:
z=0.14, y = 0.4 Hz; bin size of G: z = 0.1 A, min(y) = 1.6 x 1072 2¢?/h,
max(y) = 1.6 x 10732¢2 /h.
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Figure 6.7: Different manipulation scenarios. The segments represent individual liftings
(arrow up) or lowerings (arrow down) of the tip. (a) The most common
scenario observed: After the initial approach and the jump into contact the
molecule is lifted up showing class A characteristic, but switching to class B
characteristic during the first lifting (a lifting or lowering which shows the
characteristic of two classes is defined as class C and will thus not be used
in the further analysis). In the following liftings and lowerings only class
B characteristic is observed. (b) Sometimes it is observed that the class A
characteristic is stable over several liftings and lowerings. But in most of the
cases this class A phases are short compared to the class B phases. (c) It was
never observed that once the liftings and lowerings show class B characteristic
a switch to class A occurs.
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Then each individual lifting and lowering curve ¢ is shifted along the z-scale by zgni ;
such that the following relation is fulfilled:

Znew,i = Zold,i — Zshift,i (6.4)

After this all curves of one system cross the point (Zgpift, Ysnifs) and are thus aligned. This
is done for the frequency shift Af curves of all liftings and lowerings assigned to class
B. Each corresponding differential conductance dI/dV curves j are then shifted in the

same way as the frequency shift Af curve by zgg j with:

Zghift,j = Zshift,i (6.5)
From this an average shifting value zgs; ave can be determined for each system:

N
1
Zghift,ave — N E Zghift,i (6'6)
=1

which gives a value for the scattering of the frequency shift data of a system molecule-
substrate at the point where the shifting is performed. Except for the system QTCDA /Au(111)
all systems have a very similar average shifting value. The average shifting value of
QTCDA/Au(111) zZghitr ave = 0.80 A is much higher than the average shifting value of
the other systems. This indicates that this measurement was not consistent as will be
discussed later in this chapter. In table 6.2 the values Zgpig and Ygpig, for the alignment
of the lifting and lowering curves of each system and the average shifting value zgpif; ave

are listed.

In Fig. 6.8 the 3441 curves, assigned to class B and shifted according to the procedure
just introduced, are shown. The red line indicates the chosen value Yguie and the red
arrow indicates the calculated value Zg;r. To the intersection of the red line and the
arrow each individual frequency shift A f curve is shifted. The corresponding differential

conductance dI/dV curves are shifted by the same values.
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Figure 6.8: 2D histogram of the 3441 curves assigned to class B and shifted according
to the procedure described in section 6.3.2. The red line indicates the value
Ysnitt chosen to determine the value Zgir. Where both lines cross each in-
dividual frequency shift Af curve is shifted. The corresponding differential
conductance dI/dV curves are shifted by the same values. The blue lines
indicate in which range the correlation, discussed in section 6.3.3.2, is deter-
mined. Bin size of Af: z = 0.14, y = 0.3Hz; bin size of G: z = 0.1A,
min(y) = 2.6 x 1072 2¢? /h, max(y) = 1.8 x 1073 2¢?/h.
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Substrate Molecule Zgpnist [A] Yonite [Hz]  Zonite,ave [A]
NTCDA —1.42 5 0.22

_ PTCDA  —558 5 0.36
AgD)  prepa 9.9 5 0.36
QTCDA  —14.26 5 0.37

NTCDA  —2.66 5 0.30

PTCDA  —7.66 5 0.34

Au(ll)  prepa 1107 5 0.22
QTCDA  —13.26 5 0.80

Table 6.2: The parameters Zgpise and Ygpire determine the point to which each individual
curve was shifted. Y was chosen global to determine the arithmetic mean
Zsnie- The value zgpif ave is the average value a lifting or lowering curve is

shifted.

6.3.3 Finding a curve which represents an individual system best
6.3.3.1 Class A: Determine a generic curve

After assigning each lifting and lowering curve to a class, one generic curve is extracted
for all curves of a system assigned to class A. This generic curves of class A are ex-
tracted from the unaligned curves, as an alignment would screen out the effects of the

hysteresis.

The generic behavior is extracted by calculating the arithmetic mean of the 2D histogram.
This was done for the frequency shift and the differential conductance data. In Fig. 6.9 the
same 2D histogram as shown in Fig. 6.6 is plotted together with the generic curve (blue
curve) of the lifting and lowering curves of QTCDA on Ag(111) assigned to class A. This
procedure to obtain a generic curve was applied to all systems investigated. As there were
eight systems, there are in total 8 pairs (frequency shift and differential conductance) of

generic curves which were extracted from the raw data sets.

In Figs. A.10, A.15, A.20, A.25, A.30, A.35, A.40 and A.45 in chapter A all the 2D
histograms together with the generic curves determined as described here are shown. In
section 6.4 and 6.5 these generic behaviors of the frequency shift and differential conduc-
tance data of the curves assigned to class A will be used to gain physical information.
As by taking the arithmetic mean information about the individual curves can get lost,
another procedure is applied to find the curve which represents the best the class B lifting

and lowering curves.
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2D histogram of the 393 curves assigned to class A. The blue line is the generic
curve obtained by calculating the arithmetic mean of the 2D histogram as
described in section 6.3.3.1. Bin size of Af: z = 0.1A, y = 0.4 Hz; bin size
of G: z=0.1A, min(y) = 1.6 x 10~'22¢2/h, max(y) = 1.6 x 107322 /h.
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6.3.3.2 Class B: Determine the measured curve with the largest correlation with all
other curves

The procedure to find the curve which represents the best the lifting and lowering curves
assigned to class B is based on determining the correlation between every lifting and
lowering curve measured. In principle this correlation can be determined for the fre-
quency shift or the differential conductance data or for a combination of both. For
this thesis the correlation is determined upon the differential conductance curves, as
the differential conductance is the main quantity we are interested in the further analy-

sis.
The whole procedure to find the best representing curve is a four step process:

step 1 Align the data set as described in section 6.3.2.

step 2 Determine the correlation between each differential conductance curve in the data
set. The result of this first correlation determination can be plotted in a N * N
matrix (see Fig. 6.10), where N is the number of curves in the data set. Identify

the curve with the best correlation Liest,1 with all the other curves of the data set.

step 3 Shift every differential conductance curve, i.e. multiply, of the data set such that

the correlation with the best curve Ly 1 is maximized.

step 4 Repeat step 2 with the shifted differential conductance, i.e. determine again the
correlation between each curve in the shifted data set (see Fig. 6.15). From this
second correlation determination find the curve with the best correlation Lpes o

with all the other curves of the data set.

In step 1 the shifting is performed as described in section 6.3.2, i.e in the example dis-
cussed here the data set of QTCDA/Ag(111) class B shown in Fig. 6.8 is used. In step 2
the first correlation is determined. There are several possibilities to determine the corre-
lation between each curve. One possibility is to determine the correlation c;, between two
curves j and k by calculating the absolute difference of every differential conductance data

point pair n and then sum up these absolute differences:

15 20G500) — GR()]
GE= ; G, (i) + Gi(i) (6.7)
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where G;(i) is the differential conductance of curve j at point i. With the factor
(G;(?) + G(@))/2 the correlation ¢;j, is normalized to the mean value of the differen-
tial conductance at point n. This has to be done as not to weight the correlation on
higher conductance values. By the factor % the correlation c;j is normalized to the num-
ber of points n, which depends on the range used for the correlation determination. In
this way correlations of different systems and therefore different lengths and thus differ-
ent number of points n can be compared. The number of points are calculated in the

following way:

- |min(z)| + |maz(2)]|

20 (6.8)

where min(z) is a value chosen next to the noise level of the measured conductance. This
is done to exclude the noise level in the determination of the correlation between two
curves (see blue lines Fig. 6.8). max(2) is the closest distance to the substrate of the curve
which is the farthest away from the substrate. This is necessary since a correlation can
only be determined if both curves have data points in the investigated range. The factor
20 results from calculating the absolute difference every 0.05A. In table 6.3 the three

parameters just discussed are listed for all eight systems.

Substrate Molecule min(z) [A] maz(z) [A] n

NTCDA  —1.62 3.14 95
PTCDA  —5.17 0.82 120
AgD)  papa _guog 0.48 195
QTCDA  —13.9 0.19 282
NTCDA  —2.76 1.76 90
PTCDA  —5.29 0.02 106
Au(lll)  prepa _s29 0.75 181
QTCDA  —13.02 1.49 290

Table 6.3: By the parameter min(z) and maz(z) the range used to determine the corre-
lation between two curves is given. With equation 6.8 the number of points n
can be calculated from this range.

Another possibility to determine the correlation cj; between two curves j and k is to
calculate the absolute differences of the logarithmic conductance values at every point n

and sum them up:
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n .
Cjk = % ; [log1o gigg | (6.9)
again a factor % is used to normalize the correlation for a better comparison between
different systems. The absolute differences of the logarithmic conductance values was
chosen to be used for the correlation determination in this thesis. This was done as it
was found that most of the dependencies observed in the further analysis show an expo-
nential behavior and are thus represented the best on a logarithmic scale. In fact both
ways to determine the correlation, i.e. taking the absolute differences of the conductance
values or taking the absolute differences of the logarithmic conductance values, result in
twelve out of 16 performed correlation determination in the same curve with the best

correlation.

The correlations between each curve, calculated using equation 6.9, are represented in a
N x N matrix (see Fig. 6.10), i.e. each matrix element c;; gives the correlation between
the curves j and k. The correlations are plotted on a gray scale, with white the smallest
value (¢;, = 0, largest correlation) and black the highest ¢;j; (smallest correlation). For
the N % N matrix this means that the diagonal line is white, as in the diagonal line
the correlation between the same curve is given, which is always zero. Further each
correlation is represented two times in the matrix as the correlation between curve j and
k is the same as the correlation between curve k and j. Therefore the matrix elements

are mirrored at the diagonal line.

From the correlation matrix the curve with the best correlation Lyegt,; within respect of
all other curves can be determined. This is done by summing up every row of the N x N
matrix. This results in a total correlation Cj; for every curve ¢ (see Fig. 6.11). The
curve Lipest,1 with the minimum Cj; is then considered to be the curve which represents
the best the data set investigated, as the smaller the correlation value the higher the
correlation between two curves. In Fig. 6.12 this best representing curve, called generic
curve 1, is plotted together with the data set QTCDA/Ag(111) of class B investigated
here. See Figs. A.12, A.17, A.22, A.32, A.37, A.42 and A.47 in chapter A for the generic

curves of the other seven systems investigated.

This best representing curve Lyeg,1 could already be used for the further analysis. But
it is believed that an additional step gives an even better representing curve for each
system. In Fig. 6.8 in the region 12A to 15 A three different conductance branches can

be identified. As they all show the same behavior it is assumed that the difference in

139



6 Systematic study of transport through a homologous series of m-conjugated molecules

o
S |
o
15} 15
o
S
Yol
N
8
= S 1.0
g
o
3 2
- QTCDA/Ag(111
class B
=} " 05
S 4 first correlation :
=
S
w0
0.0
o

1000 1500 2000 2500 3000
curve [j]

Figure 6.10: First correlation matrix of the aligned QTCDA/Ag(111) curves of class B.
Every matrix element represents one correlation value, i.e. the matrix ele-
ment c; gives the correlation between the curves j and k. The darker the
matrix element the smaller the correlation between the two curves. The
correlation value determined between a curve and itself is zero, therefore
the diagonal line is white. Also every correlation value is represented two
times, as the correlation between curve j and k is the same as the correlation
between curve k and j. This results in the mirroring of the matrix elements
at the diagonal.
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Figure 6.11: Sum of the first correlation matrix of the aligned QTCDA/Ag(111) curves
of class B. This sum was calculated summing up the matrix elements of
every column of the N % N matrix shown in Fig. 6.10. The curve with the
smallest sum is then considered to be the best representing curve Lyegt,1 of
the aligned data set.
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Figure 6.12: The blue curve is the best representing curve Lyeg,1, called generic curve,
of the aligned QTCDA /Ag(111) of class B. This curve is plotted together
with the whole data set used for the correlation determination. It is the
same histogram as shown in Fig. 6.8. Bin size of Af: z = 014, y =
0.3Hz; bin size of G: z = 0.1A, min(y) = 2.6 x 10721 2¢2/h, max(y) =
1.8 x 1073 2¢2 /h.
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the conductance magnitude is not an intrinsic feature of the junction only. It is rather
believed that other parameters, e.g. the geometry of the contacts, affect the conductance
magnitude as well. Therefore, to eliminate the influence of these parameters, we multiply
the conductance values by a normalization factor. In the logarithmic plot logj—{/ VS. 2,
this multiplication corresponds to vertical shifts of the curves. In this way the correlation
with the best correlating curve can be maximized for each differential conductance curve.
This new set of conductance curves, determined by multiplication, is shown in the 2D

histogram in Fig. 6.18.

The multiplication factors used to shift each individual curve can be plotted in a his-
togram (see Figs. 6.13 and 6.14). By calculating the normal distribution of each histogram
the full width at half maximum (FWHM) of each system can be determined. It is found
that the average FWHM determined from the manipulations on Ag(111) is 0.079 and thus
substantially higher than the average FWHM found for the manipulations on Au(111)
(0.051). This could be a consequence of the larger coupling between the molecule and the
silver tip compared to the coupling between the molecule and the gold tip. The larger
coupling could allow more transport path and thus a larger spectrum of conductance in

the case of silver.

With this new set of conductance curves step 2 can be repeated. Again a NxN correlation
matrix can be determined (see Fig. 6.15). In this second correlation matrix every matrix
element has a smaller value as every curve was multiplied such that the correlation to
the best representing curve Lpegt,1 is maximized. The smaller correlation values can
be shown by looking at the histogram of all correlation values. This is shown in Fig.
6.16 where the red line denotes the histogram of the correlation values calculated for
the unshifted differential conductance and the green line denotes the shifted differential
conductance data correlation values histogram. It can be seen that after the shifting the
correlation values are smaller, i.e. the correlation between each pair of curves is higher.
See Figs. A.49 to A.56 in chapter A for the histograms of the correlation values of all
eight systems probed.

From this second correlation matrix the sum of every column can now be calculated,
resulting in the total correlation Cj 2 of every curve with all other curves shown in Fig.
6.17. Finally by choosing the curve with the smallest total correlation value Cj 2 the best
representing curve Lieg 2 of the aligned and shifted QTCDA/Ag(111) curves of class B
is determined. In Fig. 6.18 this best representing curve Lyt 2, called generic curve 2,
is shown together with the 2D histogram of the aligned and shifted QTCDA/Ag(111)

curves of class B. See Figs. 6.19 to 6.25 for the generic curves 2 of the other seven
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Figure 6.13: Histogram of multiplication factors used to shift each individual curve to
maximize the correlation to the generic curve 1 for class B lifting and lower-
ing curves on Ag(111). By fitting this histogram with a normal distribution
the full width at half maximum (FWHM) is determined. An average FWHM

of 0.079 is found for Ag(111).
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Figure 6.14: Histogram of multiplication factors used to shift each individual curve to
maximize the correlation to the generic curve 1 for class B lifting and lower-
ing curves on Au(111). By fitting this histogram with a normal distribution
the full width at half maximum (FWHM) is determined. An average FWHM
of 0.051 is found for Au(111).
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Second correlation matrix of the aligned and shifted QTCDA/Ag(111)
curves of class B. Every matrix element is smaller than the correspond-
ing matrix element of the first correlation matrix (see Fig. 6.10). This is a
result of the shifting of the conductance curves.
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B). The second correlation values (green) are smaller than the first corre-

lation values (red) as every conductance curve was shifted such, that the
correlation with the best representing curve Liegt,1 is maximized.
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systems investigated. Note that the generic curves of the systems NTCDA/Au(111)
and PTCDA/Au(111) are significantly shorter than the ones for the other six systems.
These two curves are the result of an attempt to get more reproducible manipulations
by not lifting the molecule up completely from the substrate. This procedure was later

not continued as it was found that it had no influence on the reproducibility of the

manipulations.
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Figure 6.17: Sum of the second correlation matrix of the aligned QTCDA /Ag(111) curves
of class B. This sum was calculated summing up the matrix elements of every
column of the N % N matrix shown in Fig. 6.15. The curve with the smallest
sum is then considered to be the best representing curve Lyg 2 of the aligned
and shifted data set.

6.3.4 Exponential decay in the tunneling barrier

After having explained the procedure to extract the best representing curve for class A
(arithmetic mean) and class B (largest correlation), in the following these curves will

used for the further analysis. As shown in chapter 3 the current decays exponentially
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Figure 6.18: The blue curve is the best representing curve Lyt 2 of the aligned and shifted
QTCDA/Ag(111) of class B. This curve is plotted together with the whole
data set used for the correlation determination. In contrast to the data set
shown in Fig. 6.8, the conductance curves are shifted by multiplication as
described in section 6.3.3.2. Bin size of Af: z = 0.1A, y = 0.3 Hz; bin size
of G: z=0.1A, min(y) = 1.6 x 1072 2?/h, max(y) = 1.0 x 107322 /h.
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Figure 6.19: NTCDA /Ag(111) lifting and lowering curves of class B aligned with the
generic curve 2. Bin size of Af: z = 0.1A, y = 0.5Hz; bin size of G:
z=0.1A, min(y) = 2.6 x 107'22e2/h, max(y) = 1.2 x 107222 /h.
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Figure 6.20: PTCDA/Ag(111) lifting and lowering curves of class B aligned with the
generic curve 2. Bin size of Af: z = 0.1A, y = 0.4Hz; bin size of G:
z=0.1A, min(y) = 1.7 x 107'32e2/h, max(y) = 1.8 x 1073 2¢%/h.
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Figure 6.21: TTCDA/Ag(111) lifting and lowering curves of class B aligned with the
generic curve 2. Bin size of Af: z = 0.1A, y = 0.4Hz; bin size of G:
z=0.14A, min(y) = 5.7 x 10719 2¢?/h, max(y) = 7.0 x 1073 2¢? /h.
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Figure 6.22: NTCDA/Au(111) lifting and lowering curves of class B aligned with the
generic curve 2. Bin size of Af: z = 0.1A, y = 0.9Hz; bin size of G:
z=0.1A, min(y) = 3.4 x 107'22e2/h, max(y) = 6.9 x 1073 2¢%/h.
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Figure 6.23: PTCDA/Au(111) lifting and lowering curves of class B aligned with the
generic curve 2. Bin size of Af: z = 0.1A, y = 0.3Hz; bin size of G:
z=0.14A, min(y) = 4.1 x 107*2¢?/h, max(y) = 1.7 x 1073 2¢? /h.
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Figure 6.24: TTCDA /Au(111) lifting and lowering curves of class B aligned with the
generic curve 2. Bin size of Af: z = 0.1A, y = 0.3Hz; bin size of G:
z=0.1A, min(y) = 1.7 x 1072' 2e2/h, max(y) = 1.8 x 1073 2¢%/h.
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Figure 6.25: QTCDA/Au(111) lifting and lowering curves of class B aligned with the

generic curve 2. Bin size of Af: z = 0.1A, y = 0.2Hz; bin size of G:
z=0.14A, min(y) = 1.8 x 10722 2¢?/h, max(y) = 1.5 x 1073 2¢? /h.

with the barrier width z in a tunneling barrier (see equation 3.19). The conductance G
is the ratio between the current and the voltage (G = I/V). Therefore a characteristic

decay constant ( for the conductance G can be defined as:

G o e P2 (6.10)

In the study presented in this chapter this exponential decay constant is analyzed. This
decay constant is defined for different scenarios. In Fig. 6.26 all investigated exponential
decay constant [ are depicted. The exponential decay constants in Fig. 6.26a-c are
measured for every type of molecule separately. The bare metal tip tunneling decay
constant (Bsiiver tip and Pgold tip) is measured by approaching the bare metal (silver or
gold) tip towards the molecule and record the zero-bias differential conductance. The
contact tunneling decay constant SBeontact 1S measured by approaching the tip, with the
molecule in contact to the tip and the substrate, towards the surface and record the zero-
bias differential conductance. And finally the vacuum tunneling decay constant Syacuum
is measured by approaching the tip, with the molecule bonded to the tip, towards the

surface, while the molecule has no contact to the surface.
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Figure 6.26:
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Different types of decay constants that are determined in the following. (a)-
(c) These decay constants are determined separately for each molecule. (d)-
(e) These decay constants are determined by measuring the conductance for
each molecule at a specific geometrical junction configuration and plotting
the conductance values versus the molecule length.
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The decay constants in Fig. 6.26d-e are determined by measuring a single zero-bias dif-
ferential conductance value for each molecule and than plot it versus the molecule length.
The conductance peak decay constant fpeark is determined by measuring the differential
conductance of the molecule at the position where a peak is observed. The wire configura-
tion decay constant Syire is determined by measuring the conductance for each molecule

as the molecule is standing upright in the junction.

6.4 Results: Molecular wires on Ag(111)

In the first part of this section the manipulations with silver electrodes assigned to class B
are presented. Based on the generic curve 2 of QTCDA on Ag(111) (see section 6.3.3.2) it
is explained how features are identified and quantified. These quantified features are then
used to interpret the generic curves. It will be shown that the transport through molecules
on Ag(111) can be split into two regimes. Then the observation of a conductance peak
will be discussed. Finally the conductance through the molecular wire, i.e. through the
upright standing molecule, will be determined from the data. In the second part of
the section the findings regarding manipulations of class A are presented, based on the
generic curves as introduced in section 6.3.3.1. First the origin of the hysteresis will
be discussed. Then the even stronger conductance peak observed in class A will be
discussed. All these discussions will be focused on the comparison of class A and class
B.

The procedure to class, align, calculate the correlations and determine the generic curve
as described in section 6.3.3.2 was applied to the data sets of all four molecules on
Ag(111) assigned to class B. For each of the four molecules all lifting and lowering curves
assigned to class B where used for the determination of the generic curve. The proce-
dure to class, align, and determine the generic curve as described in section 6.3.3.1 was
applied to the data sets of all four molecules on Ag(111) assigned to class A. For each
of the four molecules all lifting and lowering curves tagged as class A where used for the
determination of the generic curve. In table 6.4 the total number of lifting and lowering

curves used are listed.

6.4.1 Manipulations of class B on Ag(111)

The generic curves 2 for all manipulations of molecules on Ag(111) assigned to class B are
shown in Fig. 6.27. The generic curve 2 determined from the NTCDA on Ag(111) lifting
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Molecule class A class B

NTCDA 135 1334
PTCDA 305 3207
TTCDA 1354 4138
QTCDA 393 3441

Table 6.4: Number of lifting and lowering curves of the Ag(111) manipulations used for
the statistical analysis.

and lowering curves reaches to much higher positive z-values. The reason is a slightly
different way to manipulate NTCDA on silver. The tip was moved much closer to the
substrate after the tip-molecule contact was established by the jump into contact. This
was done to observe the dip in the frequency shift and the peak in the conductance close
to the substrate (z ~ 4 A). The disadvantage of this procedure was a higher instability
in the region close to the substrate, as the forces in the junction increase significantly
in that region. As no features were observed for the other molecules in that region, the
manipulations of them were not carried out so close to the metal. In Fig. 6.28 the generic
curve 2 of QTCDA on Ag(111) of class B is shown, with the differential conductance
plotted on a linear scale. In Figs. A.61 to A.64 in chapter A the generic behaviors with the
differential conductance on a linear scale of all eight systems are shown for comparison. In
the following of this chapter the logarithmic representation of the differential conductance

will be used to interpret the generic behaviors.

The interpretation of the physics in the junction during the manipulation will be done
by the observation of features in the generic curves and their quantitative analysis. Re-
member that the frequency shift can be directly related to the stiffness k = % of the
tip-molecule-substrate junction, where F' is the force acting on the tip and z is the rel-
ative tip-surface distance [42,43] (for more details see chapter 5). In the upper panel
of Fig. 6.29 the generic frequency shift of QTCDA/Ag(111) of class B is shown. In the
lower panel the integrated frequency shift, i.e. the force F', is shown. By the arrows
is shown that a peak or a dip in the frequency shift corresponds to an inflexion point
in the force. Note that the force is positive, i.e. repulsive, at the beginning of the lift-
ing process. This positive force is spurious and stems from the combined effects of the
surface corrugation, the elasticity of the tip material and the finite oscillation of the

tip [151].

In Fig. 6.30 the two generic curves of QTCDA on Ag(111) assigned to class B are shown.

The points and arrow indicate some features that were identified and will be used in the
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The generic curves 2 of all four molecules on Ag(111) of class B. The upper
panel shows the generic behavior of the frequency shift, the lower panel
shows the zero-bias differential conductance behaviors. In section 6.3 the
procedure to calculate these generic curves was described.
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Figure 6.28: The generic behavior of QTCDA on Ag(111) of class B. The same data as in
Fig. 6.27 is shown, but with the differential conductance plotted on a linear
scale.
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Figure 6.29: The upper panel shows the generic frequency shift of QTCDA/Ag(111) and
the lower the force acting on the tip determined by integrating the frequency
shift. By the arrows is shown that a peak or a dip in the frequency shift
corresponds to a inflexion point in the force.
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following. The point Py indicates a peak in the conductance data and is at the position
of the last dip in the frequency shift before feature B as shown by the arrow. With the
points Py, P3, P4 and P5 two different slopes are identified in the differential conductance
data. By making two separate linear regressions (purple lines) these two different slopes
are quantified. The point P4 further marks the transition between the two slopes and is

in the region of the global peak of the frequency shift data.

In the following the discussed points are summarized:

Py Conductance Ggiayt at the closest z-position relative to the substrate.

P2 The conductance peak Gpeak. This peak matches with a dip in the frequency shift,
as indicated by the arrow.

P53 Conductance selected to determine the first slope by making a linear regression.

P4 The knee Gyire in the conductance data. This knee is in the region of the global peak
in the frequency shift.

P5 Conductance Gg,q at the transition of the conductance data to the noise level.

In Figs. A.57 to A.60 in chapter A all generic curves and the corresponding points, linear
regressions and the arrow are shown. In table 6.5 the coordinates of the points are
listed.

Molecule Py [A,2e2/h] Py [A,2e2/h] P3 [A,2e2/h]

NTCDA  (4.36,5.80 x 1072) (4.08,6.01 x 1072)  (—0.86,9.01 x 107%)
PTCDA  (3.62,1.38 x 1072) (1.22,8.81 x 1073) (—3.64,1.10 x 1073)
TTCDA  (1.60,4.33 x 1073)  (—3.87,1.69 x 1073)  (—8.90,2.60 x 1074

QTCDA  (2.81,3.10 x 1073)  (—8.66,3.28 x 1074)  (—12.47,7.21 x 107?)

Molecule Py [A,2¢%/h] Ps [A,2¢%/h]

NTCDA  (—0.86,8.65 x 107%)  (—2.51,7.58 x 1079)
PTCDA  (—4.43,1.38 x 1073)  (—6.51,3.91 x 1079)
TTCDA  (—9.02,3.53 x 107%)  (—11.04,5.87 x 1079)
QTCDA  (—14.09,1.77 x 10™%)  (—15.36,1.21 x 1079)

Table 6.5: The coordinates of the points Py, Py, P3, P4 and P35 as defined above for the
class B manipulations of all four molecules on Ag(111).
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The generic behavior of QTCDA on Ag(111) lifting and lowering curves
assigned to class B. Five points were chosen, which will be used to discuss
the transport through the molecules. P indicates the conductance measured
the closest to the substrate. Pj indicates the point of the transition of the
conductance data to the noise level. Py is at the position of a peak Gpeax in
the conductance. This conductance peak matches with a dip in the frequency
shift, which is indicated by a blue arrow. Py is at the position of a knee
in the conductance. This knee is in the region of the global peak in the
frequency shift. By making two linear regressions (purple lines) between the
points P; and P3 and P4 and P35 the two slopes of the conductance data are
quantified. For all eight systems investigated (NTCDA, PTCDA, TTCDA
and QTCDA on Ag(111) and Au(111)) the points Py to P5 can be found in
chapter A.
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6.4.1.1 Two transport regimes

Having defined the points P; to P in the previous section, we can discuss general trends.
The conductance in the beginning of the manipulation is larger the smaller the molecule
is (see Py in table 6.5). This difference in the conductance is a result of the position
of the LUMO at the beginning of the manipulation. In Fig. 4.3 in section 4.2.1 it was
shown that the smaller the molecule is, the closer the LUMO is to the Fermi level.
The larger density of states at the Fermi level for smaller molecules results in a larger

conductance.

Further the generic conductance curve has two distinct branches, P to P3 and P4 to Ps.
We call these two branches two transport regimes. Both show an exponential drop of
the conductance which suggests tunneling. Note however that exponential behavior of
tunneling follows from exponential drop of wave function tails. Overlap of wave function

tails is the relevant quantity here.

The first transport regime takes place as long as the molecule is in contact or overlapping
with the substrate, i.e. as long as the molecule or at least some of its parts are chemically
interacting with the metal. We call it contact tunneling regime. During this regime
the LUMO is sharpened and shifted towards the Fermi level. Wave function overlap
remaining the same, this should increase the conductance at zero bias. However, in the
present case not only the energetic position of the LUMO changes, but also the overlap
with relevant states in the metal. Apparently, this wave function overlap is reduced

exponentially, such that exponential behavior results.

The second transport regime is observed after the contact of the molecule to the substrate
is broken (from P4 to P5). It is obvious that in this regime wave function overlap between
bottom of the molecule and metal surface is reduced exponentially as the tip is retracted.
Therefore it is not surprising to observe tunneling here. We name the second transport

regime vacuum tunneling regime.

These findings are summarized in Fig. 6.31. The pictogram show the simplified geometry
of the junction required for the two transport regimes. Note that in the contact tun-
neling regime small deviations from strictly exponential behavior are observed. These
will be discussed in section 6.4.1.2. Moreover, in the transition region between the two
transport regimes a more complex behavior is observed. It is found that the conductance
increases shortly before the contact is broken. From force-field simulations (see chapter

5) we know that the molecule is stretched shortly before the breaking of the contact,
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it was found that the molecular diagonal of PTCDA is stretched by 0.5% on Au(111).
As the interaction between Ag(111) and the molecules is stronger a larger stretching is
assumed for the manipulations on silver. This could in principle lead to modifications
in the electronic structure of the molecule (at unchanged overlap) with the possible out-
come that the conductance could increase. For example, Bruot et al. [152] observed that
the conductance through a 1,4’-benzenedithiol molecule contacted by gold electrodes in-
creases up to an order of magnitude as the molecule is stretched. They explain this
by a shift of the highest occupied molecular orbital (HOMO) towards the Fermi level
of the gold electrode and thus an enhancement of resonant transport. Further exper-
iments and/or calculations would be necessary to decide whether a similar mechanism

also applies here.

When one looks carefully at the histogram of QTCDA on Ag(111) assigned to class B one
can see that the conductance increase just before the contact rupture is composed of two
peaks in the conductance (see e.g. Fig. 6.8). These two peaks could be signatures of the
removal of the last two oxygen atoms. With this it can be assumed that these two peaks in
the conductance are originating from a stretching of the molecule just before the last and

last but one oxygen atom are detached from the substrate.

QTCDA/Ag(111)
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Figure 6.31: The two transport regimes as discussed in section 6.4.1.1. The first trans-
port regime takes place as long as the molecule is still in contact with the
substrate. Because of its exponential decay it is assumed that tunneling
is observed. The second transport regime takes place after the molecule-
substrate contact is broken, again tunneling is observed.

After identifying the two transport regimes it is now of interest to investigate how these
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two transport regimes depend on the length of the molecule. Therefore the decay constant
B of the conductance is determined (see chapter 3). The decay constant is defined as
the change of the conductance G upon electrode separation z by the following relation
G ~ exp(—fz). This decay constant can be determined by making a linear regression
through the points defined earlier. The decay constant of the contact tunneling transport
regime Beontact 1S determined by the points Py and P3. The decay constant of the vacuum
tunneling transport regime Byacuum by the points P4 and Ps. In order to calculate
the decay constants the points P; to P5 were measured for all four generic behaviors
measured on silver. In Fig 6.30 the generic behavior of QTCDA /Ag(111) for class B is
shown together with the points P; to Ps. The other three generic behaviors and the
corresponding points for manipulations on silver assigned to class B are shown in Fig.
A.58 in chapter A.

In Fig. 6.32a the Scontact is plotted as a function of molecule length. The length of the
molecules was calculated on the basis of the DFT calculations used for the simulation
of the molecules in the publication of Wagner et al. [43]. By the length of the molecule
the diagonal through the molecule from one carboxylic oxygen to the other is meant.
The diagonal is taken in view of the geometry of the molecule in the junction just before
rupture of the contact, as we know from force-field simulations (see chapter 5). It is
found that the decay constant is decreasing with the length of the molecule. To an-
alyze the behavior of Seontact @s a function of molecular length [, further, we rescale
the z-axis in Fig. 6.30 from z to i This renormalies Beontact 10 Beontactlm- Plotting
Beontact!m as a function of molecule length (see Fig. 6.32b), we find a reduced depen-
dence of the decay constant on molecules. However, the decay constant still decreases
systematically as we go from NTCDA to TTCDA, with the decay constant for QTCDA
increasing slightly. Assuming similar transport orbitals, and assuming that orbital over-
lap determines the decay, this indicates that geometrically the lifting process proceeds
differently. Specifically a smaller decay constant indicates that the molecule bends more

strongly.

To probe the geometry of the molecule during the lifting process the force-field simula-
tions introduced earlier [42,126] are analyzed (see Fig. 6.33). This analysis is done with
the geometric configurations of the molecule during the lifting process. By averaging the
position of each atom in the molecule relative to the surface, the average atom position
is determined. This average atom position is determined for different molecular configu-
rations during the lifting process from Au(111) for the four molecules NTCDA, PTCDA,
TTCDA and QTCDA. This average atom position is then plotted versus the top atom
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Figure 6.32: Decay constant of the contact tunneling transport regime Seontact. It is de-
termined by measuring a linear regression between the points P; and P3. (a)
The decay constant plotted versus the molecule length.shows a decreasing of
the decay constant with increasing molecule length. (b) The decay constant
normalized to the molecular length plotted versus the molecule length also
shows a decreasing of the decay constant with increasing molecule length.
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position of this molecular configuration, i.e. versus the position of the carboxylic oxy-
gen making contact to the tip. The comparison of the results for the four molecules in
Fig. 6.33 shows that the longer the molecule is, the more it is bend towards the surface.
This is consistent with our expectations. The longer molecule is more flexible, bends
more and thus its transport orbital keeps contact (overlap) with the metal for longer.
The bending visualized for Au(111) in Fig. 6.33 should be even more pronounced on
Ag(111), as the interaction between the molecules and the surface is larger on Ag(111)
than Au(111).

The exponential dependence of the conductance upon the electrode separation was ob-
served in several metal-molecule-metal junctions before [153-155]. This exponential de-
pendence of the conductance was explained by coherent electron tunneling through the
molecule [153,154]. Not surprisingly the decay constant found varied a lot depending
on the investigated system. Lafferentz et al. [153] found 8 = 0.38 A=! for polyfluo-
rene probed with Au(111) electrodes. Koch et al. [155] studied graphene nanoribbons
on gold and found that the decay constant varied upon the bias voltage applied to the
junction. In the low bias regime (~ 1.6V) they found 8 = 0.45A~! and in the high
bias regime (1.8V to 2.4V) a smaller 8 = 0.18 A~!, at negative bias they measured
B=01A"1

In Fig. 6.34 the decay constant of the conductance in the vacuum tunneling regime
Bvacuum 18 plotted versus the molecule length. In contrast to the observation made for
the decay constants in the contact tunneling transport regime Beontact 10 Systematic de-
pendence between the molecule length and the decay constant is observed. This seems to
be a consequence of the correlation approach used to determine the generic curves. The
part of the curve which shows the vacuum tunneling regime is not included in the corre-
lation determination (see Fig. 6.8), therefore in these curves this part is not represented
generic. The decay constants of the vacuum tunneling regime Syacyum are independent of
the molecule length, with an average Syvacuum = 2.8 A1, This means that the length of
the molecule bound to the tip is not influencing the tunneling behavior. This indicates
that tunneling indeed occurs from the bottom end of the molecule, i.e. the molecule is

contacted to the tip well enough for efficient charge transfer.

The decay constant measured for the bare silver tip, i.e. the decay constant measured
before tip and molecule get into contact (class app), is in average Ssiver tip = 1.93 A1
(see Fig. 6.35). This means the tunneling current is decaying faster when the tip is
decorated with a molecule with an average Svacuum = 2.8 A-1. This indicates that the

tail of the wave function decays faster into the vacuum for the molecules than for the
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Figure 6.33: From the force-field simulations introduced earlier [42,126] the geometric
configuration of the molecule during the lifting process is known. With this
information the average atom position relative to the surface can be deter-
mined for the molecule and plotted versus the top atom, i.e. the carboxylic
oxygen atom making contact to the tip, position. This is shown here for
the four molecules on Au(111). The comparison of the four molecules shows
that the longer the molecule is, the more it bends towards the surface dur-
ing the lifting process. In consequence its transport orbital keeps contact
with the metal for longer. This explains the different slopes of the contact
transport regime as seen in Fig. 6.32. On Ag(111) this effect is expected to
be even more pronounced as a consequence of the larger interaction.
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tip. This could have geometric or electronic reasons (geometric: sharper tip, electronic:
higher barrier due to vacuum levels). In table 6.6 the decay constants of both transport
regimes observed in the silver junction are listed together with the decay constant of
the bare silver tip and bare gold tip approaching the surface, but without having made

contact to the molecule.
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Figure 6.34: Decay constant of the vacuum tunneling regime Syacyum versus the molecule
length. It is determined by measuring a linear regression between the points
P4 and P5. No systematic dependence of the decay constant on the molecule
length is observed. This is a result of the approach used to determine the
generic behavior. An average Byacuum = 2.8 A~ is found. The decay con-
stant of the bare silver tip, i.e. before the tip makes contact to the molecule,
is smaller (Bsitver tip = 1.93 Afl), which could have geometric or electronic
reasons.
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Molecule Bcontact [Ail] ﬁvacuum [Ail] 5silver tip [Ail] Bgold tip [Ail]

NTCDA 0.88 2.87
PTCDA 0.31 2.74
TTCDA 0.19 1.96
QTCDA 0.19 3.62

2.02
1.94
1.86
1.89

2.12
2.07
2.11
2.03

Table 6.6: Decay constants of the two tunneling transport regimes for class B manipula-
tions on Ag(111) and decay constant of the bare silver tip and bare gold tip
approaching the surface before making contact to the tip.

NTCDA PTCDA TTCDA QTCDA
Ag(111)
Au(111)
AN
«
° o
- o _
‘JS. Bgold tip=2-08 A !
a O o
N
£ °
Bsilver tip=1 .93 Ai‘] o °
«©
1 ) ) 1 ) )
10 20

15
molecule length [A]

Figure 6.35: Decay constant of the tunneling current through the bare metal tip before
making contact to the molecule for the two surfaces Ag(111) and Au(111).
The average decay constant for silver is Biver tip = 1.93 A-1 and for gold
Beold tip = 2.08 A=l These values were obtained from the class app his-
tograms (see Figs. A.1 to A.8 in chapter A).
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6.4.1.2 The conductance peak

We now turn to the discussions of deviations from strictly exponential behavior in the
contact regime, see e.g. Fig. 6.28. Most notably, a peak in the conductance is clearly
visible in the zero bias conductance. This peak coincides with a dip in the frequency
shift. The occurrence of a peak in the conductance upon reverse chemisorption was
observed in earlier experiments when a PTCDA molecule was lifted from Ag(111) (see
section 4.3) [39,40]. A Kondo resonance was identified, which led to an increase of
the conductance. In those experiments no frequency shift was measured, hence it was
unclear up to this point in which exact geometry the molecule is as the Kondo resonance

is observed.

In Fig. 6.30 the blue arrow at Py indicates that the conductance peak is observed where
a dip in the frequency shift occurs. By the force-field simulation we can attribute this
dip to the lifting of the last naphthalene unit of the molecule from the substrate. This
means that the condition for a conductance peak is given for a junction geometry in
which the molecule is contacted at one side by one carboxylic oxygen to the tip, and on
the other side the molecule is in contact with the substrate with one naphthalene unit
and the carboxylic functional group. For all four molecules this observation is valid (see
Fig. A.58 in chapter A).

To check the origin of the conductance peak observed in the class B manipulations
another type of experiments was performed. A molecule, isolated from the molecular
island, was contacted at one of the carboxylic oxygen atoms and then lifted up stepwise
by 0.2A. At each step the manipulation was stopped and a differential conductance
spectrum was measured with lock-in technique by sweeping the bias voltage in the range
—50mV to 50mV. The results are exemplary discussed on a single measurement of
TTCDA manipulated on silver in Fig. 6.36. In Fig. 6.36a the frequency shift and the zero-
bias differential conductance measured while stepwise manipulating TTCDA are shown.
Every 0.2 A a spectrum was recorded, a signature of these spectra are the vertical lines
in the zero-bias differential conductance curve. The arrows indicate the position of the
three spectra displayed in Fig. 6.36b. The red spectrum was taken at the beginning of the
manipulation, the green at the conductance peak and the blue at the transition between
the two transport regimes discussed earlier. The spectra were all shifted to a uniform
base and normalized for a better comparison. In absolute scales the red spectrum is at
higher conductance than the green one, and the green one at higher conductance than

the blue one as can be seen by the three axis.
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In the beginning of the manipulation, the minimum in the density of states is at the
Fermi level (red spectrum). As the molecule is lifted up from the surface the zero-bias
differential conductance decreases. At a relative tip-surface distance of about 6 A the
zero-bias differential conductance shows a peak (see Fig. 6.36a). The corresponding
green spectrum is not changing a lot relative to the earlier measured red spectrum. In
the last spectrum measured before the junction is ruptured a small peak at the Fermi
level is observable (blue spectrum). The behavior observed here is the same for QTCDA
manipulated on Ag(111) (see Fig. A.70 in chapter A). NTCDA (see Fig. A.65 in chapter
A) and PTCDA (see Fig. A.67 in chapter A) on the other side show a peak at the Fermi
level in the spectra recorded when a peak in the differential conductance is observed.
This means that the origin of the peak in the zero-bias differential conductance is a
Kondo resonance for NTCDA and PTCDA, but not for TTCDA and QTCDA of class
B. Later it will be shown that in manipulations of class A the Kondo resonance is at the

origin of the conductance peak for all molecules measured.

From the simulations we know that the molecules snaps into a linear geometry with the
removal of the last naphthalene unit. This implies that the distortion of the molecule is
maximized just before the snapping, when the molecule is in the geometry in which the
conductance peak appears. It is clear that such snapping events will lead to deviations
from strictly exponential behavior. However, while such discontinuities in the structural
evolution can explain non-uniform rates of decay, they cannot explain the increase of
conductance with z. However, discontinuities in the structural evolution necessarily imply
the build-up of strain. This can modify the electronic structure of the molecule, resulting
in different conductance behavior. Whether this can explain the behavior observed here
needs calculations. It was found earlier that a distortion of the molecule could trigger an
increase of the conductance by Bilic et al. [156]. They investigated the charge transport
through p-phenylene-vinylene molecules contacted by gold electrodes with DFT. Their
results showed that the charge transport through the molecule is enhanced when the
molecule is tilted by a contraction. This was explained by a better band alignment at
the cost of the coupling strength. Also Lafferentz et al. [153] observed a conductance
increase in their investigation of polyfluorene on Au(111). This conductance increase was
observed as the molecule was lifted from the Au(111) substrate with the tip of a STM.
They related this conductance increase to the flat adsorption of a monomer unit on the

substrate.

To investigate the conductance peak in the zero bias differential conductance as a function

of z further, its dependency upon the molecule length is analyzed. In Fig. 6.37 the

171



6 Systematic study of transport through a homologous series of m-conjugated molecules

—
[
~

1

TTCDA/Ag(111)
class B

<
w3 |«
N O ] o
G EENE
P - | o
K] o
°
<
© <
SR
7878
o T T T T T

-40 -20 20 40

0
VImv]
Figure 6.36: Spectra taken while lifting a TTCDA molecule from Ag(111). (a) The fre-

quency shift and the differential conductance of the lifting process. (b) Every
0.2 A the manipulation was interrupted and a spectrum in the bias voltage
range —50mV to 50mV was taken. By the arrows in (a) the position of
the three spectra presented is shown. The spectra show, that the Kondo
resonance, as described earlier for PTCDA /Ag(111) [39], is not the origin
of the conductance peak in TTCDA/Ag(111) of class B.
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conductance of the conductance peak is plotted versus the molecule length. The longer
a molecule is, the smaller is the conductance peak, as a consequence of the overall lower
conductance for longer molecules. Similar to the decay constants of the two tunneling
transport regimes (see section 6.4.1.1) an exponential decay is observed. The decay
constant of this exponential decay is found to be Bpeax = 0.43 A-!. Further it can be
noted that the distance between the positions of the conductance peaks relative to the
tip-surface distance show a linear relation, with an average distance of 4.25 A between two
conductance peaks. This is a consequence of the conductance peak always being observed
when the molecules are in the same geometric configuration within the junction, i.e. in

contact to the substrate with the last naphthalene unit.
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Figure 6.37: Conductance of the conductance peaks in class B manipulations with silver
electrodes for all four molecules. The conductance of the peaks show an
exponential decay with the length of the molecule. The decay constant of is
found to be fpeak = 0.42 AL
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6.4.1.3 Molecules in wire configuration on Ag(111) of class B

When the frequency shift shows its global peak the molecules are standing upright in the
junction as we know from force field simulations [42,43]. We call this geometry the wire
configuration. Also in the conductance data this position was identified as the transition
between the two transport regimes. The molecule is only contacted by the carboxylic
oxygen to the silver electrodes tip and surface. The electrons are passing through the
whole molecular backbone. It is now of interest how high the conductance through the

molecules is at this state.

The position of the wire configuration is marked by point P4 in Fig. 6.30. The con-
ductance measured for the molecules in this junction configuration contacted by silver
electrodes range between 1074 Gg to 1073 G (see table 6.5). The conductance is very
low compared to the conductance found in atomic point contacts for example, where
conductance values in the range of the conductance quantum Gy are found [157]. This is
the consequence of the low transmission probability 7' through the molecule (see chap-
ter 3). By plotting the conductance of the molecular wires versus the molecule length
we find a exponential decay for the wire conductance (see Fig. 6.38). We find a decay
constant of Byire = 0.15 A~1 assuming the following dependency G ~ exp(—LL) between

the conductance G and the molecule length L.

Note that this Sywire is the intrinsic decay constant of the molecular wire, as here the
contacts are the same for all four molecules, unlike the decay constants Bcontact and
Bvacuum introduced earlier. The decay constant in the wire configuration Syire = 0.15 At
is smaller than the ones observed for the contact tunneling and vacuum tunneling regime.
This is a result of the superimposition of two contributions to the conductance. First the
decay of the molecular length and second the reduction of the contact. Using this one
can split the decay constant change in Fig. 6.32 and Fig. 6.34 into the two superimposed

contributions.

The exponential decay of the conductance upon molecule length was observed in several
metal-molecule-metal junctions before [22,31,158-167]. This observation of an exponen-
tial decay suggests that tunneling is observed. For molecules of the size investigated
here off-resonant coherent tunneling (see section 3.3) is often proposed as the underlying
transport mechanism [161,168]. Therefore it is believed that in the systems studied here
also off-resonant coherent tunneling is observed. Incoherent hopping mechanism is only

observed for molecules longer than ~ 3nm [168,169].
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Figure 6.38: Conductance of the molecule in the wire configuration, i.e. conductance
of the junction tip-molecule-substrate, with the molecule standing upright
between the silver electrodes in class B. The conductance G is plotted versus
the length of the molecules L. We find the exponential dependence G ~
exp(—pL) with the decay constant SByire = 0.15 AL
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Most of the systems investigated up to now are thiolated molecules on gold surfaces, which
form a strong Au-S bond [160]. The decay constant found for alkanedithiols and peptides
on gold range from 0.8 A= to 0.9 A=1 [22]. The transport mechanism is believed to be
coherent electron tunneling [22,31,159]. Comparable small decay constant (3 = 0.16 A=1)
as in our system were found by Peng et al. [162] for amine-terminated thiophene on
gold at zero-bias voltage in density functional calculations. With 8 = 0.06 A= almost
no dependence of the conductance on the molecule length was observed for oligoyne

molecules contacted by gold electrodes [163].

The absolute conductance values vary a lot depending on the system investigated. As
most of the systems investigated are on thiol-terminated molecules and on gold electrodes
it is difficult to find comparable experimental results to our study. Peng et al. [L66] probed
the conductance through single alkanedicarboxylic acids of different length contacted
by silver electrodes. They measured conductance values in the range 2.6 x 107° G to
4.1 x 107* Gy. In their study on amine-terminated oligophenyl and alkane molecules of
different length contacted by silver electrodes Kim et al. [167] measured conductance
values in the range 1075 Gy to 1072 Gg. Compared to these two studies it can be seen
that the 7-conjugated molecules we are probing contacted to silver electrodes are good

conductors.

6.4.2 Manipulations of class A on Ag(111)

In this section the lifting and lowering curves assigned to class A are discussed. The statis-
tics acquired for this class of manipulations have a much higher variance (see Figs. A.10,
A.15, A.20 and A.25 in chapter A). This is the result of the junction being less stable
than the one assigned to class B. As mentioned earlier, the class A manipulations are
characterized by a hysteresis between the lifting and the lowering of a molecule in the fre-
quency shift and differential conductance data. This is caused by a bistable tip-molecule-
substrate junction configuration. Bistability in conductance measurements on molecules
were reported in earlier experiments [170-174]. The two states observed in these experi-
ments were attributed to either conformational changes of the molecule or changes of the

contact geometry between the electrodes and the molecule.

In contrast to the analysis done for the class B manipulations on Ag(111), only three
characteristic points P; to Ps were defined. This had to be done as no statement can
be done about the vacuum tunneling regime for the class A manipulations. This is the

consequence of the hysteresis in the region of the vacuum tunneling regime, therefore
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making it impossible to define a slope for the vacuum tunneling regime (see Fig. A.57
in chapter A). As for the class B manipulations two points P; and Pg are defined to
determine the slope of the contact tunneling regime by making a linear regression. The
point P; denotes the conductance value the closest to the substrate and P3 defines the
position at which the transition between the two transport regimes (see section 6.4.1),
i.e. were the molecule is standing upright, is observed. It is determined using features in
the conductance, i.e. where a change of the slope of the generic behavior is observed. As
for the class B manipulations this transition is found in the region of the global peak in
the frequency shift data. This point P3 is then also used to determine the conductance
of the junction in the wire configuration. The point Py is the conductance corresponding
to the last dip before feature B in the frequency shift. In table 6.7 the points are listed
which were used for the further analysis. In Fig. A.57 in chapter A these points are

shown together with the generic curves.

In the following the discussed points are summarized:

P1 Conductance Ggart at the closest z-position relative to the substrate.

Py The conductance peak Gpeak- This peak matches with a dip in the frequency shift,

as indicated by the arrow.

P53 The knee Gyie in the conductance data. This knee is in the region of the global peak
in the frequency shift.

Molecule Py [A,2¢%/h] Py [A,2¢%/h] P3 [A,2¢%/h]

NTCDA (4.93,6.49 x 1072)  (3.73,9.13 x 1072)  (—0.42,9.82 x 107%)
PTCDA  (2.84,2.19 x 1072)  (1.24,2.50 x 1072)  (—4.88,2.87 x 107%)
TTCDA (1.84,5.19 x 1073)  (—2.95,3.74 x 1073)  (—8.55,2.64 x 107%)
QTCDA  (2.93,3.00 x 1073) (—7.16,2.25 x 1073)  (—13.76,9.87 x 1079)

Table 6.7: The coordinates of the points Py, P2 and P3 as defined above for the class A
manipulations of all four molecules on Ag(111).

6.4.2.1 The hysteresis in class A manipulations

In Fig. 6.39 the 2D histogram of all class A manipulations of QTCDA on Ag(111) is
shown. By the red arrow the group of curves measured while the molecule was lifted
from the surface is indicated. The black arrow indicates the group of curves measured

while the molecule was lowered towards the surface. By the red and black circle the
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signature of the switching from one configuration to the other is highlighted. As the
molecule is lifted, the switching from junction configuration C; to another configuration
Cq occurs when the molecule-substrate interaction is almost zero (red circle). When the
molecule is lowered the switching back from junction configuration Cs to C; happens
at a higher molecule-surface interaction, i.e. when the tip is closer to the surface (black
circle). This characteristic of the hysteresis is the same for all four molecules probed and
can be found in the same way for the experiments performed on Ag(111), as discussed
here, and the experiments performed on Au(111) (see Figs. A.10, A.15, A.20, A.25, A.30,
A.35, A.40 and A.45 in chapter A).

Another difference between class A and B manipulations can be seen in Fig. 6.40, where
the unshifted curves assigned to class A and class B manipulations of QTCDA on Ag(111)
are shown. The red lines indicate the distance at which the transition from one transport
regime to the other is observed. For class A manipulations this transition occurs at a
larger tip-surface distance than in the case of class B manipulations. The transport
regime transition in the case of class B occurs at the same relative tip-surface distance at
which the junction switches from configuration Cg to C; in the case of class A (see Fig.
6.39). A distance of about 1.4 A is found between the transport regime transitions for
class A and class B. The comparison of the frequency shift and the conductance of both
classes for QTCDA on Ag(111) (see Fig. 6.18 and Fig. 6.39) shows that for class A the
transport regime transition happens at the position of the negative dip in A f, while for
class B the transport regime transition occurs on the steep slope before the dip. Further
class A has a larger negative dip in the frequency shift than class B. This indicates
a stronger attraction. Also the negative dip is sharper, which indicates extension and

contraction.

From these observations the following can be concluded. Three different junction con-
figurations are observed in the manipulations assigned to class A and class B (see Fig.
6.41). The configuration Cjg is the origin of the conductance behavior observed in the
manipulations of class B. The two other configurations C; and Cy are observed for the
lifting and lowering curves in the manipulations of class A. The two configurations of
class A have to differ from the configuration of class B as the conductance peak observed
in class A is at a different distance and has a different magnitude than the conductance
peak in class B manipulations. The class A tip deforms elastically, shown schematically
by the spring in Fig. 6.41, this results in an extension of the tip in the C; configuration
until the switching to the Ca configuration. Eventually the C; configuration deforms

plastically and switches to the Cs configuration observed for class B. This Cjs is stable
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Figure 6.39: Hysteresis in class A manipulations for QTCDA on Ag(111). As the
molecule is lifted, one junction configuration C; is switching to another
configuration Cg, when the molecule-surface interaction is almost zero (red
circle). As the molecule is lowered the configuration Cg switches back into
the first configuration C; at a higher molecule-surface interaction (black cir-
cle). The two levels in the noise result from different amplifier gains used
for the experiments. The same behavior is observed for all four molecules
on both metal surfaces Ag(111) and Au(111) investigated. Bin size of Af:
2=0.1A, y = 0.4Hy; bin size of G: z=0.1 A, min(y) = 1.6 x 1071222 /h,
max(y) = 1.6 x 1072 22 /h.
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The red lines indicate the transition from the contact tunneling to the vac-

uum tunneling regime for both classes A and B. The transition in class B
is observed at the same tip-surface distance as the switching from configu-
ration Cy to configuration Cy in class A (see Fig. 6.39). A distance of 1.4 A
is found between the two transitions, which indicates that the configuration
change is related to different atomic arrangements on the tip apex.
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and does not switch back to Cy or Ca.

A possible explanation for the different junction configuration could be the tip apex being
decorated either by an silver atom (class B) or an platinum or iridium atom (class A).
A silver atom at the tip apex would lead to an s-orbital. As an s-orbital is spherically
symmetric in space the bonding to the oxygen atom of the molecule would not be under
stress. On the other side a platinum or iridium tip apex would lead to an d-orbital.
The d-orbital is not spherically symmetric in space, as a consequence a force is acting
on the molecule which results in a switching between two different junction configura-
tions C; and Cy. This force leads to a conformational change at the tip-molecule bond
as soon as the interaction between molecule and substrate undercuts a certain thresh-
old.

class A class B
C, C, C,

8

Figure 6.41: Schematic representation of the different junction configurations. Class A is
characterized by a hysteresis in the conductance and frequency shift data.
This suggests that two different junction configuration exist. These two
junction configurations C; and Ca could be the consequence of a platinum
or iridium atom on the tip apex. The resulting unsymmetrical d-orbital on
the tip apex creates a force acting on the molecule which produces a switch-
ing between both configurations in dependence of the molecule-substrate
interaction. This switching process is accompanied by an elastic deforma-
tion, represented schematically by the spring. Eventually the tip deforms
plastically and switches to the stable junction configuration Cs of class B.
This stable configuration suggests a symmetric s-orbital on the tip apex and
therefore a silver atom making the bond to the molecule.

The influence of the exact molecule-metal contact configuration on the conductance was
observed by several groups before [175-178|. Dulic et al. [177]| probed terphenylene
molecules contacted in a mechanical break junction (MCBJ) experiment by Au elec-
trodes. They observed a switching between two conductance. This was explained by

a thermally activated switching between two different molecule-metal contact geome-
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tries.

The influence of the binding geometry on the conductance was the subject of many in-
vestigations [163,164,179-184]. Binding geometries influence the charge distributions,
the spin population, the ionization energy and the electron affinity of the molecule in
the junction [179]. In consequence the transport behavior is very sensitive to the contact
configuration. Kameneteska et al. [164] investigated pyridine-terminated molecules elon-
gated by gold electrodes. In their conductance histogram two peaks were observed, which
they attributed to two different pyridine-gold binding geometries. Also they measured
different conductance values, the decay constant 3 = 0.5 A~! was not changing upon the
different binding geometries. In their study, Wang et al. [163], investigated the influence
of the binding geometry of a pyridyl group on the conductance. They found that the con-
ductance of the molecule could differ by 150 % whether the pyridyl group is bound to a

flat electrode or to a step or a similar high coordination site.

6.4.2.2 Transport in class A manipulations

In Fig. 6.42 the generic behaviors (as defined in section 6.3.3.1) of all class A manipula-
tions are shown. The manipulations on Ag(111) of class A are more scattered than the
manipulations of class B. This is a consequence of the bistable junction configuration and
the resulting hysteresis from the switching events. But nevertheless the generic curves
obtained by calculating the arithmetic mean (see section 6.3.3.1) of the 2D histograms

show a smooth behavior.

Two different transport regimes as introduced earlier are occurring while lifting and
lowering the molecules. By making a linear regression through the points P; and Ps
the decay constants of the contact tunneling transport regime Seontact, as defined in
section 6.4.1.1, were calculated for each molecule. A decay constant for the vacuum
tunneling regime Byacuum cannot be defined as a consequence of the hysteresis in that

region.

In Fig. 6.43 the decay constants of class A (black dots) are plotted versus the molecule
length together with the decay constants of the molecules of the class B statistics (red
dots) which were already shown in Fig. 6.32. As for the manipulations of class B the
decay constants of the contact tunneling regime of class A is decreasing with the molecule
length. In fact the calculated values are very similar, which indicates similar junction
configurations for class A and B. For both classes the decay constant is decreasing with

molecule length and a saturation of the decay constant is observed for longer molecules.
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Figure 6.42: Generic curves of the four molecules probed on Ag(111) assigned to class
A. The differential conductance and frequency shift data of class A manip-
ulations is more scattered than the data from class B manipulations as a
consequence of the bistable junction. Nevertheless the generic curves ob-
tained by calculating the arithmetic mean show a smooth behavior.
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For the manipulations of PTCDA and TTCDA the decay constants assigned to class
A are larger than the ones assigned to class B, the decay constant of NTCDA and
QTCDA are the same for both classes. To compare the classes, the decay constants
Beontact Of class A and class B and their difference class A — class B are listed in table
6.8.

NTCDA PTCDA TTCDA QTCDA
Ag(111) class A
Ag(111) class B
8
@
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— o
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Figure 6.43: Decay constants of the contact tunneling transport regime Seontact 0f class A
and class B manipulations on Ag(111). The decay constants are calculated
by measuring a linear regression through the points P; and Ps3. In both
classes the decay constant is decreasing with molecule length. A saturation
is observed for both classes.

6.4.2.3 The conductance peak

As for class B manipulations a peak is observed in the generic conductance curves of
class A on Ag(111). To investigate its physical origin measurements were performed as
introduced earlier (see section 6.4.1.2). A molecule is isolated from the molecular island.
This isolated molecule is than contacted at one of the carboxylic oxygen atoms and lifted
up. Every 0.2 A the manipulation is stopped and a differential conductance spectrum is

measured in the bias voltage range —50mV to 50mV. In this way the electronic structure
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ﬂcontact [Ail]

Molecule class A class B class A — class B

NTCDA 0.86 0.88 —0.02
PTCDA 0.69 0.31 0.38
TTCDA 0.32 0.19 0.13
QTCDA 0.17 0.19 —0.02

Table 6.8: Decay constants of the contact tunneling regime of class A and class B and
the differences between the decay constants of both classes on Ag(111).

of the junction is probed for different geometries and can be compared to the electron
transport through the molecule. In Fig 6.44 the findings are exemplary shown for the
lifting of a single TTCDA molecule from Ag(111). In the inset of the figure the frequency
shift and the zero-bias differential conductance measured for the whole manipulation is
shown. By the four arrows the points are indicated at which the spectra shown were
measured. As before, the spectra are shifted to an uniform base and normalized for a

better representation.

The interpretation of the class A manipulation differs from the interpretation of the class
B manipulations discussed earlier. Just before the onset of the conductance peak the
spectrum shows a dip at the Fermi level (red spectrum). As the zero-bias differential
conductance goes trough a peak, the LUMO shifts to the Fermi level and sharpens (green
spectrum). The level stays pinned at the Fermi level (blue spectrum) and thus increases
the conductance, resulting in the Kondo peak. At the end of the manipulation no more
signature at the Fermi level is observable (light blue spectrum). This behavior observed
here is the same as was reported of earlier by Temirov et al. [39]. By the mechanical
gating of the molecule the LUMO shifts to positive values, the LUMO gets depopulated.
At the same time the coupling to the electrodes T is getting weaker. At some point the
LUMO is occupied by one electron which acts as a magnetic impurity. As the energy
gap €g between the LUMO and the Fermi level is reduced to zero, the prerequisite for

the observation of a Kondo resonance U/T" > € is given.

The same observation was also made for PTCDA/Ag(111) of class A (see Fig. A.66 in
chapter A). For NTCDA and QTCDA it was not possible to perform this measurement.
To sum up the results of this measurements the findings are summarized in table 6.9.
As PTCDA /Ag(111) shows Kondo behavior in both classes A and B it is unclear which
class of liftings were performed earlier by Temirov et al. [39]. The fact that no hysteresis

was observed in this former publication stems from the simple reason that no manipula-
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Figure 6.44: Spectra taken while lifting a TTCDA molecule from Ag(111). (a) The fre-
quency shift and the differential conductance of the lifting process. (b)
Every 0.2A the manipulation was interrupted and a spectrum in the bias
voltage range —50 mV to 50 mV was taken. By the arrows in (a) the position
of the four spectra presented is shown. The spectra show, that the Kondo
resonance, as described earlier [39], is the origin of the conductance peak.
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tion was performed where the molecule was lowered. Also note that no frequency shift

measurement were performed at that time.

Molecule class A class B

NTCDA no measurement Kondo
PTCDA Kondo Kondo
TTCDA Kondo no Kondo
QTCDA no measurement no Kondo

Table 6.9: Observation of Kondo physics in class A and class B manipulations on Ag(111).

The position of the conductance peaks relative to the tip-surface distance is different
for class A compared to class B manipulations. The distance between the conductance
peak position relative to the surface for different molecules is in average about 3.63 A in
the case of class A manipulations. For the manipulations of class B an average distance
of about 4.25 A (see table 6.10) is found, i.e. the peaks are further apart in the case of
class B compared to class A. The position at which the conductance peak is found in
the case of NTCDA is about the same in class A and class B. The longer the molecule is
the more the positions differ between both classes. This means that in the case of class
A the molecule is closer to the surface than in class B when the peak is observed. This
suggests that the formation of the conductance peak in both classes is not exactly the

same.

It is found that also the conductance of the peak differs between both classes. In Fig.
6.45 the conductance values are plotted versus the molecule length. For both classes an
exponential decay is observed. The decay constant of the peak conductance in class A is
found to be fpeak = 0.32A1, i.e. the conductance peak is decreasing slower than in the
case of the class B (Bpeak = 0.42 Afl). For all molecules the conductance of the peak is
higher for class A than for class B. The longer the molecule is, the more the conductance
difference increases. This is a consequence of the increasing coupling strength difference

between both classes the longer the molecule is.

In table 6.10 the coordinates of the conductance peaks for both classes are listed. Note
that they correspond to P2 of table 6.5 and 6.7.
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Conductance of the peak in class A and class B manipulations on Ag(111).
The conductance of the peak shows an exponential decay upon the length
of the molecule for both classes. The decay constant of class A with Bpeax =
0.32 A1 is smaller than the one found for class B (Bpeak = 0.42 A*I).

class A class B

Molecule z(P3) [A] G(P2) [2¢2/h] 2(P2) [A] G(P3) |2¢%/h]

NTCDA 3.73 9.13 x 1072 4.08 6.01 x 1072
PTCDA 1.24 2.50 x 1072 1.22 8.88 x 1073
TTCDA —2.95 3.74 x 1073 —3.87 1.69 x 1073
QTCDA  -T7.16 2.25 x 1073 —8.66 3.28 x 1074

Table 6.10:

Coordinates of the conductance peaks K in class A and class B on Ag(111).
This are the coordinates of point Py of table 6.5 and 6.7. The positions of
the conductance peaks K, refer to the relative tip-surface distance.
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6.4.2.4 Molecules in wire configuration on Ag(111) of class A

As for class B the conductance of the molecular wire in the wire configuration was de-
termined for class A. As in class B the position where the molecule is in the upright
standing geometry was determined by a knee in the conductance data, indicating a tran-
sition between two transport regimes. This knee in the conductance data was always
found in the region of the global peak of the frequency shift data. Not surprisingly the
position of the molecule in the wire configuration relative to the tip-surface distance are
for both classes very similar (see table 6.11). An average distance of 4.45 A between two
molecules is found for the class A manipulations and of 4.41 A for class B manipula-

tions.

In Fig. 6.46 the conductance values of the wires for the four different molecules contacted
by silver electrodes of both classes are shown. The conductance values for both classes
are very similar. For PTCDA, TTCDA and QTCDA the conductance in the wire con-
figuration is smaller than the conductance found for class B. This could be the result of
a weaker tip-molecule coupling in the case of class A, which could also explain the less
stable junction configuration of class A compared to class B. For both classes an expo-
nential dependence between the conductance and the length of the molecule is found. In
fact the corresponding decay constants are very similar with Syie = 0.17 A1 for class
A and fByire = 0.15 A1 for class B.

In table 6.11 the coordinates of the conductance of the molecule in the wire configuration
for both classes are listed. Note that they correspond to Ps of table 6.7 and P4 of
6.5.

class A class B
Molecule  z(P3) [A] G(P3) [2¢%/h] z(P4) [A] G(Py) [2¢2/h]
NTCDA —0.42 9.82 x 1074 —0.86 8.65 x 1074
PTCDA  —4.88 2.87 x 1074 —4.43 1.38 x 1073
TTCDA —8.55 2.64 x 1074 —9.02 3.53 x 1074
QTCDA  —13.76 9.87 x 1075 —14.09 1.77 x 1074

Table 6.11: Coordinates of the conductance in the wire configuration in class A and class
B on Ag(111). This are the coordinates of point P3 of table 6.7 and P4 of 6.5.
The positions of the conductance refer to the relative tip-surface distance.
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Figure 6.46: Conductance of the molecule in the wire configuration for class A (black
dots) and class B (red dots) on Ag(111). The conductance G is plotted
versus the length of the molecules L. The conductance values for class A
and class B are very similar. While for class A an exponential dependence
with the decay constant Byire = 0.17A- 1 s found, for class B the decay
constant is Byire = 0.15 A1,
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6.4.2.5 Differences between class A and B on Ag(111)

The differences between class A and B are a result of the different geometric junction
configurations (see Fig. 6.41). It was suggested that for class A the molecule is changing
its configuration relative to the tip when the molecule is far away from the surface, as a
consequence of a force induced by a spherically unsymmetrical d-orbital at the tip apex.
This change of configuration is not observed for class B and thus it can be speculated
that a spherically symmetric s-orbital is on the tip apex. These different orbitals at
the tip apex could be the result of either a platinum or iridium atom at the tip in case
of class A or a silver atom at the tip in case of class B. The configurations of the tip-
molecule contact in the case of class A are less stable than the one in class B, therefore
the configuration evolves most of the time from class A to class B. The opposite evolution

from class B to class A was not observed.

The different junction configurations lead to different electronic properties. Only the
electronic properties of class A show always Kondo physics when the conductance peak is
observed. The influence of the junction configuration on the conductance of the molecule

in the wire configuration is small.

6.5 Results: Molecular wires on Au(111)

After discussing the results of the molecule manipulations with silver electrodes, in the
following sections will be discussed the manipulations of molecules with gold electrodes.
The sample preparation and the measurement routines were introduced in section 2.5 and
6.2. In principle the experiments were performed in the same way as the ones discussed

earlier for the silver electrodes.

Compared to Ag(111) the adsorption height of the molecules is higher on Au(111) [43,
122,124,185]. In Fig. 6.47 the average distance at which the jump into contact, i.e.
the relative tip-surface distance at which the carboxylic oxygen of the molecule formed
a bond with the tip, is plotted versus the molecule length. In the case of the Ag(111)
surface (black dots) this jump into contact occurred on average for zjump values 1.3A
smaller than on Au(111) (red dots).

The z-axis used for the molecule manipulation data is relative to a stabilization point.
The absolute distance of this stabilization point to the surface is not known and can be
different for Ag(111) and Au(111). Therefore a smaller value of zjump for Ag(111) does
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Figure 6.47: Average distance at which the carboxylic oxygen of the molecule and the
tip formed a bond. This jump into contact occurred 1.3A closer to the
surface in the case of manipulations on Ag(111) compared to manipulations
on Au(111).
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not necessarily imply that the jump occurs closer to the surface. But it is known from
literature that in fact the gold tip has to be moved closer to the surface to make contact
by about 0.4 A, although the molecule-substrate bonding is weaker on Au(111) than on
Ag(111) [40].

The carboxylic oxygen-tip bond in the case of Au(111) is not as strong as the car-
boxylic oxygen-tip bond in the case of Ag(111). Two difficulties arose from this: First, it
was more difficult to isolate a molecule from the molecular islands on Au(111) than on
Ag(111). Second, the probability to lift the molecule, after the contact was made, was
smaller. As a consequence the total number of experiments is smaller on Au(111) than
on Ag(111).

QTCDA was deposited together with another type of particles on Au(111). In contrast
to the deposition on Ag(111) it was not possible to separate the two types of particles by
annealing (see Fig 2.14 in section 2.5). This made it very difficult to isolate single QTCDA
molecules on Au(111). The small data set obtained for QTCDA/Au(111) furthermore
deviates substantially from the statistics of the other systems. It is therefore assumed
that the manipulations measured on QTCDA /Au(111) are of defect QTCDA molecules,
or QTCDA molecules together with the smaller particles.

In table 6.12 the total number of lifting and lowering curves used for the further analysis
are listed. Again the manipulations were separated into class A and class B and will be
discussed separately in the following. All histograms of manipulations on Au(111) are
shown in Figs. A.29 to A.48 in chapter A. The total number of lifting and lowering is
about the same for every molecule. But as the probability to observe manipulations of
class A is increasing the longer the molecule is, the probability to observe manipulations
of class B is decreasing. Such a relation was not observed for the manipulations on
Ag(111).

Molecule class A class B

NTCDA 41 1912
PTCDA 404 1504
TTCDA 1035 796
QTCDA 116 184

Table 6.12: Number of lifting and lowering curves of the manipulations on Au(111) used
for the statistical analysis.
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6.5.1 Manipulations of class B on Au(111)

As for the manipulations with silver electrodes generic behaviors are extracted from the
histograms of the manipulations with gold electrodes. The data is shifted and assigned
to the different classes as it it described in section 6.3. For the class B manipulations
the generic curves are determined by calculating the correlation between each curve
as described in section 6.3.3.2. These generic behaviors are then used for the further
analysis. In Fig. 6.48 the generic curves 2 for the three molecules NTCDA, PTCDA
and TTCDA probed on Au(111) and assigned to class B are shown. The manipulations
of NTCDA and PTCDA on Au(111) were done in a slightly different way than the
manipulations of the other molecules. The molecules were not lifted up until the molecule-
substrate bond was completely broken, but only until the peak-dip feature (feature B)
was measured. By this a higher control of the junction was gained, the molecule was less
likely to jump on the tip. This procedure was not applied to TTCDA and QTCDA as the
junction is more stable for larger molecules. As the manipulations of QTCDA differ due to

the contamination of the sample, they are not shown here.

Comparing the generic curves of class B on Ag(111) (see Fig. 6.27) to the ones on Au(111)
(see Fig. 6.48) some differences can be observed. First of all no peak in the conductance
is observed at the position of the last dip before feature B in the frequency shift. Further
the transition between the two transport regimes as introduced in section 6.4.1.1 is much

smoother.

As on Ag(111) the conductance in the contact tunneling regime is steeper for shorter
molecules. This means that the bending mechanism observed and discussed for Ag(111)
(see Fig. 6.33) is also valid on Au(111). The knee in the conductance data appears always
before the main peak-dip feature. The main-peak dip feature still must correspond to the
final removal of the molecule from the substrate [43]. The transition from the contact
tunneling regime to the vacuum tunneling regime occurs after the removal of the last
naphthalene unit, i.e. at a different junction configuration than on Ag(111). This would
be a good indication for the absence of any electric interaction between oxygen atoms
and the Au(111) substrate. This observation result in two different wire geometries as
shown in Fig. 6.49.

The vacuum tunneling regime is not so clearly distinguishable as in the case of Ag(111).
Therefore, to investigate the influence of the electrode material on the conductance of
the molecules only point P; and P3 are defined for Au(111) manipulations. With these

two points the contact tunneling regime decay constant can be determined by making
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Figure 6.48: The generic curves 2 of three molecules manipulated on Au(111) assigned
to class B. The upper panel shows the generic curves of the frequency shift,
the lower panel shows the zero-bias differential conductance. In section 6.3
the procedure to determine these generic curves is described. The NTCDA
and PTCDA curves are shorter because of a different manipulation routine
(see section 6.5.1).
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Ag(111) Au(111)

Figure 6.49: The wire configuration, i.e. the transition between the two transport regimes,
for molecules contacted by silver electrodes is observed when the last oxy-
gen atom is removed from the substrate. For molecules contacted by gold
electrodes the wire configuration is observed after the removal of the last
naphthalene unit, i.e. before the last oxygen atom is removed from the gold

substrate.

a linear regression. The conductance of the molecule in the wire configuration can be

calculated by P3 as was done earlier for the manipulations on Ag(111). In Fig. A.60 of

chapter A these points and the linear regression are depicted together with the generic

curves.

The two points P and P3 were defined by the following criteria:

P1 Conductance Ggart at the closest z-position relative to the substrate.

P3 The conductance Gyire at the knee in the conductance data in the region of the global

frequency shift peak.

Molecule

Py [A,2¢2/h] P3 [A,2¢2 /1]

NTCDA
PTCDA
TTCDA
QTCDA

2.13,3.89 x 1073)
1.63,2.45 x 1073)
1.87,2.93 x 1073)
3.44,3.07 x 1073)

(0.30,2.00 x 107%)
(—4.92,4.33 x 1079)
(—5.42,3.33 x 107°)
(—10.15,9.79 x 107°)

o~~~ —

Table 6.13: The coordinates of the points P; and Pj3 for the analysis of the class B
manipulations on Au(111).

The most striking feature in the frequency shift data, next to the earlier discussed peak-

dip feature (feature B), are dips in the beginning of the lifting process (see chapter 5),
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called feature A. In Fig. 6.50 these dips are highlighted by arrows. The number of dips
is equal to the number of naphthalene units the molecule has. To clarify this the dips
are grouped together by the ellipses 1 to 4. The dips in the first ellipse correspond to the
removal of the first naphthalene units when the molecule is lifted from the substrate, the
dips in the second ellipse correspond to the removal of the second naphthalene units and
so on. If all molecules would be at the same adsorption site, the dips in every ellipse should

be at he same position relative to the tip-surface distance.
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Figure 6.50: The dips in the generic curves of the frequency shift are assigned to the
removal of a naphthalene unit. By the arrows the position of the dips is
shown. The first ellipses shows which naphthalene unit is removed first
from the substrate when lifting up the molecule, the second ellipse shows
which naphthalene unit is removed second and so on.

In the manipulations on Ag(111) these dips are not observed that clearly. Nevertheless
in some of the single individual lifting or lowering curves dips are visible, but much
less pronounced than on Au(111) and at less regular distances and less regular shapes.
The reason that the dips are less pronounced on Ag(111) is the higher corrugation of
Ag(111) compared to Au(111) [186]. This leads to jumps of the molecule as the molecule
slides above the surface when being manipulated by the tip. As a consequence the
frequency shift measured is more scattered than on Au(111). Further in the case of
Ag(111) the molecule is charged in contrast to Au(111). This charging of the molecule
creates additional forces in the junction. These forces are also measured by the qPlus
sensor and thus influence the frequency shift observed. These two effects could lead

to the less reproducible observation of the dips in the case of Ag(111) compared to
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Au(111).

To probe the electronic structure within the junction the molecule was manipulated
and differential conductance spectra were measured by lock-in technique as introduced
earlier. The molecule was lifted up in steps of 0.5 A, at every step the manipulation
was stopped and a differential conductance spectrum was measured. This spectrum was
recorded in a bias voltage range from —50mV to 50mV. In Fig. 6.51 three spectra are
shown measured on a PTCDA molecule manipulated by gold electrodes. In the inset
the frequency shift and the zero-bias differential conductance measured for the whole
lifting process are displayed. The arrows indicate at which positions the spectra were
measured. For a better representation the spectra are brought to a uniform base and are
normalized such that all three spectra have the same maximum value. In absolute values
the red spectrum shows the highest differential conductance and the blue spectrum the

lowest.

The spectra show a dip around the Fermi level. As the molecule is lifted up and the
zero-bias differential conductance is decreasing no change in the spectra is observed.
There is no orbital moving across the Fermi level. As no states are at the Fermi level the
electrons are tunneling off-resonant in contrast to the observation made on Ag(111). In
consequence the conductance through the junction is much lower in comparison to the

molecule junctions with silver electrodes.

6.5.1.1 Influence of the electrodes material on the conductance of the junction

In section 6.4.1.1 it was shown that we can distinguish between two transport regimes in
the manipulations on Ag(111). This is not the case for the manipulations on Au(111).
There we see a much smoother transition from one regime to the other in comparison
to Ag(111) (compare Fig. 6.27 to Fig. 6.48). As a consequence the position at which
the junction is ruptured is not as clearly visible in the case of gold electrodes. The
reason for the smooth transition is that the molecules are physisorbed on Au(111) and
not chemisorbed as on Ag(111). In the case of Ag(111) the molecule hybridizes with
the substrate, this hybridization is ruptured at the moment of the transport regime
transition. In the case of Au(111) no hybridization occurs and therefore the electronic
structure is not changing so dramatically as the molecule is ruptured from the sur-

face.

As done in section 6.4.1.1 from the two points P; and Pj3 defined earlier the decay

constants of the contact tunneling regime is determined. Note that the decay constant
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Figure 6.51: Spectra taken while lifting a PTCDA molecule from Au(111). In the in-
set is shown the frequency shift and the zero-bias differential conductance
measured during the lifting process. Every 0.5A the manipulation was in-
terrupted and a spectrum in the bias voltage range —50 50mV was recorded.
By the arrows in the inset the position of the three spectra presented is
shown. The spectra show no changes upon the lifting of the molecule. No
states are at the Fermi level, in contrast to the observation made on Ag(111).
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determined for QTCDA on Au(111) will not be considered in the following discussion,
due to the preparation difficulties mentioned earlier. The decay constants of molecules on
Au(111) are shown in Fig. 6.52 (red dots) together with the decay constants found for the
manipulations on Ag(111) assigned to class B (black dots). The latter decay constants
correspond to the ones shown in Fig. 6.32. For both metals the decay constants are
decreasing with increasing molecule length. The decay constants determined for the
manipulations on Au(111) exceed the ones found on Ag(111) in average by 0.4 A1
Further it can be seen that the decay constants of both metals show a similar behavior.

A saturation with increasing molecule length is observed.

A larger decay constant results from a lower transmission probability for the tunneling
electrons. In section 6.4.1.1 it was argued that the work function is increased as a molecule
gets in contact with the tip, in consequence the transmission probability was decreased.
The dependence of the decay constants upon the electrode material can be explained
by the different work function of Ag(111) and Au(111). Romaner et al. [122] calculated
the work function of coinage metals with DFT and found that the work function of
Au(111) (¢ = 5.56€V) is larger than the work function of Ag(111) (¢ = 4.91€V). This
observation is consistent with the decay constants measured for the molecules on the two

metals.

The conductance of the molecule standing upright in the junction, i.e. in the wire config-
uration is shown in Fig. 6.53. Next to the conductance of the molecular wire contacted
by gold electrodes (red dots), the conductance of the molecular wire contacted by silver
electrodes, as shown in Fig. 6.38, is presented (black dots). Again the conductance of
QTCDA on Au(111) is neglected in the discussion. As for the wire contacted by silver
electrodes an exponential dependence is observed between the wire conductance and the
molecule length. A decay constant of 0.22 A~ is determined for gold, in contrast to
0.15 A~ for class B manipulations on Ag(111). This means in both junctions the decay
constant is similar. The absolute conductance of the molecule in the wire configuration
is about one magnitude higher in the case of silver electrodes. This is a consequence of
the stronger coupling of the silver electrodes with the carboxylic oxygen of the molecule
and the non-existence of a orbital crossing the Fermi level in the Au(111) case. Therefore
the transport mechanism observed here is believed to be off-resonant coherent tunneling.
In table 6.14 the wire conductance values for both metals for manipulations of class B

are shown.

The influence of the electrodes material on the conductance through molecules was inves-

tigated by several groups [158,166,167,187-190]. Most groups found higher conductance
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Figure 6.52: Decay constants of the contact tunneling transport regime of the manipu-
lations on Au(111) (red dots) and Ag(111) (black dots) assigned to class
B. Both decay constants are decreasing with increasing molecule length in
a similar way. The decay constants determined on Au(111) are in average
about 0.4 A~! larger than on Ag(111).

Gwire [2€%/1]
Molecule Au(111) Ag(111)
NTCDA  2.00e-4  8.65e-4
PTCDA  4.33e-5 1.38e-3

TTCDA  3.33e-5 3.53e-4
QTCDA  9.79¢-5  1.77e-4

Table 6.14: Conductance of the molecular wire Gy;re for both metal electrodes of manip-
ulations assigned to class B.
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Figure 6.53: Conductance of the molecular wires for manipulations of class B on Au(111)
(red dots) and Ag(111) (black dots). On both metals an exponential depen-
dence is observed (neglecting QTCDA/Au(111)). The conductance values
measured with molecular wires contacted by silver electrodes are about one
magnitude higher than the ones measured with gold electrodes.
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in the case of gold electrodes contacting the molecules [167,187-189]. Yaliraki et al. [187]
state in their study on dithiols that the Au(111)-thiol bond is weaker than the Ag(111)-
thiol, but in consequence the C-S bond is weaker when the molecule is bond to the silver
electrode. Thus in result the conductance is higher in the case of gold electrodes. Kim et
al. [167] measured the conductance through a 1,4-benzenediamine molecule by scanning
tunneling microscope based break-junction technique. They found a three times higher
conductance when the molecule is contacted by gold electrodes (G = 6.4 x 1072 Gyg)
compared to silver electrodes (G = 2.1 x 1073 Gyp). This was explained by the work
function difference between the two electrodes. Engelkes et al. [158] investigated self
assembled monolayers of alkanethiol contacted by electrodes of different materials. They
found that the contact transmission is higher for chemisorbed contacts than physisorbed

contacts.

6.5.2 Manipulations of class A on Au(111)

As in the case of manipulations with silver electrodes on gold two different classes of
generic behaviors were observed. The hysteresis that was observed for class A manipula-
tions on Au(111) showed the same features as the hysteresis on Ag(111) (see Fig. 6.39).
This suggests that the interpretation that was given earlier to explain the hysteresis is
the same for both metals. This means that the three tip-molecule configurations that
were assumed to be observed while manipulating molecules on Ag(111) are also observed

when the manipulation is done on Au(111).

In Fig. 6.54 the generic behaviors for manipulations assigned to class A on Au(111)
are plotted. No conductance was recorded for manipulations of class A on NTCDA.
Frequency shift measurement of class A exist, as at the beginning of the study a few
manipulations were made where only the frequency shift was measured. From the generic
behaviors of class A it is found that the conductance of PTCDA and TTCDA evolve
remarkably parallel. Further it is found that in comparison to the manipulations with
silver electrodes the differences in the conductance behavior between class A and class B
on gold are negligible. This means, that the transport through molecules contacted by
gold electrodes is less influenced by the exact geometry of the contact than in the case
of silver electrodes. Again, no peak in the conductance is observed, in contrast to the

observation on Ag(111).

Again, two points P; and Ps are defined and a linear regression is made to get the

decay constants for the contact tunneling regime. As for the manipulations of class B
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The generic behaviors assigned to class A for manipulations on Au(111). No
zero-bias differential conductance was recorded for manipulations of class A
with NTCDA. The hysteresis shows the same features as were observed with
silver electrodes. The conductance behavior of class A is not very different to
the one observed for class B. This means that in the case of gold electrodes
the transport through the molecule is much less influenced by the exact
tip-molecule contact geometry.
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on Au(111) no clear transition is observed between two transport regimes, in contrast
to the observation made on Ag(111). In Fig. A.59 in chapter A the two points and the
linear regression are plotted together with the generic behaviors. The two points P; and

P3 were defined by the following criteria:

P1 Conductance Ggart at the closest z-position relative to the substrate.

P3 The conductance Gyire at the knee in the conductance data in the region of the global

frequency shift peak.

Molecule Py [A,2e2/h] P3 [A,2¢2/h]

NTCDA no data no data

PTCDA (1.74,2.52 x 1073)  (—6.00,2.35 x 107°)
TTCDA  (2.04,3.10 x 1073)  (=7.49,1.57 x 107°)
QTCDA  (2.53,6.32 x 1073)  (—14.00,1.08 x 107°)

Table 6.15: The coordinates of the points Py and Pj3 for the analysis of the class A
manipulations on Au(111).

6.5.2.1 Transport in class A manipulations on Au(111)

In Fig. 6.55 the decay constants of the contact tunneling regime of both classes on Au(111)
are plotted versus the length of the molecules. For class A no data was measured for
NTCDA. For the other three molecules probed it is found that the decay constants do
not differ a lot between both classes. Together with the earlier made observation upon
the generic behavior, that the conductance behavior is very similar for both classes the
following can be concluded: The different geometric tip-molecule configurations leading
to the observation of two well distinguishable manipulation behaviors have little impact

on the conductance behavior in the case of Au(111).

In Fig. 6.56 the conductance values of the molecule standing upright in the junction, i.e.
in the wire configuration for both classes on Au(111) are plotted. Again the conductance
of QTCDA is disregarded as it is unclear if intact single isolated QTCDA molecules
were probed on Au(111). As no conductance data was measured for NTCDA the decay
constant of class A on Au(111) has to be determined by two points. As observed for the
two classes on Ag(111) (see Fig. 6.46) the conductance of the wires assigned to class B are
larger than the ones assigned to class A. A decay constants of By = 0.1 A-1is found for

the wire conductance on Au(111) of manipulations of class A and Byre = 0.22 A1 for the
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Figure 6.55: Decay constant of the contact tunneling regime of class A and class B on
Au(111). Both classes show very similar behaviors. This means, that the dif-
ferent tip-molecule geometries observed influence the conductance less when
the molecule is contacted by gold electrodes compared to silver electrodes.
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manipulations of class B. This means that both decay constants differ in contrast to the
observation made on Ag(111). The reason might be, that only two molecules are taken

into account to determine the decay constant of class A.

NTCDA PTCDA TTCDA QTCDA
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Figure 6.56: Conductance of the molecule in the wire configuration of class A and class
B on Au(111). As observed on Ag(111) the conductance of class B is higher
than the conductance of class A.

6.5.2.2 Influence of the electrodes material on the frequency shift

After discussing the influence of the electrode material on the conductance the frequency
shift is investigated. It is observed that the height of the global peak of the frequency
shift on Ag(111) (feature B) is always larger than the corresponding one observed on
Au(111). Further to the absolute height of the peak, the difference between the peak
heights of both electrode materials A Ppear can be determined. In Fig. 6.57 the difference
of the peak heights A Ppeax of feature B of manipulations on silver and gold is plotted
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versus the molecule length for class A and class B. The two lines indicate the average
difference between the peak heights, while again neglecting the differences for QTCDA.
This shows that the peak height difference A Ppeqx is much more pronounced between
the class B manipulations of both substrates. In table 6.16 the heights of the peaks of
feature B in the frequency shift for the manipulations on Ag(111) and Au(111) are listed
together with the peak height differences A Ppeqk.

classA
Molecule  Ppeax (Au(111)) [Hz] Ppeax(Ag(111)) [Hz] A Ppeax [Hz]
NTCDA 35 43 8
PTCDA 29 50 21
TTCDA 28 35 7
QTCDA 19 55 36
classB
Molecule  Ppeax (Au(111)) [Hz] Ppeax(Ag(111)) [Hz] A Ppeax [Hz]
NTCDA 20 68 48
PTCDA 42 73 31
TTCDA 38 84 46
QTCDA 20 53 33

Table 6.16: Height of the peak Ppe.x in the frequency shift for both metal electrodes
and the differences between both peak heights A Ppeqx for all manipulations
assigned to class A and class B.

By integrating the frequency shift two times the potential energy in the junction can be
determined (see chapter 5). The height of the peak in the frequency shift is then related
to the energy needed to remove the molecule from the substrate. Since the height is
always found to be larger on Ag(111) this means that the interaction between the silver
electrode and the molecule is larger than the interaction between the gold electrodes and
the molecule. This is the result of the larger coupling between the carboxylic oxygen and

the substrate in the case of silver.
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Figure 6.57: Differences of the peak heights A peak of feature B between manipulations
on silver and gold assigned to class A or class B. The peak height of manip-
ulations on Ag(111) is always larger than the peak height of manipulations
on Au(111). Further the peak height differences are much more pronounced
for class B.
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6.6 Conclusions

In this chapter a systematic study on molecules of different length contacted by two
types of electrodes was presented. A method was introduced which allows highly re-
producible simultaneous measurement of the zero-bias differential conductance and the
frequency shift in the junction tip-molecule-substrate during the manipulation of a single
molecule. Further an analysis was presented, which based on the extraction of generic
behaviors of the physical quantities measured. It was found that the total statistic can
be separated into several classes. Two classes named class A and class B were analyzed
in depth. The analysis showed that the transport through the junction not only depends
on the electrode material but also on the geometrical configuration of the tip-molecule

contact.

In the first part of the chapter the measurement routine and data processing was intro-
duced. Manipulations were performed which allowed it to gain large statistic for all eight
systems probed (NTCDA, PTCDA, TTCDA and QTCDA on Ag(111) and Au(111)).
For the analysis every individual lifting or lowering curve was assigned to a class. The
individual curves had to be assigned to different classes, as two very well distinguish-
able behaviors were observed. These classes of curves were then eventually shifted and
histograms were plotted. From these histograms, generic behaviors for the two physical
quantities, the zero-bias differential conductance and the frequency shift were extracted
by calculating arithmetic means for class A manipulations and determining the corre-
lation between each curve for class B manipulations. With these generic behaviors the
further analysis was performed. The class A was characterized by a hysteresis between
the data measured while lifting the molecule and the data while lowering the molecule.
This was attributed to a switching event in a bistable junction geometry, which leads to
two different tip-molecule contact geometries for class A. It was assumed that this switch-
ing event is the consequence of a unsymmetrical d-orbital at the tip originating from a
platinum or iridium atom at the tip apex. The second class observed, class B, was char-
acterized by a very stable junction geometry, this was attributed to a symmetric s-orbital
at the tip originating from a silver atom at the tip apex. This stable junction geometry

made it possible to measure highly reproducible data sets.

In the following first the result of the manipulations of molecules by silver electrodes
were presented. It was found that the transport through the molecules contacted by
silver can be split into two transport regimes. The first transport regime is observed as

long as the molecule or part of it are still in contact with the substrate and was called
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contact tunneling regime. The second transport regime is identified as tunneling through
the ruptured junction and is called vacuum tunneling regime. This separation into two
transport regimes was made upon features found in the frequency shift and differential
conductance data. The decay constant of both transport regimes were calculated. It
was assumed that in both regimes tunneling is observed. A dependence of the contact
tunneling decay constant on the molecule length was observed. The longer the molecule
is the smaller is its (normalized) decay constant. This was explained by the bending of
the molecules during the lifting process. This bending was also observed in the force-
field simulations. It was further shown that the decay constants of the vacuum tunneling
regime are larger than the decay constants of the conductance of the bare metal tip
approaching the surface before making contact to the molecule. From this it was con-
cluded that the work function of the junction is increased as a molecule is bound to the
tip.

For manipulations of both classes on Ag(111) a conductance peak was observed in the
generic zero-bias differential conductance curves. This peak in the conductance always
coincided with a dip in the frequency shift which is a signature of the removal of the last
naphthalene unit. With differential conductance spectra in the junction the electronic
structure was probed during the manipulation. For class A manipulations of PTCDA and
TTCDA a Kondo resonance could be identified through a peak at the Fermi level. In class
B NTCDA and PTCDA showed Kondo characteristics, while for TTCDA and QTCDA
no Kondo signature was observed. This means that at least two different mechanism are

responsible for the conductance peak.

The analysis of the manipulations on Au(111) revealed the same two classes A and B.
In contrast to the manipulations with silver electrodes the transition between the two
transport regimes is observed in a different junction configuration. The transition is
observed after the removal of the last naphthalene unit. This indicates that no electric
interaction is present between the oxygen atoms and the gold substrate. The generic
frequency shift curves showed well pronounced dips, which were assigned to the removal
of the naphthalene units. The conductance behavior of the two classes A and B showed
no significant differences. From this it follows, that the exact junction configuration
has less influence on the transport through the molecule when it is contacted by gold
electrodes in contrast to silver electrodes. Further no peak in the conductance was

observed.

The electronic structure of the gold junction was also probed by making differential

conductance spectra while lifting the molecule. It was shown that no change is ob-
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servable in the junction upon the manipulation with gold electrodes. No orbital is
crossing the Fermi level. This missing electron density at the Fermi level is responsi-
ble for the about one order of magnitude smaller conductance through molecules con-
tacted by gold in contrast to molecules contacted by silver electrodes. This finding is
the opposite observation to what was found for many molecular junctions with thiolated

molecules.

In summary in can be stated that a method was developed which allows the highly repro-
ducible probing of the transport through molecular junctions. By comparing this trans-
port information to the geometry recorded by measuring the frequency shift a very de-
tailed analysis of the junction physics is possible. Together with transport spectroscopy a

lot of assumptions about the physics in the junction can be made.
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In this thesis the quantum transport through molecular wires was systematically inves-
tigated. To this purpose a method was developed which allowed the controlled manip-
ulations of molecules contacted by metal electrodes with a combined LT-STM/AFM.
During these manipulations the frequency shift to monitor the mechanical properties in
the junction was measured with the AFM. To achieve the superior control of the junc-
tion the frequency shift measured by the AFM was compared to force-field simulations
which allowed gaining structural information. The zero-bias differential conductance to
probe the transport was measured with the STM. Further transport spectroscopy was
performed by STS.

A homologous series of m-conjugated molecules was probed on the two different metals
Ag(111) and Au(111). Before performing the transport measurements some preliminary
experiments were done. First the molecular islands deposited on the two metals were
investigated. In the process it was observed that the QTCDCA molecules were always
deposited together with another type of particle. On Ag(111) this second type of particles
could be separated from the QTCDA molecules which allowed to create pure QTCDA
islands. On Au(111) this separation was not possible. As a consequence only for seven

of the eight systems the unit cells were determined.

Next to the geometrical structure of the absorbed molecules the electronic structure was
investigated. This was done by performing STS measurements. It was found that in the
case of molecules adsorbed on Ag(111) the LUMO of the molecules shifts to negative
energies upon adsorption and that the energy of the LUMO and the size of the molecules
show a linear relation. This dependence between LUMO and molecule size was explained
by the change of the work function when the molecule adsorbs. In the case of adsorption
on Au(111) the LUMO of the molecules is not shifted to negative values. This means
that in the case of adsorption on Au(111) physisorption is observed, contrary to the
chemisorption which is observed on Ag(111). But also on Au(111) a linear dependence
between the LUMO energy and the molecule length was observed. Again the work

function change was used to explain this observation.
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While investigating NTCDA on Ag(111) three different geometric phases were observed.
Thereby it was found that NTCDA molecules on Ag(111) can be distinguished by two
different electronic structures. It was observed that every second molecule, called type
A, showed a Kondo resonance at the Fermi energy, while the type B molecule showed
no Kondo resonance. Next to this resonance signatures of coupling between a molecular
vibration and electrons were identified. By performing DFT calculations this vibration
was identified. Further it was shown that the formation of the Kondo state is determined
by the adsorption site. By measuring differential conductance maps it was shown that
the type B molecules can also show the Kondo resonance when they are lifted up by 1 A

from the surface.

The method to control the junction geometry was introduced earlier in the two letters
“Force-controlled lifting of molecular wires” by Fournier et al. [42] and “Measurement of
the Binding Energies of the Organic-Metal Perylene-Teracarboxylic-Dianhydride/Au(111)
Bonds by Molecular Manipulation Using an Atomic Force Microscope” by Wagner et
al. [43]. In the letter by Fournier et al. [42] it was shown that by measuring the frequency
shift with an AFM and comparing these experimental measurements to simulations the
geometry in the junction can be determined at any moment of the manipulation process.
In the letter by Wagner et al. [43] the simulation and the frequency shift measurement
were used to determine the adsorption energies of the systems NTCDA on Au(111)
(1.7eV) and PTCDA on Au(111) (2.5€eV). This new method allows the measurement of
the adsorption energies of systems which could not be probed with classical methods as

e.g. temperature programmed desorption (TPD).

In the main chapter of this thesis the systematic transport measurement on eight different
molecule-metal systems were presented. Based on the knowledge of the electronic and
geometric structure of the systems an interpretation of the experimental data was given.
Therefore an extensive data processing and statistical analysis had to be developed. It
was found that the manipulations can be split into two main classes. The statistical
analysis was based on generic behaviors which were extracted from 2D histograms of the
measured data. Two approaches were chosen. The first one was applied to the manip-
ulations assigned to class A and was based on the determination of generic behaviors
by calculating arithmetic means. The second one was applied to the manipulations of
class B and was based on a correlation analysis. The generic curve was defined as the
measured curve with the highest correlation in respect to all other measured curves of

the same class.

First the molecular manipulations with silver electrodes were discussed. It was found that
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the two classes mentioned earlier can be related to different tip-molecule configurations.
The class A manipulations are characterized by a hysteresis in the experimental data
between the lifting and lowering of the molecule. This was explained by a geometrical
switching at the tip-molecule contact in a bistable junction triggered by an unsymmetrical
d-orbital on the tip apex resulting from a platinum or iridium atom. In contrast to this the
manipulations of class B are characterized by a stable junction configuration resulting
from the symmetrical s-orbital of a silver atom at the tip apex. This stable junction
configuration allowed very reproducible manipulations. The transport through molecules
on Ag(111) is characterized by a sharp transition between two transport regimes. The
first one, named contact tunneling regime, is observed as long as the molecule is in contact
with the two electrodes tip and surface. The second transport regime, named vacuum
tunneling regime, was identified as tunneling through the ruptured metal-molecule-metal
junction. Decay constants for both transport regimes were measured. It was found that
the decay constant of the contact tunneling regime decreases the longer the molecule
is. Even when this decay constants are normalized by the length of the molecule they
decrease the longer the molecule is. This was explained by the fact that the longer the
molecule is, the more flexible it is and thus is bending more towards the surface. As a
consequence the transport orbital of the longer molecule is longer in contact with the
surface. The decay constant of the vacuum tunneling regime is found to not depend on
the length of the molecule, with an average Bvacuum = 2.8 A-1. This vacuum tunneling
decay constant was compared to the decay constant determined while manipulating the
bare metal tip over the molecules, which was found to be smaller (in average Bsilver tip =
1.93 Afl). This difference was explained by the change of the work function by the

oxygen-metal bond when the molecule is bound to the tip.

In manipulations of both classes a peak is observed in the conductance data. By trans-
port spectroscopy measurements on the manipulated molecules it was shown that the
peak in class A manipulations on Ag(111) is always originating from a Kondo resonance
at the Fermi level. The peak in the class B manipulation on Ag(111) on the other hand
is not always originating from a Kondo resonance. Only for the two smallest molecules,
NTCDA and PTCDA, the transport spectroscopy measurements revealed Kondo behav-
ior, i.e. a peak at the Fermi level. The reason for this different behavior is not yet clear.
By comparing the conductance of the upright standing molecules in the junction an ex-
ponential dependence between the molecule length and the conductance was found. This
suggests that off-resonant coherent tunneling is the underlying transport mechanism in

the junction.
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Next to the manipulations on Ag(111) manipulations on Au(111) were discussed. It was
shown that the same geometrical configurations as found on Ag(111) are also present
upon manipulation with gold electrodes, i.e. the classes A and B are also observed while
manipulating molecules on Au(111). The distinction between two transport regimes as
observed on Ag(111) is not so well pronounced on Au(111), instead a smooth transition
at the position where the molecule stands upright in the junction is observed. This could
be a consequence of the weaker metal-oxygen bond on Au(111). Further it was shown by
transport spectroscopy measurement that the electronic structure of the junction is not
changing significantly upon manipulation. No orbital is crossing the Fermi level while
lifting the molecule from the substrate and no Kondo behavior is observed. The weaker
metal-oxygen bond on Au(111) explains the about two magnitudes lower conductance
measured on molecules contacted by gold electrodes. In the frequency shift data of the
manipulation on Au(111) oscillations, which were attributed to the removal of the naph-
thalene units, were identified. Further it was shown that the global peak in the frequency
shift data measured on Ag(111) is significantly higher than on Au(111) as a consequence

of the higher interaction of the molecules with the metal.

The most important achievement of this thesis was to introduce a new method which
allows the analysis of molecular wires. It was shown that very reproducible data can be
measured by this method. The knowledge about the junction structure during manipula-
tion was used to interpret the transport characteristics. Now, theoretical calculations are
needed to validate the assumptions made in this thesis. Also a more profound analysis
of single lifting events is desirable, as these show intrinsic features which were not dis-
cussed yet in detail. The new experimental method should be applied further to different
molecule/metal systems. In the context of our study it would be especially interesting
to study the influence of different functional groups on the transport behavior through

the molecules.
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In chapter 6 the processing of the data was shown exemplary on the system QTCDA on
Ag(111); in this appendix all the data is shown. The complete 2D histograms of all eight
systems are shown in Figs. A.9, A.14, A.19, A.24, A.29, A.34, A.39 and A.44. Further
the 2D histograms of all lifting and lowering curves assigned to a particular class app, A,
B and C, together with the generic curves are presented (Figs. A.1 to A.8, A.10 to A.13,
A.15 to A.18, A.20 to A.23, A.25 to A.28, A.30 to A.33, A.35 to A.38, A.40 to A.43
and A.45 to A.48). The 2D histograms are plotted with the counts on a logarithmic scale
as can be seen from the corresponding legends. In the caption to each 2D histogram the
bin sizes are given. For the frequency shift the bin size of the z-axis (relative tip-surface
distance) in A and the y-axis (Af) in Hz are given. For the conductance the bin size of
the z-axis (relative tip-surface distance) in A and two bin sizes for the y-axis (G) in 2¢2/h
are given. Two bin sizes have to be given, as the conductance is plotted on a logarithmic
size and consequently the size of the bins vary. The first bin size min(y) refers to the

smallest bin, the second bin size max(y) to the largest bin.

The histogram of the correlation values as defined in section 6.3.3.2 are shown in Figs. A.49
to A.56. Further the points Py, Po, P3, P4 and P5 determined to analyze the transport
through the molecular wires are shown together with the generic curves and the linear
regressions in Figs. A.57 to A.60. The generic curves used for the analysis in chapter
6 are plotted on a linear scale in Figs. A.61 to A.64. Finally the results of the trans-
port spectroscopy experiments described in section 6.4.1.2 are presented in Figs. A.65
to A.72.
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Figure A.1: Approach and jump into contact of NTCDA/Ag(111). Bin size of Af: 2z =

0.1A, y = 0.3Hz; bin size of G: z = 0.1A, min(y) = 4.8 x 1079 2¢?/h,
max(y) = 1.2 x 10722¢?/h.
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Figure A.2: Approach and jump into contact of PTCDA/Ag(111). Bin size of Af: z =
0.1A, y = 0.1Hz; bin size of G: z = 0.1 A, min(y) = 6.0 x 10719 2¢2/h,
max(y) = 5.9 x 1073 2¢?/h.
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Figure A.3: Approach and jump into contact of TTCDA/Ag(111). Bin size of Af: z =

0.14, y = 0.1Hz; bin size of G: z =

max(y) = 4.2 x 1073 2¢2 /h.
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Figure A.4: Approach and jump into contact of QTCDA/Ag(111). 0.1A, 0.2Hz, 0.1 4,
2.0 x 1071922 /h, 1.7 x 1073 2¢? /h.
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Figure A.5: Approach and jump into contact of NTCDA/Au(111). 0.1A, 0.2Hz, 0.1 A,
5.2 x 10710262 /h, 1.3 x 1073 2e2/h.
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Figure A.6: Approach and jump into contact of PTCDA/Au(111). 0.14, 0.3Hz, 0.14,
2.8 x 107102¢2 /h, 1.4 x 1073 2¢2 /h.
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Figure A.7: Approach and jump into contact of TTCDA/Au(111). 0.1A, 0.4Hz, 0.1 A,
3.9 x 10710262 /h, 9.7 x 104 2e2/h.
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Figure A.8: Approach and jump into contact of QTCDA/Au(111). 0.1A, 0.2Hz, 0.14,
1.9 x 107192e2/h, 4.0 x 1074 2¢? /h.
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Figure A.9: All lifting and lowering curves of NTCDA/Ag(111). Bin size of Af: z =
0.1A, y = 0.6Hz; bin size of G: z = 0.1A, min(y) = 3.0 x 1072 2e?/h,
max(y) = 1.8 x 1072 2¢?/h.
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Figure A.10: NTCDA/Ag(111) lifting and lowering curves of class A. Bin size of Af:
z=0.1A, y = 0.5Hz; bin size of G: z = 0.1 A, min(y) = 1.9 x 1071 2¢2/h,
max(y) = 2.0 x 10722¢2 /h.
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Figure A.11: NTCDA/Ag(111) lifting and lowering curves of class B. Bin size of Af:
z=0.1A, y = 0.5Hz; bin size of G: z = 0.1 A, min(y) = 3.6 x 10712 2¢2/h,
max(y) = 1.8 x 1072 2¢? /h.
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Figure A.12: NTCDA/Ag(111) lifting and lowering curves of class B aligned with the
generic curve 1. Bin size of Af: z = 0.1 A, y = 0.5Hz; bin size of G:
z=0.1A, min(y) = 3.3 x 107'22e2/h, max(y) = 1.7 x 1072 2¢%/h.

223



A Supplemental materials

NTCDA/Ag(111)
S class C
100

Af[HZ)

-20 - 0

relative tip-surface distance [A]

Figure A.13: NTCDA/Ag(111) lifting and lowering curves of class C. Bin size of Af:
z=0.1A, y =0.7Hz; bin size of G: z = 0.1 A, min(y) = 2.6 x 1071 2¢2/h,
max(y) = 1.9 x 1072 2¢? /h.
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Figure A.14: All lifting and lowering curves of PTCDA/Ag(111). Bin size of Af: z =
0.1A, y = 0.5Hz; bin size of G: z = 0.1 A, min(y) = 5.4 x 1071322 /h,
max(y) = 8.6 x 107322 /h.
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Figure A.15: PTCDA /Ag(111) lifting and lowering curves of class A. Bin size of Af:
z=0.1A, y = 0.5Hz; bin size of G: z = 0.1 A, min(y) = 5.4 x 10713 2¢2/h,
max(y) = 8.6 x 107322 /h.
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Figure A.16: PTCDA /Ag(111) lifting and lowering curves of class B. Bin size of Af:
z=0.1A, y = 0.5Hz; bin size of G: z = 0.1 A, min(y) = 7.4 x 1071322 /h,
max(y) = 1.7 x 107322 /h.
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Figure A.17: PTCDA/Ag(111) lifting and lowering curves of class B aligned with the
generic curve 1. Bin size of Af: z = 0.1A, y = 0.4Hz; bin size of G:
z=0.14A, min(y) = 6.9 x 10713 2¢?/h, max(y) = 1.6 x 1073 2¢? /h.
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Figure A.18: PTCDA/Ag(111) lifting and lowering curves of class C. Bin size of Af:
z=0.1A, y = 0.5Hz; bin size of G: z = 0.1 A, min(y) = 1.6 x 107122 /h,
max(y) = 7.3 x 1073 2¢? /h.

226



A Supplemental materials

TTCDA/Ag(111) . 10000
all f

1000

Af[HZ)

100

-20 -10 0

relative tip-surface distance [A]

Figure A.19: All lifting and lowering curves of TTCDA/Ag(111). Bin size of Af: z =
0.1A, y = 0.4Hz; bin size of G: z = 0.1A, min(y) = 3.1 x 10713 2¢?/h,
max(y) = 7.2 x 107322 /h.
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Figure A.20: TTCDA/Ag(111) lifting and lowering curves of class A. Bin size of Af:
z=0.1A, y = 0.4Hz; bin size of G: z = 0.1 A, min(y) = 3.3 x 1071322 /h,
max(y) = 7.6 x 107322 /h.
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Figure A.21: TTCDA/Ag(111) lifting and lowering curves of class B. Bin size of Af:
z=0.1A, y = 0.4Hz; bin size of G: z = 0.1 A, min(y) = 4.4 x 10713 2¢2/h,
max(y) = 4.0 x 1073 2e2 /h.
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Figure A.22: TTCDA/Ag(111) lifting and lowering curves of class B aligned with the
generic curve 1. Bin size of Af: z = 0.1 A, y = 0.4Hz; bin size of G:
z=0.1A, min(y) = 3.9 x 10713 2e2/h, max(y) = 3.6 x 1073 2¢%/h.
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Figure A.23: TTCDA/Ag(111) lifting and lowering curves of class C. Bin size of Af:

z=0.1A, y = 0.4Hz; bin size of G: z = 0.1 A, min(y) = 1.7 x 10712 2¢2/h,
max(y) = 4.3 x 1073 2e2 /h.
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Figure A.24: All lifting and lowering curves of QTCDA/Ag(111). Bin size of Af: z =
0.1A, y = 0.4Hz; bin size of G: z = 0.1 A, min(y) = 2.8 x 10721 2¢2/h,
max(y) = 1.6 x 107322 /h.
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Figure A.25: QTCDA /Ag(111) lifting and lowering curves of class A. Bin size of Af:

z=0.1A, y = 0.4Hz; bin size of G: z = 0.1 A, min(y) = 1.6 x 10712 2¢2/h,
max(y) = 1.6 x 1073 2¢2 /h.
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Figure A.26: QTCDA/Ag(111) lifting and lowering curves of class B. Bin size of Af:
z=0.1A, y = 0.3Hz; bin size of G: z = 0.1 A, min(y) = 2.8 x 10721 2¢2/h,
max(y) = 1.9 x 107322 /h.
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Figure A.27: QTCDA /Ag(111) lifting and lowering curves of class B aligned with the
generic curve 1. Bin size of Af: z = 0.1A, y = 0.3Hz; bin size of G:
z=0.1A, min(y) = 2.6 x 10721 2¢?/h, max(y) = 1.8 x 1073 2¢?/h.
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Figure A.28: QTCDA/Ag(111) lifting and lowering curves of class C. Bin size of Af:
z=0.1A, y = 0.4Hz; bin size of G: z = 0.1 A, min(y) = 1.3 x 107'22¢2/h,
max(y) = 2.8 x 1073 2¢? /h.
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Figure A.29: All lifting and lowering curves of NTCDA/Au(111). Bin size of Af: z =
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