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ABSTRACT

The field of molecular organic electronics is an emerging and very dynamic area. The
continued trend to miniaturisation, combined with increasing complexity and cost of
production in conventional semiconductor electronics, forces companies to turn their attention
to alternatives that promise the next levels of scale at significantly lower cost. After consumer
electronic devices based on organic transistors, such as TVs and book readers, have already
been presented, molecular electronics is expected to offer the next breakthrough in feature
size.

Unfortunately, most of the organic/metal interfaces contain intrinsic defects that break the
homogeneity of the interface properties. In this thesis, the electronic and structural properties
of such defects were examined in order to understand the influence of the inhomogeneities on
the quality of the interface layer. However, the main focus of this work was the investigation
of the local properties of a single molecule. Taking advantage of the Scanning Tunnelling
Microscope’s (STM’s) ability to act as a local probe, a single molecular switch was realized
and studied. Moreover, in close collaboration with theory groups, the underlying mechanism
driving the switching process was identified and described. Besides the investigation of the
switching process, the ability of the STM to build nanostructures of different shapes from
large organic molecules was shown.

Knowing the parameters for realization and control of the switching process and for building
the molecular corrals, the results of this investigation enable the reconstruction of the studied
molecular ensemble and its deployment in electric molecular circuits, constituting a next step

towards further miniaturization of electronic devices.
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INTRODUCTION

Organic electronics has been a focus of interest for researchers over several decades.
Nevertheless, only recently this field from being purely scientific has become industrially
applicable. Although conventional materials such as silicon or GaAs will still be used in most
electronic devices in the nearest future, organic electronics is making the first steps towards
supplanting them in many areas. Experts estimate that by the year 2015 the share of organic
electronics in the world market could reach 34 billion dollars [1]. The key factors determining
the growth of electronics based on organic materials is its low cost, the rich functionality of
organic materials and wide selection of them.

The full potential of the technology was not recognised immediately; until the mid-1980s
manufacturers were still sceptical about the practical implications of the research studies in
the field. However, the first demonstration of a highly efficient low voltage thin film light
emitting diode (LED) gave hope to the researchers and aroused great interest from the
manufacturing companies [2].

Since then organic thin film devices have been employed in a number of applications that
have reached the consumer market. The biggest success belongs undoubtedly to organic light
emitting diodes (OLEDs) which are now used in long-living and highly efficient colour
displays [3-6]. Organic photovoltaic elements [7, 8] rank second to the OLEDs; materials
containing electron and hole charge carriers, some or all of which are organic, produce
voltages of 0.5-1 V and significant current in response to solar radiation, and can be
assembled into multilayer thin film cells. Organic field effect transistors (OFETs) rank third
in the list so far, but certainly have a lot of potential [9, 10].

All of the molecular devices created so far have been based on pure [11, 12] or doped [13]
thin films of organic components, mostly with a layer(s) of n-conjugated organic molecules as
an active component. Fabrication of devices based on a single molecule does not go beyond
experiments in research laboratories [14-16]. Studies of the electron transport through such
small channels require very delicate experimental preparations and complex theoretical
analysis [17-20]. Experimentalists are faced with a problem of very small size and local
properties of the system under investigation. Different parts of the molecules possess different
electronic and structural properties. Miniaturization of molecular devices increases the
influence of microscopic components of the system, such as electrodes. For theoreticians, a

problem stands of developing an electronic structure method which can accurately describe a
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system which consists of a finite molecule with localized wave functions connected to open,
semi-infinite, metallic electrodes.

In experiments there are three techniques that can be used to contact a single molecule:
mechanically controlled break junction (MCBJ) [17, 21-26], electromigration (EM)
techniques [15, 27, 28], and scanning tunnelling microscope (STM) [29-40]. MCBJ provides
mechanical stability that allows for the performance of the experiments at different
temperatures, but lacks defined microscopic structure of the contacts. The EM techniques
allow for the construction of three-terminal junctions, but the geometry of the contacts also
remains unclear. Both techniques have no imaging ability; the location and bonding of a
single molecule to the electrodes cannot be defined.

In contrast to MCBJ and EM, STM is very powerful with respect to the atomic junction
structure. It allows not only for imaging before contacting, so that one knows the exact part of
the molecule which forms the bond with the electrodes; the contacts also have a known shape:
a flat surface and an edge tip apex atom. STM is not an perfect technique, however, and has
its own deficiencies, such as mechanical instability and requirement of low temperatures to
avoid drifts in the system. Realization of gating is almost impossible (in conventional one tip
STM) due to the difficulty of mounting the third contact.

But in spite of its downsides, STM excels the other methods in the structural control of the
junction, which is the most important component of transport measurements. In addition, it
has the ability to manipulate molecules [37, 41-45] thus allowing for the building of
nanostructures and measurement of their electronic responses. Finally, STM offers the
opportunity of using the electric current through a single molecule to control switching
between different conformations of the molecular junction [31, 32, 39, 46-51]. All of this
makes the STM techniques the most appropriate for the investigation of transport through a
single molecule.

The unique capabilities of STM allow the investigation of a variety of characteristics of
organic-metal interfaces from conventional electronic properties to possible applications in
single molecular devices.

In order to be used in molecular devices, the molecules must satisfy several requirements:
they must be easy to position in a controlled way, and they have to be interconnected to a
preformed electrical circuit [43]. Moreover, they ideally must provide at least one of the

following functions: rectification [52], amplification [53], and switching [54]. Rectification
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and amplification usually come as side effects of a molecular switch [54], and therefore the
latter is of most practical interest to researchers.

As for a molecular switch, it can be realized by different changes in a molecule, such as
rotation [43, 55], translation [56, 57], isomerization [58], and chemical interaction between
the leads and the molecule [40]. Factors inducing a molecular switch may have different
natures: light [59, 60], thermal activation [61], electric field [58], and flux of the current
through the junction [62-64].

With the STM, a molecular switch can be realized by controlling the tunnelling current, with
intramolecular conformation changes in the molecule ensuring either low or high conductance
of the junction. Although many researchers observed molecular switch effects [57, 62, 65],
the gain of the conductance is usually small; the current in the high conductance state is larger
than the current in the low conductance state only by a factor of two. Among all reports, the
largest conductance gains were demonstrated in the case of Cu-TBPP [43] and SnPc
molecules [66].

Rotation of one of the legs of Cu-TBPP molecule on Cu(221) changes conductance by one
order of magnitude. In this case, Cu-TBPP molecules switch between two stable molecular
conformations on the surface. The reversible switch is performed by lateral displacement of
the tip independently of the bias voltage. However, vertical movement of the tip leads to
pushing of one of the legs towards the surface, and irreversibly switches the molecule to the
state of low conductance.

Another switch with large difference of the conductance was observed in the case of SnPc
molecules adsorbed on Ag(111) [66, 67]. Bistable conformational states of the molecules are
attributed to the central tin atom either facing the surface or the tip. The switching was
realized by resonant electron or hole injection into a molecular orbital, which led to up and
down motion of the Sn ion through the frame of the phthalocyanine molecule. However this
switch can be implemented only in the case of a Sn-Pc bi-layer, whereas with a single layer
only irreversible switching was observed.

Both of these switches were suggested for use in molecular devices, however each of them
has its problems. The first one (Cu-TBPP) involves lateral displacement of the molecule while
rotating the leg, which is bad because the molecule requires free lateral space within the layer
and every next switch has to be done after recording the constant current image defining the
position of the moved molecule on the surface, which is time consuming. Although the

second switch (Sn-Pc) can be performed much faster it requires much larger bias voltages
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(several V) and the quantum conductance in the high conductance state does not exceed a few
nS.

In this thesis the molecular switch of a PTCDA molecule deposited on the Ag(111) surface
will be discussed. A reversible vertical switch was realized with the help of the low
temperature STM. The switch does not require free lateral space and can be implemented with
any single molecule in the layer. The carboxylic oxygen of the molecule can be controllably
switched between the surface and the STM tip without destroying the molecule. The
chemisorbtive interaction between the molecule and the substrate provides a wide channel for
the electron transfer which leads to the high conductivity of the junction (few puS) in the high
conductance state. In contrast to reference [66], the molecular switch was found to take place
at quite low bias voltages (starting from 50 mV). The state of the molecule can be controlled
by two parameters: tip height and bias voltage.

The molecular switch was considered from both experimental and theoretical points of view.
On the base of qualitative (Chapter 2 and 3) and quantitative (Chapter 4) experimental
analysis, a theoretical model for the process was provided (Chapter 5).

The controllability of the PTCDA molecular switch opens the possibility of its application in
single molecule electronic devices, as depicted in Fig. 0.1. One can switch a molecule
between two stable conformations (Fig. 0.1 a,b) by only applying electric current, achieving a
one order of magnitude change in conductance making PTCDA a fully functional on-off
molecular relay.

F § ;
bt $2
> »

(@

Figure 0.1. Experimentally realized STM-junction implementation of a molecular
switch of a single PTCDA molecule on Ag(111). The tunneling current is passing
through the molecule, resistance of which depends on the molecular conformation.

Beside the point of molecular switch applications, intrinsic structural defects in PTCDA
layers were considered within this work. In spite of being well-ordered, PTCDA layers

contain small concentration of point defects. The defects were found to have electronic and
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structural characteristics different from normal PTCDA molecules. Despite a lot of interest in
the PTCDA molecule, so far no reports concerning investigation of the defects were

presented. In the section 2.3 of this work for the first time the origin of these defects was

investigated together with their electronic properties.
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CHAPTER 1.

PTCDA ON AG(111) AS A MODEL SYSTEM

1.1. INTRODUCTION

PTCDA (3,4,9,10-perylenetetracarboxylic-dianhydride) is a very well-known and extensively
studied molecule [68-85]. Because there is an abundance of information about this molecule
in the literature, this section will briefly introduce the properties of the PTCDA/Ag(111)

interface which was used over a number of experimental studies.

Q© carbon
@ hydrogen
@ carboxylic oxyger
@ anhydride oxyger
perylene core
‘ functional group

Figure 1.1. Ball and stick model of a PTCDA molecule. The

bond between the molecule and the surface consists of two

channels: electronically strong m-interaction between the

perylene core and the surface, and mechanically strong Ag-O

bonds between the carboxylic oxygens and the surface
PTCDA is a widely-used and model large m-conjugated organic molecule with functional
groups possessing semiconducting properties (Fig. 1.1). It forms highly ordered structures on
a wide range of substrates [73, 86, 87]. The planar stacking on the surface makes PTCDA
perfect for investigation of the intrinsic optical and electronic properties. PTCDA is an
intensive dye molecule[88] which can be used for optoelectronic applications. It can be easily

synthesized and is stable under electron and phonon bombardment [84].

1.2. MOLECULAR ORDERING

Substrate temperature at deposition is important for the molecular ordering. The PTCDA
molecules when deposited onto an Ag(111) surface kept at room temperature form a
chemisorbed long-range ordered commensurate monolayer. The large size of the formed
islands is a result of the high mobility of PTCDA molecules on the Ag(111) surface at room
temperature [89]. The high mobility leads also to the observation of only a few domain

boundaries, although the oblique symmetry of the unit cell implies the existence of the 6
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mirror/rotation domains. The unit cell consists of two flat-lying molecules in a herringbone
arrangement (Fig. 1.2 a) and has the following dimensions: a = 18.96 4, b = 12.61 4, & = 89°
[90].

Figure 1.2. Constant current topography images of different phases of
PTCDA/Ag(111) interface. a) Ordered phase, 5x5 nm2, -340 mV, 0.1 nA. The
unit cell dimensions: a = 18.96 A, b = 12.61 A, « = 89°[90] b) Disordered (low
temperature of the sample during deposition) phase, 40x40 nmz,-340 mV, 0.1
nA.

The two molecules in the unit cell are not equivalent and have different orientations. One of
them appears brighter in the images and is aligned along the [101] direction of the Ag(111)
surface, whereas the dimmer molecule is misaligned by 17° with respect to the same direction
[80].

When deposited onto the cold surface (65 K) PTCDA molecules form disordered dendritic
clusters of irregular shape and size (Fig. 1.2 b) [91]. Low temperature prevents the molecules
from being diffused over large distances on the surface; however they tend to gather at the
disordered islands. Although the molecular orientation is difficult to define by eye, statistical
analysis tells that the orientations along the [110] and [211] directions of Ag(111) are
dominant [91].

Since the molecules in the island are disordered the intermolecular interaction is lower than
for the molecules in the ordered monolayer. This happens as a result of the fewer hydrogen
bonds which are established between the neighboring molecules. This effect together with

different interfacial interactions leads to the change of the electronic properties (Fig. 1.3).
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1.3. ELECTRONIC PROPERTIES AND ADSORPTION GEOMETRY

2500
—— Aligned molecule
2000{ —— Misaligned molecule
m —— Isolated molecule
Z 15004 Bare Ag(111)
=
g
E 1000 {
o
500

04 : r
-1000 -500 0 500 1000
Voltage (mV)

Figure 1.3. STS spectra of PTCDA on Ag(111), recorded with lock-in technique. a)
Black line: surface state of bare Ag(111). Red line: isolated PTCDA molecule shown
at c).Blue line: molecule aligned with the [101] direction of Ag(111). Green line:
molecule misaligned by 17° with the same direction. b) Constant current STM image
of ordered PTCDA/Ag(111) monolayer with two types of the molecule
(corresponding spectra are shown in a) as blue and green curves). 7.5x7.5 nm?2, -
340 mV, 0.1 nA. c) Constant current STM image of a single isolated molecule (dI/dV
spectrum corresponds to red curve in a). 5x5 nmz, -340 mV, 0.1 nA.

PTCDA molecules are chemisorbed on Ag(111) surface, thus the lowest unoccupied
molecular orbital (LUMO) becomes partially occupied and the position of this molecular

orbital is shifted below the Fermi-level.

a  Low temperature phase b Room temperature phase
anhydride O

anhydride O 29740.08A -
- " N2o1s vosh  286+001AMN m
=l o s0s00A L LA
= carboxyl O
carboxyl O Ag(111) surface
y . 2

Figure 1.4. Adsorption height and vertical distortion of PTCDA molecule on Ag(111)
measured with NIXSW. a) Disordered low temperature phase molecule. b) Ordered
room temperature phase molecule. Taken from Ref. [91]

The electronic properties of the molecules do not only differ depending on the adsorption
phase but also on the orientation of the molecules on the surface within the ordered phase.
This difference in molecular orientation leads to the distinction in the electronic properties of
the molecules belonging to the aligned or misaligned type [80]; this can be seen in the
conductance spectra measured at the aligned and misaligned molecules (Fig. 1.3). As for the
isolated molecules in the disordered phase, from the spectra one can see that the former
lowest unoccupied molecular orbital (FLUMO) state is shifted further away from the Fermi-
level. Thus stronger coupling to the surface takes place resulting in greater attraction between

the molecule and the substrate. Further evidence for stronger bonding with the surface was
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found by the normal incidences X-ray standing waves (NIXSW) studies [92, 93]. The vertical
bonding distance of the perylene core of the PTCDA molecule in the low temperature phase is
0.06 A smaller compared to the room temperature phase (2.80 A compared to 2.86 A,
respectively). Additional proof for a stronger interaction with the substrate is greater vertical
distortion of the molecules in the disordered phase, resulting in the carboxylic oxygens being

located closer to the substrate and forming a chemical bond with the substrate (Fig. 1.4).
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CHAPTER 2.
STRUCTURAL POINT DEFECTS AT THE PTCDA/AG(111)
INTERFACE

2.1. INTRODUCTION

In this chapter, structural and electronic properties of the intrinsic point defects at the
PTCDA/Ag(111) interface will be considered.

In spite of the usual high quality, the PTCDA/Ag(111) interface is not perfect and contains
inhomogeneities. The presence of the inhomogeneities breaks the periodicity of the organic
layer and changes the properties of the interface locally in the vicinity of such structural
defects. For instance, for the delocalized state at the PTCDA/Ag(111) interface [1], one can
expect to observe electron scattering effects similar to the well-known case of scattering at the
surface state of Ag(111) [2].

All the experiments within this work were performed with a scanning tunneling microscope
(STM), which is a very powerful technique in the field of surface science. Although it was
invented almost three decades ago it is still one the most powerful instruments used for
surface and interface investigations. Nowadays, apart from conventional imaging and
spectroscopy, new applications of the STM are implemented such as atom manipulations [94]

and molecular transport [95].

2.2. EXPERIMENTS PREPARATION

The experiments were performed with a low temperature scanning tunneling microscope
(Createc GmbH) at 7 K in an ultra-high vacuum with a base pressure below 17'° mbar. The
Ag(111)surface was previously prepared by repeated sputtering-annealing cycles: the single
crystalline metal surface was sputtered using an incident beam of Ar' ions (ion beam energy
0.8 keV) at room temperature, followed by subsequent annealing at temperatures of about 820
K. The surface quality was monitored in situ with low energy electron diffraction (LEED)
optics. The PTCDA molecules were evaporated from a Knudsen cell with a temperature of
580 K onto the surface for 30 seconds, which was kept at room temperature in order to obtain

submonolayer coverage for the experiments with switches. For the molecular displacement
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experiments the disordered “precursor” phase was prepared (sample temperature is 80 K)
[91].

An electrochemically etched tungsten wire was used for the STM tip after it was cleaned in
situ by annealing at high temperature. The final atomic sharpening was done by indentation of
the tip into the clean metal substrate and/or by application of voltage pulses. The tip quality
was verified by measuring the surface state of Ag(111). The PTCDA material (commercial

purity 99%) was purified by resublimation and outgassing in the UHV for 100 hours.

2.3.PROPERTIES OF STRUCTURAL POINT DEFECTS AT THE PTCDA/AG(111) INTERFACE

2.3.1. APPEARANCE AT THE STM IMAGES

The herringbone pattern of PTCDA on Ag(111) is known to include molecules of two
different orientations, similar to bulk PTCDA [90]. They belong to different sublattices and
are referred to in literature as aligned and misaligned. In the experiments, the point defects in

both sublattices with approximately similar portion were observed.

P
“» . _‘defects

s

Figure 2.1. Constant current STM-images of PTCDA on Ag(111). a) 35x35 nmz?, 0.11
nA, 0.5 V, bright spots inside the PTCDA island correspond to point defects; b)
10x10 nmz, 0.1 nA, -0.34V, topography of aligned (type A) and misaligned (type B)
structural defects; c) 5x5 nm2, 0.1 nA, -0.34V functionalized tip allows to resolve
LUMO-contrast of molecules, whereas point defect does not possess the LUMO-
structure; d) 5x5 nm?, 0.3 nA, -0.34V B-type defect appears as a “dim” spot or
vacancy, whereas with hydrogen-sensitized tip e) 5x5 nm?, 1 nA, -0.29V reveals all
rings present.

Figure 2.1 reveals the topography of the PTCDA layer, where difference of defects from the
remaining normal PTCDA molecules can be easily defined. When positive bias is applied the
defects look much brighter than the rest of the layer (Fig. 2.1 a). For STM images taken at

negative bias, the normal molecules appear like two bright lobes with the same intensity
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showing the LUMO of the molecule, whereas the point defects exhibit different structure.
Misaligned defects may look similar to the normal molecules but with the LUMO-lobes
having different intensities (Fig. 2.1 b). Aligned defects appear in the images as a single
bright lobe in the center of the molecule (Fig. 2.1 b). Neighboring molecules next to both
types of defects have the different intensity of LUMO-lobes thus look asymmetric (compare
two ovals in Fig. 2.1 c).

The number of defects depends on growth conditions. Raising of the sample temperature
during deposition from 293 K (for standard deposition resulting in a small (0.1 %[89]) portion
of intrinsic defects) up to 373 K leads to a higher density of defects (0.7%) but does not
influence the overall structure of the PTCDA islands. The percentage was calculated by
counting the number of defects over the surface area of 400x400 A% The unit cell size is
known (a = 18.96 A, b = 12.61 A, o = 89°), as well as that it contains two molecules [90].
Thus by dividing the number of defects by the number of molecules, a value of 0.7% was
obtained.

It is reported in literature [89] that the majority of the defects are vacancies, which is in
agreement with the results of this work where imaging at certain conditions show the defects
as the vacancies or “dim” molecules (Fig. 2.1 e,f).

Interestingly, the defects exhibit significantly different properties strictly depending on the
sublattice they belong to. This was observed both in topographic imaging and local
spectroscopic measurements and constant height dI/dV imaging. All further measurements

were performed at A and B-type defects, which exhibit topography shown in Fig. 2.1 b.

2.3.11. ELECTRONIC PROPERTIES

The conductance spectra of the point defects exhibit more complicated electronic structure
(Fig.2.2) in comparison with the normal molecules.

At the energy of FLUMO of the normal molecules (-340 meV and -180 meV for aligned (A-
type) and misaligned (B-type) molecules respectively) no significant peaks in the spectra of
defect molecules were found. As for the region where LUMO+1 and LUMO+2 states of
normal molecules can be seen (above 700 meV) [81], there are also peaks in the case of
defects. However, they are shifted relative to the ones belonging to normal molecules.
Moreover, many additional peaks appear in the conductance spectra of B-type defects. The

features belonging to both types of structural defects will be considered first.
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A very strong resonance (V) can be observed at bias voltage 0.6 V. This peak is visible in
both aligned (blue curve) and misaligned (green curve) defects, which are inhomogeneities
with respect to the remaining layer of PTCDA. When inhomogeneities are strongly coupled to
underlying surface, the scattering of the electrons from a point defect and the formation of a
bound state, which splits off from the delocalized state [81] of PTCDA were observed. The
effect of the influence of the coupling is discussed in Ref. [96]. The formation of a bound
state was observed before by Cauyacq et al [97] between Cr and Ar adatoms adsorbed on the
Cu(111) metal surfaces. However, there is only one paper in the literature concerning the
observation of this effect for organic molecules was found in the case of Cgy/Au(110)
interface. Nevertheless, the electronic and structural properties were not considered.

The bound state can be seen at both A and B-type defects and is localized over the structural
defects (Fig. 2.3 h). This resonance is not related to the electronic structure of the defect itself
and is only due to the scattering of the two-dimensional electron gas off the inhomogeneities
[98].

The small peak below the Fermi-level (I), which belongs to the spectrum of misaligned defect
(green curve) could be either a superposition of B-type defect electronic state and neighboring
normal A-type molecule’s LUMO-state, as can be clearly seen from the coincidence of
positions of the peaks with LUMO of the normal molecule (black curve) or can be the
LUMO+1 state of the defect itself. Peak I was not observed in the spectra of A-type defects
because the spectroscopic measurements were performed in the center on the aligned defect.
It is the position of the highest intensity of brightness (see Fig. 2.2) and the neighboring
molecules were further away from the points of measurement. However, peak I could be a
signature of the former LUMO+1 state, which will be discussed later.

Since the spectra of A-type defects have no additional peaks, only the electronic structure of
B-type defects will be discussed from here onwards, with the exception of the cases which

will be mentioned specifically.

2.3.111. CONDUCTANCE PEAK AT THE FERMI-LEVEL

Peak II seems to be related to LUMO-state of the PTCDA molecule, which is indicated by the
topography image recorded in vicinity of the Fermi-level (Fig. 2.3 c¢) where the defect looks

almost identical to the normal molecule (imaged at the LUMO-bias). This peak can be

detected only within the bright areas of the defect which coincide with the LUMO-maximum
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of the normal molecule. The resonance at the Fermi-level was observed before in many cases:
PTCDA [40], Cg0[99, 100] and NTCDA[101]. According to Ref. [40] PTCDA may exhibit a
Kondo-resonance when it is peeled from the surface. The Kondo-effect can only be observed
if the orbital is occupied by a single electron with unpaired spin.

This state is well-known for magnetic impurities situated at nonmagnetic surfaces [102].
There are also a few examples where non-magnetic particles acquire magnetic properties,
however this is not associated with a Kondo-nature. Charged gold adatoms have a peak close
to Fermi-level due to partially occupied molecular orbitals (SOMO and SUMO) [103]. An
enhancement of intensity of the peak was obtained in the case of Cgp when the molecules were
adsorbed onto a K precovered Cu(111) surface[100]. It was explained by half-filling of the
LUMO by the donating of electrons from the K atoms below the Cgy molecule.

If the peak at the Fermi-level is a LUMO-derived Kondo-state one can expect a split of the
LUMO into three peaks [104, 105]. A singly occupied level at energy &, a doubly occupied
level at the energy &+U, and the Kondo resonance at the Fermi-level (g and U are the energy
of the molecular level and Coulomb repulsion respectively) [40]. This agrees well with the
conductance spectra (Fig. 2.2). However, spectroscopic images taken at the energies of 0 meV

and £200 meV show the electronic structure of the different shapes (Fig. 2.3 b-d).

2.3.1V. CONDUCTANCE PEAKS 1, I11 AND IV

Figure 2.3. dI/dV images recorded at constant height regime (a,b,d-h) and topography (c) of B-type defect:
2.5x2.5 nm?, 20 nA (a,b,d-h) and 0.2 nA (c). The image reveal similar to calculated for the bulk PTCDA LUMO-

like structure of the defect (see Fig. 2.4).
The second model used to explain the nature of the peaks I and III is the formation of singly

occupied states (SOMO) [104]. When a molecule contains an odd number of electrons, there

27



is an orbital which has only one electron making the orbital half empty (half filled). Thus, an
additional electron can be either taken from this orbital or inserted into it, which gives peaks
in the dI/dV spectra which are symmetric with respect to the Fermi-level. Peaks I and III in
fig. 2.2 are also almost symmetric with respect to the Fermi-level. As for the odd number of
electrons in the system, PTCDA in bulk has 200 electrons per molecule. Deposition onto
Ag(111) substrate brings an additional 0.5 electrons to the system [83, 106]. However, due to

the unclear structure of the defect, the exact number of electrons is difficult to define.

LUMO LUMO+1  LUMO+2

Figure 2.4. DFT Calculated wavefunction probability amplitudes of the lowest

unoccupied molecular orbital LUMO, LUMO+1 and LUMO+2 of PTCDA. Images are

courtesy of M. Rohlfing, taken from the ref. [83].
The constant height dI/dV mapping at bias voltages +0.2 V and -0.2 V reveals that the
electronic structures of the defect are the identical to each other at these energies (Fig. 2.3
b,d), which could indicate that the states are similar in nature. The shape of the defect orbitals
is similar to that calculated for LUMO+1 (Fig. 2.4) [83]. This contrast vanishes with changing
the bias further away from the Fermi-level (Fig. 2.3 a,e,g,h).
Another possible explanation for the origin of peak III can be a split LUMO, one part of
which pinned to the Fermi-level (peak II). This behavior was observed in the case of Cgg
molecules [99, 107] and NTCDA [101]. The split of the molecular orbital was explained as
derivative of adsorbate-substrate interaction.
The next feature which is attributed to the B-type defect is a peak (IV) at 0.4 V. This
resonance is most likely to be the LUMO+2 state of the point defect, since the spectroscopic
image recorded at this voltage shows very similar shape (Fig. 2.3 f) to the theoretically
calculated image of the LUMO+2 of the PTCDA molecule in the gas phase (Fig. 2.4) [83].
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2.3.V. SPECTROSCOPIC MEASUREMENTS AT DIFFERENT TIP HEIGHTS

The tunneling current has an exponential dependence on vertical tip position, which implies
the intensity of the peaks should have the same dependence. However, in contrast to

expectations, the resonances III and IV move towards the Fermi-level, reduce their intensities,

and become broader with tip approaching (Fig. 2.5 b). The similar amount of the shift infers

<

that the nature of the process is the same.
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Figure 2.5. A map of the conductance spectra of PTCDA measured above a B-type
defect (a) at the center of the defect and (b) at the LUMO-lobe maximum intensity as

a function of tip-surface separation. Stabilization point: -340 mV, 0.1 nA.
Modulation frequency 618Hz, modulation amplitude 4 mV.

These observations can be explained by reducing the Coulomb repulsion via tip screening or
by Stark shift. Reducing the Coulomb repulsion leads to a smaller amount of energy needed to
fill the SUMO with the second electron, and as a result the SUMO-state shifts towards the
Fermi-level. The dependence on tip height can be related to the Stark shift, which is the
influence of the electric field between the STM tip and the surface on the STS spectra [108].
It was reported recently that the Stark shift takes place in STS spectra of the Ag(111) [109],
Au(111), and Cu(111) [110] surface states and was suggested to be a general feature of
scanning tunneling spectroscopy [110]. In our case, vertical tip movement by 1 A leads to a
shift of the LUMO+2 state of the defect PTCDA molecule by 0.09 V, which is of the same
order as the shifts reported in the literature.

All peaks related to molecular orbitals states are subject to influence by lateral tip movement
(Fig. 2.5 b) and become negligibly small with respect to bound state in the center of defect
(Fig.2.5 a).
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2.3.VI. MANIPULATION OF THE DEFECTS

The origin of the defect formation so far remains unclear. In order to understand it, the
method of manipulation of the molecules was used.

The molecules were first picked up by an STM tip, laterally displaced to another position and
put down (detailed procedure will be presented in section 3.4). Firstly removal of molecule
from the layer will show what is underneath (Ag(111) structural defect, CO molecule...).
Secondly, the captured molecule can be deposited back to the surface to see whether it has the

same properties as in the compact layer.

16 14 12 10 8 6 4 2 16 14 12 10 8 6 4 2
Tip height (A) Tip height (A)

Figure 2.6. Displacement of the defect (a,b,e) and normal (c,d,f) molecules. Constant
current STM images (a-d) 15x7.5 nm?, 0.1 nA, -340 mV. At e) and f) black curve
corresponds to pulling resulted in molecule falls back, red curve - molecule is on a tip.
Modulation amplitude 618 Hz, modulation frequency 4 mV.
The molecule was displaced from the PTCDA layer to a new position on bare Ag(111)
surface (Fig. 2.6 a,b). The manipulations were also carried out with normal PTCDA
molecules and showed the molecules staying intact after the procedure. However, none of the
experiments with manipulating the defects show entire molecules after displacement (Fig. 2.6
c,d). This observation indicates that the defect molecule reacts differently with the tip than
normal molecules, leading to the breaking of molecular skeleton during manipulation
procedure. However, it could also be the case that the defect is a molecule which was
destroyed from the beginning (damaged chemical skeleton) or during evaporation from the
Knudsen cell.
In addition, the spectra of approach and retraction of the tip during pulling and dropping of
the normal molecules and the defects are significantly different (Fig. 2.6 e,f) from the

measured spectrum at defects. The behaviour of both A and B-type molecules under pulling
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was discussed in detail in the literature [40]. As for the pulling of structural defects, due to a
combination of operating at almost zero voltage and the presence of the LDOS at the Fermi-
level, the current jumped to the maximum immediately after the tip-molecule contact
formation. In contrast, with a normal molecule the maximum current is achieved after 2 A
retraction. The dropping spectra of normal molecule and defect are difficult to analyze since

they are not always reproducible.

2.3.VII. HYDROGEN SENSITIZATION OF THE STM TIP

In order to expose the chemical structure of the defects, the mechanism of hydrogen-
sensitized STM-junction [111] was applied. It turned out that the defect molecule of both
types (A and B) may have different chemical skeletons even if they belong to the same type
as far as electronic image is concerned (Fig. 2.7 a,b). The defects are usually brighter than
normal molecules and have either the same chemical structure or are missing one of the rings,

containing oxygens (Fig. 2.7 a,b).

Figure 2.7. dI/dV images of A-type defects (a,b) taken with a use of hydrogen
sensitized tip reveal different number of rings. At a) the ring containing anhydride
oxygen disappears, whereas at the b) it is present. 2.5x2.5 nmz?, 0.1 nA, 10 mV.

In the case of B-type defects one of the rings of the perylene core can switch its contrast and
becomes dark (Fig. 2.8 c¢); moreover, the an additional bright feature appears in the image
when measuring at positive bias (Fig. 2.8 ¢).

These observations show that electronic property modifications can be caused by changes in

defect chemical structure.
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Figure 2.8. Topographic images of PTCDA layer containing structural defects of
both types recorded at different voltages with functionalized (a,b) and hydrogen-
sensitized (c-e) tip: a,b) -340 mV, c,d) -600 mV, e) 600 mV, (a,c,e) - B-type defect,
(b,d) - A-type defect. The spectroscopic images reveal different structure of defect
molecules. 2.5%x2.5 nm2, 0.1 nA.

Besides, one can see the rotation of the B-type defect molecules by ~3° relative to the other
B-type molecules (Fig. 2.9). The rotation may lead to rearrangement of the defect molecule -
surface bonding and endows the molecule with the uncommon electronic properties discussed

above.

Figure 2.9. Rotation of a B-type defect (in the middle) relative to other normal B-
type molecules. Constant current STM image: 5x5 nm2, 0.1 nA, 10 mV.

2.3.VIIl. MODELS.

Differences in the electronic properties of the defects with respect to normal molecules
indicate that electron transport through the defects goes in a different way: since there are

more peaks in the STS spectra, there are more molecular states which the electrons can tunnel
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to. Changing of the bonds between the normal PTCDA molecule and the Ag(111) surface
seems to be the likely explanation for structural defect formation. These changes can be the
result of different influences. Two models will be used to explain the change, along with their

advantages and shortcomings.

2.3.VIILI. Ag adatom

G (arb. units)
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Figure 2.10. Constant current STM image (a) and spectrum (b) of PTCDA layer
covered with Ag cluster. a) 5x5 nmz2, 0.1 nA, -340 mV. b) black curve - spectrum of B-
type defect measured before the cluster deposition; red curve - spectrum measured
above the cluster. Modulation frequency 816 Hz, modulation amplitude 4 mV.

The existence of an Ag adatom underneath the molecule may explain the presence of
particular electronic properties. The distinction between type A and B defects can be due to
different positions of adatoms relative to defect molecule since type A and B defects belong
to different sublattices. It is known that the LUMO-state of normal B-type molecules is
shifted further from the LUMO of bulk PTCDA compared to the LUMO of A-type. This is
the evidence for less charge transfer between A-type molecules and the surface. Since the
bonds have different strengths, different influences on the defect properties can be expected.
In addition, several PTCDA molecules were covered by silver, including the B-type defect
(Fig. 2.10). The following redistribution in the conductance intensities was observed (Fig.
2.10): the resonance at the Fermi-level increases ten times over the covered area irrespective
of whether there is a type A, type B or defect molecule underneath and the intensity becomes
comparable with a bound state. At the same time as resonance IV vanishes, an additional peak
at -0.12 appears, which could be the shifted SOMO-state (peak I in Fig. 2.2). The topography
images of the PTCDA island after the removal of a defect sometimes reveal a bright spot
remaining in the area of the former defect site; nevertheless, it could be a fragment of broken

molecule, which goes together with the second model.
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2.3.VIILIIL Reaction with water molecule(s)

The PTCDA molecules are hydrophilic: the anhydride groups react with water molecules very
easily under atmospheric conditions and form a carboxylic acid [112]. It is also known [113]
that water is combined with PTCDA and can be released together with evaporated PTCDA.
As a result, decomposition of the PTCDA molecules leads to the loss of carboxylic or
carboxylic and anhydride groups, and these fragments of PTCDA (with lost groups) stick onto
the surface. The established “broken” molecule can be either symmetric or asymmetric (which
is seen in the images as well). The asymmetry may lead to a tilt of the compound relative to
the surface and a situation similar to the lifted PTCDA molecule [40] may happen. These
compounds are positively charged (+2 or +4), which may play a role in the formation of the
two types of defects. Different compounds can be responsible also for the presence or absence

of the rings at “hydrogen”-images.

2.4. CONCLUSION

Properties of the intrinsic structural defects in the PTCDA/Ag(111) interface were
investigated. Two types of defects were observed depending on the sublattice of the surface
they belong to. The structural properties of both types of defects can be either the same to the
normal molecules or different. The difference can consist of missing one of the rings by the
defect molecule or the acquisition of additional end groups; in addition, the B-type defects
have a rotation of ~3°, which results in a stronger interaction with the surface. The electronic
structure of the defects is significantly different from the normal molecules. The 2D electron
gas scattering from the defects leads to formation of a bound state at 0.6 V. The split LUMO
state or formation of the SUMO and SOMO state from former LUMO+1 were observed only
at the B-type defects and were dependent on the lateral tip positioning. The possible nature of
the defects was discussed but still remains unclear. Two models were suggested to try to
explain the nature of defects: Ag adatom underneath the normal molecule or breaking of the

normal molecule due to reaction with water.
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CHAPTER 3.
MOLECULAR MANIPULATION

3.1. INTRODUCTION

Since the early 1990’s when Eigler and Schweizer first used the STM tip to position
individual atoms on the surface [114], a number of studies have been reported aiming to
understand the underlying physical mechanism from experimental and theoretical points of
view. The displacement can be realized by both lateral movement [37, 38, 41, 57, 115-133] of
the adsorbate (Fig. 3.1 a) and vertical manipulations [134-140] (Fig. 3.1 b).
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Figure 3.1. Lateral (a) and vertical (b) manipulations of an adsorbate with an STM-tip

Both attractive and repulsive interactions can be involved in a process of lateral manipulation
[120]. In the case of attractive nature of the force, the adsorbate follows the STM tip, being
pulled by it. For the repulsive case, the STM tip pushes the adsorbate across the surface.
Vertical manipulation can be realized only when an attractive interaction takes place between
the tip and the adsorbate. The tip and surface binding sites can be considered as a double well
potential. The tip-side potential minimum is deeper because the tip apex has fewer
neighboring atoms than a surface atom, thus the tip-adsorbate binding is stronger than
surface-adsorbate [94].

In this chapter, realization of vertical and combined (vertical and lateral) manipulations of the
PTCDA molecules will be discussed.

3.2. CONTACTING A SINGLE PTCDA MOLECULE

3.2.1. CAPTURE AND UNCONTROLLED DETACHING

Recently the possibility of contacting a PTCDA molecule with an STM-tip was discovered

[40, 85, 141]. A molecular wire between a surface and a tip can be formed via approaching
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the tip to one of the carboxylic oxygens and breaking the chemical bond between it and
substrate. A new chemical bond is established with the tip apex atom. A molecule cannot be
only contacted but also peeled from the surface continuously by increasing the tip-surface
separation. Transport through the single molecule for different geometries can be measured in
a controlled way by measuring the dI/dV spectra during the pulling procedure. These
measurements reveal a change of the electronic properties of the junction during stretching.

For example, the effect of reverse chemisorption was observed [40, 85, 141].
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Figure 3.2. Contacting a PTCDA molecule. a) Approach and retraction spectra
recorded above various parts of a molecule and bare Ag(111), as labeled (2 mV)
with a schematic view of the contact formation process. Taken from Ref. [38] b-e)
Constant current STM image of the uncontrolled lateral displacement of an isolated
and edge molecule during pulling procedure (0.1 nA, -340 mV, b,c - 5x5 nm?, d,e -
7.5x7.5 nm2)

In previous work [40], it was shown that a PTCDA molecule establishes a bond with an STM
tip via substitution of one of the Ag(substrate) — O chemical bonds to Ag(tip) — O bond. The
exact part of the molecule which interacts was determined by comparison of the current
spectra taken above the different parts of the molecule recorded during tip approach. Two
abrupt jumps in the current curve corresponding to capture and detaching of the molecule
from the tip were observed only when approaching to the carboxylic oxygen atom (Fig. 3.2 a).
Detaching of the molecule from the tip leads to uncontrolled molecular deposition back to the
surface to the same or different position depending on the molecular surroundings in the
initial state.

When performing the experiments on the molecules inside the ordered layer, the molecule
occupies the same position in the PTCDA layer after being detached from the tip. However,
the lateral displacement of the isolated molecule and the molecule at the edge of the island
was observed (Fig. 3.2 b-¢). The influence of the molecular surroundings on the behavior of

the molecule under tip approach and retraction will be discussed in section 3.7.
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3.2.11. STRETCHING OF A MOLECULAR JUNCTION

Besides the situation when the molecule is detached from the tip and flips back to the surface,
there is the possibility to remove the molecule from the substrate. The molecule can follow

the smoothly retracted tip and end up being completely peeled from the surface.
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Figure 3.3. a) Approach and retraction spectra of STM-junctions measured at 4 mV
with different outcomes after the stretching of the junction. Black curve - the
molecule remains on the tip. Red curve - the molecule falls back to the surface. b-d)
Constant current STM images of an artificially created chain of the PTCDA
molecules: -430 mV, 0.1 nA, 7.5x15 nm2. b) The clean STM tip approaches to the red
point where the carboxylic oxygen of a molecule located in order to capture a
molecule. ¢) The STM tip is functionalized by the molecule being captured (see b).
d) After release of the molecule to the desired position on the surface the tip has
conventional resolution

From the /(z) curves measured during approach and retraction, the outcome of the stretching
process can be predicted (Fig. 3.3 a). During retraction of the tip, a sudden drop of the current
corresponds to the jump of the molecule out of contact. The molecule is detached from the tip
and flips back to the initial position on the surface. The current drop occurs at tip-surface
distances (z) which are about 1-2 A larger than for a capture, meaning that the molecule is
slightly peeled from the surface when it falls back. Absence of the current drop at the small z
indicates the molecule remains attached to the tip. Additional current jerks appeared at larger
z (12-20 A) corresponding to the sliding of the molecule over the surface. The sliding of the
molecule can result in two situations: the entire molecule stays on the tip or it flips back to the
surface [40].

These two outcomes are difficult to distinguish from the /(z) curves. However, in the
topographic images recorded right after retraction of the tip one can see whether the molecule
is on the tip or on the surface.

If the molecule is connected to the tip, the resolution of the STM increases (‘functionalized

tip’). In the former place of the molecule, nothing can be found (Fig. 3.3 b,c). However, in the
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case of displacement the resolution remains normal and only the molecule changes its

position on the surface (Fig. 3.2 c-¢).

3.3. CONTROLLED DEPOSITION OF A SINGLE MOLECULE WITH THE STM TIP

Removal of the molecule from the layer does not give any advantage of molecular
manipulation (such as transport measurements or building nanostructures), and it
contaminates the STM tip. Approaching to the surface with the molecule on the tip does not
result in a deposition of the molecule onto the substrate when the same parameters as for
capture are used. One has to either dip the tip into the bare surface or to apply a high voltage
pulse to get rid of the molecule which leads to destruction of the surrounding area (normal tip
cleaning procedure, see section 7.3). Also one does not know whether the molecule is broken
by stretching or remains intact. Thus the possibility of controlled deposition of the molecule
to a definite position on the substrate can answer questions about molecular structure after
stretching and open the gate to building nanostructures.

The controlled molecular deposition of a PTCDA molecule onto a defined position on
Ag(111) surface turned out to be possible. By varying the bias voltage and the tip height,
suitable parameters for molecular deposition were found. The molecules remain intact (Fig.

3.3 ¢) confirming the harmlessness of the transport measurements to the molecular properties.

3.4. PROTOCOL FOR CAPTURE AND CONTROLLED DEPOSITION OF A MOLECULE

3.4.1. CAPTURE

A very small bias voltage was used to contact the molecule. Actually, bias is needed only for
recording a current and monitoring the junction behavior, because the formed molecule-tip
bond is strong enough to remove the molecule from the surface.

The process of capture was performed with a bias voltage within the range +£5 mV. The bias
polarity as well as its value does not influence the character of the current curves. The only
necessary condition for the process to occur is for the tip to be brought into close vicinity of
carboxylic oxygen. After stabilizing above the oxygen (-340 mV, 0.1 nA) the STM tip is
moved vertically by 5 A towards the surface with the feedback switched off so that the
contact between the tip and the molecule can be formed. While lowering the tip, the abrupt

increase of the current occurs when the tip is moved by approximately 4 A from its
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stabilization point. This jump corresponds to the jump of the molecule into the contact with

the tip.

3.4.11. DEPOSITION

The STM tip, with a captured molecule attached to it, was stabilized at a height above the
definite position on the surface where the molecule should be deposited (-340 mV, 0.1 nA). A
bias voltage of 600 mV was applied to the sample with the feedback switched off. The tip was
moved vertically towards the surface by 5 A and then retracted by 15 A in order to stretch the
molecule. Current spectrum during the tip movement was recorded. The success of deposition
was checked by subsequent imaging of the surface (the tip is clean, the molecule is on the

surface (Fig. 3.3 d)).

3.5. BUILDING OF THE MOLECULAR STRUCTURES

Knowledge of the protocol for capture and deposition of a molecule allows for manipulation
of them and for building molecular structures of a desired shape on the surface. Two parallel
chains, a quadrate and a circle were built on the Ag(111) surface (Fig. 3.4).

In principle, nanostructures of different forms can be built from PTCDA molecules. The only
limiting factors for the shape are molecular orientation on the surface and bonding to the

surrounding molecules, which will be discussed in the next section.

Figure 3.4. Constant current STM images of the artificially made molecular
structures: -340 mV, 0.1 nA. a,b) 15x15 nmz, ¢) 7.5x7.5 nm?

3.6. MOLECULAR ORIENTATION ANALYSIS

The same applies as for the ordered or low temperature phases when depositing the molecules
on the surface; they tend to be located perpendicular to each other. This orientation is

dominant because of the hydrogen bonds which are responsible for the molecular ordering on
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the surface [83]. The hydrogen bonds are established between the carboxylic oxygens of one
molecule and the hydrogen atoms (one or two) of the neighboring one. The relative position
of two molecules can be different which leads to a small shift of the molecules with respect to

each other (Fig. 3.4 and 3.5).

3.5. The hydrogen bonds between two PTCDA molecules corresponding to the

molecular ordering observed in the manipulation experiments
The tendency of the molecules to be connected to each other can be examined by weak
diffusion of the molecules over the surface even at very low temperature (7K). This agrees
with the result of the formation of the PTCDA molecules in a “precursor” phase when
deposited onto a cold substrate [91].
By applying high voltage while depositing a molecule the energy can be spread over the
surrounding area leading to the “heating” of it and thus inducing the reorganization of the
hydrogen bonds between the molecules. The released energy seems to be enough not only to
move one molecule but a chain of them. A relative shift of the position of several molecules

caused by deposition of a new one can be seen in Fig. 3.6.

Figure 3.6. Rearrangement of the hydrogen bonds after high voltage was applied. A
group with three molecules is shifted with respect to the bottom edge molecule
after depositing a new molecule at the top of the chain. -340 mV, 0.1 nA, 15x15 nm?2
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However, perpendicular arrangement is not a necessary condition for molecular building. A
molecular chain can be bent on purpose in order to construct a molecular circle, for example
(Fig. 3.4 ¢).

The molecules can be deposited on the bare surface or attached to an existing island.
However, if there are molecules in close vicinity of the place of deposition, the trapped
molecule attaches to other molecules rather than remain isolated. This happens due to strong
intermolecular interaction resulting in the presence of the attractive field, which forces a
molecule to bond to its neighbors [83]. The interaction is so strong that during building of the
two parallel chains they tended to be bent towards each other. Due to the large strength of the
hydrogen bonds the molecule is much harder to remove from the inside of the island than

from the edge. This observation brings us to the next section.

3.7. ROLE OF THE MOLECULAR SURROUNDINGS IN THE SUCCESS OF THE CAPTURE
PROCEDURE.

To realize the manipulation process, four types of the PTCDA molecule were probed to be
captured by a tip: single isolated molecules, non-isolated molecules in the disordered phase
(Fig. 1.2 b), molecules at the edge of an island, and molecules resided in a compact PTCDA
island. All four types reveal a different disposition towards being removed from the substrate
by the STM tip.

The molecules residing in a compact layer are the most difficult to remove due to the
hydrogen bonds to the adjacent molecules which prevent it from being captured by the tip.
The percentage of successful removals from the layer is much lower than 1%. In most of the
cases the molecule flips back to the surface while the tip is retracted (Fig. 3.3, red curve). The
molecules at the edge of the island and the molecules in the disordered phase exhibit similar
behavior because both types have less order in the hydrogen bonding than the “island”
molecules. Although they can be more easily removed from the surface, they still tend to stay
on the surface. The percentage of successful removals reaches 1-50 %, depending on the tip
state.

A single isolated molecule is very unstable due to the absence of intermolecular interactions
which in-turn prevents a molecule from being displaced. So this molecule can be easily
trapped by the STM tip because it has no neighbors and thus no hydrogen bonds.

The strength of one hydrogen bond is about 5 kcal/mol for the C — H --- O bonds [142], which

is approximately 200 meV (1 kcal is equal to 2.6*10%* eV and 1 mol contains N, number of
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atoms). This means that to remove a molecule from inside the island one needs to overcome
approximately a 1eV higher potential barrier than for an isolated single molecule.

The I(z) spectrum (black curve in Fig. 3.3) of an isolated molecule has only one jump of the
current corresponding to the capture of the molecule. After the tip is retracted the molecule
stays on it. This behavior agrees with the density functional theory (DFT) calculations which

predict that the molecule remains on the tip [141] which will be presented in the next section.

3.8. THE REASONS FORCING A MOLECULE TO SWITCH: THEORY AND EXPERIMENT
3.8.1. JUMP INTO THE CONTACT (UPWARD TO THE TIP)

According to DFT calculations, the spontaneous upward switch of the oxygen atom by 1.4 A
occurs when the tip is within 6.2 A from the surface [141]. This value agrees very well with
the experimental results where the most likely distance, z, for the capture of the molecule is
6.65 A [40]. The DFT calculations were performed for a fully relaxed single isolated
molecule on Ag(111) surface. The calculations were done for the silver tip with a pyramid
shape apex. Silver material was taken because this case is more likely in the experiments. The
tip was indented into the silver surface for sharpening which leads to the tip being covered by
silver. Also calculations performed for a silver tip show better agreement with the

experiments than tungsten [141].
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Figure 3.7. Calculated potential energy of the fully relaxed single isolated molecule
as a function of the height of one of the carboxylic oxygen atoms. The tip height
scale is shown at the top. The shallow minimum belongs to the potential energy of
the oxygen at the surface side. The deep potential is for the oxygen on the tip side
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The upward switch of a carboxylic oxygen atom happens when the total energy potential
changes from a double well to a single well due to approaching of the tip (Fig. 3.7). At
heights, z, smaller than 6.2 A the energy barrier separating the two wells on the tip and on the
surface sides disappears leading to the sliding of the oxygen to the local energy minimum on
the tip side.

Experimentally the upward switch was detected in the /(z) spectra during approaching to all
types of the molecules (isolated, edge, island). The only difference observed was the tip
height z when the switch occurs. According to the NIXSW studies [92, 143] the distance
between the substrate and the oxygens of a single isolated molecule is smaller by 0.18 A in
comparison with ones belonging to a molecule residing in the compact layer (see section 1.3).
In agreement with this, the flipping of the oxygen atom to the tip occurs at larger values of z
with the isolated molecule. Jump into contact of the “island” molecule (Fig. 3.8 red curve)
occurs 0.2-0.3 A earlier than for the isolated one which tells that transition from a double well

situation into a single well happens at smaller z for the isolated molecule.

3.8.11. JUMP OUT OF THE CONTACT (DOWNWARD TO THE SURFACE)

3.8.IL1. Uncontrolled molecular detaching
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Figure 3.8. a) Spectra of the pulling of the PTCDA molecules from the surface (black curve - molecule at the
edge of the island, red curve - molecule inside the island, green curve - isolated molecule). Modulation
frequency 816 Hz. Modulation amplitude 4 mV. b) STM image (-340 mV, 0.1 nA, 10x5A2) of PTCDA island and a
single artificially isolated molecule with the points where the spectra a) were measured. -340 mV, 0.1 nA,
10x5 nm?2

After the tip side is occupied by the oxygen, the tip can be moved both directions (toward and

backward). According to the DFT calculations, it does not lead to the oxygen switching back
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to the surface side, because as one can see from the Fig. 3.7 the tip site is energetically more
preferred for the oxygen.

In spite of theoretical predictions there are experimental cases when the bond established
between the oxygen and the tip breaks and the molecule flips back to the surface. Frequency
of this event depends on the type of the molecule under manipulation. Thus, a single molecule
stays attached to the tip much more often (90%) than a molecule in the island (<1%).

As was previously mentioned, the calculated potentials are valid for the situation of a single
isolated molecule; therefore the calculations illustrate behavior of an isolated molecule only.
The rare cases of uncontrolled detaching of the molecule from the tip during retraction can be
explained by the tip apex shape modification. Flipping of the molecule to the tip may cause to
the altering of the pyramid form of the tip apex thus changing the potential diagram.

The potential energy surface of a molecule residing in the compact layer can be significantly
modified due to the changing of the molecular environment. Therefore, Fig. 3.7 should not be
applied to the “island” molecule. Apparently, bonding to the neighboring molecules deepens
the potential well on the surface site. However, the switch of the oxygen back to the surface
cannot be explained only by potential deepening. Further calculations of a potential energy

diagram should be performed for a molecule residing in the compact layer.

3.8.1L.I1. Controlled molecular deposition

Controlled deposition (see Section 3.3 for details) takes place when a bias voltage of 600 mV
is applied to the junction. In Fig. 3.7 one can see that the depth of the potential on the tip site
is smaller than 600 mV at large z. Thus if the whole energy caused by bias is released on the
excitation of a vibration of the oxygen atom, it can overcome the potential barrier and the
molecule can be dropped from the tip. The question of vibrational excitations will be

discussed in greater detail in Chapter 6.

3.9. IMAGING THE OXYGEN SWITCHING

In the previous sections (3.6 and 3.7), the stability of the PTCDA molecule residing in the
compact layer was shown to be against removal from the surface. Nevertheless, the jumps of
the oxygen atom in and out of contact occur when the tip is moved down and up respectively.

Such observation brought the idea of the possibility to detect the molecular switches during

imaging of the PTCDA island.
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According to the spectroscopic measurements, when the tip is brought close enough to the
surface, the carboxylic oxygens of a molecule react with the tip showing a higher
conductance. Indeed white speckles in the image can be seen at the positions of the corner

oxygen atoms if the tip scans the surface at a very low height (4 mV, 10 nA) (Fig. 3.9).

Figure 3.9. Constant current image of PTCDA layer recorded with functionalized tip.
White speckles correspond to flipping of the carboxylic oxygen atoms into and out
of the contact with an STM tip. -4 mV, 10 nA, 5x5 nm?2

The difference in the reactivity of the oxygen atoms can be seen depending on the number of
hydrogen bonds they are involved in [83] and molecular orientation [40]. Oxygens which
have two hydrogen bonds reveal a higher reactivity in the images.

In the next section another factor which influences the reactivity of oxygens will be discussed.

3.10. SINGLE SWITCHES AT LOW BIAS

In all of the experiments described in the previous sections, very low bias voltage was applied
to the junction (with the exception of molecular deposition). This was done in order to
compare experimental results with theoretical calculations which were performed for zero
bias. Thus the question of voltage influence to the switching process remained unanswered. In
order to fill this gap in the investigations, additional measurements were done. The /(z)
spectra for approach and retraction were measured at different bias voltages. The same was
observed as for very small biases within the voltage region of (-45... 45 mV), only
spontaneous single switches were observed during approach and retraction of the tip,
independent of the bias polarity. This is reflected in the current spectra by the two steps
corresponding to the capture (step upwards) and detaching (step downwards) of a molecule
from the tip (Fig. 3.10).
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The smaller the voltage, the larger the difference in the position of these two steps. At very
small biases, it reaches a value of 0.6 A (Fig. 3.10). Capture of the molecule happens closer to

the surface than when it is detaching.
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Figure 3.10. The tip heights corresponded to capture and release of a molecule
from a tip as a function of bias voltage. Hysteresis is observed at low bias region
and disappears with increasing voltage together with turning a system to the
repeated switches regime.

When the voltage is increased, the positions of the steps start to approach each other until
finally, at voltages above 45 mV, they coincide with each other, moving the system into the

repetitive switching regime.

3.11. CONCLUSION

Realizations of manipulations of single PTCDA molecules were shown to be possible on an
Ag(111) surface. Capture of the molecule happens during approach of the STM tip,
independent of the bias value and polarity, due to a transition of the potential energy surface
from a double well situation to a single well. Release of the molecule from the tip can happen
in two ways: uncontrolled detaching of the oxygen and controlled molecular deposition.
Reasons for the detaching remain unclear, while controlled deposition (600 mV) can be
explained by the excitation of the oxygen vibrations and sufficiency of the bias to overcome
the potential barrier. Analysis of the oxygen response to the tip movement and of molecular
orientation leads to the conclusion that the molecular environment plays an important role in

the process of manipulation. The bias voltage applied to the junction defines the distances at
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which the jumps of the oxygen into and out of the contact with the tip occur. Molecular

manipulations can be used for building molecular nanostructures.
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CHAPTER 4.

MOLECULAR SWITCH

4.1. INTRODUCTION

The experiments described in the previous chapter show that the transfer of the oxygen atom
from the surface to the tip and vice versa is possible. However, the underlying mechanism of
such manipulation was not completely understood. Particularly unclear was the detaching of
oxygen from the tip being in contradiction to DFT calculations of the potential surface.

In this chapter detailed quantitative experiments performed in order to understand the nature
of the switching process will be considered.

In contrast to the previous chapter, all measurements will be realized by applying a high bias
voltage (V). Current spectra I(z) were measured above carboxylic oxygen at different tip
heights, z, and V. At certain z and V the current spectra revealed two level fluctuations
between two states with different conductance values.

These two states are associated with the two positions of the carboxylic oxygen atom of a
PTCDA molecule. The high conductance state corresponds to the oxygen being bonded to the
tip. Note that the rest of the molecule remains connected to the surface [141] so that the
system is in the transport regime. The low conductance state corresponds to the conventional
tunneling situation when all oxygens are bound to the surface. Transition between the two
states will be called a molecular switch.

The frequency of the switches as well as the fractional occupation of the states depend on z
and V. In order to plot a 2D map displaying dependence on both variable parameters two
methods of measurements were used, which are fixed tip height/ variable bias voltage and
fixed bias voltage/ variable tip height.

Very careful measurements were performed for many bias voltages and tip heights leading to
a large quantity of recorded data. Programming in Mathematica software was used to reduce

the amount of processing data.
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4.2. PROCESS OF MEASUREMENTS: TECHNICAL DETAILS AND DATA DESCRIPTION

4.2.1. TECHNICAL DETAILS

Most of the analysis was done for the data obtained with the additional data acquisition
module from National Instruments NI USB-6211. However, part of the data was recorded
without the data acquisition device with the best resolution obtained being equal to 0.8 ms.
For the spectra recording, the variable-gain low-noise Femto DLPCA-200 preamplifier was
used. The gain of 10° allows a bandwidth of 1.2 kHz, which is sufficient for the conventional
spectroscopy but not enough for detection of the fast switches. For the switching recording, a
gain of 10° was needed (bandwidth is 200 kHz). However, the STM software allows the
recording of data with a maximal frequency of 25 kHz. In order to increase this value, an
additional data acquisition module with a characteristic resolution of 8 ps (125 kHz) was
introduced to the system to record the data independently from the STM program.

The experiments were done on two types of molecules: molecules residing in the compact
layer and at the “free” oxygens of the motecules in the edge of the island. Without the data
acquisition module the “island” molecules were probed, whereas the measurements on the

“edge” molecules were performed with the use of it.

4.2.11. METHODS

4.2.1L1L The first method: fixed tip height, variable bias voltage

The tip was positioned above a carboxylic oxygen at the stabilization point (-340 mV, 0.1
nA). The feedback was switched off, the tip brought close to the surface and the current
spectra were measured as a function of bias. The measurements were started with a tip-surface
separation of 7.8 A and finished with 6.6 A with steps of 0.05 A. The bias voltage was
changed from -200 mV to 200 mV and back to -200 mV during 120 seconds. The bias was
changed with a step of 5 mV meaning that for each of the 81 different bias voltages (-200, -
195, -190...0...190, 195, 200 mV) the time spectrum duration is about 1.5 seconds.

At large z ( 7.8 A...7.35 A) no switches were observed and the junction was in the low
conductance state. When the tip approaches closer to the surface (7.25 A), fluctuation of the

current appears in the spectra (Fig. 4.1 a). One can notice that there are many more switches

49



at negative bias, which will be discussed later. Further approach leads to the increase of the
number of switches for both voltage polarities (Fig. 4.1 b). When the tip is brought very close
to the surface (6.85 A) the high conductance state is prefered for the junction (Fig. 4.1 ¢) and
finally at 6.6 A the configuration where the molecule is bound to the surface and the tip

becomes stable in the whole range of measured bias voltages (Fig. 4.1 d).
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Figure 4.1. Current spectra of the STM-junction as a function of bias voltage taken at different tip heights. The
transition of the junction during the tip approach from the low conductance state for the whole measured
bias range (a) to the high conductance state (d) can be clearly seen. At the intermediate heights the junction
switches between two states depending on the bias applied. Measurements without data acquisition module

4.2.1LII. The second method: fixed bias voltage, variable tip height

The same as for the first method, the tip was positioned above a carboxylic oxygen at the
stabilization point (-340 mV, 0.1 nA). The feedback was switched off, the chosen bias voltage
was applied to the sample, and the tip was moved slowly towards the surface starting from the
tunneling regime until it reached a distance lower than where the tip-oxygen bond is
established and was then retracted (Fig. 4.2). The /(2) spectra as a function of distance were
measured for both negative and positive biases. Current spectra measured at low biases
(JUI<50 mV) always reveal at least two steps (up and down) in the current corresponding to
the jump of the junction into and out of contact with the tip (Fig. 4.2 red and green curves).

Raising the bias leads to (i) an increase of the number of switches and (ii) a change of the tip
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height where the repeated switches region starts and ends (Fig. 4.2 black and blue curves).
The spectra were measured during approach and retraction of the tip in order to check the
influence of the direction of movement to the switching behaviour.

In Fig. 4.2 one can see that after switching to the high conductance state the junction exhibits
a tendency to decrease in conductance. This effect is caused by pushing the oxygen atom
towards the surface. The charge transfer between the molecule and the substrate occurs

mostly via the LUMO-level of the molecule [40]. This level shifts towards the Fermi-level
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Figure 4.2. Approach and retraction spectra of current (a) and conductance (b) of
the STM-junction measured at positive (blue and green curves) and negative (black
and red curves) bias voltages. At low biases (red and green) only two steps
corresponded to the jumps of the molecule into and out of contact have been
observed whereas at higher biases (black and blue) the junction is unstable
revealing repeated switches. Measurements without data acquisition module

when the molecule is peeled from the surface (reverse chemisorption) [141] and moves from
the Fermi-level when the molecule is pushed towards the surface. Thus pushing on the
molecule leads to reducing the LUMO intensity at the Fermi-level and as a result decreasing
the conductance near zero bias.

It should be noted that the distance region where the junction turned from one stable state
(oxygen is bound to the surface) to another (oxygen is bound to the tip) via an intermediate
(switches) state lays within the region of less than 1 A.

The tip state influences the rate of the switching process so that for some tips no switches
were observed. The tip height at which the switches start also varies from one tip to another.
To have better statistics the spectra series were measured several times for the different tip
states.

The method of measurement was found to be of little consequence for the switching process
and the switching behavior of the junction, which is nearly the same independent of tip

approach or retraction (will be discussed in Section 5.4).
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4.2.111. MEASUREMENTS WITH THE DATA ACQUISITION MODULE

Due to the similarity of the results from both methods the second one was used for data
recording with the additional data acquisition module. With the use of the module, five series
of measurements were performed: four series for positive bias voltages ( I — from 45 mV to
100 mV (tip height was changed from 7.9 A to 7.0 A), II — from 50mV to 120 mV (tip height
was changed from 8.1 A to 7.3 A), IIT — from 70 mV to 250 mV (tip height was changed from
7.9 A to 7.3 A), IV — from 60 mV to 130 mV(tip height was changed from 7.7 A to 7.1 A))
and one for negative (from -50 mV to -140 mV(tip height was changed from 8.1 A to 7.3 A)).
The bias voltage was increased with a step of 5 mV from one spectrum to another.

Each spectrum was measured for 15 minutes with the tip velocity less than 0.1 pm per second,
which gives 112.5 million points per spectrum (about 2 Gb of memory). The tip states for the
negative series and for the second positive series were the same, whereas for the three other
positive bias series different tips were used. The starting tip height was chosen in such a way
that the oxygen atom does not yet react with the tip, which was determined from a short test
spectrum measured before recording the to-be-analyzed one. During the spectra the tip was
linearly lowered by 0.7 A towards the substrate. Due to the similar behaviour of the junction
during retraction of the tip, only the approach spectra were recorded to reduce the amount of
data to analyse. The difference between the junction behaviour during approach and retraction

for positive and negative bias voltages will be discussed in the next sections.

4.3. DATA PROCESSING

4.3.1. EMPLOYING MATHEMATICA SOFTWARE

When the measurements were performed, the questions of access to the data and analysis
were raised. One spectrum consists of 112.5 million points and requires 2 Gb of memory. Far
from analysing the data, none of the commonly used programs (Origin, Excel, Access) could
manage to open such a huge file.

At first MatLab software was used to try to access the data. However, it turned out to be
unsuitable for the analysis because it does not allow one to see the raw data; due to that the
accuracy of the analysis could not be checked. Because of these reasons MatLab was

excluded from the list of possible solutions.
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As an alternative, Mathematica software, which is based on the C programming language,
was used. The latest version of Mathematica (7.0) allows the use of parallel computing. On
any multicore computer system it is automatically set up to be able to run multiple parts of a
computation concurrently. So Mathematica 7.0 seemed to be more suitable for the switching
analysis.

In order to be able to look at the data in the file and to check the accuracy of the computation
after analysis, the files were split into smaller parts (25 Mb each) using Total Commander.
The partitioned file may contain the erroneous numbers in the first and in the last lines
because Total Commander counts number of bytes in the file but not number of points.
Therefore, the edge points will be deleted but this will be taken into account during the
analysis.

Every file contains two columns of data. The first one is the piezo voltage corresponding to
the tip height and the second one is the voltage corresponding to the current. The voltage
(distance) value is not absolute and cannot be recalculated uniformally for all of the files, so
this value cannot be taken as a reference. Current also changes from file to file due to the
change of the bias applied. Therefore, the serial number of the string (i.e. the row number of
the point in the original raw data) was taken as a reference because all of the points in the
spectra within one series were measured for the same differencies in the tip height during
equal time intervals. The tip height was adjusted at a constant rate, and thus the n™ string in
every file corresponds to a constant height difference to the same point in every other file.
Hence, the tip height for each data point can be worked out. However, to check the accuracy
of this assumption one needs to access the raw data file. From this it is clear that one cannot
use a program which only makes the analysis without allowing access to the raw data.

In order to reduce the amount of data, a program in Mathematica was written in such a way
that only “important” points were included into a new file (the body of the program see in
Appendix I). These “important” points are the points when the switch of the STM junction
between two states occurs and will be used for statistical analysis of residence time.

For one full switch (up and down or down and up) 4 points are written down (Fig. 4.3) with
the four significant values: the tip position where the switching starts and ends, and the

current at the high and low states.
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(Zbegin; Ihigh) (Zend; Ihigh)
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Figure 4.3. The significant points for the data processing. To every switching event
correspond four important parameters: the tip heights where the switch starts and
ends and the current values at the high and low states.

Due to the huge amount of the data produced by the data acquisition module the raw spectra
cannot be shown. The spectra analysed by Mathematica program show similar behaviour to
the one discussed in Section 4.2.ILII. At low biases there are only a few switches and at high

biases the number of switches increases (Fig. 4.4).
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Figure 4.4. Approach spectra of current (a) and conductance (b) of the STM-junction
measured at positive (blue and green curves) and negative (black and red curves)
bias voltages. At low biases (red and green) only two steps corresponded to the
jump of the molecule into and out of contact have been observed whereas at higher
biases (black and blue) the junction is unstable revealing repeated switches. The
spectra were processed with Mathematica program; the initial ones were taken
with a data acquisition module. Input data for the processing procedure were taken
from the results of series II.

Further analysis of the switching process was done using the processed spectra in the
following way. The () spectrum was cut into small pieces such that the tip height does not
change significantly (4z < 0.05 A). In the parted spectra the assumption of a constant tip
height was made. Within the spectrum two situations are possible: either there are switches of
the current or there are none. The second case is not interesting for a switching analysis. If the
spectrum contains switches then the distribution of the fractional occupation of the two

conductance states differs from spectrum to spectrum. At large tip heights the junction is
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mostly in the low conductance conformation (Fig. 4.5 a), changing to the equal fractional
occupations when the tip moved closer to the substrate (Fig. 4.5 b) and ending up with a
situation where the high conductance state is more favourable for the junction (Fig. 4.5 c).
The behaviour described above is common for every spectrum. The differences are in the
number of switching events and the tip height where the switches start and end, both of which
vary depending on the bias applied. Because the distance range during each spectrum was
kept constant, this led to the situation where at high biases (>150 mV) the region where the
oxygen spends most of the time attached to the tip could not be reached. Also, the duration of
time the oxygen spends in the specific site becomes very small at high biases making it
impossible to detect within an 8 ps time resolution, which is the characteristic resolution of
the data acquisition module. The limitation of time resolution leads to all the switches which
are shorter than 8 ps being written as a single switch with an 8 ps duration. This can influence
very much the quality of the analysis if the residence time in the specific state is shorter than 8
us. However, at the biases used in the experiment there is a sufficient amount of data points
corresponding to the switches with longer residence times allowing the performance of good
quality analysis.

Increasing the bias leads to an increase of the number of switches thus providing more
statistics for careful analysis (Fig. 4.5 d-f).

As was mentioned before, the data acquisition device does not record the time corresponding
to the spectra, so that the ‘number of points to time’ recalculation should be made. This was
done automatically by the Mathematica program. Translation of the time value to the absolute
tip height above the surface was performed later, with the Origin program in agreement with

the tip height rescaling.

4.3.11. TIP HEIGHT CALIBRATION

The values for the tip height were calculated in the following way: it is known that the
acquisition time for 1 point is 8 ps. The initial and final tip heights are set by the STM
program. Knowing the difference between these heights and the time the tip has to travel it,
one can calculate the tip velocity, which gives the possibility to determine the tip height as a

function of time at every point with a simple equation:

Z(t) = Zstare T Zond “Potare t (41)

Uspectrum
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Where ¢ can be defined as t = i/125000 ( i — number of point in the raw spectrum), z is the
relative tip height defined by the STM program, and #yccium is the spectrum duration.

In order to determine the absolute value of this coordinate, two types of additional
experiments have been performed. The first one is contacting the bare silver surface
(described in the supplementary information of Ref. [40]). In this method the STM-tip
touches the surface, which corresponds an the increase in the conductance to a value larger
than the quantum of conductance.

The second method for absolute tip height estimation is based on the measurement of a
current above the molecule as a function of tip height. The tunnelling current decays

exponetially with increasing distance between the tip and the surface:

I = Ije™%k* 4.2)
Where k is a decay constant and related to the local barrier height @ by:

4.3)

However, the decay constant cannot be derived from the formula due to the unknown local

barrier height (apparent work function), which is:

CD — Cptip +q;surface (44)

The work functions of Ag(111) and PTCDA/Ag(111) interface are known to be 4.74 eV [144]
and 4.75 [145], respectively. The work function of the tip, @, is difficult to define due to the
combination of two materials (tungsten covered by silver for the tip and PTCDA and silver
for a surface) and the uncertain shape of the tip. To define the absolute tip height above the
surface the decay constant values should be calculated. This should be done within the low
bias region in order to exclude the influence of the bias on the electronic structure of the
junction. Current was measured as a function of the distance above the carboxylic oxygen of
the molecule. The current at 4 mV is plotted in Fig. 4.6a. Fitting the current curve with the
exponential growth gives a value of 0.98 for the decay constant.

The current as a function of distance can also be calculated theoretically. The current was
calculated with the help of the non-equlibrium Green’s function formalism [146]. The value

for a decay constant for 4 mV is 1.1 which is comparable with that obtained experimentally.

56



From the equation (2) and theoretical results the prefactor /j is equal to 0.0013 A. Using this

value for fitting experimental data, the formula for absolute height calculation can be derived:
Ztip height = 10.8 — ZSTM program (45)

The comparison of the conductance of the junction obtained experimentally and theoretically
is shown in Fig. 4.6 b.

Both methods (tip crash [40] and current measurements) give similar values for the tip heights
where the switches occur. The disagreement between them is about 0.2 A.

Although good agreement of the results obtained by different rescaling methods is obtained,
the error of the distance estimation is relatively large (£0.5 A) due to several factors: tip state,

the error of the distance estimation is relatively large (£0.5 A) due to several factors: tip state,
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Figure 4.6. a) Current spectrum of the STM junction as a function of tip height
(black points - measured data, red curve - exponential decay fitting) measured
during approach to a carboxylic oxygen. b) Conductance spectra of the STM junction
as a function of tip height (red points - experimental results based on a), black
points - calculated values) measured/computed for the approach of a tip to a
carboxylic oxygen. The tip heights are scaled according to the performed fitting
procedure (see text for details)

STM program set-point reproducibility, etc. However, since the tip does not change during
one series of experiments, the influence of the tip state can be excluded leading to smaller

errors within one series of the measurements.

4.3.111. PROGRAM DESCRIPTION
As was said before the idea of the data processing is to reduce the amount of data by

excluding the points that are not essential for residence time analysis. In every spectrum there

are regions where no switches take place and where the junction switches recurrently between
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the two states. At the beginning of the spectrum, no switches occur and the program averages
the value of current for the given number of points (10000 for this particular case). The
program applies the same averaging procedure every time when no switches take place within
one file. The presence of switches in the file was checked for by comparing the maximum and
the minimum values of current. If the difference between them is larger than the given value,
then switches take place in the file and additional analyzing procedures are required to define
the type of a switch (up or down), when does it happen, and how long does it take. Moreover
the program should remember the “important” points attributed to the switches and write
them down into a new file “Output”.

After the finding that the file contains switches, the program starts to work on the
identification of the switches within it. This is done by comparing the current value for the
concerned point with the maximum (switch to down-state) and minimum (switch to up-state)
current values, taking into consideration the variable given by the user together with a
definition of the state which the previous point belongs to plus considering the difference in
the currents for the two nearby points. If the current exceeds the minimum current by more
than a given value, and current at the next point is higher than current at the concerned one,
and the previous state was a down-state, then the junction switches from the low conductance
state to the high conductance. If the current is less than the maximum current by more than a
given value, and current at the next point is smaller than current at the concerned one, and the
previous state was an up-state then the junction switches from the high conductance state to
the low conductance state. The average values of the current for the high and low conductance
states are defined for every file separately by averaging the current values within one file. For
obtaining the average current for the high conductance state, the values when the current is
larger than the maximum current minus o (where o is a variable parameter in the program)
were taken into account. The same was done for the average current calculation at the low
conductance state with the difference that the current should be smaller than the minimum
current plus a.

The most difficult part of the data processing is to join the partitioned analysed files into one
because there are files with switches and without. The switches may start in one file and end
in the next one, which should be taken into account. One also should not forget that the edge
points in the files are cut so that each file misses one or two points depending on how the file
was partitioned. Assuming that usually the two points at the beginning and end of every file
are missing, the program adds 2/125000 second to it when the local file time is computed. In

order to bring the whole files together, the absolute time for a spectrum was calculated. The
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final spectrum was saved into “Output” file. It is much smaller in size and thus possible to
open, as shown in the Fig. 4.7 a.
Summarizing, the Mathematica program performs with raw files the following operations:
¢ Defining whether the partitioned file contains switches;
o Ifnot, averaging the current;
o Ifyes, going to the next step;
¢ Finding the “important” points of the spectrum and writing them down;
¢ Joining the partitioned files into one;

e (alculating the residence times in high and low conductance state.

4.3.1V. CHECKING THE ACCURACY OF THE FINISHED DATA
The check of the accuracy for the performed analysis was done for one of the partitioned files.
The program turned out to give a good agreement between the raw data and modified files

with respect to the positions of switches and their duration (Fig. 4.7 b).

250

N
a
o

90 mV

N

o

o
N
(=3
=]

=

a

o
-
a
o

-
(=3
o

Current (nA)
=
o

Current (nA)

o

o
[
o

Q—=—" b
76 75 74 73 72 74 7.0 45 46 4.7 438 4.9 5.0
Tip height (A) Time (s)

o

Figure 4.7. The analyzed data. Behaviour of the STM junction during a tip approach
with 80 mV bias applied. a) The full analyzed spectrum. b) Checking the accuracy of
the performed analysis. Black curve - raw data, red curve - finished spectrum.
Input data for the processing procedure were taken from the results of series III.

The coincidence of the calculated points with the measured ones gives the opportunity to use
the modified file to perform the residence time analysis. The residence time analysis is the
most important part in the computing process because it is a starting point for performing the
further analysis of the behaviour of the STM-junction. By the residence time, the time which
the molecule stays in the certain (low conductance or high conductance) state is considered,
namely: residence time in the low conductance state and in the high conductance state. The

residence time computing was done by substracting the times corresponding to the adjacent
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points. Comparing the current values for these two points defines what type of switch takes
place: up or down. The residence time associated with a switch up was written down to
“TimeUp” file, and that for a switch down to the “TimeDown” file, together with the current
values and the time when the switches occur.

In order to check the accuracy of the residence time analysis another approach was used with
a slightly modified Mathematica program (the program’s body is in the Appendix II). The
difference is that the times now were calculated for every partitioned file separately and later
joined together. This turned out to play a negligible role in the final result and thus can be

neglected.

4.4, CONCLUSION

Careful investigations of the switching process performed by different methods required a lot
of time, not only for measurements, but mostly for processing of the data.

The switching process turned out to be dependent on bias voltage (7) and tip height (z). The
switching rate increases with bias and has a maximum at ~ 7 A tip height. In order to
investigate this dependence two methods of measurements were suggested. In both methods
the /(#) spectra were measured varying only one parameter within one spectrum (V or z).
Similar results were obtained with both methods, therefore the detailed investigation of
switching process was done using only one of them. An additional data acquisition module
was introduced to the system in order to increase time resolution of the experiments.

The quantity of measured data was reduced with a help of Mathematica program which
allowed the performance of further quantitative analysis of the switching process, which will

be presented in the next section.
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CHAPTER 5.

SWITCHING PROCESS: ANALYSIS OF THE EXPERIMENTAL RESULTS

5.1. INTRODUCTION

After performing different kinds of experiments involving manipulating PTCDA molecules,
attention was shifted to the understanding of the underlying physical mechanisms.

The adsorbate transfer can be caused by many reasons: coherent phonon process (for low
bias) [147], vibrational heating (intermediate bias) [148-152], electronic excitations (high
bias) [153], thermal activation[154], and by quantum tunneling (if the adsorbate mass is not
too large) [56].

In this chapter, quantitative analysis of the measured data will be presented. The characteristic
features of the switching process will suggest the theoretical model which can be applied to

explain the observed behaviour.

5.2. SWITCHING RATE

From the experiment of the previous chapter, it is known that high voltage is needed to
observe repeated switches. This energy can be gained from the inelastically tunneling
electrons which travel through the molecule when the bias voltage is applied. The electric
field accompanying the bias can influence the direction of the molecular motion [155]. During
the manipulation, the STM tip is positioned over a molecule and tunneling electrons are
injected. The energy of tunneling electrons is transferred to the molecule leading to the
excitation of vibrations of the molecule which can result in switching, hopping, rotation, and
even chemical reactions on the surface [61, 140, 156].

In the case of PTCDA on Ag(111), the transferred energy goes towards inducing the
switching of the oxygen atom of a molecule between two sites: surface and tip. The number
of switches depends on the bias voltage applied to the junction. The dependence of the
switching rate as a function of the tunneling current and junction conductivity is shown in Fig.
5.1. Note that here, in contrast to the transfer rate which will be discussed later, the switching

rate is just the number of switches independent of direction of the transfer (up or down).
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Interestingly, the slope of the switching rate curve before the maximum rate is the same for all
measured biases and is equal to 20. Whereas after passing the maximum, the switching rate
decays with a different slope (7-13). This effect can be clearly seen in the Fig. 5.1 ¢ where the
switching rate is presented as a function of the junction conductance. The slope of the
switching rate curve reflects the number of electrons involved in the process [46]. However, a
value of 20 is very large in comparison to what was found in the literature [65, 157]. The

switching rate decay with current increase was not observed before.
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Figure 5.1. Number of switches as a function of tunneling current and junction conductance. Tunneling
current implies the junction being switched down (low conductance state). The switching rate increases
with increasing bias up to a certain value and then decays. Behaviour is common for both bias polarities
(a,b,c). d) Current corresponded to the maximum switching rate as a function of bias voltage; e) Switching
rate as a function of bias voltage. Input data for the processing procedure were taken from the results of

series II (a,b) and III (c-e). m = 10-3.

The current at which a switching rate has a maximum has a linear dependence on the bias
voltage applied to the system (Fig. 5.1 d). With increasing voltage, the maximum of the
switching rate increases exponentially (Fig. 5.1 e).

As one can see from the figures and as it was shown in the previous chapters the two level
fluctuations strongly depend on the applied voltage. At low bias voltages single spontaneous
fluctuations were observed, whereas at higher voltages the current fluctuates between the two
states very frequently. From this observation, two regimes of the molecular junctions can be
defined: single spontaneous switches in the low bias region and repeated switches in the high

conductance region.
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5.3. DEFINING THE PARAMETER WINDOW WHERE THE SWITCHING OCCURS
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Figure 5.2. Tip height where the first (a,d) and the last (b,e) switch of a molecule between an STM tip and a
surface occur and as a function of positive (a,b) and negative (d,e) bias voltage; c,f) The width of a tip heights
window where switches were observed as a function of bias voltage (c - positive, f - negative). The maximum
width of 0.5 A were reached at 140 mV and stayed constant with further bias increase. Input data for the

processing procedure were taken from the results of series II.

The applied bias influences the number of switches as well as the tip height at which they
start and end. The lower the bias the closer the tip should be brought to reach the region of
repeated switches. However, after 120 mV the tip height where the switches start reaches a
value of 7.7 A and remains constant with further bias increase (Fig. 5.2 a). As for the tip
height where the junction stops switching, it goes down to 7.2 A at 130 mV and stays constant
for higher biases (Fig. 5.2 b). By subtracting the two heights from each other, the distance
region where the switching takes place can be obtained (Fig. 5.2 ¢). It develops from the very
narrow region (0.1 A) at small voltages to approximately 0.5 A for the voltages larger than
130 mV. The same analysis was made for the negative voltages and reveals similar behaviour
with the only difference being that the switching window is situated further away from the
surface, namely: approximately 0.15 A higher (Fig. 5.2 d-f). For all series of measurements,
slightly different tip-surface separation limits of the repeated switches were observed due to
the influence of the tip state on the switching process and thus on the absolute tip height
rescaling. However, the repeated switches region lays within the distances 6-8 A of a tip

above a surface.
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For negative bias, the repeated switching region can be reached at greater tip heights than for
positive bias. This may be explained by the fact that the PTCDA molecule is negatively
charged, with a large charge density on the carboxylic oxygens [143]. They have lone pair
electrons, which, due to the electrostatic forces appearing when a bias voltage is applied, can
lead to a difference in the tip heights for the switches at negative and positive bias (Fig. 5.2).
Another difference regarding the bias polarity one can notice from looking at the switching
maps in Fig. 5.3 is that the switching rate at the positive bias region reaches its higher value
faster than at negative voltages. However, for some tip heights, an absolute increase of the
voltage leads to further rise of the switching rate at negative bias, whereas at positive bias it

passes through a maximum and then decays (can be seen also in Fig. 4.1).

5.4. SWITCHING MAPS

The switching process was observed during both approach and retraction of the tip, showing
similar behaviour apart from the tip height difference discussed above (Fig. 5.3 a). Due to this
reason, further analysis regarding the approaching procedure will be considered.

As was mentioned before (cf. Section 4.2.11) the switching process can be monitored by two
methods: with the bias voltage fixed at a certain value and the tip approaching the surface
(Fig. 4.2) or with the tip height fixed within the window where repeated switches were
observed and the voltage being changed (Fig. 4.1). The switching maps corresponding to both
methods are shown in the Fig. 5.3 a,c (first method) and in the Fig. 5.3 b (second method).
One can see that the course of the experiment does not influence the switching map results.
This indifference provides the opportunity to stick with only one method of measurements:
namely, to keep the bias voltage fixed within one spectrum.

The switching maps display well-defined regions the molecule switches repeatedly. When the
proper tip height is chosen the repeated switching process starts from +45 mV. The threshold
voltage that is needed to induce two level fluctuations is independent of bias polarity. This is
possibly due to the fact that the switching behaviour has a vibrational nature, and the electron
energy produces the transfer of the molecule from one state to another independent of the
direction of current. This will be discussed later in more detail.

The two level fluctuations were found to take place within the measured bias voltage regions
up to 250 mV. However, further increase of bias might bring stability to the junction because

in Fig. 4.1 b one can see that at high positive bias the junction tends to be stable on the surface
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side. Unfortunately, the voltage values required for junction stabilization were not reached in
the quantitative experiments due to the breaking of the PTCDA molecules at high bias. One
should also not forget about the time resolution limit of 8 ps of the data acquisition module,

thus, the fast switches attributed to the high voltages cannot be detected.
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Figure 5.3. The switching rate maps as a function of bias voltage and tip height obtained from the different
types of measurements. a,b) Bias voltage was fixed, tip height was varied; c) tip height was fixed, voltage
was varied. All maps show similar behaviour of a junction. Map at a) includes also number of switches
during retraction of a tip. Measurements were performed without (a,c) and with (b) a use of data
acquisition module

From the definition of the voltage and tip height limits of the repeated switching, let us now
turn to the quantitative analysis of the switching behaviour. One should note that the
switching rate analyzed above is for the number of switches during a finite time and does not
take into account the different type of switches: namely, switches of the molecule into and out
of the contact with an STM tip. Thus, a small number of switches does not imply that a
molecule prefers to be on the surface rather than on the tip. In order to understand the nature
of the two level fluctuations the high and low conductance state should be separated and the

analysis of both of them should be made.

5.5. TWO STATES ANALYSIS

So far, the switching rate characterizing the number of switches of the junction was

considered. In this section the focus will be put on the differences of the states which the
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oxygen atom occupies on the tip and on the surface sites respectively. The analysis of the
residence times and fractional occupation as well as the transfer rate will be performed for

two states separately.

5.5.1. RESIDENCE TIME ANALYSIS

The performed data processing gives access to the /(z) spectra of the STM junction. The
residence times which oxygen spends in the each specific site were calculated. In order to
perform further analysis the distribution of the residence time intervals should be considered.
However, in order to perform the analysis, a sufficient number of switches are required to
have better statistics. From Fig. 4.5 only the I(#) spectrum at 7.62 A (Fig.4. 5b) can be used
for residence time calculations because the other two have too few switches. Longer
measuring of the spectra could solve the insufficient number of switches, however this brings
the problem of thermal drift of the STM tip and sample in the experiment. The “time up” and
“time down” residence time distributions of the spectrum are shown in the Fig. 5.4. At higher
bias (140 mV) the spectrum reveals significant increase of the switching events in comparison
with the time spectrum at 90 mV at the same tip-surface separation distance (Fig. 5.4 a,b).
This leads to much better statistics and smaller errors during the following quantitative
analysis of the residence times (Fig. 5.4 c,d).

When the switches of the PTCDA molecule take place, the behaviour of the STM-junction
can be described by three situations: (i) low conductance state is favoured, (ii) the molecule
spends equal time in both configurations, and (iii) the high conductance state is preferred.
These outcomes are reflected in residence time distributions as (i) residence time at the low
conductance state is significantly larger than at the high conductance state, (ii) they are almost
equal (iii) residence time at the low conductance state is significantly smaller than at the high
conductance state.

The residence times distributions obey the exponential decay of the first order. This tells that
the process has no memory of the state it was in before. According to Markov’s equation

[158] the residence time probability density is given by:

Py, (t) = Ro1(t) - expif—Ro 1 (t) - t) (5.1
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The transfer rate Ry 1 (t) is the power of the exponent and can be obtained from the residence

time histogram.
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Figure 5.4. The first order exponential decay distribution of the residence times at
low (Time Down) and high (Time Up) conductance states for two different voltages:
90 mV (a,b) and 140 mV(c,d). Increase of the bias leads to significant decrease of
the residence times. Input data for the processing procedure were taken from the
results of series III.

5.5.L1 Oscillations in the residence time spectra

After passing through a voltage of 150 mV, switches with a residence time shorter than the
time resolution of the data acquisition module take place, limiting the accuracy of the
measurement. However, the number of switches with larger residence times is large enough to
perform the analysis. Another problem the analysis faced with is the presence of oscillations
in the exponential decay of the residence time (Fig. 5.7a).

Having a closer look at the curve, one can see the periodicity in the fluctuations. The period
of the oscillations is 0.5 ms which is equivalent to 2 kHz and constant for all voltages and tip
heights (Fig. 5.5 b). The state of the molecular junction does not influence the presence of the
oscillations and they were observed for both high and low conductance states.

A Fourier transformation was applied to the time spectra of tunneling current to decompose

the signal into the frequencies and amplitudes:
f@) = [, f® e 2w dt === [ f(t)e™* dt. (5.2)
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The transformation of segments of the time spectra in which the junction remain in either a
low or high conductance state reveals a huge amplitude peak at 2 kHz (Fig. 5.7 c). It has
several satellite peaks, and although their positions are slightly different depending on the
junction state, the position of the main peak remains unchanged. The amplitudes of the two
sets of peaks differ by a factor of 10 which is equal to the difference in the junction
conductance in the tunneling and transport regimes (Fig. 5.5 ¢).

The peak around 2 kHz in the frequency spectrum is not surprising because the noise spectra
of the STM always show a peak at this frequency (cf. Section 7.5). As will be shown later, the
origin of the peak is most probably the eigenfrequency of the piezo-elements of the STM,

which typically lies in this frequency region.
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Figure 5.5. The residence time probability as a function of time (a,b). According to
the Markov equation the residence time probability should follow an exponential
decay. However, oscillations of the curve with 2 kHz frequency were observed
during all measurements. They were connected to the eigenfrequency of the piezo-
elements which was always present in the time spectra (Fig. 4.4). The Fourier
transformation (c) of the time spectra measured with a molecule in and out of
contact with a tip also reveals a huge peak in the amplitude at the frequency of 2

kHz. Input data for the processing procedure were taken from the results of series
118

The oscillation of the STM tip leads to the deviation of the residence time distribution curve
from the exponential behaviour. Instead of the smooth exponential decay, fluctuations in the

function between two exponents which correspond to the boundary states were observed. In
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order to confirm the idea of the “noise” nature of these oscillations, the following analysis

was performed.

5.5.LII. Residence time distribution modeling

The equation applied for Markov process assumes that the residence times are measured with
the experimental parameters kept constant in time. However, in the case of measuring the
switches with the STM tip, it follows a sine curve with a period of 0.5 ms in time due to the
presence of the 2 kHz frequency piezo-oscillations. Moreover, during the spectra the tip
moves linearly towards the surface thus the final trajectory of the tip movement can be
presented as a superposition of both types of motion (Fig. 5.6 a), and can be described by the

formula:
z(t) = At + Bsin(wt + ¢). (5.3)

Here A4 is the velocity of the linear motion (0.01 A/s), B (1.5-107 A) is the amplitude of the tip
oscillation, w = 2mf is the angular frequency, ¢ is the phase of the oscillation. The transfer
rates, Ry down (t) and Rgoyy yp (t), have a strong dependence on the tip height value.
Within 0.5 A distance the system changes from being in one state to another (Fig. 5.6 c). As
one can see from the experiment at constant bias voltage, lowering the tip towards the surface
leads to the exponential growth of the transfer rate from tip to surface, whereas the transfer
rate value for a switch from surface to the tip decays exponentially. Summarizing, the
residence time probability has a complex dependence on the time; however, the formula to

describe it can be derived as follows:

R() = Cexp (- 22). (5.4)

R

Using equation (5.1) and (5.4):

P(t) = R(t) exp(—R(t)t) = Cexp (—g) exp (—Cexp (— %) t) =

= Cexp (—%M) exp (—Cexp (—%W) t). (5.5
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Where C and D are the constants to be fitted. They differ depending on the bias voltage and
the tip height. With reasonable values for these constants this formula gives a residence time

distribution curve of the same shape as was obtained after analyzing of the experimental data

(see Fig. 5.5 b and Fig. 5.6 b).
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Figure 5.6. Residence time distribution modeling. a) schematic view of the tip
trajectory during manipulations; b) residence time distribution as a function of
time (compare to Fig. 4.7b) obtained numerically by using formula (1.13); c) the
transfer rate depends exponentially on the tip height bringing the second exponent
to the Markov equation. Constants: A = 0.01 A/s, B = 1.5-10-3 A, C=-300; D=3 A.
Input data for the processing procedure were taken from the results of series III.

A good fit of the modeling of the residence time probability to the one taken from the
measurements allows us to conclude that the oscillations in the residence time curves are
indeed due to the influence of the piezo-elements’ fluctuations. For further transfer rate

analysis, the exponent obtained from averaging over one measurement will be used.

5.5.11. FRACTIONAL OCCUPATION AND TIME-AVERAGE CONDUCTANCE AS A FUNCTION OF BIAS
VOLTAGE AND TIP HEIGHT

The frequency of the two level fluctuations has a strong dependence on the bias. Besides this
the voltage influences the occupation of the two conductance levels in such a way that at a
fixed tip height, one can change the junction from one state to the other by altering the bias.

This effect can be seen in Fig. 5.5. With increasing bias, the conductance of the junction
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changes gradually from the high conductance state (oxygen is on the tip side) to the low
conductance state (oxygen is on the surface side). For a given tip height and bias voltage, the
time-averaged conductance as a function of the fractional occupation and conductance of the

junction in both states can be obtained from the formula:

G = Nyp * Oup + Ngown * Odown (56)

Here ny, and ngown are the fractional occupation numbers of the high and low conductance
states with the conductance 6y, and Ggown respectively (nuyy+tngown=1). Using this formula, one
can calculate the time-averaged conductance as a function of applied voltage for every
measured tip height (Fig. 5.7). The threshold bias voltage below which the system remains in
the high conductance state (ngown ~ 0) depends on the distance between the tip and the surface.
Larger tip-surface separations lead to a smaller threshold voltage. The junction is more stable
in the high conductance state when the tip is brought closer to the surface.

Above the threshold voltage, the system starts to change to the low conductance state and
saturates there. When the tip is far from the surface, this saturation happens at smaller

voltages than for the close distances (see evolution in Fig. 5.7).
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Figure 5.7. Fractional occupation (red points) and time-averaged conductance (black points) as a function of
bias voltage calculated for different tip heights. The intersection of the two curves moves towards higher
biases with lowering of the tip. Input data for the processing procedure were taken from the results of series
IIL.

The two level fluctuations were investigated by changing the tip height above the surface with
a fixed bias voltage. The inversion of the states occurs at different tip-surface separations
depending on the voltage applied (Fig. 5.8). Higher biases shift the inversion height to smaller
distances. This observation confirms the conclusion made before about the preference for the
high-conductance state when at small biases and close distances (Fig. 5.8 ¢,f). The smaller the
bias, the smaller the tip height at which the junction inverts its state. Therefore, in order to

keep the system in the stable transport regime one should use small bias voltages.
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The low noise level of the graphs in Fig. 5.8 and quite large noise level in Fig. 5.7 is due to
the manner in which the experiment was done. The data points for both figures were taken
from the same initial spectra, which were measured with the bias voltage being kept fixed
while the tip height was changed. When one spectrum is measured, the tip is retracted to the
set-point position. Although in the next spectrum it is sent to the same starting distance, the
tip height might change slightly leading to a small shift in the z-scale. Since the two level
fluctuation process is very sensitive to the tip heights, even a tiny difference in the altitude
results in increasing roughness of the conductance curves. The data points for every curve in
Fig. 5.7 were taken from 30 spectra, whereas in Fig. 5.8 (a,b,d,e) all points within one curve
were taken from one spectrum.

By changing the bias voltage and tip height, the potential landscape of the system can be
altered. It can be changed from being in one conductance state to another either by tuning the

bias voltage or the tip-surface separation or both.
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Figure 5.8. a,b,d,e) Fractional occupation (red points) and time-averaged conductance (black points) as a
function of tip height calculated for different voltages. The intersection of the two curves moves towards
smaller tip heights with bias increase; c,f) map of the fractional occupation (c) and time averaged
conductance (f) as a function of bias voltage and tip height; c) dark red area - oxygen is bound to the surface,
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conductance, blue - with low. Input data for the processing procedure were taken from the results of series
111
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5.5.111. TRANSFER RATES

The transfer rates were calculated for every bias voltage and tip height. The range of bias
voltages covered was from -140 mV to 250 mV, depending on the series. The tip height was
varied within a window of 6-8 A above the surface. Single transfer rate refers a single time
spectrum of the tunneling current measured at fixed bias voltage during a period of 25
seconds. During this time the tip height was changed by approximately 0.017 A, which allows

us to say that the tip height was kept also constant. The exponential fitting was performed

with Origin software.
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Figure 5.9. Transfer rates of the molecular junction as a function of bias voltage
measured at different tip heights at negative and positive bias voltages. The black
points correspond to transfer rate from the high conductance state to the low
conductance state, and the red ones to the opposite direction. The transfer rates
are nearly symmetric with respect to bias polarity. Input data for the processing
procedure were taken from the results of series II.

Spectra taken from the different measurements (different tips) at both positive and negative

bias voltages were analyzed. The whole set of produced graphs for four series of

measurements is included into Appendix III.
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Several of the transfer rate curves are shown in Fig. 5.9 and 5.10. All sets of the calculated
transfer rates can be found in Appendix III and IV. The difference between the two figures is
that the tip state was changed by dipping and applying a voltage pulse from one series to

another. In total four series of measurements were done.
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Figure 5.10. Transfer rates of the molecular junction as a function of bias voltage
measured at different tip heights. The black points correspond to transfer rate from
the high conductance state to the low conductance state, red ones - to the opposite
direction. High to low transfer rate seems to follow the power law dependence with
bias, whereas low to high transfer rate has a clear saturation at about 120 mV.
Input data for the processing procedure were taken from the results of series III.

Analysis of all of them led to similar results independent of the polarity of the voltage and the
tip states; the following observations are common for all of them:

e At large tip heights, the transfer rate of an oxygen atom from the high
conductance state (from the tip) to the low conductance state (to the surface) is
larger than the transfer rate in the opposite direction.

o At small tip heights, the transfer rate of an oxygen atom from the high
conductance state (from the tip) to the low conductance state (to the surface) is
smaller than the transfer rate of the opposite direction.

o The transfer rate from the high conductance state to the low conductance state
increases with rising voltage within the whole range of measured biases. It

seems to follow a power law with respect to bias voltage.
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e The transfer rate from the low conductance state to the high conductance state
growth with voltage up to 120 mV. After passing this value the transfer rate
saturates and remains constant until the highest measured bias.

e Both transfer rates are nearly symmetrical with voltage polarity.

o The slope of the transfer rate (high—low) changes by a factor of 2 (from 8 to
16) with an altering of the tip height, whereas the change of the slope of the
transfer rate in the opposite direction is significantly larger, although the exact
values are difficult to determine due to the lack of number of points.

At large tip heights (Fig. 5.9a) one can notice the asymmetry of the red curve with respect to
the bias polarity. The asymmetry most probably comes from the influence of the bias polarity
on the shape of the potential well, which will be discussed in the next theoretical chapter.

However, it disappears when the tip is brought close to the surface.
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Figure 5.11. a-c) Transfer rates as a function of tip height measured at different
voltages. The black points correspond to transfer rate from the high conductance
state to the low conductance state, red ones - to the opposite direction. d) Tip
height where inversion of the preferred state occurs as a function of bias voltage.
Input data for the processing procedure were taken from the results of series II.

The transfer rates computed from the tunneling current spectra not only depend on the bias
voltage applied but also on the tip heights. The transfer rates grow (from tip to surface) or
decay (from surface to tip) with the tip height (Fig. 5.11). This behaviour was observed in all

measurements, irrespective of bias polarity or tip state.
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The position of the transfer rate intersection corresponds to the bias voltage and tip height
where the preferred state of an oxygen atom changes from being on the surface site (low
conductance) to being on the tip site (high conductance). The tip height for this inversion is
inversely proportional to bias voltage (Fig. 5.11 d), however, it changes only by 0.2 A with a
change of bias of 100 mV.

5.6. CONCLUSION

The two level fluctuating PTCDA molecule turned out to be an ideal two-state switch, with
clearly defined states with one order of magnitude difference in conductance. The high and
low conductances are related to the different conformations of the molecule (in the high
conductance state the molecule is connected to the tip and the surface, in the low conductance
state the molecule is bound to the surface). The preferred state depends on the parameters of
the system such as bias voltage and tip height. Changing one of the parameters one can switch
a molecule into a definite state. The tip height window corresponding to the repeated
switching region was found to be within 0.6 A for all measured bias voltages. Investigations
of the two level fluctuations show a power law dependence of the transfer rate on the bias
voltage. However, some deviations from the power law were observed. The possible reason
for them can be a shape and a position of the molecular level which will be discussed in the
next chapter together with consideration of the theoretical model which can explain the

switching mechanism.
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CHAPTER 6.

THEORY OF THE SWITCHING PROCESS

6.1. INTRODUCTION

In this chapter, theoretical models for the experimentally observed behavior of the PTCDA
molecule on Ag(111) will be discussed. The transfer of the oxygen atom will be treated as a
potential barrier crossing process. The models consider a double well potential formed by the
interaction of the atom with the STM tip and the surface. Among the many possible
mechanisms, the vibrational heating model turned out to be the most appropriate for

description of the switching of the molecule.

6.2 THEORETICAL MODELS FOR THE ADSORBATE TRANSFER

To understand how an adsorbate can be transferred between a surface and an STM tip,
detailed calculations of the potential energy surface have been performed by different groups
using different methods [137, 141, 159].

The results of these calculations show that when the tip is far away from the surface (imaging
mode), the adsorbate has two stable bound positions: on the surface and on the tip. The double
well potential obtained from the calculations reflects that the transfer process is very unlikely
when the tip is far from the surface. The barrier height separating two wells is about 1 eV and
moreover the potential minima are spaced laterally (Fig. 3.7).

There are two ways to reduce the height of potential barrier: by applying an electric field or
by reducing the tip-sample separation. In the case of applying the electric field the double
well potential will be modified [160]. However in order to remove the 1 eV high barrier high
voltages (few V) should be applied which are not appropriate for the PTCDA molecule as it
disintegrates when a voltage higher than 250 mV is applied. The second way to reduce the
barrier height and thus transfer the adsorbate is to reduce the tip-sample distance (Fig. 3.7).
When the tip is brought close to the surface the double well potential acquires a saddle point
and the adsorbate can slide to the local minimum at the tip site.

Nevertheless, the absence of a potential barrier is not a necessary condition for a transfer

event. The switching of an adsorbate between two states can be induced by several
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mechanisms such as atomic quantum tunneling [161, 162], thermal activation [59, 163],

coherent phonon processes [147], electron excitation [164], and vibrational heating [152].

6.2.1. ATOMIC QUANTUM TUNNELING

Atomic quantum tunneling implies tunneling of the atoms. In the presence of a potential
barrier there is a certain probability for the atom to cross the barrier even if its energy is
smaller than the barrier height. For small tip-surface separations (1-2 A), low barrier heights,
and light atoms the probability of atomic quantum tunneling is significant. However, there are
additional requirements for quantum atomic tunneling to happen, which include a weak
potential corrugation and a small adsorbate mass [162].

As for the adsorbate mass, it is known from the DFT calculations that it is not just the oxygen
atom which flips up and down [141]. The molecule is “soft” and neighboring atoms follow
the oxygen (Fig.0.1), increasing the mass which has to tunnel thus making the probability of
atomic quantum tunneling less likely. Moreover, at the distances where repeated switches
were observed the double well potential is very asymmetric (Fig. 3.7) and the barrier
separating two wells is quite high (100 meV) for the transfer from the surface to the tip. This
implies that in the case of elastic tunneling transfer even if the adsorbate tunneled from the
surface potential minimum to the local minimum on the tip site, the back transfer cannot be
explained by atomic quantum tunneling. In the case of highly asymmetric potential there is no
state in the surface potential at the same energy as the bottom of the tip potential, so that the
law of conservation of energy prohibits tunneling from the tip to the surface.

The applied bias voltage influences the potential depths of each of the two wells in opposite
ways: if one potential becomes deeper, the other one gets shallower. Thus while one bias
polarity will make the double well potential more symmetric, the opposite polarity will make
it even more asymmetric. Increasing the asymmetry makes the atomic quantum tunneling
process even less likely, whereas the symmetric situation could still involve tunneling in the
transfer process. However, similar behaviours of the transfer rates were observed for both bias
polarities (cf. Section 5.5.I1I), whereas the opposite influence of the applied bias on to the
potential depths means that the probability for the adsorbate to tunnel will increase in one
direction and decrease in the other. This was not observed in the experiments where both

transfer rates increased with increasing magnitude of the voltage.
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Therefore, the atomic quantum tunneling mechanism can be excluded from the list of

appropriate theoretical models for describing PTCDA switches.
6.2.11. THERMAL ACTIVATION

Thermal excitations of the adsorbates may provide sufficient energy for the molecule to cross
the potential barrier. Thermally induced conformational changes of the molecules [59] and
chemical reactions [163] have been reported in literature for quite low temperatures.

The temperature dependence of the rate constant can be described by Arrhenius formula:
R =v - expif— 6.1
= v - expif} kT), (6.1)

where v is the vibrational frequency, and E,, is the activation energy.

From the DFT calculations for PTCDA the height of the potential barrier is about 100 meV
and the experiments were performed at 7 K. From the experiment we know that the threshold
energy for repeated switching is about 50 meV, which gives the vibrational frequency of
about 10" s™. Thus using formula (6.1) one can estimate the transfer rate to be almost zero
(10°° Hz).

Thus, thermal activation as a mechanism to explain the PTCDA switching can also be

excluded.
6.2.111. COHERENT PHONON PROCESS

When low bias voltages are applied the electrons do not have enough energy to emit or absorb
real phonons. Nevertheless, it can emit one and adsorb it again, but this must happen over a
very short time scale. As soon as the electrons have sufficient energy to excite real phonons
incoherent phonon processes take place, which will be discussed in Section 6.2.V. The
energies at which the PTCDA switching process occurs are much higher than those needed
for coherent phonon excitations. Therefore, the influence of the coherent phonon processes

can be neglected.
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6.2.1V. ELECTRONIC EXCITATIONS

The tunneling current passing through the STM junction can transfer the atom or molecule
into an excited state. The electronic excitations enable the molecule to be excited into far-
from-equilibrium conformations resulting in very rapid processes [165]. Usually the process
takes place within a bias region of several volts which suggests one of the molecular orbitals
(e.g. the HOMO or LUMO) is involved in the excitation mechanism. For example, in the case
of the biphenyl molecule on the Si(100) surface the HOMO energy which is between 2 and 3
eV coincides with the threshold energy for the electronic excitation process [164].

When a resonant process takes place the electron from the molecular orbital can be transferred
to the tip or vice versa so that it obtains a net charge. In this case, the electron lifetime and the
shape of the potential energy surface play a dominant role in the molecular dynamics [166].
However, the PTCDA molecules are chemisorbed on the Ag(111) surface and the electron
residence time becomes small excluding the probability of the resonant electron excitation
process. Moreover, the energies used to excite the switching of PTCDA molecule is smaller
than needed for the resonant electron excitation process to happen. The FLUMO of PTCDA is
at about -300 meV, depending on the molecular orientation, whereas the bias voltages in the
experiments did not exceed 250 mV.

When “off-resonant” process [167-169] takes place the coincidence of the molecular levels
with the threshold energy is no longer required, the molecule is not necessarily charged and
the lifetime and potential energy have no influence on the electronic excitation process. Thus
only the “off-resonant” excitation can only occur; the electron-hole pair can contribute its

energy to vibrational excitation of the molecule as will be discussed in the next section.

6.2.V. VIBRATIONAL HEATING MODEL

The final model which can be used to describe the switching behaviour is the vibrational
heating model, which involves inelastic electron tunneling processes. It was suggested
independently by two groups [152] and [170] in order to explain the reversible switch of a Xe
atom on a Ni(111) surface [134], which was the first switch realized with the STM.

When electrons tunnel inelastically, they are scattered into states with lower energy and thus

the energy difference between the initial and final state can be released. Although part of the
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released energy can dissipate to the substrate phonons and electron-hole pairs, most of it goes
to the excitation of the adsorbate vibrations.

The theory is based on the local polaron model [147] and a truncated harmonic oscillator
model [171]. A key ingredient of the theory is the presence of a resonance close to the Fermi-
level, which is a characteristic feature of many adsorbates on metal surfaces [172]. Electrons
tunnel via such a resonance, providing the dominant channel for the current in STM [134].
The local polaron model implies this resonance to be coupled to a local phonon mode of the
electrodes [173].

The idea of the mechanism is depicted in Fig. 6.1.

phonons tunneling
E-h pairs electrons

E=ho

Figure 6.1. Truncated harmonic oscillator model for vibrational heating
mechanism. Atom climbs the vibrational ladder up to the last level and escapes
from the potential well through a competition between gaining energy form the
inelastically tunneling electrons and losing it to substrate phonons and electron-
hole pairs.

Being either at the surface or at the tip, the atom can be considered to be located in the
potential minimum. Reaching the top of the potential well allows the atom to escape from it
(i.e. to switch). There are several energy levels in the well corresponding to vibrationally
excited states of the adsorbate. The bottom level corresponds to the ground state. This is the
so-called truncated harmonic oscillator model which was adopted to describe the transition
rates of the adsorbate. The atom motion is assumed to be harmonic and the transfer occurs
irreversibly as soon as the atom reaches the highest level.

The main assumptions of the vibrational heating model are:

o [pT<<|eV] and hw<<|eV], which excludes the possibility of thermal activation
process (see Section 6.2.11); this is true in the PTCDA experiments which were
performed at 7 K and at quite high bias voltages;

e p.f(e) is constant over an energy scale e/ around the Fermi-level which implies that
the current is linear in the bias, thus the elastic tunneling component is constant. This

is not the case for the PTCDA molecule and the influence of this factor on the
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deviations from the vibrational heating model will be discussed in sections 6.4 and
6.5.
In the situation of inelastic electron tunneling there are three main sources which influence the
transfer process: inelastically tunneling electrons, substrate phonons and electron-hole pairs.

In the next section contributions from all of these will be considered.

6.3 INELASTIC TRANSITION RATES.

In the vibrational heating mechanism, the atom crosses the potential barrier separating two
wells by vibrational activation through a competition between gaining energy from the
inelastically tunneling electrons and losing energy to electron-hole pairs and substrate
phonons. Although energy is gained mostly from the tunneling current, the phonons of the
electrodes (incoherent phonon process) and electron-hole pairs (off-resonant electronic
excitations) may also participate in increasing the energy. However, the loss of energy to
phonon and electron-hole pair excitations is much larger than the gain from them, so they will
be considered as energy damping sources.

The tunneling process in the case of a surface-molecule-tip junction can be described by a

standard transfer Hamiltonian:

H, =), esc;rcs +, stc;rct + sac;rca +Zs(tsac;rca + H.c.) + Zt(tmc:ca + H.c.)
(6.2)

where s, 7 and a label the one-electron states |s), |t) and |a)of the surface, the tip and the
adsorbate level, respectively, with the corresponding energies &, ¢; and &,, and ¢; and cl-Jr are the
creation and annihilation operators. The first three terms are the Hamiltonians of the substrate,
the tip and the adsorbate, respectively. The hopping between the surface and the tip via the
adsorbate level is defined by the last two terms in Eq. (6.2).

Starting from an effective transfer Hamiltonian approach, the vibrational excitation and
damping rate by inelastic electron scattering in the tunneling current can be derived. In
addition to the electron-hole pair process, coupling to substrate phonons provides another
contribution to the damping and thermal excitation of adsorbate vibrations. At 7 K the thermal
excitation can be neglected while de-excitation due to phonon emission gives efficient

damping.
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The assumption of a linear shift of the adsorbate level £ , with the vibrational coordinate
results in a linear dependence of the Hamiltonian on ¢g. Thus only the excitation and de-
excitation rates (I} and ")) between the vibrational ground state and the first excited state
needed to be calculated. All the transitions between nearest neighboring levels can be
expressed in terms /'y and 1.

Thus the total transition rates between the first excited state and the ground state are [152]:

I, = [1 + n(hw)]y + e,
Iy = n(hw)y + Tet, (6.3)

1

where n(hw) = m « 1 and y=yestypn and y,; and y., are the full width at half
-1

ol
maximum of adsorbate vibration determined by a single phonon emission or adsorption and
electron-hole pair, respectively. Note that the assumption n(fiw)<<I implies that the upward
transfer is caused by inelastically tunneling electrons (I = Iy while the downward transfer
is defined by electron-hole pairs and substrate phonon excitations (I} = y).

According to the Boltzmann distribution for the population of the vibrational level n-1 and the
transition rate from this level to level n, the Arrhenius-like expression for the transfer rate has

the form:
M
R = nlyexpif— KBTU)’ (6.4
hQ
kgln (%)

Taking into account the main assumptions of this model and the linear dependence of ™ on ¥

where T, =

one gets:

~ nriet (%)_1 oV, 6.5)

R =nl; (;-1)

The power law dependence of the transfer rate with applied voltage is the main characteristic
feature of the vibrational heating model.

As one can see from the experimental plots the power law has been observed in most of the
cases. Nevertheless, there are some deviations from such a dependence (especially for the

transfer rates from the surface potential), which will be discussed in the next section.
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6.4. APPLYING THE VIBRATIONAL HEATING MODEL TO THE EXPERIMENTAL RESULTS

In Fig. 5.10 one can see the transfer rates from the low conductance state to the high
conductance state (red points) and also the transfer rate for the opposite direction (black
points). According to the vibrational heating model, they both should follow the power law
dependence on the bias which would correspond to a straight line behaviour in the double
logarithm plot. However, only the transfer rate in the tip to surface direction follows the

power law within the measured bias region (Fig. 6.2).
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Figure 6.2. Fitting the experimental results to the vibrational heating model.
Scatters - transfer rates calculated from the experiments. Solid lines - linear fitting
of the experimental points. Input data for the calculating procedure were taken
from the results of series III of the experimental measurements.

A strong deviation of the transfer rate from the low conductance state to the high conductance
state is common for measurements at all tip heights (see Appendix III). Instead of expected
monotone linear increase over the whole range of measured bias voltages the transfer rate
increases with voltage up to 120 mV, and then slowly decays linearly. Moreover, the transfer
rate curves change their slope significantly even with tiny alterations of the tip height (Fig.
6.2a and 6.2b), which according to the model implies that the tip height drastically changes
the shape of the potential well on the substrate side. The change in the transfer rate is due to
both of the model parameters which are defined by the depths of the potential well: the
vibrational frequency of the adsorbate (which determines the spacing between the levels) and
the number of vibrational levels in the well.

As for the transfer rate from the tip to the surface, its linearity in a double logarithm scale
allows for the characterization of the potential well on the tip site. First of all, it should be
noted that the shape of the potential well does not depend on the bias voltage V" but only on

the tip height z. The graphs of the number of vibrational levels as a function of z are presented
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in Fig. 6.3 (black points) showing that the closer the tip is to the surface the deeper the
potential well on the tip side will be, similar to the DFT calculations (Fig. 3.7).
If one assumes that the depth of the potential well to be equal:

Epoc = (n + o (6.6)

then fitting equation (6.6) to the results would imply that lowering the STM tip by 0.4 A
would lead to an increase in the potential barrier for the atom travelling from the tip to the
surface of 0.39 eV (Table 6.1), independent of the bias voltage applied. This fitting procedure
uses a vibrational energy (i) of 46 meV, which was chosen according to the theoretically
calculated in-plane vibrational mode of the carboxylic oxygen. However, according to the
zero-bias DFT calculations, the change in the potential should only be 0.1eV for a 0.4 A
reduction in tip height [141]. Moreover, the number of levels changes by a factor of two,
which implies significant change in the double well potential, which was not the case for
theoretical calculations.

Although the vibrational heating model can explain the linearity in the double-log plot of the
transfer rate of the oxygen atom travelling from the tip to the surface side, it fails trying to
describe the transfer rate in the opposite direction with a power law. However, the theory
underlying the vibrational heating model implies a strong deviation from the power law in a
few extreme cases. In the case of strong electron-phonon coupling (I'*®* ~ y) Eq. 6.5 breaks
down. Another extreme case is the non-constant DOS near the Fermi-level which leads to
nonlinearity of I with V. According to experimental conductance spectra [80] the second

case is relevant to PTCDA therefore the theoretical model should be modified.
6.5. MODIFIED THEORETICAL MODEL

The vibrational heating model was extended by the theoretical group from Dresden Technical
University (group of Prof. Cuniberti) in collaboration with us as part of the project “Quantum
Transport on the Molecular Scale” [64]. The experimental results for checking the reliability
of the model were taken from the experimental investigations of the switching process of
PTCDA on Ag(111) described in Chapter 4 of this thesis. The DFT calculations were partially
performed by the same group and in University of Osnabriick (group of Prof. Rohlfing) [141].
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As was mentioned at the end of previous section, the PTCDA molecule adsorbed on Ag(111)
has non-constant density of states in vicinity of the Fermi-level (Fig. 1.3) due to the presence
of the former lowest unoccupied molecular orbital (FLUMO). This level is hybridized with
the silver surface and has a broadened Lorentzian line-shape so that the tail of the FLUMO
passes through the Fermi-level. Moreover, according to experiments and DFT+NEGF
calculations, the position of the molecular level shifts with changing tip height due to reverse
chemisorption [40, 85, 141] (Fig. 6.4), thus introducing the dependence of I™ on z into the
total transition rates.

In addition to the tip height, the bias voltage also influences the position of the FLUMO level.
The non-equilibrium Green’s function (NEGF) calculations show that the molecular level
moves with bias, following the surface potential [141]. For negative bias, the chemical
potential on the surface is higher than that of the tip, so that electrons enter the FLUMO from
the surface and leave via the tip. The FLUMO of the molecule is more strongly bound to the
substrate than to the tip, so that the electrons can travel more easily between the FLUMO and
the substrate than between the FLUMO and the tip. Therefore, for negative bias, electrons
enter the FLUMO more rapidly than they leave, resulting in an accumulation of charge on the
orbital, thus increasing its energy (Fig. 6.4d). When positive bias applied, this process occurs
is the opposite direction, reducing the charge on the orbital and lowering the energy of the
level.

Moreover, bias voltage plays a role in the depths of the potentials. Although the tip is
grounded in the experiments, the electric field due to applied bias makes the surface potential
either shallower or deeper depending on the bias polarity. The stronger the field, the more
appreciable the shift of the potential well bottom on the surface side will be. However, for the
switching process, what is important is not the absolute depth of the potential, but rather the
distance from the bottom of the well to the top of the barrier. If the barrier is assumed to in the
center between the potential wells, in the simplest case applying a bias voltage of V" would
change the surface potential by el and the position of the top of the barrier by eV72. Thus
barrier height is changed by e//2 on both sides, but in the opposite directions, which is the
same effect as if the bias was applied symmetrically to the tip and substrate, as it is in the
theoretical calculations. The change in barrier height alters the transfer rates, where the
direction of the change is determined by the sign of the bias.

In the experiment, no influence of the bias polarity on the transfer rate from the high
conductance state to the low conductance state was observed, whereas the transfer rate in the

opposite direction is asymmetric with respect to bias polarity (Fig. 5.9). At negative bias the
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transfer rate out of the surface potential well is higher than that at positive bias, because
negative bias makes the potential well on the surface side shallower, and thus easier to escape

from.
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Figure 6.4. Position of the FLUMO molecular level as a function of tip height (a,b) and applied bias
voltage (c,d) calculated with DFT and NEGF. The position shifts towards the Fermi-level with tip

retraction, taken from [141]. a) DFT+LDA+NEGF calculations, b) values obtained with modified
vibrational heating model [63] on the results of series III of the experiments.

Summarizing, the following observations have to be taken into account in the extended
vibrational heating model:

e presence of the molecular level (FLUMO) with a Lorentzian line-shape close to the

Fermi-level,

e dependence of the FLUMO position on the tip height;

e dependence of the FLUMO position on the bias voltage (including bias polarity);

e dependence of the potential energy surface on the bias.
The new model was based on the vibrational heating model developed in Ref. [152] in which
all the effects listed above are introduced into the transfer rate calculations [64]. The total
transfer rate can be expressed by the same formula (first part of the Eq. 6.5) but the excitation
and de-excitation rates (/; and /7)) between the vibrational ground state and the first excited
state are different in the extended model and 1™ is not linear with V. The equations for them
can be found in Ref. [64].
The additional fitting parameters of the new model are:

e vibrational frequency (w), which defines the spacing between the vibrational levels in

the well;
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e tip height (z), which influence the position of the molecular level and the potential
energy surface[141];

e DOS of molecular level &, pa(E)=A/((E-g.)*+A%, where A=A¢+A, is the coupling
between the molecular level and the electrode electronic states;

e number of vibrational levels (n).

6.6. APPLYING THE EXTENDED VIBRATIONAL HEATING MODEL TO THE EXPERIMENTAL

RESULTS

A molecule has several energy levels, with those above and below the Fermi level being the
lowest unoccupied and highest occupied molecular orbitals. The molecular level used for the
theoretical calculations described here was the one which is the closest to the Fermi-level,
because it is the main component of the DOS of the molecular junction at the Fermi-level, and
thus provides the primary channel for the inelastic electron tunneling. As a starting point, the
molecular level was fixed to the value obtained from DFT and the calculations for the transfer
rates were run. The results gave an approximate range for the values of the parameter of the
system (vibrational energy, number of levels). The vibrational energy %w obtained via fitting
is expected to be similar to the energy of one of the vibrational modes corresponding to the in
and out of plane vibrations of a carboxylic oxygen [174]. The position of the molecular level
as a function of z and ¥ was calculated using NEGF combined with DFT-LDA [141].

A more sophisticated fitting procedure of the new model gave a good agreement with the

experimentally observed behaviour (Fig. 6.5). However, in order to fit the transfer rate out of
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Figure 6.5. Double logarithm plot of the transfer rates for PTCDA switching from the
tip to the surface (black and red) and in the opposite direction (blue). Solid lines -
theoretical calculations [63], scatter points - experimental results. Input data for
the calculating procedure were taken from the results of series IIl of the
experimental measurements.
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the surface potential the position of the molecular level was chosen to be at the positive bias
region, which contradicts with the experiment. The transfer rate calculations for the molecular
level being at the negative bias region did not give a good agreement with experimental
results.

The fitting parameters used for the curves shown in the Fig. 6.5 are presented in Table 6.1:

Table 6.1. Fitting parameters for the calculated transfer rates shown in Fig. 5.5, according to Ref. [63]. Input
data for the calculating procedure were taken from the results of series III of the experimental
measurements.

z(4) | how (meV) | €,, (meV) | n
Black | 7.54 35.14 -550 12
Red 7.40 37.71 -610 12
Blue 7.54 14.05 260 13

The curvature of the plots of the calculated transfer rates as a function of bias is the major
difference to those obtained using the model of Gao [152]. It stems from the non-linear
dependence of the current induced transition rate 7' on ¥, which is due to the fact that the
position of the FLUMO level moves with bias and has a Lorentzian shape.

In contrast to the conventional vibrational heating model, the modified version can fit the
transfer rates of both switching directions: from tip to substrate and substrate to tip. The
parameters used for the fitting procedure agree with the previous ab initio theoretical
calculations [40, 85, 141, 174, 175]. As was expected from the DFT+NEGF calculations, the
molecular level (FLUMO) shifts towards the Fermi-level with increasing tip-surface distance
(Fig. 5.4a). As for the vibrational energies, they lie in the energy region of 12-60 meV where
several in plane and out of plane vibrations of the carboxylic oxygen are found. The number
of vibrational levels in the potential well on the tip side (#) was found to be independent of
the tip height (z) and to be equal to 12; while on the surface side » changes from 13 to 11 on
lowering the tip by 0.3 A. In comparison, a fit with the Gao model gives significant change of
n (from 16 to 8) with z (Fig. 6.3). If one assumes that one electron excites the switching of the
atom from level (n-1) to level n then the total number of electrons needed to induce a single
full switching (from the tip to the surface and back or vice versa) of the adsorbate is equal to
23-25. This value agrees with the slope of the switching curves calculated in the section 5.2.
Raising the tip by 0.3 A reduces the well depth by 370 meV, but also reduces the energy of

the vibrational level from 60 to 35 meV [64], while the number of levels remains equal to 12.
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This implies that, when connected to the tip, the vibrational modes resulting in a switching
process are different depending on z. However, in the case of the potential well on the surface
side the alteration in the potential depth (by 30 meV) is caused mostly by changing the
number of vibrational levels, because according to calculations the vibrational frequency is
almost constant (14 meV).

In the model proposed by Gao [152], the alteration of the potential well depth causes
changing »n. This would imply that the same vibrational modes are involved in the adsorbate
transfer in both directions, which is unlikely in the case of the large PTCDA molecule.

The fact that the number of vibrational numbers (n ~ 12) in both potential wells and different
vibrational frequencies (14 and 60-35 meV for surface and tip potential, respectively), which
are responsible for vibrational ladder climbing, implies that the potential on the tip side is
significantly deeper than that on the surface side which agrees with Fig. 3.7.

Thus, all of the fitting parameters used to describe the experimentally observed curves do not

contradict those obtained previously by both theoretical and experimental methods.

6.7. CONCLUSION

Among the many possible mechanisms used to describe transfer of an adsorbate between two
electrodes, the vibrational heating model turned out to be the most appropriate for the case of
PTCDA adsorbed on Ag(111).

However, the conventional vibrational heating model proposed by Gao and co-workers [152]
had to be modified in order fit the experimentally observed behaviour. Movement of the
Lorentzian-form FLUMO level with tip height and bias voltage turned out to be significant
for the transfer rate calculations.

The behaviour of the transfer rates cannot be described by simple power law due to the
curvature of the plots observed in a double logarithm scale. The degree of the curvature
depends on the molecular level position &,, the number of vibrational levels in the potential
well n, the frequency of the vibrational mode responsible for a switching process w, and the
tip height z, which are the fitting parameters used in the modified vibrational heating model.
The theoretically calculated curves agree very well with the experimentally measured results.
In contrast to the conventional model, which could describe the transfer of the adsorbate only
in one direction (from the tip to the surface), the modified one could explain the transfer in

both directions.
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CHAPTER 7.

METHODS

7.1. BASICS OF SCANNING TUNNELING MICROSCOPY

In 1981 two researchers from IBM, Gerd Binning and Hans Rohrer, developed the scanning
tunneling microscope (STM) which significantly advanced surface science (Nobel Prize of
Physics in 1986). This technique is based on quantum tunneling, which is a physical
phenomenon which has been known about since the early stages of the development of
quantum mechanics.

In classical mechanics an electron moving in a potential U(z) can overcome a potential barrier
only if the electron has an energy (E) which is greater than U. Whereas in quantum
mechanics, the electron is described by a wave function (z) which has a nonzero probability

of tunneling though a barrier if that the barrier has a finite height (Fig. 6.1).

. Classical
d u mechanics

H .................. Quantum
mechanics
[
Region | Region Il Region Il

Figure 7.1. Representation of the classical and quantum mechanical point of view of
an electron moving in a potential well

In each region the electron wave function satisfies the time-dependent Schrodinger equation:

K2 d?

g T U(2)y(2) = EY(2) (7.1)
where m, is the electron mass and F is the electron energy.

The respective solutions for the different regions are:

Ly = e + Ae~k,

II: Y, = Be™™ + Ce'*,

III: 5 = De'*?,
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J2m E J2m,® . .
where k = 7; and Kk = r;f , @=U-E is the work function of an electrode.

The transmission coefficient is given by:

1
r= 148 b ed )
Wsm Jid

(7.2)
where d is the width of the potential.

When kd > 1 the transmission coefficient can be simplified to:

25,2
~ SR oxpif-2Kd) (7.3)

T (2 +k2)?

Thus the tunneling probability decays exponentially relative to tip-surface separation (barrier
width) times the square root of the work function. This explains the high sensitivity of the
tunneling current to the tip-surface separation.

In order to explain the electron tunneling between two electrodes, for example between the tip
and surface of an STM, Bardeen suggested first order time dependent perturbation theory
[176] which was later used by Tersoff and Haman to appropriately describe the tunneling
process in STM [177]. The tunneling current is produced via an applied bias voltage, V, the

potential barrier is formed by the workfunctions @, and @, of the electrodes. Thus, the

\/zme (Prip +Psurface —€V)

transmission probability 7 can be described by (6.3) where k = :

For low temperatures and small ¥, the current can be described by
| foev p: (€ — eV)ps(e)T (¢, V)dEe, (7.4)

where p; and p; are the density of states of the tip and surface, respectively.
With a small increase of the voltage, dV, the tunneling current changes by dl. The first

approximation becomes:

dl
wlyoy, & p:(0)ps(eV)T (e = 0,V;) (7.5)

Assuming the density of states (DOS) of the tip and the transmission coefficient are

independent of the voltage, the differential conductance can be defined as
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%«%@m. (7.6)

However, in order to satisfy assumptions which were made in obtaining the final equation
(7.6) one should minimize the dependence of the tip DOS on the bias voltage. Thus a tip with
a featureless DOS has to be used in order to get the best correspondence between the
experiments and Eq. 7.6. The process of tip preparation will be discussed in section 7.3.

Thus the differential conductance is a signature of the sample density of states.

7.2. LOW TEMPERATURE BEETLE TYPE STM.

In 1986, in Jilich, K. Besocke invented the so-called beetle-type STM which had better
stability and was simpler to operate [178]. In the present work a commercial STM setup of a
beetle-type was used (from Createc ®). The design was slightly modified by G. Meyer. It
consists of three piezoelectric tubes mounted on a base plate (Fig. 7.2). These piezos are used
for coarse approach and XY-scanning. Balls are fixed at the ends of the tubes. On top of the
balls is a ramp ring which is divided into three spiral sectors. In the center of the ramp ring an
additional piezo-element is mounted for Z-scanning and the main approach. A tip is fixed to
this piezo. Finally, a sample is situated on the base plate. By applying an appropriate voltage
to the outer piezos, the ramp ring can be rotated moving the tip towards the surface of the

sample.

Figure 7.2. Sketch of the beetle-type Createc LT-STM head. Blue - base plate, brown -
ramp plate, red - sample, grey - tip, yellow - balls, orange and green -
piezoelements. Orange ones are responsible for course approach and XY
movements, green one - for main approach and Z-movement.

The vertical stability of the tip was 1-3 pm. After stability was reached, which took several
hours at temperatures near that of liquid helium, the lateral and vertical drift was 1A/hour.

The ramp ring had a maximum movement of 300 nm.
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7.3.STM TIP PREPARATION

The success of experiments in scanning tunneling microscopy strongly depends on the shape
of the tip. For all measurements a tungsten tip was used.

A W wire with a 0.5 mm diameter was electrochemically etched according to the following
procedure. (In order to avoid contamination of the vacuum system, cleaning of the whole
wire, not just the tip, was very carefully completed in ambient conditions.): First the 25 mm
long wire was etched in a NaOH solution (5g of NaOH per 50 ml of distillate water) for 30
seconds and then cleaned in distilled water and ethanol to remove the solution. The wire
would glitter when sufficiently cleaned. Next, a cleaned part of the wire was lowered into the
NaOH solution to an immersion depth of 1.5-2 mm for approximately 10 min and the etching
electronics were turned on. The initial and final values of the current were 14 and 4 mA,
respectively. When the tip is ready, a part of the wire would fall down and the electronics
would stop the etching process. Next, the etched part was cleaned in hot (near boiling)
distilled water and ethanol several times. Finally, the wire was cut to the appropriate length

and the quality of the tip was checked with an optical microscope (Fig. 7.3).

a

Figure 7.3. Microscopic image of a good quality freshly etched tungsten tip

The etched wire was fixed to the tip holder, loaded into the vacuum chamber and cleaned in
situ by annealing to a high temperature with a high current. Afterwards the tip was loaded into
the STM chamber and fixed to the magnets. The tip was then brought close to the bare
Ag(111) surface and a series of voltage pulses (from -10 to 10 V for 1 s durations) was
applied to the tip. The current spectra was monitored during the cleaning procedure and the
pulses were stopped after a stable configuration of the tip was obtained (e.g. there were no
sudden jumps and drops of the current). If the voltage pulses did not help one could also try

dipping the tip into the clean surface by 10 to 100 A for a time duration of 1 s.
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In order to check the stability of the tip the topography image of the surface was recorded.
The presence of molecular islands was desirable. This indicated there was not a double tip
situation. If the topographic image was homogeneous and lacked any speckles and there was
not a double tip, then the quality of the tip would be sufficient for imaging. However, these
steps did not necessarily indicate the suitability of the spectroscopic measurements. The final
check of the tip state was made by measuring the dI/dV spectrum of a clean surface. The
surface state at -55 meV was used as a sign of tip quality. In most cases having a clear step in
the conductance curve without additional peaks in the negative bias region in is a guarantee of

the reproducibility of the measurements of the electronic properties.

7.4. SUBSTRATE PREPARATION AND MOLECULAR DEPOSITION

An Ag(111) single crystal was cut from a single monocrystalline silver wire and then polished
under ambient conditions. After that the crystal was fixed to the sample holder, transferred to
the load-lock of the STM and then to a preparation chamber with a base pressure of 107
mbar. The freshly made crystal required a longer cleaning procedure than for the used ones
because it has a very rough surface with many terrace steps. When a sample is loaded from a
non-vacuum, one has to flash it for a short time at about 200 °C in order to bake off the water
and other contaminants which can be pushed into the surface during the annealing. This was
followed by the sputtering procedure. Sputtering was performed with Ar' ions (beam energies
of 800-1000 eV) at room temperature for 15-30 min depending on the contamination of the
surface. Subsequently the surface was annealed at temperatures of about 650 °C for 0.5 — 1
hour. The sputtering-annealing cycle was repeated several times until one could see clear
reflection spots in the LEED (Fig. 7.4).

After verification of the surface cleanliness, deposition of the molecules was started. The
PTCDA molecules were deposited from a Knudsen cell by sublimation. Before deposition,
the oven with the organic material was baked for several hours at about 200 °C. During the
deposition the temperature of the Knudsen cell was 300 °C while the sample was at room
temperature. In order to get sub-monolayer coverage one has to deposit the molecules for less
than 1 min because the usual deposition rate is about 1 ML/min. After the deposition the
sample was flashed at 150 °C for a minute and subsequently cooled down to the temperature

of liquid nitrogen. After cooling, the sample was transferred to the STM chamber and released
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from a manipulator to the STM table. During a period of 5-10 hours it was cooled down to the

liquid helium temperature (7K), which makes it ready for STM investigations.

Figure 7.4. Low energy electron diffraction image of a clean Ag(111) surface. Beam
energy 70 eV.

7.5. NOISE CHARACTERIZATION

Some of the experiments were done with an STM located in a special ultra-low vibration
laboratory; however, measuring with this specific equipment did not lead to a significant
difference. The signal to noise ratio was about 20 in both cases. The noise spectra are
presented in Fig. 7.5.

As one can see from both the graphs, peaks of the frequencies of about 2 kHz are present in
the spectra. This frequency region corresponds to the eigenfrequency of the piezo-elements of
the STM. One could expect peaks at lower frequencies to appear in the measurements taken
outside of the low vibration laboratory; however, no additional peaks were observed.

For spectroscopic measurements, the lock-in technique with a typical modulation of 4 mV and
a modulation frequency of 618 Hz was used. The ratio between the modulation of the bias
voltage induced by lock-in and the noise level characterize the quality of the measurements.
Fig. 7.6 illustrates the noise spectra of the STM junction at the same parameters as in Fig. 7.5

but with modulation of the current introduced to the junction.
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Figure 7.5. Noise spectra of the STM junction in the tunneling regime with lock-in
modulation of the current turned on. 0.11 nA, -340 mV, feedback switched off
(integrator = -0.1), modulation frequency 618 Hz, amplitude 4 mV. a) Time
spectrum of the tunneling current, measured in the ultra-low vibration laboratory.
b) Fourier transform of the time spectrum shown in a. ¢) and d) same as a) and
b)but measured outside of the low vibration laboratory.

From Fig. 7.6 one can see that the oscillation of the current induced by the lock-in is more
than 10 times larger than the highest peak corresponding to the noise. This value indicates the

good quality of the spectroscopic measurements.
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Figure 7.6 Noise spectra of the STM junction in the tunneling regime with lock-in
modulation of the current turned on. 0.11 nA, -340 mV, feedback switched off
(integrator = -0.1), modulation frequency 618 Hz, amplitude 4 meV. a) Time
spectrum of the tunneling current. b) Fourier transform of the time spectrum
shown in a.
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7.6. PREPARATION OF THE ELECTRONICS OF THE STM FOR SPECTROSCOPIC

MEASUREMENTS.

One of the most fascinating aspects of the STM measurements is the capability to obtain
spectroscopic data at atomic resolution. However, to get spectra of this quality, one has to
adjust the parameters of the lock-in amplifiers such as modulation frequency and amplitude,

phase, sensitivity, and acquisition time.

7.6.1. MODULATION FREQUENCY, AMPLITUDE, AND PHASE

In this work two external lock-in amplifiers of type SRS830 (Stanford Research Systems)
were used. One of them provided the synchronization sinusoidal signal of a specific frequency
with amplitude of 100 mV. The second one provided a bias modulation signal with the same
frequency and an amplitude of 4 mV. The modulation signal was added to the bias voltage
provided by a voltage supplied by the STM.

The frequency of the lock-in modulation should be chosen in an appropriate way so as to
avoid possible interference from the frequency of the electronics, eigenfrequency of the STM
and noise. The frequency of 50 Hz is very often present in the measurements due to the noise
of the power network, thus modulation frequencies with a value which is a multiple of 50 are
not recommended. In the case of IETS measurements the second harmonic of the modulation
frequency also should not coincide with the parasite frequencies.

A noise spectrum of the STM sheds the light on all frequencies which are present in the
system and helps to find the optimal modulation frequency (Fig. 5.4). The effect of the
modulation signal to the time spectrum can be seen in Fig. 5.5.

The modulation amplitude used in all spectroscopic measurements was 4 mV which is the
smallest possible modulation voltage. The lowest value was defined by noise conditions of the
system. Higher modulation amplitudes reduce the resolution of the tunneling spectra.
However, they might be required in the case of high noise level in the STM. When high
resolution spectroscopy is needed in the vicinity of the Fermi-level one can use a voltage
divider (1/10) which leads to the modulation amplitude to become ten times smaller (0.4 mV).
The STM system contains a parasitic capacitance which can influence the measurements and
thus should be minimized. This goal can be achieved by setting the phase of the lock-in

amplifier to the appropriate value. This can be done by retracting the tip out of tunneling
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contact and switching on the modulation signal. Presence of the parasitic capacitance results
in the oscillation of the current signal induced by the modulation. To get rid of the
capacitance one should adjust the lock-in phase to the maximum signal intensity and shift the

phase by 90°.

7.6.11. ACQUISITION TIME AND SENSITIVITY

A proper choice of the acquisition time is one of the important tasks needed for getting
reproducible spectra with high resolution. The time constants can be varied from one
experiment to another depending on the bias range scanned within one spectrum.
Conventional STS measurements of the PTCDA layer were performed in the bias window [-
2; 2] V, whereas for the IETS a range a quarter of this size is enough.
The limiting parameter for the acquisition time is the minimum voltage step in the STM
software which is 1 mV. This means that the maximum number of points that can be recorded
during ramping the bias from -2 V to 2 V and back to -2 is 4001. A backward change of the
bias assures that the tip state in the beginning and in the end of a spectrum is the same and
allows one to better determine the lock-in time constants.
The acquisition time can be calculated from the time constant of the preamplifier. If the
acquisition time is less then what is allowed then the spectra will appear shifted if you scan
within the same bias range but in different directions. Generally, an appropriate acquisition
time can be determined from the time constant and the number of points in the spectra. It
should be chosen within the time interval:

1 X Tioek —in X N < Tacqusiti on < 3 X Tiock —in X N
where Tcr-in 1S the time constant of the lock-in amplifier and N is the number of points in the
spectrum.
The sensitivity of the lock-in amplifiers should be set to the minimum possible value in order

to obtain the best resolution.
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GENERAL CONCLUSION

SUMMARY

In the first part of this thesis, a detailed experimental investigation of the structural point
defects of the PTCDA/Ag(111) interface was carried out. Monolayers of PTCDA were found
to contain intrinsic defects of two dominant types, each of which appears in only one type of
sublattice (A or B, corresponding to the aligned and misaligned orientations of PTCDA
molecules in the commensurate herringbone layer [80]). A difference in the electronic
structure of point defects from the PTCDA layer surface was observed. Additional resonances
of various nature were found in the dI/dV spectra of PTCDA/Ag(111) interface. The strong
resonance at 0.6 V derives from electron scattering by the point defects and formation of a
bound state split off from the interfacial state. This feature appears in both types of defects. In
contrast, a resonance at the Fermi level, which may be a spectroscopic sign of the Kondo-
effect observed earlier in magnetic particles [179], pertains only to misaligned (type B)
defects. Two additional peaks in between the alleged Kondo-resonance and the bound state
are also resolvable only at misaligned defects. The positions and intensities of these two peaks
depend on both the lateral and vertical tip position. Spectroscopic images recorded in the
range of £0.4V expose the LUMO, LUMO+1 and LUMO+2-structures of the defects, which
provide an evidence that of all three peaks are associated with unoccupied molecular orbitals.

Besides the difference in the electronic properties, the geometry of the defects was also found
to differ from the geometry of normal molecules. The mechanism of hydrogen sensitization of
the STM junction [111] was used to resolve the geometrical structure of the molecules.
Rotation of the defect molecules by 3° was found to take place. Heterogeneousness in the
molecular skeleton was also found: namely, one of the rings was missing. Detaching of one of
the rings from the molecules is in agreement with the hydrophilic property of PTCDA; water
molecule could attract part of the PTCDA molecule resulting in ring removal. However, a
damaged geometrical structure was not always the case; therefore such interaction cannot
fully explain the nature of the defect. Another explanation for the defect formation was the
presence of a silver adatom underneath the molecule. Indirect verification of this hypothesis
was provided by depositing a silver cluster on top of the PTCDA monolayer. Similar to what

was observed for the defects an additional peak in the dI/dV spectra appeared at the Fermi-
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level. Also, in some cases the hydrogen-sensitized tip showed a small particle located
underneath the defect molecule after displacing it from the layer.

In the second part of this dissertation a molecular switch was constructed and studied, with
the advantage of local probing provided by the STM, which was used to contact the
molecules. The PTCDA molecule deposited on Ag(111) surface was found to be an ideal two-
level fluctuator; a part of the molecule following the carboxylic oxygen can switch between
the STM tip and the surface without destroying the molecular skeleton. An ultra-fast chemical
reaction occurs when the tip is brought in the vicinity of the molecule: the covalent bond
between one of the carboxylic oxygens of the molecule and the surface breaks in order to
establish a chemical bond with the apex of the tip. In the case of the oxygen being switched
up to the tip, a molecular wire is formed between the tip and the surface, and transport
measurements can be performed. The two states of the system are associated with the
different bonding sites of the molecule and have different levels of conductance. In the
standard situation with the oxygen atom bound to the silver surface, the conductance is the
normal conductance of the PTCDA/Ag(111) interface in the tunnelling regime. Substitution
of the surface-oxygen bond with the tip-oxygen bond leads to increase of the conductance by
the factor of ten, moving the system into the transport regime.

A single spontaneous molecular switch or repeated switching process can occur, depending
on the bias voltage applied to the system.

At low bias voltages (below 50 mV), a single switch to the tip takes place as the tip
approaches. Retraction of the tip results in two scenarios: either the molecule falls back, or it
follows the tip and can be removed from the layer.

In the cases when the molecule was trapped by the tip after retraction, molecular displacement
was performed. As a result, molecular corrals of different shapes were built. However, only
displacement of isolated molecules or molecules at the edge of the molecular island was
possible. This effect can be explained by the great influence of the molecular surroundings on
the stability of the molecules in the layer, as the hydrogen bonds between the molecules
prevent them from being removed from the layer. Molecules in ordered islands were found to
be equally difficult to remove, and to fall back to their initial position during tip retraction.
Taking this observation into account, the stable non-isolated molecules were chosen for
detailed quantitative analysis of the switching process.

At bias voltages above 50 mV the oxygen can be transferred multiple times between the STM

tip and the surface, and the molecule remains on the surface after tip retraction. The oxygen
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atom can change bonding many times without damaging the molecule; this was confirmed by
taking topographical images of the investigated area before and after the switching process.
The repeated switches of PTCDA molecule appear in the current spectra as telegraph noise.
Typically such behaviour was observed when the tip was stabilized above the carboxylic
oxygen (~7A) and a bias voltage above 50 mV was applied to the system. The frequency of
the two level fluctuations of the current associated with the two bonding sites of the molecule
was found to increase with bias. An additional data acquisition module with temporal
resolution of 8 ps was introduced to the system because of that, in order to record fast
switches.

As a result of increased resolution of the measurements, very large STM data files were
generated, and special effort was required to process them. A section of this thesis is
dedicated to the techniques and software developed to process the data. The raw files were
split into smaller chunks and processed with the Mathematica package using a specially
developed algorithm, without loss of relevant information. As a result, the raw files of 2GB
size were reduced to processed files ranging from S00KB to 5S00MB in size, depending on the
number of switches recorded. The accuracy of the data processing was validated by
comparing a part of a raw file with the matching processed data, which were found to be in
perfect agreement.

Qualitative analysis of the switching process shows that bias voltage and tip height are the
influential parameters, which define the state of the junction. Parameter windows with high
probability for the junction to be in one specific state were found. This provides the
information required to control the two regimes of the junction: tunnelling and transport.

The I(2) spectra revealing the two level fluctuations were used to perform quantitative analysis
of the switching process. The residence time distribution and fractional occupation were
calculated on the basis of the current spectra. The transfer rate analysis revealed that the bias
dependence of the transfer rate from the high to the low conductance state was similar to a
power law.

Among the many possible mechanisms, a vibrational heating model suggested by Gao et. al.
[152] was found to be the most appropriate to describe behaviour of the system. However, a
closer look showed that it should be extended to explain the experimentally observed non-
linear (on a double log scale) behaviour of the transfer rate out of the tip potential. On the
basis of the existing model, a modified one was developed by collaborators from Dresden
Technical University [64]. The main difference between the models is the shape of the density

of states in the vicinity of the Fermi-level. The original model considered it to be constant,
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whereas the new model uses a Lorentzian-form DOS. Moreover, according to the DFT and
NEGEF calculations, the position of this molecular level shifts depending on the tip height and
applied voltage [141]. This effect was also taken into account in the new model, which
produced a good agreement between theoretical calculations and experimental measurements.
This was a big step towards understanding of the underlying mechanism of the molecular
switch, which was made within a collaboration between experimental and theoretical groups.
The summary of the findings:

Part L.

* Electronic and structural properties of the point defects of the PTCDA/Ag(111) interface
were investigated;

* Splitting of the LUMO state was observed in the spectroscopic measurements;

* Two models of the defects formation were suggested.

Part II:

« It was shown that PTCDA molecules can be used to build nanocorrals of different shapes on
the Ag(111) surface;

* PTCDA was shown to be an ideal system for implementing a molecular switch;

* It was shown that the switching of the molecule corresponds to breaking the bond between
an oxygen atom of the molecule and the surface (or the tip) and establishing a new one with
the tip (the surface) respectively;

* Two regimes of the switching were found: spontaneous single switch (V<50 mV) and
repeated current-induced switches (V>50 mV);

* Two level fluctuations of the current corresponding to constant switching of the system
between tunneling and transport regimes were observed at certain bias voltages;

« It was shown that the preferred state of the system is defined by the bias voltage and tip
height, and can be controlled;

* A theoretical model describing the observed behaviour was suggested.

PROSPECTS

All of the experiments described in this paper were done in UHV conditions and at very low
temperatures. In order to apply the results in real devices, one has still to repeat the same
experiments in ambient conditions. Although it is going to be quite complicated, it should be

very exciting, too; if this turns out to be practical, one can think of molecular schemes based
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on PTCDA molecules. However, the STM tip still remains a macroscopic object which limits
the appliance of the described system in the nanoscopic devices. But the author hopes that the
understanding of the underlying physical mechanisms of the switching process, which has
been achieved in this work, will make a contribution in the field of molecular electronics.

As for the practical outcome of this work, it shows that molecular switches can show
predictable and repeated behaviour, and the approach can be easily replicated with similar
kinds of molecular switches. The selection of similar molecules and substrates is already very
rich: NTCDA, TTCDA, QTCDA, ...and Ag(110), Au(111), Cu(111). Changing the substrate
will, of course, lead to a change in the bond strength between the molecules and the surface;
for example, on Au(111) PTCDA is known to physisorb [91]. In contrast, Cu(111) surface
attracts PTCDA very strongly [178].

Even with PTCDA on Ag(111) there are still many things that can be studied in more detail.
For instance, the spontaneous single switch as a function of bias voltage is of particular
interest. According to the surface potential map, an oxygen atom should stick with the tip site
as soon as the bond between them is established (Fig.1.21). However, this was not the case,
and the reason for this remains unclear. Another open question is the observed hysteresis in
the capture and release distances (Fig.1.29). Inelastic electron tunneling spectroscopy (IETS)
could show the differences or similarity in the vibrational modes in tunneling and transport
regimes.

The applicability of the suggested theoretical model should be further checked in the full
range of low bias voltages. The only difficulty with this investigation is that one has to wait
for a long time to record sufficient amount of switching.

As for the switches at high biases, one can think of increasing the temporal resolution of the
measurements that there are fewer or no “missing” switches in the spectra. Also, it would be
informative to pass higher voltages through the molecule in order to reach the bias range
where the theory predicts deviations from the monotonic increase of the transfer rates out of
the tip potential. There are many other directions that can and shall be investigated further,
and the author hopes that her work would help in building a foundation for further research in

the fascinating emerging area of molecular electronics.
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APPENDIX

APPENDIX I. MACHEMATICA PROGRAM. MAIN VERSION

$HistoryLength=1;

(*Saving only one previous file in the history in order to reduce memory in use*)

InputFileName="55";

(*Name of a file to work with*)
FilesDirectory="D:\\Users\\Olya\\"<>InputFileName<>"\\";
(*Pathway to the file*)

CreateDirectory["Output"];

(*Creating a folder to save results*)
OutputFileName="Output";

(*Creating a file to save modified spectrum*)
OutputUpTime="TimeUp";

(*Creating a file to save time spent in the upper state*)
OutputDownTime="TimeDown";

(*Creating a file to save time spent in the lower state*)

p=50;

0=20;

NAverNoise=10000;

(*Number of point to average current in the case of no switches*)
SetDirectory[FilesDirectory];

(*Identification a directroy to work with*)
Files=FileNames["*.*"];

(*Opening the files*)
Files=Delete[Files,Position[Files,InputFileName<>".dat"]];
(*Deleting files of a wrong format*)
Files=Delete[Files,Position[Files,InputFileName<>".CRC"]];
(*Deleting files of a wrong format*)
Files=Delete[Files,Position[Files,OutputFileName<>".dat"]];
(*Deleting files of a wrong format*)
Files=Delete[Files,Position[Files,OutputUpTime<>".dat"]];

(*Deleting files of a wrong format*)
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Files=Delete[Files,Position[Files,OutputDownTime<>".dat"]]
(*Deleting files of a wrong format*)
(*List of the files*)
FullCharacteristic=Table[{},{i,Length[Files]}];
LengthFile=Table[0, {i,Length[Files]}];
FileFunction[i_]:=(
tFullCharacteristic={};
SummUpCurrent=0;
SummDownCurrent=0;
MeanCur=0;
MeanDist=0;
NUpPoints=0;
NDownPoints=0;
(* Nulling of the variables*)
DownPoints=True;
(* Spectrum starts with a junction with low conductrance*)
Current=ReadList[Files[[i]],Real,RecordLists->True];
(* Reading data from the file i *)
Current=Delete[Current, 1]; Current=Delete[Current,-1];
(* Deleting of the first and the last elements *)
CurrentTrans=Transpose[Current][[2]];
(* Current *)
VoltageDistance=Transpose[Current][[1]];
(* Distance *)
MaximumValue=Max[CurrentTrans];
(* Maximum current *)
MinimumValue=Min[CurrentTrans];
(* Minimum current *)
AverageValue=(MaximumValue+MinimumValue)/2;
(* Average current *)
LengthFile[[i]]=Length[CurrentTrans];
(* Saving a number of points in the file to recalculate the absolute time *)
IffCurrentTrans[[1]]>AverageValue,DownPoints=False,DownPoints=True];

(* Checking the switch event *)
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Hf{(MaximumValue-Abs[MinimumValue])/2>f,

(* If there is a switch, run a cycle *)
For[j=0,j<Length[CurrentTrans],j++;
If[CurrentTrans[[j]]>AverageValue&&DownPoints,DownPoints=False;

(* If current value is larger than average and the previous state is with a low
conductance,then a write down a switch to up-state *)
tFullCharacteristic=Append[tFullCharacteristic, {j/ 125000, AverDownCurrent,VoltageDistanc
e[[j1]} ;tFullCharacteristic=Append[tFullCharacteristic, {j/125000,AverUpCurrent, VoltageDis
tance[[j]]}1];

If{CurrentTrans[[j]]>MaximumValue-a,NUpPoints++;

(*Average current in the up-state *)

SummUpCurrent+=CurrentTrans[[j]]];
If[CurrentTrans[[j]]<AverageValue&&DownPoints= =False, DownPoints=True;

(* If current value is smaller than average and the previous state is with a high
conductance,then a write down a switch to down-state
*)tFullCharacteristic=Append[tFullCharacteristic, {j/125000,AverUpCurrent, VoltageDistance
(L1131
tFullCharacteristic=Append[tFullCharacteristic, {j/125000, AverDownCurrent, VoltageDistanc
e[[j11} 1] CurrentTrans[[j][<MinimumValue+o,NDownPoints++;

(* Average current in the down-state *)

SummDownCurrent+=CurrentTrans[[j]]];

],(* If there are no switches run a cycle*)

If{DownPoints,
(* Analysis of the down-state*)
MeanCur=Mean[ Transpose[Partition] CurrentTrans,NAverNoise]]];

(* File's average current without switches *)

MeanCur=Append[MeanCur,Mean[Drop[CurrentTrans,Length{MeanCur]¥*NAverNoise]]];

(* Average current for the last points in the file *)

MeanDist=Mean|[ Transpose[Partition[ VoltageDistance,NAverNoise]]];

(* File's average voltage without switches *)
MeanDist=Append[MeanDist,Mean[Drop[ VoltageDistance,Length|MeanDist]*NAverNoise]]
I;

(* Average voltage for the last points in the file *)
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tFullCharacteristic=Join[tFullCharacteristic, Transpose[ {Join[ Table[(NAverNoise*t)/125000-
NAverNoise/(125000%2),{t,1,Length[MeanCur]-1}], {(NAverNoise*(Length[MeanCur]-
1))/125000+(Length[ CurrentTrans]-(Length[ MeanCur]-
1)*NAverNoise)/(2*¥125000)} ],MeanCur,MeanDist} ]],

(* Upper state analysis*)

MeanCur=Mean[ Transpose[Partition[ CurrentTrans,NAverNoise]]];

(* File's average current without switches *)

MeanCur=Append[MeanCur,Mean[Drop[ CurrentTrans,Length[ MeanCur]*NAverNoise]]];

(* Average current for the last points in the file *)

MeanDist=Mean[ Transpose[Partition[ VoltageDistance,NAverNoise]]];

(* File's average voltage without switches *)
MeanDist=Append[MeanDist,Mean[Drop[ VoltageDistance,Length[MeanDist]*NAverNoise]]
5

(* Average voltage for the last points in the file *)

tFullCharacteristic=Join[tFullCharacteristic, Transpose[ {Join[ Table[ (NAverNoise*t)/125000-
NAverNoise/(125000%2), {t,1,Length[MeanCur]-1}],{(NAverNoise*(Length[MeanCur]-
1))/125000+(Length[CurrentTrans]-(Length[MeanCur]-
1)*NAverNoise)/(2*¥125000)} ],MeanCur,MeanDist} |]
I

I;

H{INDownPoints #
0,tFullCharacteristic=tFullCharacteristic/. { AverDownCurrent—SummDownCurrent/NDown
Points} ];
H[NUpPoints#0,tFullCharacteristic=tFullCharacteristic/. { AverUpCurrent—SummUpCurrent/
NUpPoints}];

FullCharacteristic[[i]]=tFullCharacteristic;
ClearAll[Current,CurrentTrans, VoltageDistance,tFullCharacteristic, SummUpCurrent, SummD
ownCurrent,MeanCur,MeanDist, NUpPoints, NDownPoints,DownPoints];

(* Cleaning a memory *)

)
Processes=Table[ParallelSubmit[ {i},FileFunction[i]], {i,Length[Files]}]
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(* Processes' initialization *)
WaitAll[Processes];
(* Run the processes *)
For[i=1,i<Length[LengthFile],i++;
(* File time correction *)
AbsoluteFileTime=(Plus@@LengthFile[[1;;i-1]]+i-1)/125000;
(* Absolute time recalculating *)
tFullCharacteristic=Transpose[FullCharacteristic[[i]]];
(* Extracting the new data from the file *)
tFullCharacteristic[[ 1]]=tFullCharacteristic[[ 1]]+AbsoluteFileTime;
(* Adding the absolute time to local *)
FullCharacteristic[[i]]=Transpose[tFullCharacteristic];
(* Writing down a modified data *)
I
FullCharacteristic=Flatten[ FullCharacteristic,1];
(* Joining all the data *)
TimeUp={};
TimeDown={};
tFullCharacteristic=FullCharacteristic;
(* Creating a temprorary file to analyze time up and time down*)
For[i=0,i<Length[tFullCharacteristic],i++;
Ifli>1,
If[i<Length[tFullCharacteristic],
If[tFullCharacteristic[[i,1]]!=tFullCharacteristic[[i-
1,1]]& &tFullCharacteristic[[i,1]]!=tFullCharacteristic[[i+1,1]],tFullCharacteristic=Delete[tFu
lICharacteristic,i];i--],
If[tFullCharacteristic[[i,1]]!=tFullCharacteristic[[i-
1,1]],tFullCharacteristic=Delete[tFullCharacteristic,i]]],
If[tFullCharacteristic[[i,1]]!=tFullCharacteristic[[i+1,1]],tFullCharacteristic=Delete[tFullChar
acteristic,i];i--]
I
]
Export[FilesDirectory<>"Output\\"<>OutputFileName<>"SwOnly.dat" ,N[tFullCharacteristic,
{Infinity,8}],"TSV"];
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SwitchedFullCharacteristic=tFullCharacteristic;

TimeDown={}

TimeUp={};

For[i=1,i<Length[ SwitchedFullCharacteristic],i++;
If[SwitchedFullCharacteristic[[i,1]] 0 SwitchedFullCharacteristic[[i-

1,1]]&&i<Length[ SwitchedFullCharacteristic],

(* Search of a switch *)

If SwitchedFullCharacteristic[[i,2]]>SwitchedFullCharacteristic[[i-1,2]],

(* Definition of a type of switch: up or down *)

TimeUp=Append[ TimeUp, {N[SwitchedFullCharacteristic[[i+1,1]]-
SwitchedFullCharacteristic[[i,1]], {Infinity,7} ], N[SwitchedFullCharacteristic[[i,1]], { Infinity,7
},N[(SwitchedFullCharacteristic[[1,2]]+SwitchedFullCharacteristic[[i+1,2]])/2, {Infinity,7}]} ]

TimeDown=Append[ TimeDown, {N[SwitchedFullCharacteristic[[i+1,1]]-
SwitchedFullCharacteristic[[i,1]], {Infinity,7} ], N[SwitchedFullCharacteristic[[i,1]], { Infinity,7
}1,N[(SwitchedFullCharacteristic[[1,2]]+SwitchedFullCharacteristic[[i+1,2]])/2, {Infinity,7} ]} ]

1l

I;
(* Record the files *)
Export[FilesDirectory<>"Output\\"<>OutputFileName<>".dat" ,N[FullCharacteristic, { Infinity
8J1"TSV";
Export[FilesDirectory<>"Output\\"<>OutputUpTime<>".dat",TimeUp,"TSV"];
Export[FilesDirectory<>"Output\\"<>OutputDownTime<>".dat", TimeDown,"TSV"];
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APPENDIX II. MATHEMATICA PROGRAM. SECOND VERSION

FilesDirectory="D:\\Users\\Olya\\100\\";
InputFileName="100";
OutputFileName="Output";
OutputUpTime="TimeUp";
OutputDownTime="TimeDown";

p=50;

0=20;

NAverNoise=10000;
SetDirectory[FilesDirectory];

Files=FileNames["*.*"];

Files=Delete[Files,Position[Files,InputFileName<>".dat"]];
Files=Delete[Files,Position[Files,InputFileName<>".CRC"]];
Files=Delete[Files,Position[Files,OutputFileName<>".dat"]];
Files=Delete[Files,Position[Files,OutputUpTime<>".dat"]];
Files=Delete[Files,Position[Files,OutputDownTime<>".dat"]]

FullCharacteristic={};

NoiseBefore={};

NoiseAfter={};

DownPoints=True;

LastTime=0;
For[i=16,i<Length[Files]-1,i++;
NUpPoints=0;

SummUpCurrent=0;

NDownPoints=0;
SummDownCurrent=0;
Current=Import[Files[[i]]];
Current1=Delete[Current, 1];
Current1=Delete[Currentl,-1];
CurrentTrans=Transpose[Current1][[2]];
VoltageDistance=Transpose[Current1][[1]];

MaximumValue=Max[CurrentTrans];
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MinimumValue=Min[CurrentTrans];

AverageValue=(MaximumValue+MinimumValue)/2;

Print["File name = ",Files[[i]],"\n"," Average value = ",Mean[CurrentTrans],"\n"," Maximum
value =", MaximumValue,"\n"," Minimum value = ",MinimumValue,"\n"," (Max+Min)/2 =

" AverageValue,"\n",MemoryInUse[]];

Ifl(MaximumValue-Abs[MinimumValue])/2>,

For[j=0,j<Length[CurrentTrans],j++;
If[CurrentTrans[[j]|>AverageValue&&DownPoints,DownPoints=False;FullCharacteristic=A
ppend[FullCharacteristic, { LastTime+j/125000,AverDownCurrent, VoltageDistance[[j]]} ];Full
Characteristic=Append[FullCharacteristic, { LastTime+j/125000,AverUpCurrent, VoltageDista
nce[[j]1}11;

If[ CurrentTrans[[j]|>MaximumValue-
o,NUpPoints++;SummUpCurrent+=CurrentTrans[[j]]];
If[CurrentTrans[[j]]<AverageValue&&DownPoints=
=False,DownPoints=True;FullCharacteristic=Append[FullCharacteristic, { LastTime+j/125000
,/AverUpCurrent, VoltageDistance[[j]]}];

FullCharacteristic=Append[FullCharacteristic, { LastTime+j/125000,AverDownCurrent, Volta
geDistance[[j]]}1];

If[ CurrentTrans[[j]][<MinimumValue+o,NDownPoints++;SummDownCurrent+=CurrentTran
s[[j11];

1
I[f{lDownPoints,MeanCur=Mean[ Transpose[ Partition][ CurrentTrans,NAverNoise]]];MeanCur=

Append[MeanCur,Mean[Drop[CurrentTrans,Length| MeanCur]*NAverNoise]]];
MeanDist=Mean[ Transpose[Partition[ VoltageDistance,NAverNoise]]];MeanDist=Append[M
eanDist,Mean[Drop[VoltageDistance,Length[MeanDist]*NAverNoise]]];

NoiseBefore=Join[NoiseBefore, Transpose[ {Join[ Table[ LastTime+(NAverNoise*t)/125000-
NAverNoise/(125000%2),{t,1,Length[MeanCur]-
1}],{LastTime+(NAverNoise*Length[MeanCur])/125000+(Length[ CurrentTrans]-
Length[MeanCur]*NAverNoise)/(2*125000)} |, MeanCur,MeanDist} ]|, MeanCur=Mean| Trans
pose[Partition[ CurrentTrans,NAverNoise]]];MeanCur=Append[MeanCur,Mean[ Drop[ Current
Trans,Length[MeanCur]*NAverNoise]]];
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MeanDist=Mean[ Transpose[Partition[ VoltageDistance,NAverNoise]]];MeanDist=Append[M
eanDist,Mean[Drop[ VoltageDistance,Length[MeanDist]*NAverNoise]]];
NoiseAfter=Join[NoiseAfter, Transpose[ {Join[ Table[LastTime+(NAverNoise*t)/125000-
NAverNoise/(125000%2), {t,1,Length[MeanCur]-
1}],{LastTime+(NAverNoise*Length[MeanCur])/125000+(Length[ CurrentTrans]-
Length[MeanCur]*NAverNoise)/(2*¥125000)} ], MeanCur,MeanDist } ]|
I;
I;
IfINDownPoints#
0,FullCharacteristic=FullCharacteristic/. { AverDownCurrent—SummDownCurrent/NDownPo

ints}];

If[NUpPoints#0,FullCharacteristic=FullCharacteristic/. { AverUpCurrent—SummUpCurrent/
NUpPoints}];
LastTime=LastTime+Length[CurrentTrans]/125000;

Export[FilesDirectory<"Output\\"<>OutputFileName<>".dat" ,N[Join[NoiseBefore,FullChar
acteristic,NoiseAfter], {Infinity,8}],"TSV"];

TimeUp={};

TimeDown={};

For[j=-1,j<(Length[FullCharacteristic]-1)/4-1,j++;

TimeUp=Append[ TimeUp, {N[FullCharacteristic[[2+4],1]]],N[FullCharacteristic[[3+4],1]]-
FullCharacteristic[[2+4],1]]],FullCharacteristic[[2+4],2]]}];

TimeDown=Append[TimeDown, {N[FullCharacteristic[[4+4],1]]],N[FullCharacteristic[[5+4],
1]]-FullCharacteristic[[4+4],1]]],FullCharacteristic[[4+4},2]]}];

1

Export[FilesDirectory<>"Output\\"<>OutputUpTime<>".dat", Transpose[ { TimeUp}],"TSV"];

Export[FilesDirectory<>"Output\\"<>OutputDownTime<>".dat", Transpose[ { TimeDown}],"
TSV"];
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APPENDIX III. PLOTS OF THE TRANSFER RATES
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