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Kurzfassung

Diese Arbeit beschreibt die Untersuchung grundlegender Eigenschaften einzelner Molekiile im
direkten oder Tunnelkontakt mit Hilfe von Rastertunnelmikroskopie (STM) und dynamischer
Rasterkraftmikroskopie (AFM). Wir untersuchten vier verschiedene experimentelle Themen.

Beim Hochheben des molekularen Drahtes, 1,4-bis(pyridin-4-ylethynyl)benzene (BPEB), mit
der Spitze eines STM beobachten wir einen atypischen Anstieg der elektrischen Leitfahigkeit. Mit
Hilfe von Kraftfeld- und Dichtefunktionaltheorie (DFT) Simulationen konnen wir diesen Anstieg
einer Strukturdnderung im Molekiil zuordnen. Die Rotation eines Pyridinrings geht einher mit
der Rehybridisierung eines Kohlenstoffatoms von sp zu sp2. Daraus resultiert eine Bindung zu
einem Atom des Kupfersubstrates und folglich erhohte elektronische Leitfahigkeit in das Substrat.
In AFM-Messungen von Frequenzverschiebung gegen Abstand (Af(Z)) beobachten wir nicht-
lineare, plastische Anderungen, die mit den Anderungen in der Leitfihigkeit korreliert sind und
den Strukturdnderungen des Molekiils zugeordnet werden konnen. Aus elastischen Bereichen der
Af(Z)-Spektren gewannen wir Werte fiir die der Rehybridisierung zugehorigen Bindungskrafte
und Energien. DFT-Simulationen zeigen qualitative Ubereinstimmungen mit den Af(Z) Spek-
tren.

An einem Wasserstoffmolekiil (H,) Kontakt beobachten wir die Konversion von Energie aus
Rauschen in gerichtete mechanische Energie. Die durch tunnelnde Elektronen zum zufalli-
gen Schalten zwischen zwei Zustdnden angeregten H,-Molekiile, werden durch die Bewegung
der oszillierenden AFM-Spitze in ihrer Schaltrate beeinflusst. Die H,-Molekiile iiben wiederum
zustandsabhéngige Krafte auf die Spitze aus. Dies fithrt zu einer gegenseitigen Beeinflussung
und schlieBlich einem effektiven Energieiibertrag von den fluktuierenden H,-Molekiilen auf die
Spitze. Dieses Prinzip ist als Stochastische Resonanz’ bekannt und ermdglicht hier das Antreiben
der AFM Stimmgabel.

Im Ladungstransferkomplex tetramethyltetrathiafulvalene-tetracyanoquinodimethane
(TMTTF-TCNQ) untersuchen wir das (Ent)Laden von TCNQ mittels AFM. In AFM Af-
Spektren manifestiert sich das (Ent)Laden in einem Dip, der mit dem Prozess selbst korreliert
ist. Wir beobachten eine Verschiebung von lokaler Kontaktpotentialdifferenz (LCPD) und Af
beim Wechsel in den jeweils anderen Ladungszustand. Das dynamische (Ent)Laden durch die
oszillierende AFM-Spitze verursacht periodische Kréfte, die jedoch keinen Einfluss auf die En-
ergiedissipation haben. Weiterhin beobachten wir, dass sich die Ladungszustdnde benachbarter
Molekiile gegenseitig beeinflussen.

SchlieBlich untersuchen wir die zwitterionische Merocyanin-Form (MC) des molekularen
Schalters 1,3,3-Trimethylindolino-6’'nitrobenzopyrylospiran. Durch ortsaufgeloste Af (V) Spek-
troskopie konnen wir die intramolekulare (Dipol-)Ladungsverteilung auch auf der Oberfldche
nachweisen. Wir beobachten eine Abschirmung der Ladungen durch im Substrat induzierte
Spiegelladungen und die benachbarten Molekiile. Der Vergleich von DFT-Simulationen und ort-
saufgelosten LCPD-Messungen ermoglicht uns das MC-Strukturmodell zu verbessern. Im re-
pulsiven Kontakt zwischen Spitze und einer Methyl-Gruppe des Molekiils beobachten wir eine
LCPD-Inversion. Wir interpretieren dies als eine Art Umkehr der Spitzen-Proben Geometrie, in
dem das Molekiil praktisch zu einem Teil der messenden Spitze wird.



Abstract

This thesis describes the investigation of fundamental properties of single molecules in the tun-
neling junction or tip contact, using combined scanning tunneling microscopy (STM) and atomic
force microscopy (AFM). The experiments were performed in a setup that was in the beginning
of this thesis planned, constructed and successfully taken into operation. Here, we address four
different experimental topics.

We lift a molecular wire, 1,4-bis(pyridin-4-ylethynyl)benzene (BPEB), with the STM/AFM tip
from a copper surface. During lift-up we observe an atypical increase of the conductance. In
force field simulations we observe a structural change, the rotation of a pyridine ring. Density
functional theory (DFT) simulations show that the ring rotation goes along with a rehybridization
of a carbon atom from sp to sp?. The additional bond is formed between the C and a surface atom
and allows for current flow directly into the Cu substrate. In AFM Af(Z) spectra we observe a
plastic non-linear change that is correlated with the increase in the conductance and can thus be
assigned to the rehybridization. From Af(Z) in the elastic regime we obtain values of the force
and energy that are related to the bond formed upon the rehybridization. Simulated dF/dZ
spectra of the lifting, obtained from DFT, show qualitative agreement with the measurement.

At a molecular hydrogen (H,) junction we observe the conversion of energy from noise into
mechanical energy. Tunneling electrons lead to stochastic fluctuations between two H, states,
each associated with a different force. The periodic oscillation of the tip modulates the stochastic
noise and results in a concerted dynamics, driving the system into self-oscillation. We identified
stochastic resonance as the underlying principle, allowing a directed transfer of energy from a
noisy environment into directional mechanical motion.

In the charge transfer complex tetramethyltetrathiafulvalene-tetracyanoquinodimethane
(TMTTF-TCNQ) we investigate the (dis)charging of TCNQ molecules by AFM. The manifesta-
tion of the (dis)charging in frequency shift-voltage (Af(V,)) spectra is a dip, that is associated
with the (dis)charging event itself. We observe a shift of the local contact potential difference
(LCPD) and Af upon the change of the molecular charge state. We extract also a value for the
fluctuation in the force during the dynamic discharging with the oscillating tip. Related energy
dissipation cannot be observed, likely due to a too fast discharging process and no (dis)charging-
induced structural changes. In Af(V;) spectral maps we find indications for a mutual influence
of neighboring molecules on their charge state.

Finally we investigate the zwitterionic merocyanine (MC) form of the molecular switch 1,3,3-
Trimethylindolino-6'nitrobenzopyrylospiran, adsorbed in a dimer chain structure on Au(111). We
can localize the intramolecular charges but find also an effective screening by the substrate and
the charges of neighboring molecules. By comparison of DFT calculations and LCPD maps we
can also improve the structural MC dimer model. At a repulsive contact between the tip and a
methyl of the molecule we observe a LCPD contrast inversion, that we interpret as a reversal
of the sample-probe situation: the contacted molecule becomes part of the tip and probes the
surface.
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Introduction

More than 63 years ago Richard Feynman envisioned new fields of science and technol-
ogy on the nanoscopic scale [1]]. He spoke about the possibility to store books and other
kinds of information in structures of atomic dimensions and he suggested to miniatur-
ize computers to allow faster processing speeds. Feynman explained the necessity to
improve the resolution of electron microscopes in order to understand biological mecha-
nisms, i.e. the cause of mutations or how light is converted to chemical energy. One of
his visions was the construction of microscopic machines and the manipulation of single
atoms: 'What would happen if we could arrange the atoms one by one the way we want
them..’.

It took 21 years from Feynman’s visionary talk, until in 1981 Binnig and Rohrer de-
veloped the scanning tunneling microscope (STM) [2], and 5 more years that Binnig,
Gerber and Quate presented the first atomic force microscope (AFM) [3]]. With the help
of these microscopes it was possible to measure up to Feynman’s expectations. Nowa-
days STM and AFM are being used routinely as tools to image structures with atomic
resolution [4-6] and to manipulate molecules and atoms into structures that in future
could be used for data storage [7].

Progress in chemistry enabled the design and synthesis of molecular motors and
switches, yielding molecules with functions. These motors can be driven by light, chem-
ical energy [8,9]] or electrical energy provided by the tip of an STM [[10]. Molecular
switches on surfaces could controllably be converted in between their conformations by
electrons, forces, electric fields, light and temperature [[11-15]].

As Feynman had claimed, technical progress has shown a successful trend of miniatur-
ization. Today computers and data storage incorporate circuits and functional units, only
sized tens of nanometers [[16,17]]. Yet the needs for further miniaturization continues
along with the rapidly advancing digitization of the world [|18]. But the currently estab-
lished silicon based technology is approaching a scale where physical limits of lithogra-
phy and quantum effects could be reached [19,20]. A promising candidate for future
functional and efficient devices are molecular electronics. Several examples of molecular
devices can be seen as a proof of concept, yet they are still far from end-user application.

In this thesis we investigated several ’functional’ molecules with a comparatively new
experimental method: low temperature (LT) scanning tunneling microscopy combined
with dynamic atomic force microscopy implemented in the tuning fork based qPlus [[21]]
design. It allowed us to study fundamental properties of single molecules [22-24]. The
experimental setup was planned, constructed and successfully put into operation in the
beginning of this thesis. In the first chapter we give a brief introduction to the theoret-
ical background of STM/AFM and the experimental setup (chapter[1)). In the following
chapters we present STM/AFM studies about four different molecular systems.



2 Introduction

Charge transport through molecular wires is an essential field, that has to be un-
derstood on the way to molecular electronics. In chapter 2| we correlated the struc-
tural arrangement of a molecular wire, obtained from AFM and DFT, with its con-
ductance. During the controlled lifting of a molecular wire, namely 1,4-bis(pyridin-4-
ylethynyl)benzene (BPEB), with the tip of an STM/AFM from a copper surface we ob-
served an atypical nonlinear increase in the conductance. We identified as the cause in-
tramolecular structural changes, e.g. a rehybridization of a molecular carbon atom from
sp to sp%. The change of the hybridization led to an additional bond between molecule
and copper surface, enhancing the conductance. We correlated these structural changes,
expressed by nonlinearities in the conductance vs. lifting distance curve, with nonlinear
changes in the stiffness obtained from AFM Af(Z) curves. We obtained values of the
energies and forces associated with the rehybridization process from Af (Z) spectra.

Energy harvesting from ambient noise is a concept that could be used e.g. to power
functional nanoscopic devices like nanocars or electronic circuits. In chapter |3| we in-
vestigated the conversion of noise originating from a switching hydrogen (H,) molecule
into the mechanical motion of a macroscopic oscillator. The stochastic motion of a H,
molecule was induced by the tunneling electrons and led to fluctuations of the force
acting on the tip of the tuning fork. The periodic oscillation of the tip modulated the
stochastic fluctuations of the H, and resulted in a concerted dynamics, driving the system
into self-oscillation. Stochastic resonance was identified as the underlying mechanism,
allowing a directed transfer of energy from a noisy environment into periodic motion of
a tuning fork oscillator.

A molecular switch is a nanoscale 'machine’ which can be converted reversibly between
two or more states by external stimuli. The control and determination of their states is of
fundamental interest for molecular electronics. In chapter 4 we examined the interplay
between periodic (dis)charging of TCNQ molecules and the dynamics of the tuning fork
oscillator. The molecules exist in a neutral (anionic) charge ground state and can be
(dis)charged by applying a certain sample bias at a determined tip distance, hence elec-
tric field. From Af(V,) spectroscopy we could identify the charge states. The periodic
discharging, caused by the oscillating tip, appeared as a dip in the Af and allowed an
estimation of the difference in force between the two charge states. The (dis)charging
process was found to be free of tip-sample dissipation. We observed a mutual influence
of neighboring molecules on their charge state. The discharging of neighbor molecules
at higher electric fields led to the recharging of a molecule below the tip.

Molecular switches adsorbed onto surfaces do often lose their ability to change their
conformation [25]. In order to understand the underlying mechanisms that block the
switching, the surface induced modification of their properties must be understood. In
chapter[5|we characterized the intramolecular charge distribution of the zwitterionic me-
rocyanine form of the molecular switch 1,3,3-trimethylindolino-6’nitrobenzopyrylospiran
adsorbed on a Au(111) surface. We could confirm the existence of an intramolecular
dipolar distribution of charges from the 3-dimensional mapping of the molecular elec-
trostatic potential by means of spatially resolved Af(V,) spectroscopy but found also
an effective screening of the molecular charges by the substrate and a mutual cancella-
tion of opposing dipole moments due to the molecular arrangement within the dimer



chains. Furthermore our investigations led to an improved molecular structural MC
dimer model. An atypical inversion of the measured electrostatic potential was found
at a repulsive contact formation between molecule and tip. The last was likely caused by
an effective reversal of the sample-probe system such that the molecule became part of
the tip, probing the sample.



Chapter 1.

Theory and Experimental Setup

Since its development and presentation in 1981 the scanning tunneling microscope
(STM) has become a quite common and valuable research instrument in modern physics
but also diagnostics instrument in industry. For presenting the first working STM the
physicians G. Binnig and H. Rohrer [2,[26]] were honored with the Nobel prize in physics
in 1986 [27].

The great advantages of scanning tunneling microscopy with respect to other surface
sensitive probing methods is the displaying of real space topographic and spectroscopic
information, combined with the possibility to manipulate single atoms or molecules,
while other methods often (e.g. LEED) do average over bigger areas, display the recip-
rocal space or give only spectroscopical information.

Scanning tunneling spectroscopy and inelastic tunneling spectroscopy can yield infor-
mation about e.g. the electronic structure, vibrations and spin flip processes of surfaces
and adsorbates [28]].

Even though the topographic resolution of STM is very high, on the sub-A scale, it
is limited to image surfaces of (constant) density of states which does not necessarily
resemble the topography of the sample. Especially when imaging molecules the molec-
ular electronic structure does not give clear information on atomic positions within a
molecule. And, STM is of course limited to conducting samples.

These limitations have been overcome with the atomic force microscope (AFM), de-
veloped and first introduced by G. Binnig et al. in 1986 [3]]. Atomic resolution could
be achieved in the contact mode already in 1987 [4]. The development of non-contact
atomic force microscopy (NC-AFM), based on a tip attached to a lever oscillating with
its resonance frequency (therefore NC-AFM is also called dynamic (atomic) force mi-
croscopy), allowed to measure sample topography without tip or sample being modified
during the scanning, and later yielded true atomic resolution on reactive surfaces under
UHV conditions [|29].

The introduction of stiff sensors e.g. tuning forks [|6,30] or needle sensors [31,/32]
allowed very small oscillation amplitudes and the attachment of a conducting tip to the
force sensor, combining the advantages of STM and AFM in one experimental setup.

In this chapter we will describe the basic principles and theory of STM and AFM (sec.
and an overview of the used low-temperature STM/AFM system will be given
(sec. [1.3). We will mainly stick to the aspects that are relevant for this thesis.
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1.1. Scanning Tunneling Microscopy

The basic principle behind STM is the effect of quantum tunneling. Ideally, we think of a
conducting tip ending in a single atom and a conducting or semiconducting surface which
are separated by a vacuum gap. The gap works now as a potential barrier. An electron,
as a quantum mechanical particle, has then a finite probability to tunnel through this
barrier. The tunneling probability depends on the local density of states (LDOS) of tip
and surface, the electron energy, and the distance between tip and sample.

In electronic equilibrium with bias equal zero (the bias is the voltage applied to the
sample with respect to the grounded tip) the tunneling current is equal in both directions
and the resulting tunneling current is zero, if we assume the tip and the surface to be of
the same material. With positive bias, applied with respect to the tip potential, electrons
tunneling from the tip into the sample result in a positive net tunneling current. With
negative sample bias, the resulting tunneling current is in the opposite direction, i.e.
negative. The principle is displayed in figure where an example for negative sample
bias is shown.

1.1.1. Tunneling Theory

The simplest way to describe the tunneling process is by accounting the electron trans-
mission through a 1D potential barrier, of width Az and height ¢,. The transmission
probability of a particle is given in the WKB approximation as follows [33]:

2 J*AZ/Z _ ¢, >0 for |z| < Az/2
T(E)~exp| —= \/Zm(qb(z’)—E)dz’ with qb(z):{
h Az 0 else
(1.1
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The probability to tunnel through the barrier therefore increases with decreasing par-
ticles mass m, the width of the potential barrier (Az), and the difference between the
potential height ¢ and the particles energy E (if E < ¢).

Based on the experiments of Giaever [|34] and Nicol, Shapiro and Smith [|35], who
had observed a tunneling current flowing between two metals separated by a thin oxide
layer, Bardeen [36]] has shown that the transition matrix element M,,, between states of
the probe ¥, and the surface ¥, becomes

n* 3 o )
Mun = =5 f dS- (¥, V¥, =¥, V). (1.2)

The integral is over any surface lying entirely within the vacuum barrier region sep-
arating the two sides. With Bardeen’s formalism the tunneling current is given, to first
order, by

2
I= %mz’nf(Em)[l _f(En + eVS)]|an|25(Em - En) (13)

where f is the Fermi-Dirac distribution, E,, and E, the energies of the states of the two
metals and V, the applied bias voltage. Tersoff and Hamann [[37] simplified the model
by taking the limits of small voltage and temperature, so eq. [1.3|becomes

2T
I= ?ezvsg;lenFﬂEn —E.)8(E,, — Ey) (1.4)

where Ej is the Fermi energy.
To evaluate the matrix M,,, (1.2), Tersoff and Hamann expanded the surface wave
function in the way that parallel to the surface it is consistent with Bloch’s theorem and



1.1. Scanning Tunneling Microscopy 7

perpendicular it is decaying exponentially into the vacuum. The tip was modeled as a
locally spherical potential well in the way displayed in figure The wave functions of
the tip were chosen to have an asymptotic spherical form. For simplicity they assumed
the work function @ of the tip to be equal to that of the surface.

Finally the tunneling current becomes

I =327 €2V, 87D, (E-)R*k e R x > |0, (7,)*6 (E, — Ey) (1.5)

where D;(E;) is the density of states per unit volume of the tip, and k = v2m®/h the
minimum inverse decay length for the wave functions in vacuum. The final simplified
expression for the tunneling current comes to

I o< V,p (Ep)p(Ep, o) (1.6)

where p,(Ep,7,) is the local density of states at the surface at Fermi energy and p,(Ey)
the LDOS at the tip. So does scanning tunneling microscopy at low bias represent the
local density of states.

Image Acquisition

Imaging is a fundamental part in scanning tunneling microscopy experiments. The con-
stant current mode is mainly used in scanning tunneling microscopy imaging. In this
mode, a feedback controller with a proportional and an integral component compares
the actual tunneling current with the set-point current, and adjusts the tip height to keep
the tunneling current constant. By recording the height information, one gets a topo-
graphic image of the surface. Since the electronic structure of the substrate has also an
influence on the tunneling current, the obtained image is always a convolution of the
electronic structure and the topography but also the structure of the tip.

Another way to obtain STM images is to scan over the surface and measure the tunnel-
ing current. This imaging mode is called constant height mode. The method involves the
risk to crash the tip into the sample, so it is usually used on smaller, flat sample areas. It
is often used for spectroscopic imaging, where simultaneously differential conductance
or frequency shift (in a combined STM/AFM setup) are measured.

1.1.2. STS: Tunneling Spectroscopy

Scanning tunneling spectroscopy is a way to investigate the electronic structure of metal
substrates and adsorbed molecules. From the three parameters, tunneling current (I,),
bias voltage (V,) and tip-sample distance (z), in STS one parameter is measured in depen-
dence of a second one while the third one is kept constant. The most used combination
is to measure the tunneling current by applying a bias voltage ramp at a fixed z to obtain
a current-voltage characteristic. Using a lock-in amplifier, one can directly measure the
differential tunneling conductance dI,(V,)/ dV, [38]]:
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dIt(‘/SJ X, J’)
dv,

S

x p(E=e-V,x,y). (1.7

This means the tunneling conductance is proportional to the samples LDOS at a cer-
tain point (x, y) of the sample at the energy E = e - V,. Equation is only valid for
small voltages. For higher bias voltages applied, the transmission coefficient with a bias
dependent exponential growth has to be taken into account [[38].

By measuring a topography image very slowly, one can modulate the applied bias
voltage and measure the derivative of the tunneling current in every image point. This
gives than a conductance map of the scanned region at a certain energy e - V,. These
maps are called dI,/ dV, maps.

Another spectroscopy mode is the so called z(V;). By applying a bias ramp, the feed-
back adjusts the tip-sample distance z to keep the tunneling current constant at its set-
point. The derivative of the tunneling current can be also measured with a lock-in am-
plifier. This method has the advantage that adsorbates being sensitive to high tunneling
currents may not be harmed. On the other hand, the tunneling current increases expo-
nentially with decreasing tip-sample distance, resulting in an apparent higher LDOS at
low bias voltages. This fact inhibits that this spectroscopy method can be used at low
bias voltages.

1.2. Dynamic Atomic Force Microscopy

The extension of a pure STM to a tuning fork (TF) based dynamic AFM is from the
technical side a not too complicated modification. But from the physical properties one
can measure additionally it is a big change. The physical properties measured by dynamic
atomic force microscopy are frequency shift (Af), the oscillation amplitude (4,) and the
driving amplitude (Ap).

An illustration shows the significant properties in figure In this model the tip is
described as an effective mass m, attached to a spring with a stiffness k, (k, = 1800 N/m
for tuning forks used in this thesis). The effective mass is given by the tuning fork’s prong
mass and the mass of tip and glue. Typical resonance frequencies of TFs used here are
fo = 18 — 30 kHz. The frequency shift is the change Af = f, — f/ of the resonance due
to tip-sample interactions. The oscillation amplitude can be controlled to be as small
as A, = 0.1 A. This means during its oscillation cycle the tip can stay in the tunneling
regime. This makes simultaneous measurement of tunneling current and Af on the
atomic scale possible. Alike the tunneling current in STM, the frequency shift can be
used as a feedback signal in AFM, to obtain topography images of surfaces of constant
force gradient. Due to the faster feedback, we used the STM for topography imaging.
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Figure 1.3.: Scheme of dynamic STM-AFM. The yellow labels correspond to observables in the
AFM part in the setup. Additional AFM oscillator properties, not shown here, are the intrinsic
stiffness of the (tuning fork) spring k, and its effective mass m, related to the oscillator resonance
frequency as f, = 1/2m - (ko/m)/?.

1.2.1. The AFM: A Harmonic Oscillator

The free tuning fork is a real oscillator, which means it has some intrinsic damping due
to friction. The equation of motion of the driven, damped harmonic oscillator is [|39]]:

. Mwg
mix — Tx + kox = Fpcos(wt) (1.8)

where k, is the spring constant of the oscillator, w, = 27 f, the resonance frequency with
the relation w; = ko/m, Q the quality factor which is related to the damping constant
by 2y = w,/Q and F,, = k - A;, the amplitude of a periodic driving force with a driving
frequency w and Ap, the amplitude of the driving motion.
The solution leads to the amplitude as a function of the driving frequency:
Alw) = k Ap (1.9)
M /4722 + (w2 — w?)?

which is the resonance curve.
For w = w the oscillator is in resonance. Equation [I.9 becomes then simply

Alwy) =A,-Q (1.10)
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A close approximation of the Quality factor can be extracted from the full width of the
resonance curve at A, = A,/ V2 with Q = f,/Af (Ag)-

1.2.2. Oscillator in a Force Field: Force Spectroscopy

When the tip of the dynamic force microscope is brought closer to the sample, it is
affected by the tip sample forces. Due to the oscillation in the distance-dependent force
field, the force gradient causes a change of the effective stiffness of the TF oscillator. The
oscillator is de-tuned to a new resonance frequency

ko — 9Frs(z)
fl={—2 (1.11)
m
where Fr4(z) is the tip-sample force and f’ = f, + Af the resonance frequency of the
detuned oscillator.
For small oscillation amplitudes, the frequency shift, which is the main observable in
dynamic AFM, can be expressed as [[21]:

f, OF
Af(z):_i a;S
0

(1.12)

which means that the frequency shift is directly proportional to the tip-sample force
gradient. In experiments, we are interested in interaction forces and energies between tip
and sample. Therefore we perform Af(z) spectroscopy. If one measures the frequency
shift as a function of the tip-sample distance, one can get the tip-sample force by an
integration along the z axis:

F(z):= —f Af(2)dz + F., (1.13)

where we define negative forces as being attractive.

However, in cases where the oscillation amplitudes are larger or the Af(z) features
observed are in the order of the oscillation amplitude, the previous approximation gives
inaccurate results. Franz Giessibl derived a more general expression for the frequency
shift from first order perturbation theory with the Hamilton-Jacobi approach [[40]:

Af B
fo TAgko

1
f F(x—l—a(1+u))Ldu (1.14)

-1 1 —u?

where x is the distance of closest tip approach between tip and sample during the oscil-
lation. Sader and Jarvis developed from this a deconvolution method to yield the exact
forces from Af(z) independent of the amplitude: [41]

szJOO( ql/? ) @2 Af(t)
F(z)=— 1+ —— | Af(t) - dt (1.15)
fo J, 8/ m(t —2) 2(t —2) dt
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It is possible by further integration along z to obtain the potential energy as a function
of the distance.

All these methods can only be applied within elastic regimes of tip-sample interaction.
If plastic changes occur in the junction, the elastic regimes have to be treated separately
and the obtained forces are values, each relative to the point after the last plastic defor-
mation.

1.2.3. Dissipation in Atomic Force Microscopy

The equations from Sader and Jarvis are only valid for constant oscillation amplitudes.
However, in real experiments the tip-sample interactions may be non-conservative, e.g.
upon repeated bond-formation and bond-breaking during the dynamic tip motion. Then
the damping constant - or the effective quality factor Q,;, - would change, which would
influence the oscillation amplitude (eq. as

fo
A(fo):AD'Qeff :AD' (Q_ ) (1.16)
Yrs

where y ¢ is the damping constant of the dissipative tip-sample interaction.

In order to keep the oscillation amplitude constant, an amplitude feedback controller
adjusts the driving amplitude so that the oscillation amplitude is kept constant. This so-
lution has an additional benefit as it allows to measure and quantify the dissipation. We
calibrate therefore each gPlus sensor far away from the sample to determine its quality
factor Q and the driving amplitude A, of the free tuning fork, required to maintain a
constant oscillation amplitude A,,.. In the experiment we measure the actual (constant)
oscillation amplitude A, of the tuning fork and the actual driving amplitude A, . = re-
quired to maintain the oscillation amplitude A, constant. With the energy stored in the
motion of the oscillating cantilever, E, = k/2 - A?, one gets for the energy dissipated per
oscillation cycle of the free tuning fork due to intrinsic damping:

27E,
D, =
Q

(1.17)

for which the driving amplitude A, is known. Then the energy dissipated per oscillation
cycle due to tip-sample interactions becomes a simple linear relation [21]]:

A/
D,.=D (—D — 1) (1.18)
TS 0 A .

D

For a typical cantilever with f, = 20 kHz, Q = 10000 and k = 1800 N/m and an oscilla-
tion amplitude of A, = 50 pm one gets for the free tuning fork an energy of E, =21.2 eV
stored in the motion of the tuning fork and an intrinsic energy dissipation of D, = 13 meV
each oscillation. This enables us to resolve dissipation effects in the order of millielec-
tronvolts per oscillation cycle.
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Figure 1.4.: a) Modeled Lennard-Jones potential (blue) and the derived Lennard-Jones force as a
function of the distance of two atoms. z,, and € denote the bond distance and the binding energy,
respectively. b) Lennard-Jones force from a) and modeled van der Waals force (blue, Hamaker
approach) and the sum of both (yellow).

1.2.4. Forces in Atomic Force Microscopy

Here we will discuss the different forces that play a role in AFM. These are the chem-
ical forces, the van der Waals (vdW) force, electrostatic and magnetic forces. The last
are usually very weak in comparison to the other forces and require magnetic tips and
samples and, depending on the experiment, even external magnetic field to detect them.
Since they do not play a role in our experiments they will not be discussed here.

Chemical Forces

Chemical forces are short range forces, which become significant at distances between
tip and sample, where their wave functions overlap - this is the case at distances where
tunneling currents can be observed. They are the only relevant forces with repulsive
components. Chemical forces are often modeled by the Lennard-Jones(12,6) potential
[[42], which describes the potential energy as a function of the distance of two atoms:

E ;(z)=¢ ((Z?m)u—z (Z?m)()) (1.19)

where € is the depth of the potential at the distance z,,, so € is the binding energy while
z,, is the binding distance of the two involved atoms. A Lennard-Jones potential with
parameters € = —1.2 eV and z,, = 1.68 A is plotted in figure a).

The ()!? term holds the repulsive part of the forces. They act only on very short
distances. Physical origin is the Pauli repulsion: if two atoms are brought close together
their filled orbitals will start to overlap. But due to the Pauli principle two electrons may
not occupy the same quantum state simultaneously. So electrons are forced to occupy
higher lying orbitals, which lets the energy of the system increase and, hence, leads to
repulsion.
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The ()° term holds the attractive part of the forces which arise from van der Waals
forces, but also permanent dipole-dipole interactions. This holds only for the case of
single atoms - the idealized situation of a tip probing a molecule after removing the long
range background forces. VAW forces are treated later separately, too. They are small
for single atoms but they become large if many atoms are involved since vdW forces are
of longer range than the repulsive forces and additive.

Differentiation of the Lennard-Jones potential in z-direction yields the chemical force
as a function of the distance.

The Lennard-Jones potential derived force is plotted in fig. a) together with the
potential energy.

van der Waals Forces

The van der Waals (vdW) force originates from dipole interactions between molecules
and atoms. They include forces between two permanent dipoles (Keesom force), perma-
nent dipole and a corresponding induced dipole (Debye force) and the London dispersive
forces, which are instantaneously induced dipoles [43].

The vdW potential for two atoms E, ;,, o< —1/2° is part of the chemical potential as it
is of relative short range and weak. But due to its additive character it plays a role on
macroscopic objects. In AFM experiments, where we want to observe the forces between
atomic scale objects, e.g. the tip and molecules or atoms, the long range vdW forces due
to the macroscopic tip can become significant.

For the case of a sphere of radius R at distance z from an infinite plane the approach
by Hamaker [44]] yields the van der Waals force:

HR

= (1.21)

deW(Z) =-
where H is the material dependent Hamaker constant. Figure b) shows the vdW
force as a function of the distance for a sphere with radius R = 20 A and a Hamaker
constant H = 3 eV together with the Lennard-Jones force and their sum. As one can see,
the vdW force gives a large attractive background. Larger vdW forces shift the minimum
in the curve sum (figure b) to smaller z distances. Another experimental problem is
that the attractive forces can become so strong that tip may me pulled into contact.

So it is even more crucial to have a very sharp tip on a longer z scale (compared to
STM, which requires only an atomically sharp apex). In order to interpret the interaction
between the front atom of the tip and a sample from Af(z) spectra, independent of
the macroscopic tip shape, a background correction can become necessary. Reference
spectra taken on the substrate and subtracted from the spectra taken in the region of
interest yield only the short range interaction between the very front of the tip and the
region of interest [22,24,/45]].
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Figure 1.5.: Sketch: Origin of the contact potential difference (CPD). a) When two materials with
different work functions ®; are in no electrical contact their vacuum levels are aligned. b) When
the materials are electrically connected, their Fermi levels E align by electrons flowing into the
metal with higher work function. This leads to a potential difference CPD = A®/e. ¢) The
potential difference - and so the electrostatic forces - between both materials can be minimized if
an external bias voltage V, = CPD is applied.

Electrostatic Forces

Electrostatic forces are from these three forces the ones with the longest range. They can
occur by a potential difference between metallic tip and sample. In a simplified way tip
and sample can be treated as a capacitor. The electrostatic force of a capacitor is given
by [46]:

b aEcap_lé?C
€T 9z 20z

where E_,, is the energy stored in a capacitor with capacitance C. In a capacitor formed
by two different surfaces, e.g. the tip of an AFM and the substrate, the effective elec-
trostatic potential is V =V, — CPD. In an experimental setup is V, an externally applied
voltage and CPD the so called contact potential difference corresponding to the differ-
ence in the work functions of tip and sample. The function in eq. is a parabolic
curve and thus CPD corresponds to the voltage value where the absolute value of the
force has a minimum. By applying an external bias so that V, = CPD the contact poten-
tial difference is compensated and the electrostatic forces are minimized. This method
allows to determine the CPD experimentally, which will be discussed in detail in the next
sections.

V? (1.22)

1.2.5. Kelvin Probe Force Microscopy

If two metals with different work function @, , are separated, their vacuum levels are
aligned as shown in fig. a). When they are brought into electrical contact their Fermi
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levels will align. Therefore electrons will flow from the metal with lower work function
|®,| into the one with higher |®,|. The charges will accumulate on the surface, resulting
in a space charge. Their electric field pushes the electrons back, until an equilibrium
is reached (fig. b). In equilibrium, the separated space charges yield a potential
difference, the so called contact potential difference (CPD) that is given by CPD = (¥, —
®,)/e [46].

A method to measure the contact potential difference has already been developed by
Lord Kelvin in 1898 [47]], called Kelvin probe method. Here sample and probe are the
two plates of a capacitor. An AC current is induced by an AC distance displacement of the
two plates due to the difference in the work functions. This AC current can be nullified
by applying an external DC voltage V,,- = CPD and yields the work function difference
Ad=¢e-CPD.

This method could be extended to yield lateral resolution on the sub-nanometer scale
by a modified dynamic AFM setup, the so called Kelvin Probe Force Microscopy (KPFM)
[48,149]]. The (DC) bias voltage is modulated with an AC voltage. If the DC component
is not equal to the CPD, the AFM will be excited also at the modulation frequency and
oscillate with a certain amplitude. Lock-in technique and a feedback on the DC bias can
be used to keep the AC amplitude minimal. This method can be applied while scanning
an image in AFM feedback, yielding a map of laterally resolved CPD.

1.2.6. Local Contact Potential Difference

The latest great advances in KPFM were achieved by Gross et al. in 2009 [23] using
a qPlus [21] design dynamic force microscope. Due to the high stiffness of the tuning
fork sensor, the oscillation amplitudes can be as small as 10 pm. This allows much closer
(time-averaged) tip-sample distances and therefore a much higher resolution: Gross et al.
could determine the charge state of single Au and Ag atoms adsorbed on a NaCl layer on
Cu(111).

In this method the tip is positioned over the sample at a fixed (average) tip-sample
distance. Then the bias voltage is ramped while the frequency shift is recorded. The
capacitor approach eq. [1.22]yields then for the measured force gradient at Z = const.

JF,, 10%C ) _

FEERr (V. — LCPD)* + Af(2). (1.23)
The Af(V,) curve is a parabola, centered at the value LCPD, the local contact potential
difference, like in eq. The prefactor on the right hand side, before the brackets, is
reflected in the curvature of the parabola and is due to the distance-dependent capaci-
tance of the junction. One has to account for other forces, e.g. van der Waals force and
chemical forces, by an offset Af(z). The frequency shift value at LCPD thus is due to all
forces apart from (vanishing) electrostatic forces.

This method is relative slow, as it requires to measure a whole parabola at any point of
interest on the sample (and fit every single spectrum with a parabolic function to extract
LCPD and Af(V, = LCPD)). But it has shown to yield very high lateral resolution, even
on small variations of the local contact potential difference [50,51]].

Af (V) oc =
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Figure 1.6.: Electrostatic model for a double-barrier tunnel junction, from [|51]]. a) Schematic
illustration of tip, sample and an Au adatom on an insulating NaCl layer and equivalent circuit of
the electrostatic model. Cy(2), C;(z) and C, denote the tip-substrate capacitance, the tip-adatom
capacitance and the adatom-substrate capacitance, respectively. b) The function Af (V) =a(b+
V)2 + ¢V?2 in the model a) plotted for different values of b, which correspond to negative (blue),
positive (green) or no charge (red). non-vanishing values of b, since independent of V, cause both
a vertical and a lateral shift of the parabola. The b is attributed to an image charge, induced in
the AFM tip.

Force Between a Metallic Tip and a Charged Atom

Gross et al. observed a vertical shift of the Af(V,) parabola LCPD to more negative
Af values (and hence more attractive force) when measured with the metallic AFM tip
above a charged atom in comparison to a neutral atom [23,,51]]. The shift occurred for
both, positive and negatively charged atoms. They attributed this due to an additional
term in eq. originating from a polarizable tip. The double barrier tunneling junc-
tion (DBTJ) of their experimental setup, sketched in figure a) (from [[51]), can be
modeled with an electrostatic force

acl( +cv)2+1aC°
2C 17 %2 2 0z

where C,(z), C;(2) and C, denote the tip-substrate capacitance, the tip-adatom capaci-
tance and the adatom-substrate capacitance, respectively and Cy (z) = C;(z) + C,. The
first term on the right hand side of eq. is independent of V and can be attributed
to an image charge induced in the AFM tip. In previous studies it was argued that this
term can be neglected due to the experimental conditions in KPFM, e.g. large oscillation
amplitudes and, hence, large (average) tip-sample distances [|52,53]]. This assumption is
not valid for the small oscillation amplitudes and small tip-sample distances used in the
tuning fork AFM setup. The frequency shift parabola is then of the form

Af(V)=a(b+V)*+cV? (1.25)

F,(V)= v? (1.24)
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Figure 1.7.: (a) and (b) show the crystal potential U (or electrostatic potential V = U/ — e ) for
two separate metals with work function W and W’ and Fermi energy ey and €}, respectively.

() In electrical contact, the Fermi levels of the two metals align, analogous to figure On a
macroscopic distance between the two metals, the potential drops linearly over the gap. At closer
distances of the two metal surfaces, in the order of their lattice constants, the potential evolves
more complicated. The potential vacuum level values U = e¢ with respect to the Fermi level
may not be reached, thus a (constant) work function is not defined any more. Figure is taken
from [54].

where b accounts for the non-vanishing term due to the image charge induced in the
AFM tip. Gross and Mohn showed (figure b) that this model can indeed account for
their observed shift of the Af(V,) parabola LCPD to more negative values on charged
atoms [23,51]. However, the general relation, that the parabola minimum |Af| shifts
to negative (positive) LCPD values if a surface charge q is positive (negative), remains
valid. Due to the strong distance dependence of chemical forces, the effect of the vertical
Af shift will be difficult to distinguish if topographic effects are involved.

1.2.7. From Electrostatic Potential to Work Function

With the tip being in tunneling distance, variations in the contact potential difference
could be resolved, which cannot be equalized with the concept of work function, any-
more. The work function is a macroscopically defined property and reflects the long
range approximation of the surface electrostatic potential. Far from the surface - in re-
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lation to the lattice constant - one can assume that the surface is uniformly charged per
unit area. With a second surface - the tip - parallel to the first one, this can be modeled as
a capacitor. Inside a model capacitor the potential drops linear over the whole distance
between the two surfaces, thus the potential difference at a given constant charge den-
sity will be constant at any distance z between the surfaces. These conditions are met
in a typical cantilever AFM setup, where the tip amplitudes are in the order of > 1 nm.
Then the equilibrium tip distance is sufficiently far away from the surface, and one can
indeed measure spatial variations of the work function.

In contrast to the model figure which is typically presented to explain Kelvin probe
force microscopy, the real situation close to the surface is much more complex. Figure
a) and b) (from [54]]) show the crystal potential of two separate metals with different
work function W, W’ and different Fermi level €, and €}, respectively. Within the bulk
of a metal crystal the periodicity of the atoms causes a lattice-periodic potential, usually
described by Bloch functions [|55]]. At the surface the crystal symmetry is broken, and a
charge redistribution occurs. This leads to an effective surface dipole and causes, what
we call work function.

But the evolution of the potential from the bulk into the vacuum can not be a step
function as in the sketch in figure but has to be continuous. For different surfaces,
different potentials apply, for instance on ionic surfaces, where opposite charges in the
surface are next to each other, the potential decays exponentially [56]]. In metals, elec-
trons are screened by an image charge and the potential is in its simplest approximation
of the Coulomb form V(z) « 1/z [57,/58]. The surface potentials decay within a few A
into the vacuum, this distance electrons have to travel, to escape the surface potential.
Tuning fork based AFM with its small oscillation amplitudes does allow to approach the
tip so close to the surface, that in the picture fig. c) the surfaces would be so close
to each other, that the potentials could not reach the vacuum level values U = e¢ with
respect to the Fermi level. Then the potential difference between tip and sample does no
longer reflect the difference in the work function between tip and sample. What LCPD
in this case means is the local electrostatic potential.

Therefore we will not refer to the work function in our experiments, but rather speak
of the local contact potential difference (LCPD) or (local) electrostatic potential.
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1.3. Experimental Setup

The experiments presented in this work were performed in a low temperature STM/AFM
chamber based on the design of Gerhard Meyer and SPS-Createc GmbH [|59,60]. The
design and construction of the base chamber, as well as the design and installation of
the typical ultrahigh vacuum, sample preparation and transfer tools was part of this
thesis. The cryostat with the STM/AFM head was bought and installed by SPS-Createc
GmbH. STM/AFM controller electronics were provided by SPS-Createc, as well. For con-
trolling the AFM an additional phase locked loop (PLL) controller from SPECS-Nanonis
was bought and incorporated into the setup [[61]. For improving the performance of the
STM/AFM further modifications were made, e.g. additional filtering and cooling wires.
In the following a detailed description of the setup will be given.

1.3.1. UHV Chamber

The chamber design was developed from experience, collected within the group with the
present low temperature scanning tunneling microscopes. A photograph of the whole
machine is shown in fig. a). The inset shows our final CAD drawing of the base
chamber, as we ordered it from VAb GmbH [62]], mounted on the frame with load-lock
and turbo pump chamber. The base chamber consists of a preparation chamber and
a SPM chamber. Both are separated by a gate valve. This allows sample preparation
without contamination of the SPM chamber by molecules or sputter gas. It is also possible
to perform a preparation chamber bakeout, while the SPM chamber remains cold at
cryogenic temperatures.

Sample transfer between the microscope and the preparation chamber is accomplished
with a rotatable linear manipulator. The standard metal-sample holder incorporates a
direct current oven heater, on which the samples are mounted. A k-type thermocouple
is attached to the samples on the sample holder. The manipulator is coolable with liquid
helium. During sample preparation the sample temperature can be controlled over a
wide range from 100 K to ~ 900 K. This allows all preparation steps, e.g. sputtering,
annealing and molecule evaporation to be done with the sample held in the manipulator
at the desired temperature.

A major requirement was the possibility to prepare atomically clean surfaces and the
evaporation of molecules. Therefore standard preparation tools and equipment as well
as several special modifications were incorporated into the chamber:

e two load-lock/evaporator ports, connected through bypass tubes to the

e turbo pump chamber, to attach molecule or metal evaporators, sample holder and
tuning fork sensor transfer tools without breaking the vacuum of the preparation
chamber

e the preparation chamber is equipped with

— quadrupole mass spectrometer for (residual) gas analysis
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Figure 1.8.: SPM system constructed and used in this thesis. a) Photograph of the LT UHV
STM/AFM chamber. The inset shows the CAD drawing of the base chamber, load-lock and frame.
b) SPM head from different perspectives. Lower: View into the microscope from the sample
transfer side. A sample can be placed on the sample stage. By un-clamping the SPM head, a
spring presses the sample stage and sample up against the base plate, which holds the outer
coarse piezos. These carry the ramp; in the ramp center is the central piezo, onto which the
tuning fork sensor sticks, held by magnets. Rotation of the ramp moves the central piezo and the
sensor with tip perpendicular to the sample surface. The upper figure of b) shows the ramp top -
lateral translation is possible within the area of the aluminium ring, mounted around the ramp.
c) Tuning fork dynamic force sensor. The tuning fork is glued with one prong to the sensor holder
and a tungsten tip attached to the free prong. The inset shows a magnification of the 12um gold
tip wire. It decouples the tunneling current from the piezoelectric AC current of the oscillating
tuning fork.

- leak valves for gas dosing and

- sputter ion gun for sample cleaning

— sample parking with space for four sample holders and a special parking for
tuning fork sensor transfer tools

e ionization gauges to monitor the pressure

e ion pumps and a titan sublimation pump maintain mechanical vibration free ultra
high vacuum

e air damper feet decrease the mechanical coupling between building and the instru-
ment
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1.3.2. LT SPM Head

The SPM head was delivered and mounted by SPS-Createc GmbH together with the
cryostat and radiation shields [60]. The construction of the head, developed by Dr.
Gerhard Meyer and Dr. Sven Zophel in the group of Prof. K.-H. Rieder at the FU Berlin,
follows the Besocke beetle type [|63]] design. Although the design is relative simple, it
delivers high mechanical and thermal stability and can be operated in a temperature
range from 4.5 K to 300 K.

Figure b) shows a photograph of the SPM head. In this setup the sample holder
with sample is clamped against a baseplate, on which three so called coarse piezos are
mounted. These have each a sapphire sphere mounted on top, holding a threefold ramp
made from copper. By applying sawtooth voltage pulses to certain electrodes of the
piezos the ramp does a rotational motion around its center. The lift height is 0.6 mm.
An aluminium ring around the ramp allows lateral motion, covering a major part of the
sample, but also protects the ramp from falling off the piezo-sapphires.

In its center the ramp holds the central piezo. It bears the tuning fork sensor with
two magnets and makes three electrical contacts to the sensor: two for the tuning fork
piezoelectric AC current and one for the tunneling current. The excitation of the tuning
fork motion is done mechanically by applying an AC voltage to the central piezo. A
sensor, like it is used in the SPM, is shown in a photograph in figure ¢). The tuning
forks are standard commercially available 32.768 kHz quartzes like they are being used
in e.g. wristwatches. They are mounted on a Macor [|64] base with one prong fixed with
glue while the other prong remains free to oscillate normal to the sample surface.

An important feature when working with tuning fork sensors is the easy in situ sensor
transfer while the SPM head stays at low temperatures. This is possible due to the
magnet mount: two opposite oriented magnets each, in the sensor holder and in the
central piezo, define the sensor orientation. Gold coated spheres - visible in the mirror
image in the bottom right of fig. ¢) - make the electrical contacts to counter electrodes
at the bottom of the central piezo. A cut-out in the sensor holder allows sensor transfer
with a special designed fork-like tool which can be held in the manipulator.

Sample holders and tuning fork sensors design were developed by Gerhard Meyer and
Sven Zophel; during this thesis newly constructed sensors and sample holders follow
these designs.

Start-Up: The First Results

Shortly after the final assembly, the microscope could be put into operation. Figure
a) shows one of the first images with atomic resolution on a Au(111) surface. It is unpro-
cessed and exhibits a low noise level, confirming optimal conditions. Afterwards a tuning
fork sensor was inserted to test the AFM. Figure [1.9]b) shows a raw data plot of a Af (V;)
spectrum, taken at a Z distance of 5 A higher than defined by the tunneling setpoint. The
curve follows the expected parabolic shape and confirmed also the operational readiness
of the AFM.
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Figure 1.9.:
First results with the
new STM/AFM at low
temperatures. a) One of
the first images showing
atomic resolution on the
Au(111) surface, at 5
K. The raw-data image
exhibits no significant
noise and proves the
optimal condition of
the STM. (I, = 510 pA,
V, = 87 mV) b) The first
AFM operation at 5 K.
The figure shows a raw-
- data Af(V,) spectrum
w0 taken at a tip Z position
i 5 A above the tunneling
setpoint (I; = 150 pA,
V, =1.05V).

1.3.3. STM/AFM Wiring, Schematic Diagram and Signal Filtering

With the integration of the AFM parts in the STM also the electronic setup becomes
more complex. Figure shows a simplified scheme of the connections from outside
electronics like AD/DA converter, digital signal processor (DSP) and phase locked loop
(PLL) oscillator to the scanner parts which are inside UHV at low temperature.

The base cabling of an STM incorporates the sample bias connection, the tunneling
current wire and the piezo high voltage cables. The current to voltage conversion is usu-
ally done with an external amplifier DLPCA-200 from Femto (adjustable conversion
between 10% and 10° V/A), attached directly to the cryostat, to keep signal ways short.
With the modification to the tuning fork STM/AFM setup, additionally a low temperature
current converter - an AD823 operational amplifier , with a fixed gain 10'° V/A - was
mounted into the UHV chamber inside the liquid nitrogen radiation shield. A bistable
relay mounted next to it can be switched from outside the chamber to choose between
the internal or external amplifier.

Additional connections are needed for the AFM part of the machine. The driving signal
is provided by applying an AC voltage to the central piezo. In contrast to established
silicon cantilever AFM, where the cantilever readout is done via complex optical setups,
the tuning fork readout is relative simple. The tuning fork consists of quartz, which
is a piezo electric material [54]. A displacement or bending of the free tuning fork
prong leads to a charge redistribution within the crystal. Gold coated electrodes on
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the crystal collect the charge and a current between electrodes can be measured. The
tuning fork piezo current is converted into a voltage with a gain of 108 V/A at a second
AD823 operational amplifier mounted in the nitrogen radiation shield. After further low
pass filtering, the TF signal is bandpass filtered and adjusted in a post voltage amplifier
(SR560, [67]) to make it processable by the phase locked loop (PLL) controller. With
this setup we can control the tuning fork sensor to oscillate at amplitudes down to 0.1 A.
From the Nanonis OC4 PLL we record the Af and A}, signal with the Createc electronics,
the oscillation amplitude and the phase error of the PLL are monitored, to ensure the
validity of the AFM measurements.

The high quality factor Q of tuning forks leads to an easy excitation of oscillations.
In typical operation conditions a tuning fork sensor with a Q of 10000 operated at an
oscillation amplitude of A,,. = 50 pm needs to be excited with an amplitude of A,,. =
A,./Q =5 fm. We use a signal divider of 1/10000 at the driving piezo to have optimal
control of the driving amplitude. But due to the high Q noise can become a big problem
in an AFM setup. All cables, especially the piezo signals for driving the scanner, must be
electrically filtered. E.g. in our setup white noise in the coarse piezos with an amplitude
of 10 uV would suffice to excite the TF uncontrollable at 50 pm amplitudes, too.

A filter box mounted at the cryostat high voltage piezo connectors improved the noise
level drastically compared to the initial setup, making tuning fork oscillation amplitudes
down to 0.1 A possible. The filter box is thereby relative simple: each of the 10 x-y
channels can be switched between unfiltered-bypass (needed when moving the ramp)
and filtering. Each of the channels is a second order low pass consisting of two first
order 1 kHz RC-low pass filters in series.

PLL: 'Heart and Brain’ of the AFM Electronics

The tuning fork is controlled by a so-called phase locked loop (PLL) oscillator. Its main
function is to keep the driving signal phase always shifted by 90° (in resonance) with
respect to the tuning fork oscillation signal. If the resonance frequency of the oscillator
changes, e.g. due to tip-sample forces, the PLL has to readjust the frequency of the driv-
ing signal to the new resonance frequency, in order to keep the phase constant (=locked).
The difference between the actual resonance frequency and a previously (usually out of
tunnel) determined frequency is the frequency shift Af, the main observable in dynamic
AFM. An additional feedback controller in the PLL allows for adjustment of the amplitude
of the driving signal, in order to keep the tuning fork oscillation amplitude constant. If
the oscillation amplitude is constant, a measurement of Af(Z) allows via an integration
(see sec. and equation to yield the force as a function of Z. Moreover, the
driving signal yields information about energy dissipation due to tip-sample interactions

(sec.[1.2.3)).

1.3.4. Tuning Fork Sensor Construction

A first set of two tuning fork sensors (as in fig. c) was delivered with the machine
from SPS Createc GmbH. After unintended heavy tip crashes the sensors may degrade.
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This can result in asymmetric resonance peaks and lower quality factors.

To have always a well working sensor, we started to fabricate our own sensors, follow-
ing the design of the Createc sensors. The basis is the Macor support which has holes to
fit the magnets and metal spheres for electric contacts. A rotationally symmetric cutout
allows a safe sensor transfer into the cold STM with a special fork like tool. Two magnets
are used to hold the sensor in the STM in the right orientation.

Three spheres make the electrical contacts for tunneling current and the tuning fork
current. Magnets, spheres and the tuning fork and wires are glued with a non-conductive
UHV compatible adhesive H77 from Epotek [|68]. The used tuning forks are standard
quartzes type E158 from MicroCrystal [69] with a resonance frequency of 32.768 kHz.
The stiffness was reported to be 1800 N/m [21]]. They are glued to the Macor support
so that the free prong can oscillate perpendicular to the sample surface. The tuning fork
electrical contact wires are first glued with conductive glue H21D from Epotek [68] and
then stabilized with H77.

One of the most critical parts is gluing the tungsten tip wire to the free prong of the
tuning fork with non-conductive glue. We changed the wire thickness from the original
75um to 50um and later even 25um. The reduction of the wire diameter to 50um al-
ready reduces the mass to 44% (at 25um to 11%) of a 75um wires mass. Additionally
less glue is needed to fix the wire to the tuning fork. We can produce tuning fork sensors
with high resonance frequencies in the order of 28 kHz. For tunneling current measure-
ments a 12.5um gold wire is glued in a last construction step with conductive glue to the
tip. The sensor tips are shortened to the proper length by electrochemical etching with
NaOH solution, just before the transfer into the chamber, in order to reduce oxidation of
the metallic tip.
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Figure 1.10.: SPM system electric circuit diagram. The SPM head with the TF sensor is housed

ters, controller electronics etc. are connected from the LAB side into the UHV chamber by UHV

feedthroughs. For controlling of the SPM and data acquisition a computer (not shown), running

in the LT part of the UHV chamber, the TF current amplifier is mounted on the IN, shield. Fil-
special controller software, is connected to the Createc electronics and Nanonis OC4.
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1.3.5. Substrates and Preparation Methods

In this thesis we investigate very well defined single molecule contacts and molecular
islands. To be able to identify single molecules or to allow molecules to arrange in
ordered islands, a requirement is also a well defined, atomically clean substrate. The low-
index surfaces of coinage metal crystals are well characterized and understood and serve
as substrates in many surface science studies. They are relative easy to clean and prepare.
To remove adsorbates, they are sputtered with ionized noble gas atoms, accelerated to
kinetic energies in the order of ~ 1 keV and annealed afterwards to yield samples with
large flat terraces.

The systems investigated throughout this thesis incorporated different noble metal
single crystals. The investigated samples were Au(111), Cu(111) and Cu(110) single
crystals. Properties of the different surfaces are listed in table

All samples were prepared by repeated cycles of sputtering with Ne* ions and anneal-
ing to ~800K to obtain an atomically clean, flat surface. Afterwards, the samples were
prepared further (e.g. molecule evaporation), cooled down and transferred into the cold
SPM. The preparation of the different systems will be described in the corresponding
sections.

Surface pattern step height Atom next neighbor distance =~ Work function
Au(111) | hexagonal  2.3545 A 2.8837 A 5.31eV
Cu(111) | hexagonal 2.0871 A 2.5561 A 4.946 £ 0.010 eV
Cu(110) | rectangular 1.2781 A 2.5561 A x 3.6149 A 4.4 eV

Table 1.1.: Physical properties of noble metal surfaces used in this thesis [|5,/70-72]



Chapter 2.

Electron Transport Properties of
Molecular Conformations Correlated
with the Molecular Stiffness

Molecular wires are essential building blocks of molecular electronic devices. Of great
interest is the dependence of their conductance on environmental influences. The con-
ductance of molecular wires is affected by the contact to the metallic leads [73,/74].
But mechanical stress can also alter the conductance [[12}/75]. Molecular break junction
(MBJ) experiments can deliver insight on general properties of the wire stretching pro-
cess, allowing to correlate the molecular wire conductance with the force and, hence,
structural changes in the junction. Due to the experimental design of MBJ, that allows
no control of the individual contact formations, only averaging over many contact for-
mations reveals general properties of the molecular devices [76].

The goal of this study is to correlate the molecular electrical conductance with struc-
tural changes of individual molecular wires. We report on the controlled lifting of a
flexible molecular wire, namely 1,4-bis(pyridin-4-ylethynyl)benzene (BPEB), combining
dynamic force microscopy with scanning tunneling microscopy. During the lift-up pro-
cess, we identify characteristic plastic and elastic deformations of the molecular wire in
the AFM frequency shift signal. We correlate these with features in the electrical con-
ductance, supported by DFT calculations. Overall, we can draw a detailed picture of the
lifting process, starting from the contact formation until the wire breaks off from the tip.

2.1. BPEB on Cu(110)

Polyphenyls are an interesting species for molecular wires: at small dimensions they
combine high stability with good conductance through their conjugated 7 system. Fig-
ure shows a structural model of 1,4-bis(pyridin-4-ylethynyl)benzene (BPEB). Two
pyridine rings are symmetrically attached to a central phenyl, each via a linear, sp hy-
bridized ethyne group. In gas phase the molecules are linear and planar (as shown in fig.
[2.I). The conjugated 7t system extends over the whole molecule, which gives rise to high
electron conductance along the molecule [[78,79]]. The BPEB molecules were evaporated
from a Knudsen cell, heated to ~108 °C, onto the atomically clean, flat sample which
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was held at room temperature. Then the sample was cooled and transferred into the 7 K
cold microscope for inspection.

Figure a) shows a low temperature STM image of BPEB molecules adsorbed on the
Cu(110) surface. A single molecule can be identified by elongated features, composed
of three protrusions. Most of the molecules adsorb individually and separated from each
other on the surface. A superimposed structure model in fig. b) shows that the
protrusions can be assigned to the three aromatic rings of the molecule. The position of
the nitrogen atoms in fig. b) is pointed out by red arrows. These can be identified
in the STM images as dark depressions at the ends of the molecules [80,81]. Due to
the nitrogen lone pair electrons pointing away from the molecule, pyridine rings form
coordination-like bonds to transition metals. Therefore the formation of a stable contact
to a Cu-terminated tip seems to be feasible [|[81-83]].

Figure c) shows an illustration scheme of the lifting process. I) First the tip is
placed on top of a nitrogen atom, the feedback switched off, and the tip vertically ap-
proached towards the molecule. II) At close enough distance the molecule binds to the
tip via the nitrogen lone pair electrons. III) Last, the tip is retracted, lifting the molecule
up, until one of the bonds, i.e. tip-molecule or molecule-surface, breaks. During this
whole manipulation process we record tunneling current, frequency shift, tip oscillation
amplitude and tuning fork driving signal (related to energy dissipation).

2.2. Conductance of a BPEB Molecular Wire

Figure b) and c) show STM images of a BPEB molecule before and after a lifting
experiment. The green circle indicates the tip’s lateral position during the pulling. Fig-
ure [2.3]a) shows the corresponding conductance trace of a lifting experiment. The zero
AZ value corresponds to the tip height where the feedback loop was opened, defined
by a given tunneling setpoint (V, = 1 V,I, = 200 pA). From this point, the tip was ap-
proached (violet curve) 4 A towards the molecule. The tunneling conductance increases
exponential with the distance in the tunneling regime. At AZ = —3.85A (A in the
graph) the conductance increases nonlinearly by a factor of 2, indicating the contact for-
mation between the molecule and the tip. During the retraction of the tip (red curve),
the conductance shows higher values due to the additional conductance channel through
the molecule [75,84]. During the lift up process initially the conductance decreases. An
overall lower slope compared to the pure vacuum tunneling can be attributed to the
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Figure 2.2.: a) BPEB on Cu(110), STM image (V, = 0.25V, I, = 110 pA). b) STM image of
a single BPEB molecule and a BPEB structure model overlay (V; = 0.25 V, I, = 100 pA). The
red arrows point on depressions, visible in the STM images at the ends of the molecule. These
indicate the positions of the Nitrogen atoms, at which the molecules can be contacted with the
tip. c) illustration of the lift-up steps with an STM tip: I: the tip approaches the molecule from
atop a nitrogen atom II: a contact between tip and molecule is formed III: the tip is retracted and
lifts the contacted molecule up

reduced tunneling barrier through the molecule [[79,[82]. The damping factor § of the
exponential tunneling current decay I, < exp(—fZ) of about 8 = 0.8(2) AT (vacuum

gap: 2.05(5) A is typical for organic molecules . Small, characteristic nonlin-
earities are labelled ’s0’, ’s1’ and ’s2’.

2.2.1. Atypical Conductance Increase

An atypical lifting behavior of the molecular wire was observed at the feature labelled
‘B’ (fig. a). Instead of the monotonic decrease, a nonlinear sudden increase in
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Figure 2.3.: a) BPEB lifting spectrum: conductance in G, = 2e?/h as a function of the tip dis-
tance from the tunneling setpoint. Indicated labels correspond to A: contact formation between
molecule and tip B: atypical conductance increase during pulling and C: conductance decrease
D: tip-molecule bond rupture. (tunneling setpoint: V, = 1 V,I, = 200 pA, sample bias during
spectrum: V; = —0.1 V) b,c) STM image of a BPEB molecule before (b) and after (c) the lift-up
process. The green circle indicates the STM tip lateral position during the experiment. (V; =1V,
I, =200 pA)

the conductance by a factor of ~ 5 was observed. At about +2.8(3) A further pulling
from feature 'B’ the conductance decreases again by a factor of ~5, as indicated by 'C’.
Conductance trace 'B’ to ’C’ could be reproduced with different molecules and STM tips.
Its origin is revealed by DFT calculations.

Upon further pulling, more conductance increase steps (labeled ’s3’, G increases by a
factor of ~2) can be observed.

At a certain pulling distance, here about 12.5 A from the contact formation, the tip-
molecule bond breaks and the molecule falls back onto the substrate. Figure )
shows, that the molecule has been displaced by the lifting.
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Figure 2.4.: a) BPEB conductance versus lifting distance. The lines connect the conductance
states with the calculated molecule structures. b) to €) MM3 force field energy minimized struc-
tures for different distances d between Cu-surface and tip. The initial lateral position of the right
nitrogen atom is indicated by the blue arrows. The rotation of the (left) pyridine ring around the
Cu-N bond from images b) to d) is increasing. In e) the ring has rotated back. This is possible due
to a relaxation of the molecule by a plastic change of its adsorption position on the Cu lattice.

2.3. Simulation of a BPEB Molecular Wire Lifting Process

In order to understand and interpret the conductance anomaly at 'B’, reproducibly ob-
served during the lifting of BPEB molecules, simulations of the process were conducted.

2.3.1. Structural Changes Revealed by Force Field Simulations

As a first approach we simulated the experiments by means of the MM3 force field, as
implemented in the Tinker molecular mechanics and dynamics package [|86-89] (for
details see also Appendix [A). The advantage of the force field calculations are their low
computational costs, allowing to simulate the lifting process with very fine Z resolution.
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A single BPEB molecule was placed on a Cu(110) slab with periodic boundary con-
ditions. A copper atom, simulating the STM tip, was bonded to one pyridine nitrogen
at a N-Cu distance of 2 A and vertical distance of 3 A from the Cu surface. The copper
tip-atom was then lifted upward in Z direction in steps of 1.5 pm and the whole system
minimized in energy at every step. The lifting and minimization steps were repeated
until the molecule was finally detached from the surface.

The force field calculations revealed intramolecular structural changes that might in-
fluence the molecules conductance. Figure b) to e) show the molecular structures
for 4 different tip to Cu-surface distances correlated with the measured conductance
vs. distance curve in figure a). Up to a height value Z = 5.6 A the molecule lies
mainly planar on the substrate due to 7-stacking of the aromatic system with the sur-
face [[90,91]. The pyridine ring is bent upwards to follow the tip Cu-atom (b). At 5.6 A
the ring starts to rotate around the Cu-N bond axis as one can see in c¢). The rotation be-
comes more evident at further lifting; at 7.8 A the ring is perpendicular to the Cu surface.
In general aromatic ring structures prefer to adsorb planar on a metal surface. During
lifting, the pyridine ring is stabilized by its 7 interaction with the substrate. This leads to
a bending of the pyridine ring out of the surface plane, which is unfavorable for the sp
hybridized (linear) ethyne group and supports the ring-rotated structure.

At Z = 8.0 A (fig. e) the molecule changed its adsorption position on the Cu sur-
face in a plastic step, leading to a relaxation of the molecular structure and a partial
back-rotation of the lifted pyridine ring. The distance between the starting of the ring
rotation and relaxation is about 2.4 A. This is consistent with the observed distance of
2.8(3) A between the conductance increase and decrease, as observed in typical conduc-
tance versus distance spectra like |2.4{a).

The force field simulations depict the behavior of the molecule during the lift-up pro-
cess and suggest a conformational origin for the unexpected increase of the conductance
at point 'B’. A rotation of the aromatic ring would lead to an reduced overlap of the 7
orbitals of the ring and the -C=C- bridge, thus reducing the conductance through the
molecule [82},92]], which is in contrast to the experimental observations. But force field
calculations are missing electronic structure. The latter can be obtained from density
functional theory, allowing to model the system of tip, molecule and substrate.

2.3.2. Lifting Simulation by DFT: Conductance and Structure

We collaborated with Thomas Niehaus and Alessandro Pecchia, who performed the fol-
lowing DFT calculations. They modeled the system using the LDA functional as imple-
mented in the SIESTA code [[93-95]]. For the molecule (C, N, H atoms) Troullier-Martins
pseudopotentials and double-{ basis were used; for the surface and tip pseudopotentials
and basis, optimized for Cu (surfaces) as described in [96]. Calculations were performed
on aslab (AX,AY =25 A, AZ =50 A) with periodic boundary conditions, to model the
experiment.

A cluster of several copper atoms is used to model the tip (see fig. a). All the
distances in the DFT calculations refer to the point of contact between the foremost tip
atom and the copper surface. The modeling started with a tip-surface distance of 1 A
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Figure 2.5.: a) - d) BPEB lifting DFT simulation: minimized energy structures. Between 3.75 A
and 5.75 A the pyridine ring is rotated perpendicular to the surface. The carbon atom after the
lift up pyridine is usually sp hybridized. In the ring rotated structure it is sp? hybridized and
forms an additional covalent bond to the underlying Cu substrate atom. e) visualization of the
local current (from Landauer-Biittiker theory) through the molecule for the ring-rotated structure.
The sp? hybridization of the carbon atom gives rise to increased current into the underlying Cu
substrate. By courtesy of Thomas Niehaus and Alessandro Pecchia.

and the frontal tip atom in a covalent bond distance to one nitrogen atom of the BPEB
molecule. The tip was then lifted, with the N forming a bond to the tip, in steps of 0.25 A
followed each by a structure optimization.

Modeling BPEB Lifting by DFT

Figures a) to d) show DFT optimized structures at different tip-sample distances
from a sequence of tip lifting steps (Ad = 0.25 A). Up to 3.5 A (a) the molecule remains
mainly planar on the surface. The lifted up pyridine is bent up slightly to follow the
tip, while there is no rotation around the Cu-N bond. At 3.75 A the lift-up pyridine
ring rotates, remaining with its plane perpendicular to the Cu surface until d = 6.25 A.
In contrast to the force field calculation, the ring rotations are plastic steps instead of
smooth transitions. This is in agreement with the sudden increase of the conductance
during the pulling in the experimental conductance-distance spectra.
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Figure 2.6.: a) DFT simulation of the BPEB lifting: conductance as a function of the tip-sample
distance. At 3.75 A the conductance increases by one order of magnitude. b) Transmission
function vs. energy at distances given in a) (indicated by the correspondingly colored line). By
courtesy of Thomas Niehaus and Alessandro Pecchia.

The preference of the sudden ring rotation over the planar structure is here due to
a change of the hybridization of the one carbon atom binding to the lift-up pyridine
ring: it changes from linear sp hybridization into sp?-like hybridization, thus forming an
additional bond to the Cu substrate. This is most evident in figure ¢): The angle between
the pyridine ring and the two linear carbon atoms (Pyridine-C(Cu)=C-) is about 129 °,
which is closer to the ideal trigonal-planar sp? bond angle of 120 ° than to an sp bond
angle of 180 °. At d = 6.5 A the pyridine is lifted up from the surface (figure d) that
the carbon-copper bond breaks and the carbon becomes detached from the surface.

Figure e) shows a visualization of the local current from Landauer-Biittiker theory.
The current per atom is plotted by yellow arrows on a ring-rotated molecule with sp?
hybridized C atom, where the arrow size visualizes the fraction of the total current. The
bond of the carbon atom allows direct current flow into the substrate, thus enhancing
the conductance in the junction.

Simulation of Electron Transport Properties during the Lifting of a Molecular Wire

Figure a) is a logarithmic plot of electron conductance as a function of the tip-sample
distance. At a separation from 3.5 A to 3.75 A ('B’, above green vertical line) the conduc-
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tance increases by one order of magnitude, comparable to the experiment. This is exactly
the position, where the ring rotation happens. The conductance decreases already ~1 A
after the increase, much faster than experimentally observed.

In figure[2.6]b) the transmission functions for the tip-sample distances indicated by the
colored vertical lines in figure a) are plotted on a logarithmic scale as a function of the
energy with respect to the vacuum level. From dI/dV spectra (not shown) we know that
the lowest unoccupied orbital of the molecule lies around 1.8(1) eV above Ej, so we can
assume that the fermi level in the calculation should lie around —5.5 to —5 eV. In this
region the transmission curves are all flat, but differ by orders of magnitude, depending
on the tip-sample distance. So the conductance increase is indeed not a feature of an
electronic resonance, but attributed to an overall increase of the conductance due to the
hybridization with the substrate.

In summary, it has been shown, that an intramolecular structural change can lead to a
hybridization of a C atom from sp to sp?. Being this the origin of the sudden increase in
conductance, the question comes up, if these structural changes can be experimentally
probed. The qPlus design AFM is a promising approach to correlate the conductance of
a molecule with molecular structural changes.

2.4. Measuring the Stiffness of a BPEB Molecular Wire

The qPlus design enables us to measure, similar to fig. a), simultaneously the con-
ductance and the frequency shift as a function of the tip-sample distance with a molecule
attached to the tip. In this experiment we operated the tuning fork at an oscillation
amplitude of 10 pm. During the measurement the oscillation amplitude was kept con-
stant. We measured also the tuning fork driving signal A;, which is a measure for the
dissipation due to tip-sample interactions. Small oscillation amplitudes and absence of
dissipation allow a direct conversion from the measured frequency shift into tip-sample
force gradient ( [21,41]], see also sec. eq/1.12). The typical tuning fork parameters
throughout this AFM experiment were f, = 28648 Hz, Q ~ 15000 and k = 1800 N/m.

Figure a) shows a frequency shift-distance spectrum. The zero AZ value corre-
sponds to the tip height where the feedback loop was opened, defined by a tunneling
setpoint value (V, = 0.25 V,I, = 110 pA). Before approach, the bias voltage was set
to —0.2 V. From this point the tip was approached 4 A toward the molecule, to form
a tip-molecule contact. Subsequently the tip was retracted by 20 A. The tip-molecule
bond is always broken before reaching the end point of the retraction (not shown in fig.
[2.7). The Af approach curve, before contact formation, was fitted with a van der Waals
force (Hamaker approach, see sec. [1.2.4), accounting for the vdW interaction between
tip and sample. The fit curve was then subtracted from the retraction Af (Z) spectrum to
remove the effect of the long-range van der Waals background of the tip. The resulting
curve Af(Z) = Afretrace(Z) = Afapproacn—ric(Z) is plotted in figure a).

Figure c) shows the simultaneously recorded tuning fork driving amplitude A,
which is related linearly to the tip-sample energy dissipation (sec. [1.2.3] eq. [1.18]). The
observed values do not differ too much from the driving amplitude of the free tuning
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Figure 2.7.: a) BPEB Af(Z) lifting spectrum. b) simultaneously with a) recorded dI/dV. Band-
width restrictions of the current-to-voltage converter limit the conductance resolution at com-
bined STM-AFM operation, compared to the pure STM setup (fig. [2.3]a). ¢) Driving amplitude of
the AFM tuning fork. The signal is connected with the tip-sample damping (eq. [1.18); the value
for the free lever is here A, = 15 mV. (tunneling setpoint: V; = 0.25V, I, = 110 pA, sample bias
during spectrum: V, = —0.2V)

fork of 15 mV. Under these experimental conditions - small and constant oscillation am-
plitude and small tip-sample dissipation - the relation between the measured frequency
shift and the force gradient is given by:

Z- T Af. 2.1)

and we can relate the measured Af to the junction stiffness 0F /9 Z [21,41].
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Correlation of Stiffness and Conductance

Figure a) will be described in separate parts. The first part from AZ = —4A to
AZ = —0.2 A ('B’) shows an overall linear increase of the frequency shift up to 57 Hz.
This corresponds to a stiffness of 7.16 nN/nm, a typical value for molecule and metal
point contacts [|74,97]. A linear increase of the stiffness corresponds to a quadratic
force-distance dependence. Metallic point contacts have shown Hooks law like linear
force-distance relations [97,98]], while for organic molecules experiments, like unfolding
of proteins, have shown also non-linear relations [|[99-101]].

In our experiment the Af increase can be interpreted by considering the calculation
results: the backbone of the molecule stays planar adsorbed on the surface due to 7-
stacking and only the pyridine ring is being lifted up. The bending of the ring is unfavor-
able for the sp bonded ethyne carbon atoms and leads to an increasing restoring force
towards the sample - and so an increase of the frequency shift.

The increase of the frequency shift is not a pure linear function but shows some sig-
nificant dips. These can be only observed with very small oscillation amplitudes. This
modulation could originate from the motion of the flexible molecule on the atomically
corrugated surface [[102-104]. The nonlinear conductance features ’sO’ and ’s1’ (com-
pare also fig. can be observed in the conductance (figure [2.7]b) and simultaneously
in the Af(Z) curve figure a), where they appear as nonlinear steps, caused by plastic
changes in the molecular junction.

Relaxation and Conductance Increase

At —0.2 A the Af shows a sudden change from 57 Hz down to —2.6 Hz, indicating a
significant plastic deformation and the relaxation of the molecular junction. We find a
correlation with the conductance increase feature at ‘B’ in the simultaneously recorded
dI/dV curve figure b). Hence, the Af(Z) feature is attributed to the ring rotation,
found in both, DFT and Force Field simulation, and to the sp to sp? rehybridization of
the C atom.

In the high conductance regime ('B’ to 'C’ in fig. a),b), we observe a general
increase of the stiffness. It is elastic due to the absence of tip-sample dissipation (fig.
c). Along we see again a smooth modulation of the stiffness. The conductance decrease
'C’ appears also elastic and rather smooth over a Z distance of ~0.2 A. An interpretation
is that the pulling distorts the molecule such that the conductance decreases.

Plastic Regime

At AZ = 3.7 A (’s2’ in the conductance spectrum fig. b) a step-like increase of the
conductance suggests the occurrence of an additional structural change in the molecular
junction. In the Af plot figure a) we find at this position also a nonlinear change in
the slope, encouraging this finding. Since this is the first observed plastic change since
the initial ring rotation, ’s2’ should mark the point where the sp?> C-Cu bond is broken.
The observed increase in the conductance could be interpreted such, that the next carbon
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atom might rehybridize from sp to sp? and form a bond with a Cu surface atom while
the first one is detached from the surface.

On further pulling of the molecule, more plastic steps can be observed (’s3’ in fig.
a). STM (without AFM) current-distance curves like in figure a) exhibit also further
steps of conductance increase (labelled ’s3’) at longer lifting distances up to the near
upright-standing molecule. This suggests that, in analogy to the finding on feature ’s2’,
further atoms of the molecule rehybridize from sp to sp? before their detachment, while
the molecule is being lifted part by part from the surface.

2.4.1. Evaluation of the sp? Binding Energy

In the Z range of the higher conductance, from 'B’ to ’C’, and up to the plastic step ’s2’
(fig. a) and b) the Af(Z) curve is free of plastic deformations and junction related
energy dissipation c). A measurement of the frequency shift (converted to dF /dZ
in the right hand scale) as a function of the tip-sample distance allows us to determine
the change in the force normal to the surface along this path by an integration along
the Z direction (eq. [21,141]). A further integration can yield the difference in the
potential energy between the plastic steps 'B’ and ’s2’.

Figure b), ¢) and d) show the frequency shift, the corresponding force, and the
potential energy as a function of the Z distance a), e) show TF driving amplitude
and dI/dV vs. Z). Due to lack of information, all values are relative to point ‘B’ and
under the assumption of no integration constants. But we can gain an estimation of the
energy difference between the sp? and the sp hybridization states of the ethyne carbon
(the associated molecular structures at ‘B’ and ’s2’ are shown in figure f) and g). The
energy, accumulated from the beginning at 'B’ to the plastic step ’s2’, marks the barrier
height between the two molecular structures and is hence related to the binding energy
of the C-Cu bond.

Within the first ~ 1 A the force becomes positive, thus repulsive, and the energy ap-
proaches towards a value of —9 meV. Upon further pulling the force becomes attractive
and the potential energy increases. While pulling on the pyridine ring the C-Cu bond
is stable until the point indicated by the vertical dashed line in figures At this tip
retraction height, the accumulated force is strong enough to break the C-Cu bond, and
the structure relaxes, recovering the linear sp character in this C atom. We can estimate
the bond energy from the energy difference between the local minimum and the energy
at point ’s2’. The bond breaks at a force of —360 pN and an energy of 150 meV. We find
a total bond energy of 159 meV. This is one order of magnitude lower than the typical
energy gain by metal-organic bonds [|81,105,106]. However, our number is a lower limit
for the bond energy and rather a value for the barrier height into the new structure.

We have shown that the measured Af (Z) curves exhibits characteristic nonlinearities
that could be assigned to plastic changes of the molecular junction and that are corre-
lated with the atypical increase in the conductance. From the elastic Af regime of the
lifting process we could extract values for the forces and energies of the rehybridiza-
tion. In order to compare the experimental and simulated lifting processes qualitatively
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0 1 AZ (A) 2

Figure 2.8.: a) Tuning fork driving amplitude. The dashed line at Ap = 15 mV is the tuning fork
intrinsic dissipation. No significant dissipation occurs in the tip-sample junction. b) Af(Z) from
BPEB lifting fig. a), 'B’ to ’s2’ (the right-hand axis shows the corresponding force gradient).
The dashed vertical line denotes the position of the plastic step ’s2’. ¢) Force(Z) from integration
of Af(Z). Positive forces are directed away from the surface (pushing’). The force at the bond-
breaking is ~ —360 pN. d) Energy(Z) from integration of the Force. The energy minimum
at around AZ = 1.2 A is —9 meV, the energy at the bond-breaking ’s2’ 150 meV. The inset
shows a region of the graph with x5 multiplied Energy axis. The integrated values probably
underestimate the real values; integration constants were assumed to be zero. e), f) molecular
structures from DFT, illustrating the two bonding states before and after feature ’s2’, respectively.

and quantitatively we analyze in the following the distance dependence of the energies
obtained from the force field and DFT calculations.
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Figure 2.9.: a) Energy vs. Z, obtained from force field calculations and the derivatives in Z-
direction: b) force and c) force gradient vs. tip-sample distance. d) Total energy from the
DFT calculations as a function of the tip-sample distance and below the derivatives along the Z
direction, yielding the normal component of the force (e) and the force gradient (f). The red
frames surrounds the regions from the beginning to the end of the ring rotation (features 'B’ to

’s2’ in fig. [2.7).

2.4.2. Energy Analysis from Simulations

Computer simulations, both, force field and DFT, find the molecular structure in each
lifting point by varying the atom positions, until a local energy minimum is found. So the
results from fig. and do comprise the potential energy of the system as a function
of the distance. Differentiation of the energy curves in Z direction yields directly the
force along the Z direction and a second derivative yields the force gradient.

Force Field Lifting Spectra

Figure a) - ¢) show energy, force and frequency shift obtained from the force field
calculations. The red box marks the tip retraction range from the beginning to the end of
the first ring rotation, discussed above ('B’ to ’s2’). Dips in the force gradient vs. Z curve
originate from the ring rotation. In the calculated dF/dZ(Z) curve the fine modulation
of the measured Af on the A scale can not be produced. The stiffness does not show an
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overall increase nor does it reach significant positive values between ‘B’ and ’s2’.

Force field calculations do not consider the electronic structure and so cannot include
the covalent character of the Cu-C bond observed in DFT. Thus, our force field calculation
results confirm that the first principle description of the chemical structure is essential to
reproduce the experimental findings.

DFT Lifting Spectra

Figure d) - f) show energy, force and frequency shift obtained from the density func-
tional theory calculations. The red box marks again the region from the beginning ('B’)
to the end (’s2’) of the first ring rotation.

Due to the higher computational costs of DFT calculations, less AZ steps could be
calculated. So the Z resolution of 25 pm is more coarse compared to the force field
calculation. But we find in the force gradient vs. Z a modulation with a periodicity
around 1 A, comparable to the experiment. The general increase of dF/dZ during tip
retraction is well reproduced between B’ and ’s2’. The force-distance curve exhibits a
transition from repulsive to attractive forces, too.

But the quantitative comparison assigns the calculations more than an order of mag-
nitude too big values. The force gradient varies between £75 N/m compared to max.
~ 4 N/m in the experiment. The bond-rupture force is ~ —4 nN, more than ten times the
experimental finding. From the calculated potential energy we find an energy difference
of ~ 1 eV, about 7 times the experimental value.

While the qualitative agreement in the lifting curves is very good, the deviations in
the quantitative results are too high. Even though results obtained from integration can
yield errors due to unknown integration constants, the derivatives (dF/dZ) should yield
the same magnitudes. The connection between the stiffness changes observed in the ex-
periment and the calculation can be related to the rehybridization of carbon atoms of the
molecule, thus explaining also the conductance increase. However, standard DFT func-
tionals like LDA fail to describe dispersive forces as the van der Waals force. Especially
the LDA approach is known to overestimate binding energies and underestimates bond
lengths [[107,(108]].

2.5. Conclusion and Outlook

We have succeeded to relate the molecular flexibility and the conductance of the molecu-
lar wire BPEB during a lifting process. This was possible by combining different methods,
namely scanning tunneling microscopy, dynamic atomic force microscopy and simula-
tions using force field and density functional theory methods.

During the lifting we observed an atypical increase in the conductance at a certain lift-
ing distance due to an intramolecular structural change: The rotation of the lift-up pyri-
dine ring goes with a rehybridization of a specific carbon atom from sp to sp?. In DFT
simulations could be shown that the resulting C-Cu bond formation leads to a shorter
current path into the substrate and gives rise to a conductance increase. AFM Af(Z)
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spectroscopy revealed a change in the molecular junction stiffness that could be corre-
lated with this structural change, and yielded values for the force and energy that are as-
sociated with the rehybridization process. While force field simulations could reproduce
a ring rotation, the plastic character of the structural change could not be found, thus
supporting the requirement of the structural change being also an electronic effect. DFT
calculations could qualitatively reproduce the shape of also the force gradient-distance
curves, while the quantitative disagreement leaves room for further investigations.



Chapter 3.

Driving a Macroscopic Oscillator with
the Stochastic Motion of a H, Molecule

Nature widely uses processes that extract energy and coherence from random and noisy
sources of energy. Examples of these span from mechanisms for pumping energy in cel-
lular activity [[110] to the amplification and transduction of signals [[111,112}/112,113].
An oscillator coupled to a noisy environment can self-oscillate when the dynamics of the
noise is modulated by the oscillator, and vice versa. This phenomenon, named stochastic
resonance (SR) [|114], predicts the enhancement of energy transfer from the noisy to the
periodic sub-system. Noise at the molecular scale is ubiquitous. Stochastic molecular mo-
tion is caused by temperature or by stimuli like electrons or photons. In this chapter we
show that the stochastic motion of H, out of thermal equilibrium induced by tunneling
electrons can drive the oscillation of a mechanical oscillator of macroscopic dimensions,
demonstrating the concept of energy harvesting through SRs at the molecular scale.

We investigate a molecular tunnel junction formed by H, enclosed between two metal
electrodes, those of a copper surface and the tip of a scanning tunneling microscope
(STM) at low temperatures (5 K). The H, molecule can lie in different adsorption states.
Fluctuations between these states are triggered by the inelastic tunneling of electrons
when they excite certain vibrational modes of the molecule in the cavity. The electron-
driven fluctuations of the H, molecule are stochastic (Fig. from [[109]) [[115116]
and involve displacements of tens of picometers, as well as energies of tens of millielec-
tronvolts: they are expected to exert forces on the electrodes of hundreds of piconewtons.
The spectral distribution of the stochastic H, fluctuation varies with the sample bias V;
(Fig. a) and the tunneling current (Fig. b). There exists a regime(V,,I,) where
the H, state dwell times (t,, t, in Fig[3.1]b) agree with the resonance frequency f, =1/t
of tuning fork based AFMs.

The crucial question treated here is the detection of mechanical forces exerted by the
electron-induced molecular motion on the electrodes. To do so, we utilize our quartz
tuning fork based AFM, acting here as a mechanical oscillator. We show that this force
sensor self-oscillates in response to the fluctuating forces caused by the stochastic switch-
ing of a hydrogen molecule. The self-oscillation reveals an efficient energy transfer from
the random molecular bi-stability to the periodic motion of the resonator. By theoretical
modeling, we determined that the key feature is the concerted dynamics of molecular
switching and oscillator motion, coupled to each other through the fluctuating electric
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Figure 3.1.: Figure from Gupta
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field and forces in the junction.

This chapter is based on the publication 'Driving a Macroscopic Oscillator with the
Stochastic Motion of a H, Molecule’ by Christian Lotze, Martina Corso, Katharina J.
Franke, Felix von Oppen and José Ignacio Pascual, Science 338, 779 (2012). The theo-
retical modeling was done by Felix von Oppen. The detailed steps can be found in the
supporting online material (SOM) of the publication.

Experimental Details

To form the molecular junction, we exposed an atomically clean Cu(111) surface to a
flux of H, molecules, at low temperature (5 K) and in ultra-high vacuum. We use a
single crystal Cu(111) sample as substrate. Hydrogen molecules are deposited on the
cold sample, directly placed at the LTSTM stage. We backfilled the UHV chamber with
a H, pressure in the order of 5 x 10™7 mbar and open the access to the STM for a few
minutes. By controlling the dosing pressure and time, the H, coverage can be controlled.

3.1. H, Molecular Two Level Fluctuations on Cu(111)

Adsorbed H, can be too mobile for imaging by STM at low surface coverages; only af-
ter high gas exposures could a H, monolayer be imaged as a compact hexagonal lattice
(Fig. [3.2A). Nevertheless, the presence of H, molecules condensed on the metal surface
became evident from sharp non-linearities in the current-bias (I,-V,) spectra of the junc-
tion (Fig. ) [[109,(116,118-121]]. These features arise from the activation of fast,
bistable motion of a H, molecule between two molecular configurations with different
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Figure 3.2.: (A) STM image of an hexagonal H, layer on Cu(111) (V= -37 mV, I,= 200 pA),
[117]. Bias spectra of the (B) tunneling current and (C) differential conductance on a Cu(111)
surface with sub-monolayer H, coverage. The current spectrum shows two conductance regimes
(marked with dashed lines) and an increased noise in the transition bias between them, at V,;,~ *
100 mV. The dI,/dV, spectrum shows dips with negative differential conductance at the bias
values +V,;, indicating the onset of vibrationally-induced fluctuations of a H, molecule between
two configuration in the junction. (D) Simultaneously acquired frequency shift of the qPlus force
sensor (A,,.= 50 pm, f, = 20.609 kHz). Different frequency shift above and below V,; reveal
two states with different interaction with the STM tip. (E) Model of the bi-stable potentials and
the vibrational TLFs of a H, molecule in the tunnel junction.

conductances. These fluctuations led to sharp dips of negative differential conductance
dI,/dV; at the threshold bias +V,;, (Fig. [3.2C), which indicate the point where the sta-
bility of the two states was reversed [[109]. The symmetric alignment of V,;, with respect
to zero bias is a fingerprint of a vibrationally activated process [[122,/123]]. In fact, the
strong spectral non-linearities of a H, junction can be well modeled by vibrationally
activated two-level fluctuations (TLFs) of the molecule between two adsorption configu-



46 Chapter 3. Driving an AFM with the Stochastic Motion of a H, Molecule

—— Af,atVs= 60 mV < Vi
10 Af, at Vs = 300 mV > Vip 1150 -
o)
~N o
N
L 1100 O
o =
4= -20 =
< @
{150 8
(@]
D
-30 £o)
o =
_<Tip approaches the sample ~
2 0 2
AX(A)

Figure 3.3.: Plot of frequency shift vs. tip approach distance measured at sample bias above
(red) and below (blue) the threshold bias separating the two force regimes. The two plots show a
marked difference when the tip approaches to short distances from the sample. We interpret these
differences as two different force fields with distinct force gradients. The black curve plots the
integrated difference in force gradients and, thus, it represents the magnitude of force difference
between the two regimes.

rations [|116,118,/119]].

The gPlus sensor allows us to measure its resonance frequency f, simultaneously with
a differential conductance spectrum. Forces in the tunneling junction shift the reso-
nance frequency by an amount Af,,. In the limit of small tip oscillation amplitudes A,
(sub-Angstrom in our experiments) and conservative forces, A fo is proportional to the
gradient of the vertical forces in the tunnel junction [21], i.e. the stiffness of the junc-
tion. Figure shows the Af,-V, spectrum measured simultaneously with the spectra
of Fig. and [3.2C. The presence of H, induced a step-like anomaly at the thresh-
old values £V,;,. The steps of Af, revealed that there are two bias regimes of different
junction stiffness (labeled 1 and 2 in Fig. ), each associated to a different molecular
configuration in the junction. Assuming that forces are conservative far from V,;, the
larger negative value of the frequency shift (e.g. for the low bias state 1) is symptomatic
of a larger attractive force.

3.1.1. The Force of a Hydrogen Molecule

We estimated the difference in force between the two states AF = F, — F; by integrating
their corresponding Af,, difference along the vertical direction X. Figure [3.3| compares
two plots of Af, as a function of the tip displacement AX. Before starting the tip ap-
proach at AX = —2 IOX, the bias is adjusted to 60 mV (blue) and 300 mV (red), values far
from the bias threshold V,;,;=150 mV. Both Af;, — AX plots coincide at larger tip-sample
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separations in a smooth negative A f,, background. This background is due to long-range
attractive forces (van der Waals and electrostatic) between the mesoscopic tip apex and
the surface. At close distances, however, the plots deviate from the smooth background
in a different manner. For V,<V,, (regime 1) the frequency shift increases more steeply.
We attribute this to the presence of short-range attractive forces. For V>V, the fre-
quency shift tends to decrease, denoting a slight compensation of the background attrac-
tive forces. We estimate the force difference between the two states AF = F, — F; by
deconvoluting both Af, signals using the method by Sader and Jarvis [41]] and integrat-
ing their difference along the tip-sample distance X. AF grows as the tip approaches,
reaching more than 150 pN at the closest position inspected.

3.1.2. Distance Dependence of H, molecular TLFs

At the transition bias %+V,;, stochastic fluctuations between the two molecular states
[109] would inevitably result in fluctuations of the force sensed by the tip. Because the
amplitude of the fluctuations is AF, their effect on the tip motion became more important
as the tip approaches.

Figure [3.4] shows the evolution of conductance and Af, spectra as the STM tip ap-
proached AX = 1.5 A toward the surface, with respect to an initial position with junc-
tion conductance of 5 nS. The set of spectra shows a monotonous decrease of the bias
V,;, with tip approach [[109]. This evidences that the narrowing of the junction and the
increase of the electric field reduce the energy required for driving the TLFs [[124]. This
effect turned out to be crucial because it caused the periodic motion of the tip at Vy ~ V;,
to change the relative stability of the two H, states. At approach distances A X > 0.75 A
the negative dI,/dV, dips became more pronounced (Fig. A and B) and the Af,
signal exhibited sharp peaks at the same bias value (Fig. C and D).

3.1.3. Effect of TLFs on the Dissipation

The stochastic switching of H, in the vicinity of the threshold voltage makes the forces
non-conservative and non-linear. To resolve their effect on the tip oscillation, we ana-
lyzed the mechanical energy dissipated during the tip oscillation. This magnitude cap-
tures the effect of non-conservative dynamics by tracking changes of the energy per cycle
required to maintain a constant oscillating amplitude A .. In our experiment, this was
quantified through the amplitude of the external signal required to drive the motion, A,
(ref. [21]], details in sec[1.2.3).

The dissipation-bias spectrum of a H, junction shows pronounced minima at the bias
+V,, (Fig. B.4E, F), that were absent on clean surfaces. The minima revealed that the
H, fluctuations contributed to driving the motion of the tuning fork and diminished the
demand for external driving. Most strikingly, the dips in the dissipation signal became
gradually sharper as the tip approached the sample and reached negative values, as
shown in Fig. Eand E at AX > 0.75 A. A negative dissipation signal is a fingerprint of
the system entering into a regime of self-oscillation (SO). Here, the phase of the external
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Figure 3.4.: Bias spectra of (A,B) the differential conductance, (C,D) the frequency shift, and
(E,F) the dissipation signal of a H, molecular junction measured at eight different tip-sample
distances. The color maps picture the corresponding magnitude vs. bias and approaching distance
A X respects to an initial position with tunneling conductance 5 nS. The curved dashed lines
in Fig. indicate the reduction in the bias V,; with the tip-sample distance. The energy
dissipation is monitored by the amplitude of the external signal driving the tip to oscillate with
constant amplitude, and is plotted in units of the intrinsic dissipation of the free lever (measured
previous to the experiments to amount Dy = 7 meV/cycle).

driving signal is inverted with respect to the tip oscillation in order to counteract the
growing amplitude of the tip motion. In this situation, the fluctuating H, molecule drives
the motion of the tip-oscillator against the external load.
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Figure 3.5.:
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3.1.4. Self Oscillation of a Macroscopic Oscillator

Further proof that the tip SO was driven by fluctuations of a H, molecule could be ob-
tained by measuring the bias dependence of the amplitude of tip oscillation A . in the
absence of any external driving force (Ap,=0 mV). Figure shows that A, was zero
for most bias voltages, except near the threshold bias V,;, where the tip started to self-
oscillate with A,,.~1 A. As in Fig. the value of V,;, decreased with the tip approach
and the SO regime appeared for junction conductances of the order of 10 nS. In certain
cases, the SO amplitude could reach several Angstroms - i.e., greater than the size of
H,. These results demonstrate that the local forces associated with the electron-induced
fluctuations of the H, molecule were remarkably efficient in driving the motion of the
macroscopic oscillator. These forces compensated the intrinsic energy dissipation of the
tuning fork (for the case of Fig. ~ 7 meV/cycle) by providing mechanical energy of
tens of millielectronvolts per cycle.

Figure shows spectra of a H, junction obtained by allowing only positive values
of the driving signal (A, > 0). The self oscillation of the tuning fork at £V, causes
the suppression of A, near this bias (shown in Fig. converted to applied power
D = DO%) and the increase of the oscillation amplitude beyond the 50 pm setpoint.

D

The tip reaches oscillation amplitudes of more than 1.5 A driven solely by the fluctuation
of the H, molecule. The driving power produced by the fluctuation of the H, molecule
can be estimated using the expression Dy, = %kAZ — D (see sec. [1.2.3] [21]), which is

osc

plotted in Fig. [3.6C. The H, molecule produces more than 50 meV per cycle, a factor of
ten larger than the intrinsic dissipation of the tuning fork (at A . ~ 50 pm).
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3.2. Theoretical Modeling and Interpretation of the Self
Oscillation

Current-induced TLFs are stochastic in nature, so that the corresponding force fluctua-
tions acting on the cantilever have a broad power spectrum in the frequency domain.
When the power spectrum has appreciable weight near the resonance frequency of the
cantilever, the force fluctuations can resonantly excite the oscillator to reach a stationary
state. In the limit of a weakly damped oscillator Q > 1 one can show that the amplitude
becomes

AF? 2r,I/(Ty+ 1)
wiyM? w2+ ([ +T4)?°

(X(£))?) ~ g (3.1)
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where I'; denotes the inverse dwell times of the H, molecules in the states i = 1,2.
The amplitude ((X(t))?)"/? is plotted in Fig. as a function of I'; and I',. It has a
maximum for I';, =T, =T'/2 and " = w,, with I' = T'; + I',. Under optimal conditions,
this mechanism causes an oscillation amplitude of the order of

(X()2)YV? ~ |AF| 4V 203 >y 2 M. (3.2)

Using the values of our experimental set-up (AF = F, — F; ~ 100 pN, and y ~ 10s™!,
wy ~ 10°s7!, and M~ 0.1 mg for the intrinsic damping coefficient, resonance frequency
and mass of the cantilever, respectively) we obtain oscillation amplitudes of the order of
1 pm, far smaller than the values observed in our experiment.

3.2.1. Stochastic Resonance and Self-Oscillations

To explain the experimental results, a crucial aspect must be considered: the switching
rates between the two molecular states depended on the distance between tip and sur-
face, i.e., they were tuned by the periodic oscillation of the tip. There are two possible
causes for this: i) the tunneling current and, with it, the switching rates varied with
tip-substrate distance; ii) at fixed bias, the tip displacement X(t) shifted the threshold
bias V,, and, hence, the relative stability of the two states [[109]. This last effect turned
out to be crucial because it changed the switching rates I'; and I', in opposite directions
(described in Fig. [3.8B) and caused an appreciable modulation of the occupations n,(t)
and n,(t) of the two switching states of H, with the periodic motion of the tip.
The effect of the force modulation F(t) can be described analytically when assuming
a linear variation of the switching rates I'; with cantilever displacement X(t) (valid for
small displacements),
() ~T, +IX(t), (3.3)

where I'! = dI';/dX. This yields a Markovian Master equation with oscillatory switching
rates, a problem which is known in the literature as stochastic resonance [[114].
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Figure 3.8.: Sketch of the concerted dynamics of H, molecule fluctuations and tip periodic
motion. (A) Bias-distance phase diagram of the population of the two states of the hydrogen
molecule, summarizing the behavior depicted in Fig. The tip motion at a bias V,; drives the
system from the more attractive state (1) to the more repulsive state (2). (B) Diagram illustrating
the tuning of the bi-stable potential of the H, molecule by the tip oscillation. When the tip is close
(far), the state 2 (1) is more stable, and the rate I'y (I";), the switching out of state 2 (1), smaller.
The switching rates I'y and I'; have the opposite behavior with the tip distance X(t).

Remarkably, we found that by this mechanism the average force (F(t)) acquired com-
ponents proportional to the tip’s displacement X (t) and to its velocity X (t), which affect
the renormalizations of both, the restoring force and the friction coefficient of the can-
tilever. The former merely caused a shift in the resonance frequency of the tip’s oscilla-
tion, thus accounting for the Af, peaks observed in our experiments at V., (Fig. [3.4C,D).
The most interesting prediction of this feedback model comes from the renormalization
of the damping coefficient, so that the cantilever becomes subject to the effective damp-
ing coefficient
(AF)T,T, —T'T, 1

M 2T w?+T?
Indeed, the second term of the right-hand side of eq. the switching-induced “dissi-
pative” contribution to the damping, is negative in our setup. We define X such that it
increases with increasing tip-sample distance. The cantilever is attracted to the sample,
so that F;,F, < 0. Experimentally (Fig. we found the force in the H, low voltage
state 1 larger in magnitude, so that AF = F; — F, < 0. Since the low voltage state 1 is
more stable at larger X (as illustrated in Fig. ), we conclude that 1"’2 > 0 and 1"’1 <0.

When this current-induced “dissipative” force overcompensates the intrinsic damping
v, the cantilever equilibrium position ((X) in absence of switching) becomes unstable and
the overall renormalized damping y .+ becomes negative. In line with the experimental
observations, this is most likely to occur when the cantilever frequency w, is of the

Ye(w) =7+ (3.4)
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order of the total switching rate I'. In fact, we estimated that the switching induced
renormalization of the damping coefficient was of the order of Ay ~ —10 s~! which
could overcompensate the intrinsic friction y ~ 10 s™! of the high-Q cantilever and cause
overall negative friction. In this case, the equilibrium position of the oscillator would
become unstable, entering into self oscillations.

The conditions for reaching the regime of negative friction are a set of switching rates
I'; not too different from «,, and a modulated force F(t) that becomes less attractive
(or more repulsive) at the closest tip position X(t). This condition was fulfilled in the
H, molecular junction for bias values near V. Because of the monotonous reduction of
V., with the tip-surface distance, the state with a less attractive force (regime 2) became
more frequent in the part of the cycle with smaller tip-sample distances (Fig. [3.8).

In the regime of SOs, the oscillation amplitude was ultimately controlled by nonlinear-
ities of the restoring forces. The stationary limits for the oscillation amplitude are A= 0

and
45wy V2
A= (3.5)

3a

where a is the nonlinearity parameter of a cubic Duffing force and 6 the negative damping
coefficient. The nonlinearities are dominated by the tip-substrate forces rather than the
intrinsic nonlinearities of the oscillator, as we could show (appendix B). We estimate the
nonlinearity parameter

typical force

~ ~10* N/(kg m’ 3.6
* typical mass - (typical length)3 /(kg m”), (3.6)

where we assume 100 pN for the typical force, M~0.1 mg and the typical length scale
on the order of 1 nm. If we assume that the negative damping is of the same order as
the positive intrinsic damping of the cantilever, i.e. § ~10 s™!, and use the resonance
frequency w, ~ 10°s™!, we find the amplitude of the self-oscillations to be of the order
of ~ 1 nm, consistent with our experimental observations.

3.3. Conclusion and Outlook

Despite the large difference in mass and size, the motion of H, molecule and tuning fork
require similar energies due to the high quality factor of the qPlus sensor. Therefore, the
tens of millielectronvolts involved in the H, switching were sufficient to feed an oscilla-
tion cycle of the tip with amplitudes of Angstroms. However, the incoherent character
of the random energy source usually would inhibit an efficient energy transfer to the
oscillator. Here, the stochastic resonance played a crucial role. The concerted dynamics
of molecular bi-stability and tip oscillation created a coherent pathway for transferring
energy from the noisy source into the periodic motion. In this case, the harvested energy
originated from inelastic tunneling of electrons. Such a mechanism might also generalize
to other energy sources or more complex molecular junctions [9,(10,125-128]]. We envi-
sion that appropriately designed intrinsic mechanisms of SR feedback could be a way for



54 Chapter 3. Driving an AFM with the Stochastic Motion of a H, Molecule

enhancing the energy transfer in molecular motors transforming Brownian motion into
directional motion.



Chapter 4.

(Dis)Charging of Charge Transfer
Complexes Investigated by NC-AFM

Atomic force microscopy is sensitive to forces on the atomic scale. It is for instance pos-
sible to determine the charge state of individual atoms [23]]. The charge redistribution
induced by noble metal adatoms adsorbed on NaCl/Cu(111) has shown to modify the
local electrostatic potential (LCPD) in a way, that the measured electrostatic potential
shifts to smaller (larger) values, if the atomic charge is positive (negative). Gross et al.
observed also a larger attractive force at the sample bias V, matching the LCPD when
atoms were charged by one electron or hole, compared to the respective uncharged
atoms. The latter effect they ascribed to an induced charge in the tip, originating from
an ionic or anionic metal adatom (see sec. (51].

In chapter 3| we showed that the stochastic motion of a hydrogen molecule can drive
the motion of the macroscopic AFM tuning fork. The fluctuations between two different
states of the H, molecules, associated each with a different tip-molecule force, couple
resonantly with the motion of the tuning fork and lead to a self-maintained concerted
motion with negative dissipation. Tekiel et al. observed that the quantized charging of
nanoscopic quantum dots leads to dissipative interaction with the tip of a dynamic force
microscope [|129]]. A bias voltage, applied between the tip of an AFM and a Fe surface led
to charging and discharging of Au nanoparticles on an insulating NaCl film in between
tip and surface, in concert with the tip motion. The charging and discharging occurred
through electron tunneling between the Au nanoparticle and the Fe surface. Due to the
Nacl film, the tunneling rate was greatly reduced, compared to nanoparticles adsorbed
directly on a metal substrate. In this way they could tune the tunneling rate by the
applied bias and tip-sample distance to values in the order of the cantilever resonance
frequency and observed a maximum in the damping of the cantilever motion when the
tunneling rate was matched with the cantilever resonance frequency.

In this chapter we show that the charging and discharging of a single molecule can
couple to the motion of an AFM tuning fork. The electron acceptor molecule TCNQ em-
bedded into a charge transfer compound could be (dis)charged by integers of e through
gating with the electric field between an STM tip and the surface [[130]. Here, the crit-
ical field determining the molecular (dis)charging could be tuned with the sample bias
voltage or the tip-molecule distance. The latter changes periodically at an oscillating
AFM tip. By coupling of the (dis)charging resonantly with the motion of the AFM tip, we
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Figure 4.1.: Gating the charge state of TCNQ molecules embedded in TMTTF-TCNQ domains
(Figures from Torrente et al. ). a) dI/dV spectrum taken on a TCNQ molecule: the sharp
resonance 'P’ indicates the discharging of the singly charged TCNQ™ into a neutral TCNQ®. The
peak in the dI/dV curve indicated ’IS’ is due to a molecular interface state. b) Double barrier
tunneling junction (DBTJ) model of the discharging process: a fraction aV of the electric potential
drops in the TCNQ-surface interface. In the singly charged TCNQ™ a single electron charge
resides on the TCNQ molecule. With applied external electric field, the molecular orbitals, e.g.
the SOMO, shift also with respect to the surface chemical potential, as sketched in the lower
image. When the SOMO is lifted above the surface Fermi level it is emptied and the molecule
becomes neutral. This reduces the blockade of the current, giving rise to a step-like increase in
the tunneling current and a peak in the dI/dV (fig. a). ¢) Spectral map of a series of dI/dV vs.
V, and lateral distance spectra. As the tip approaches the center of a molecule, the discharging
peak ’P’ shifts to lower sample bias. d) Constant current dI/dV maps at different bias voltages
show the 2d lateral evolution of the discharging equipotential contour.

hoped to find an influence on the dissipation of the AFM tuning fork.

Indeed we find and characterize an effect of the dynamic (dis)charging of molecules
on the measured Af. We can not observe any (dis)charging related dissipation between
tip molecule. We attribute this to the (dis)charging process being too fast. Extensive Af
and dI/dV spectroscopy mapping will help us to reveal a mutual charge gating effect
between neighbor molecules.
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4.1. Gating the Charge State of Single Molecules by Local
Electric Fields

In a recent study, Torrente et al. [130] found that the electron acceptor molecule tetra-
cyanoquinodimethane (TCNQ) mixed with the electron donor molecule tetramethylte-
trathiafulvalene (TMTTF) forms a charge transfer complex with an interesting distance-
and sample bias-dependent (dis)charging behavior. Here we investigate the (dynamic)
behavior of this charging effect by dynamic force microscopy.

Co-deposition of both species on a Au(111) surface leads to stoichiometrically ordered
(1:1) islands. A high degree of charge localization on the TCNQ molecules can be ob-
served, leaving the TCNQ in different ground states with integer charge occupation:
either anionic (called ’type I') or neutral (Ctype II'). Figure a) shows a spectrum of
dI/dV and tunneling current versus sample bias of an anionic molecule (from Torrente
et al.: [[130]). The anionic ground state was determined by the existence of a zero-bias
peak (ZBB not shown here) in the dI/dV(V,), an indication for the Kondo effect, reveal-
ing the singly occupation of the lowest unoccupied molecular orbital (LUMO). Peak P’ in
figure a) indicates a discharging of the anionic molecule. Its energetic position shifts
to lower values as the distance to the molecule is reduced and the electric field at the
molecule increases (fig. c).

Torrente et al. explained this behavior with a double barrier tunneling junction (DBTJ)
model (figure b). In the TMTTE-TCNQ charge transfer complex, the TCNQ is decou-
pled electronically from the surface in a way that a fraction aV, of the applied bias V;
drops between the TCNQ molecule and the gold surface. This allows the molecular lev-
els (e.g. the SOMO) to shift by an amount of aV, with respect to the Fermi level of the
surface. When a sufficiently high positive bias voltage is applied to shift the SOMO of
the anionic TCNQ molecules above the surface Fermi level, the SOMO is emptied and the
molecule becomes neutral. This sudden discharging produces a step-wise increase of the
tunneling current (figure a) and as a result the sharp peak ’P’ in the dI/dV spectrum.

Figure c) shows spectral dI/dV vs. V,, lateral distance maps. The parabola-like
bright lines correspond to the position of the discharging peak 'P’ in fig. a). When
the tip-molecule distance increases also the bias voltage needs to increase to maintain
the electric field that is required for the molecular discharging. Figure d) shows con-
stant current maps of the differential conductance at different sample bias. The elliptic
contours around the TCNQ molecules correspond to the position of the discharging peak
'P’ as the tip approaches the molecules and the electric field increases. Both show that
the charge state can be modified by a change of the sample bias or by changing the tip-
sample distance. In this way one can picture the control of the charge state by tuning the
tip-molecule distance in analogy to the gate electrode in a three-terminal quantum dot
device [131].

On the type II TCNQ molecules, those being in a neutral ground state, a charging dip
in the dI/dV(V,) was observed at negative sample bias. By the charging, an interface
dipole is created by the anion and its image charge. This results in an increase of the local
work function and blockades partially the tunneling current, giving rise to a dip in the
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Figure 4.2.: a) Molecular structure models of TCNQ (acceptor) and TMTTF (donor). The colored
boxes are used to identify the single molecules in the STM image. b) STM topography overview
image of the charge transfer complex TMTTFE-TCNQ on Au(111). (V, = 0.71 V, I, = 95 pA)
c) Detailed STM topography image with functionalized tip. The colored boxes indicate single
molecules (see also a), red: TCNQ, blue: TMTTF) within the molecular islands. The shape of
the TCNQ molecules resembles the lowest unoccupied molecular orbitals of TCNQ. (V, = 1.2V,
I, = 140 pA)

differential conductance. The general observations concerning the AFM measurements
are similar for type I and type II TCNQ molecules, so we focus later mainly on type I
molecules.

The dependence of the (dis)charging on the electric field results in a very sharp de-
fined onset of the effect with respect to the tip-sample distance, as seen in the dI/dV
spectral maps and the constant current dI/dV maps figure ¢) and d). In the follow-
ing experiments we will investigate the bias-induced discharging by means of combined
STM and dynamic force microscopy.

4.2. TMTTF-TCNQ (Dis)Charging Investigated by
Dynamic AFM

The electron acceptor tetracyanoquinodimethane (TCNQ) mixed with the electron donor
tetramethyltetrathiafulvalene (TMTTF) forms, upon adsorption on a Au(111) surface, a
two-dimensional charge-transfer complex, comparable to the prototype charge-transfer
compound TTF-TCNQ [[132]]. Structural models of the two molecules are shown in figure
a). TMTTF is a methylated TTF molecule, thus reducing the interaction with the
substrate compared to the compound TTF-TCNQ [[133]. TMTTF and TCNQ were evapo-
rated from Knudsen cells held at 63 °C and 101 °C, respectively, onto the sample at room
temperature
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Figure 4.3.: Type I TCNQ™ chain. a) - d) Constant height dI/dV maps at different sample bias
voltages, as indicated. e) - h) Constant height Af maps, recorded simultaneously with the maps
a) - d). (tunneling setpoint: V, = 0.75V, I, = 250 pA)

STM images of self-assembled TMTTE-TCNQ islands are shown in figure b) and
c). The red and blue frame in the high resolution STM image b) indicate the struc-
ture, that can be assigned to an individual TCNQ and TMTTF molecule, respectively.
The STM images picture the TCNQ™ molecules with the shape of the lowest unoccupied
molecular orbital (LUMO), a nodal planes appears at the center and two maxima at each
of the C-(cyano), sides. Molecular islands consist of alternating rows of TMTTF-TCNQ
maintaining a 1 : 1 stoichiometry.

4.2.1. Spectroscopic Imaging of TCNQ™ Molecules

In order to investigate the charging we recorded constant height maps at different sample
bias voltages of both, differential conductance and frequency shift. Figure a)-d)
shows dI/dV maps on a type I TCNQ™ molecular chain at different sample bias voltages.
We can identify the elliptic contours of the discharging around the molecules and observe
their evolution to larger perimeters at higher V.

Figure e)-h) show the frequency shift signal, recorded simultaneously with the
maps a)-d). Also here we observe elliptic contours around the molecules, evolving to
larger perimeters for higher sample bias. The correlation between the Af and the dI/dV
iso contour lines shows that the contours in the Af maps are indeed due to the discharg-
ing of the TCNQ™ molecules.

In figure 2), h) we see that the discharging rings exhibit a more negative frequency
shift at the contour line, while inside the ring the frequency shift values are comparable
to outside the charging region. This is in contrast to the observations of Gross et al.
for Au and Ag adatoms on NaCl. They observed a significant shift of the Af (V,) parabola
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Figure 4.4.: Correlation between dI/dV(V,) and Af(V,) spectra. a) dI/dV(V,) and Af(V,)
spectra measured simultaneously on a type II TCNQ®. The LUMO is found above the Fermi level,
the molecule is in a neutral ground state. The dip in the dI/dV at’D’ is due to the charging of the
initially neutral TCNQ at bias voltages V, < D. In the Af parabola a nonlinearity - a dip - can be
observed at 'D’. (V, =0.74V, I, =274 pA) b) dI/dV(V,) and Af(V,) spectra of a type I TCNQ~
molecule. The discharging peak at P’ goes with a dip in the Af (V) curve. An additional zero
bias peak labelled 'K’ identifies this molecule as a singly charged type I TCNQ™. (V; = 0.60V,
I; = 300 pA) Both spectra were measured with different tips, thus the LCPD positions (the
sample bias where Af(V;) has a maximum) cannot be directly compared.

(along V, but also a shift of the parabola maximum at V, = LCPD to lower Af) when
an atom was charged by an electron (Au) or hole (Ag), compared to the respective
neutral atom (see also sec. [1.2.6). The discharging of a TCNQ™ molecule should lead to
different electrostatic forces, thus a change of the frequency shift all over the area within
the discharging contour. So the observed Af decrease is more related to the discharging
event, but not to the charge state itself. We will understand the cause for the Af decrease
on the discharging contours after the following experiments.

At certain (bigger) sample bias voltages (figure c) and g) the contour lines of
neighbor molecules overlap in the dI/dV and Af maps. An overlapping means that at
those points the electrostatic potential is the same for the discharging of two neighboring
molecules, which will give rise to phenomena of mutual molecular influence.

4.2.2. Correlation of Discharging Features in Conductance and
Frequency Shift Spectra

Figure a) shows dI/dV(V,) and Af(V,) spectra measured above a type II TCNQ®
molecule. This molecule is in a neutral ground state [[130]], reflected in the LUMO level
lying above the Fermi level. The dip in the dI/dV curve at negative bias, labelled 'D’,
indicates the charging of the molecule (TCNQ® —TCNQ™). At bias voltages below D the
field shifts the LUMO level below E; and allows for the charging.

We measured the frequency shift simultaneously with the differential conductance as
a function of the sample bias voltage. The overall shape is parabolic, following the
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expression Af o< (V,—LCPD)? where LCPD is the local contact potential difference (for
details see sec. [[134]). At a sample bias voltage of LCPD the electrostatic
forces in the junction are minimized. Thus, the LCPD is related to the local electrostatic
potential at the tip position caused by differences in the electrostatics properties of tip
and sample (e.g. work function, dipole, charges). The presence of a positive (negative)
charge underneath the tip shifts the LCPD to more negative (positive) values. Also, the
frequency shift at V, = LCPD decreases if more charge is localized below the tip [23].

Based on these arguments, the two charge states of TCNQ molecules should appear
in figure a) as two parabolas, side by side, with a transition between them at the
charging voltage D. Indeed, we observe a dip in the Af(V,) curve at V, = D, which we
interpret as originated by the alteration in the charge state. However, we do not directly
see a significant change of the parabolas curvature or a significant shift of the curves to
a different LCPD.

A similar behavior occurs for type I TCNQ™ molecules, shown in figure b). A
peak in the dI/dV, denoted P’ indicates the discharging of the TCNQ™ ground state
(—=TCNQ®). The peak is also correlated with a dip in the simultaneously measured
Af(V,) curve, but no obvious deviation between the two sides of the parabola, left and
right from ’P’, can visually be observed. The feature in the d1/dV spectrum labelled 'K’ is
a zero bias peak due to the spin Kondo effect, thus confirming the singly charged ground
state of this molecule.

The manifestation of the charging and discharging feature in the Af spectra is a
decrease in the frequency shift, in agreement with the elliptic contours around the
molecules in the constant height Af maps (figure e)-h). In order to determine an
effect of the charge state on the parabolic shape of the Af (V,) curves we have to develop
a fitting procedure. Later on we will also develop an interpretation of the physical origin
to account for the dip in the frequency shift curve.

4.2.3. Identification of the Charge State by AFM

Since a single or even two parabolas can not fit the measured Af (V,) spectra, nor the dip
at the transition bias, we apply a phenomenological model to produce a fitting function
that accounts for two charge states.

The basis of this fit function are two parabolas representing the different charge states.
The whole fitting function, developed by Fabian Schulz in his master’s thesis [[135]], is as
follows:

Af (V) =[Ao(V; — Vicrp 0)2 + Co] - ©9(Do(x — Eg))+

4.1
A (V,~ Vyepp Y2+ C.1-©4(D_(x—E.) “-D

where A,, V,cpp , and C, are the parabola fitting parameters [curvature, horizontal po-
sition (=LCPD) and vertical offset (= Af) due to non-electrostatic tip-sample forces].
In order to account for the dip when fitting the experimental Af (V,) curve, we intro-
duce broadened step functions ©,, plotted in figure b). These take the value 1 or
0, at opposite sides from the discharging voltage (E,, E_) and multiply the respective
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fit-parabola. In a transition region through the discharging voltage, the broadening pa-
rameters D, and the overlap E, of the step functions account for the finite width of the
discharging dip.

Figure a) shows a measured Af (V,) curve (gray, labelled ’Experiment’) conducted
on a type I TCNQ molecule. The curve was fitted with the fitting function eq. (black
line, labelled ’"Combined Fit’) which reproduced the experimental curve. From the fitting
coefficients we obtain two individual parabolas, accounting for the two TCNQ molecular
charge states. The green, dotted line represents the Af(V,) parabola of the discharged
type I TCNQ?, while the orange, dashed line represents the singly charged type I TCNQ™
molecule. From the fit we find that the LCPD of the neutral TCNQ® molecule is lower
(here by ~ 140 mV, LCPD value indicated by the orange and green vertical line in fig.
a), which agrees with the expected direction of the LCPD shift [[23].

The frequency shift value at LCPD of the singly charged TCNQ™ molecule, obtained
from the fit, is only about 20 mHz lower than the value of the neutral TCNQ° molecule.
Also the lower Af(LCPD) due to a negative charge was expected [23]].

With this phenomenological approach we could fit the experimentally obtained Af (V)
curves and extracted the parameters (LCPD, Af shift), which support the charge states
of the TCNQ molecules.

4.2.4. Origin and Quantification of the Discharging Force

In order to understand the nature behind the dip in the Af(V,) parabolas, we investi-
gate the tip-sample distance dependence of the discharging feature with the oscillating
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Figure 4.6.: a) Experimentally obtained Af-Z distance curves (red and black) above a type I
TCNQ molecule at different sample bias voltages. At larger sample bias voltage the position of the
discharging dip shifts to higher Z values and the whole Af(Z) curve is shifted to more negative
Af values, due to the higher attractive electrostatic forces at V;, = 1.5 V, compared to 1.3 V.
AZ = 0 refers to the vertical position above the molecule with the tunneling setpoint V;, = 0.75V,
I, = 250 pA. b) Sketch of two simulated Force-distance curves for differently charged samples,
the sample is on the left hand side. The overall Force-distance slope is determined mainly by the
Lennard-Jones force, the different charge state shift the curves force up or down on the Force
axis.

AFM tip. Figure a) shows two measured frequency shift-Z distance curves (red and
black) measured at different sample bias voltages, 1.3V and 1.5V, above a type I TCNQ
molecule. The Af discharging feature appears also as a dip in the Af(Z) curve. From
previous studies [[130] and our observations in figure we expected the discharging
(TCNQ~ —TCNQ®) feature to appear at larger Z distances when a larger bias voltage
is applied. We find this confirmed in figure a). In addition, a larger applied bias of
1.5V leads also to more attractive electrostatic forces between tip and sample and shifts
the whole black curve to lower Af values [[136]]. The full width of the discharging dip in
the Af(Z) curves is about AZ = 1 A. This corresponds to the peak-to-peak amplitude of
the tip oscillation. Thus, the discharging feature is related to the distance dependent dis-
charging process coupled to the periodic vertical motion of the AFM tip in both, Af(V,)
spectra and Af (Z) approach curves.

In order to understand the origin of the Af dip, we sketch a model in figure b).
Plotted are sections of two force-Z distance curves, simulated using the equation of an
empirical Lennard-Jones potential (see sec. [571). The blue curve represents the
molecule in one state, the red curve was offset vertically to simulate a more attractive
molecular state. Zip denotes the tip equilibrium position at the point of discharging and
A, the amplitude of the tip oscillation. If there was no change in the molecular state,
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+A . as

the tip would move as a function of time along Z between Zip osc

Z(t)=As -sin(277:f0t)+ftip. 4.2)

The force acting on the tip during its motion would follow the blue F(Z(t)) curve be-
tween F; and F,, and the resulting force gradient (frequency shift), in a linear approxi-
mation (valid in the limit of small A,, ), is then given by:

AF_ Fl_FZ
AZ  2-A

0scC

Af(Z

tip) € = (4.3)
The same is valid for the lower F(Z) plot (red in fig. b). In this model we illustrate
that the force gradient of both plots can be similar.

If the molecular state changes during the motion of the tip at a certain Z position
- here at Zip - then also the force acting on the tip will change in a sudden step at
Zip. This force-Z trace is sketched by a green dashed line in figure b). In a linear
approximation the effectively measured frequency shift is then:

/

F_
) ox ——

Af(Etip 2-A

4.4)

0sc

The measured Af at the point of discharging should be significantly larger than the force
gradient values of each individual molecular state. A smaller oscillation amplitude will
lead to larger apparent Af in the plots. Furthermore, the sign of the feature in Af i.e.
whether it is a peak or a dip, is a consequence of the change occurring to higher or lower
forces, respectively.

We conclude that the dip in the Af(V;) plots is due to the tip oscillating between
two position with different charge state, and justifies the validity of the fit function in
equation (4.1

With the insight given by this model we can estimate a value for the force difference
between the two charge states. The Af dip depth is ~ 1 Hz which corresponds (see
eq. to an apparent force gradient decrease of AF/AZ ~ 13 pN/A. By insertion of
the oscillation amplitude AZ = 2A,,. = 1 A we find a force difference of AF ~ 13 pN.
This value is based on a linear approximation and, thus, represents an estimation of the
magnitude of the force difference between neutral and anionic TCNQ. But these forces
can become larger for smaller tip-molecule distances. The distance dependence of the
electrostatic potential is o< 1/r, if we assume a molecular point charge. The difference of
the LCPD values of neutral and anionic molecule will increase upon closer tip-molecule
distances and larger force differences become possible. Even though the obtained force
difference is one order of magnitude smaller than the values observed in a hydrogen
junction (chapter [3)), resonant coupling of the force changes with the tip motion should
allow a directed energy transfer between the tuning fork oscillator and the molecule.

In the following we will investigate the effect of the force fluctuations on the energy
dissipation of the tuning fork.
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Figure 4.7.: Discharging dissipation measurement a) Af(V,) measured over a type I TCNQ
molecule, with different tip oscillation amplitudes. The discharging dip at V; = 0.95 V becomes
apparent at oscillation amplitudes A,,, < 100 pm. b) Tuning fork driving amplitudes as a func-
tion of the bias voltage, simultaneously measured with a). The flatness denotes the absence of
dissipation from tip-sample interactions.

4.2.5. Investigation of Dissipation Effects upon Dynamic Discharging
of TCNQ™

We have shown before (chapter [3) that the motion of a tuning fork can be driven by
fluctuations of the force at the tunneling junction. In the TCNQ™ molecular discharging
we investigate a comparable situation: Due to the tip-molecule distance dependence of
the charging, the oscillating tip causes fluctuations between the two charge states. As
we could see in the previous section the different molecular charge states are
associated with different tip-molecule interaction forces, causing the dip feature in the
Af(V,) and Af(Z) curves. So the periodic motion of the tip is coupled to a periodic
fluctuation in the force. We investigate now the effect of the force fluctuations on the
tip-molecule energy dissipation.

Figure a) compares Af (V,) curves measured with different oscillation amplitudes
over a type | TCNQ™ molecule. A discharging dip in these Af curve appears at a sample
bias voltage of 0.95 V. As expected for a step-like change of the electrostatic force (model
fig. b), smaller oscillation amplitudes (here: < 100 pm) enhance the effect of the
discharging dip in the frequency shift. At larger amplitudes the effect of the step-like
force change is averaged out.

Smaller oscillation amplitudes make it also easier to resolve dissipation effects. The
energy dissipated due to friction within the tuning fork is in each oscillation cycle D, =
kA% /Q, where k is the tuning fork stiffness, A, the oscillation amplitude and Q the

osc

quality factor of the tuning fork (see also section|1.2.3)).
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For the tuning fork used in this experiment (Q = 14000 =+ 500), this means that
the dissipation per oscillation cycle to oscillate the tip with an amplitude of 200 pm
is 100 meV. If the oscillation amplitude were only 30 pm the dissipation per oscillation
cycle is 2.3 meV what allows us to detect smaller changes of dissipation due to tip-sample
interactions.

As mentioned before, the energy dissipated has to be provided externally with a driving
signal. Figure b) shows the tuning fork driving amplitude as function of the sample
bias voltage at different tip oscillation amplitudes, which were recorded simultaneously
with the Af(V,) curves figure a). The driving amplitude A, . is connected to the

driv
tip-sample dissipation D¢ by the following expression (see sec. 1.2.3) [21]:
Ap
Dig=Dy| ——1 (4.5)
AD

where A} and A, are the tuning fork driving amplitudes of the interacting and the free
tuning fork, respectively.

The curves are obviously all flat (D;s = 0) over the measured bias voltage range. That
implies a pure conservative tip-sample interaction and neither damping nor driving of
the tuning fork.

Dissipationless Force Fluctuation

In this section we explain the absence of dissipation even in the presence of coupled
tip-motion and force fluctuations.

Figure a) shows a sketch of the principle of dissipation in atomic force microscopy
[[137,138]. The blue and the red curve represent two molecular states with different
force-distance dependence. A continuous oscillatory motion of the tip is indicated by the
green arrows, forming a closed hysteresis loop. The change from one force-distance curve
onto the other happens at different tip-sample distances, depending on the direction of
the motion. The gray area between the two force curves and the vertical green arrows
corresponds to the amount of energy dissipated in each oscillation cycle:

Zup
Dy = J F(z')ds (4.6)

Zdown

If the transition between the two force curves occurs at the same distance Z, then the
integral becomes zero and no dissipation occurs.

Figure b) shows a sketch of the tip motion (thick green line) as a function of time.
The colored areas below the curve correspond to the time and distance, where the tip
moves under either the blue or red force curve from figure a). The distance AZ
between the tip equilibrium position Z and the switching events is connected to a delay
time AT, (assuming a symmetric switching with respect to the equilibrium tip position
7) such:

At =sin " (AZ/A,.)/(2Tf,) 4.7)
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Figure 4.8.: a) Sketch of two simulated Force-distance curves for differently charged samples,
the sample is on the left hand side. The overall Force-distance slope is determined mainly by the
Lennard-Jones force, the different charge state shifts the force curve of the charged sample to
lower Af values. Hysteresis during the oscillation is necessary for dissipation. b) Sketch of the
tip motion as a function of time (green line). The motion from AZ;,(t) = 0 to AZ;,(t + At),
over one oscillation period, corresponds to one loop along the green arrow path in figure a). For
reasons of simplicity a situation, symmetric with respect to Zn-p, is sketched.

where f, is the resonance frequency of the tuning fork.

In order to observe a dissipation energy of D;¢ = 1 meV per oscillation cycle with
a force difference AF = 13 pN (as estimated in section 4.2.4), the AZ displacement
(between the charge state changes with respect to Z) needs to be AZ ~ D;s/(2AF) =
6.7 pm. Inserting into equation (4.7, with A .. = 30 pm and f,, = 28.648kHz, delivers a
necessary delay time At =1.2-107°s.

The fact that we see no dissipation effects in the AFM upon the dynamic discharging
of TCNQ™ molecules leaves two conclusions:

I: The discharging is a very fast process, meaning that it occurs immediately (in
timescales of the tip motion) as soon as the electric field between tip and molecule is
large enough. Thus, there is no hysteresis during an oscillation cycle in the force-distance
curve and, hence, also no dissipation. A short estimation of the timescales of the charg-
ing makes this plausible: Typical tunneling currents during the discharging process are
in the order of 107!° A, so the time between two tunneling events is on the order of
At =e/I ~ 1077 s. The tunneling barrier between substrate and molecule is in this ex-
periment smaller than in other experiments with insulating layer (e.g. NaCL), meaning
that the additional electron of the TCNQ™ can tunnel faster from the molecule into the
substrate. For a maximum dissipation, the discharging rate should match with the reso-
nance frequency of the AFM lever [[129,|]139]]. The discharging rate is in the experiment
too large to observe significant dissipation.

II: The discharging of the molecules could lead to a rearrangement of the molecular
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structure. A modified molecular structure could require a different electric field to re-
verse the charge state and, hence, lead to hysteresis. Obviously this is not the case in the
TMTTE-TCNQ charge transfer complex.

The force fluctuations do affect the motion of the tuning fork, observable as a dip in
the Af(V,) and Af(Z) spectra. But because of a too fast charging-discharging process,
the interaction with the AFM tip is conservative within the resolution of our experiment.

4.3. Evolution of the Discharging Process upon
Discharging of Neighbor-Molecules

In the beginning of this chapter we noted that when the tip is placed above one molecule
also the neighbor molecules can become (dis)charged if the bias voltage is large enough.
The question we want to ask here is how the discharging of one TCNQ™ molecule affects
to its neighbor molecules. Mutual interactions between charged Ag-doping centers in a
monolayer of Cq, molecules have been investigated by Nazin et al. [|[140]]. They observed
that the Ag-doping center could be charged when its ionization level was shifted up by
applying a large enough bias [[141]]. The charging affected the conduction through C,
located around the doping centers. For a pair of doping centers interacting electrostat-
ically, the ionisation of one led to an increase in the ionisation energy of the second,
resembling an ’avoided crossing’ of the (non-intersecting) charging contours lines.

At certain sample bias voltages (figure c), d), g) and h) the contour lines of dis-
charged neighbor TCNQ™ molecules should overlap. In the dI/dV and Af maps no
clear intersecting lines could be observed. Between the TCNQ molecules the dI/dV and
Af patterns become more complex, suggesting a mutual influence of the neighboring
molecules charge states [[140]. In this section we analyze this effect.

Discharging dI/dV(V,) Spectral Map of Neighboring TCNQ™ Molecules

In order to characterize the influence of the molecules on each other, we measured simul-
taneously differential conductance and frequency shift versus bias voltage spectra along
a type I TCNQ™ molecular chain.

Figure b) shows a dI/dV(V,) spectral map, measured along the molecular chain
indicated in the STM topography inset. A single TCNQ molecule is indicated by a red
frame. Brighter colors mean a higher differential conductance, darker corresponds to
negative differential conductance. At a sample bias voltage (vertical axis of the map)
of 0.25 V we see an increase in the dI/dV due to the molecular interface state, ex-
tended over the whole chain. The discharging of the anionic molecules appears as bright
spots, centered on top of the molecules at ~ 0.9 V. At higher bias voltages a complex
dI1/dV(V,,X) pattern shows up in the spectral map.

Dark spots at bias voltages above show negative differential resistance (NDR) and are
due to a decreasing current upon an increasing bias. They are centered in X direction
on top of the molecules. These dark spots evolve into dark contour lines and follow a
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Figure 4.9.: b) dI/dV(V,) spectral map along a type I TCNQ™ molecular chain. The inset shows
an STM image of the TCNQ™ chain, the red frame indicates a single molecule. a) and ¢) Single
dI/dV(V,) spectra from the map b) taken as indicated by the vertical dashed lines in b): a) on top
of a molecule, c) in between two molecules. The horizontal lines connect features in the spectra
with the corresponding feature in the spectral map. (V, = 0.75V, I, = 250 pA)

linear V,(X) relation at increasing bias voltage. In between the dark dI/dV contours,
some regions show an increased dI/dV.

Figure a) and c) show single dI/dV(V,) spectra from the map b), taken on top
of a molecule (a) and in between two molecules (c), respectively. In both spectra the
molecular interface state IS’ is found at the same energy and with the same dI/dV
intensity. The discharging peak 'P1’, also found in both spectra, has a significantly higher
dI/dV value on top of the molecule. At higher bias voltages the two spectra a) and
¢) are significantly different. Negative differential conductance shows up on top of the
molecule (a). A second peak 'P2’ appears between two molecules. A discussion of these
observations is more conclusive in combination withe the Af(V,,X) map and will be
done after the following.

Discharging Af (V,) Spectral Map of Neighboring TCNQ~ Molecules

Figure [4.10/b) shows a Af(V,) spectral map, measured simultaneously with the dI/dV
map in figure[4.9]b). A single TCNQ molecule is indicated by a red frame. The individual
Af curves were all background corrected by subtraction of a Af(V,) « (V, — LCPD)?
parabola. Thus, the color code of the map shows Af values below the background
parabola with darker color.

In general, less features appear, compared to the dI/dV spectral map figure b).
The discharging peak in the dI/dV map appears here as a dip 'P1’ in the Af map. A
second dip-feature can be found in the Af map b) at bias voltages 'P2’ between
the molecules. It appears to be correlated with the peak 'P2’ of the dI/dV map fig.
b). The Af feature evolves ~linearly along V, oc X (for bias voltages >’P2’). No further
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Figure 4.10.: b) Af(V,) spectral map along a type I TCNQ™ molecular chain. The inset shows
an STM image of the TCNQ™ chain, the red frame indicates a single molecule. a) and ¢) Single
Af(V,) spectra from the map b) as indicated by the vertical dashed line in b) taken on: a) on top
of a molecule, c) in between two molecules. (V, =0.75V, I, = 250 pA)

features can be observed on top of the center of the molecules, within the scanned sample
bias interval.

In the following we will discuss the observation from the spectral maps, and present
an interpretation and model.

4.3.1. Gating the Charge State through Charging of a Neighboring
Molecule

We will now discuss the mutual influence of the charge state of TCNQ™ molecules and
the charge state of their neighboring molecules, based on the dI/dV (V) and Af(V,)
spectral maps figure [4.9b) and b). Figure a) and d) show a section from the
previous maps. Grey dashed parabola-like lines superimposed to the figures indicate a
set of discharging lines, analog to the dI/dV discharging lines in figure c). Figure
b) and c¢) show a model of the charge state of 3 (and 4, respectively) neighboring
TCNQ™ molecules with the tip above one molecule (b) and between two molecules (c),
each representing the molecular charge states at the different spectroscopy features (P1’,
'NDR’ and ’'P2").

At bias voltages below 'P1’ the molecule below the tip and its neighbors lay in an an-
ionic charge state. When the sample bias reaches the value 'P1’, the TCNQ™ molecule
becomes discharged - from anionic to neutral (fig. b). The tunneling current in-
creases stepwise what causes the peak 'P1’ in the differential conductance and a faint
dip in Af(V,) spectra. Between two molecules 'P1’ shifts to larger bias values, due to a
larger distance to the molecule. At the position where the discharging lines 'P1’ of two
direct neighbor molecule cross (above 'P1’ at the red vertical lines in fig. a) and d)
we expect the simultaneous discharging of two neighboring molecules c). Within
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Figure 4.11.: a) dI/dV, f(V,) spectral map from figure b), cut-out on three molecules. The
horizontal lines indicate the positions of the features 'P1’, NDR and 'P2’. The grey parabola-like
curves follow the expected discharging contours of the molecules. b) Model of the evolution
of type I TCNQ™ molecular charge states with the sample bias voltage, if the tip is placed on
top of a molecule. Horizontal dashed lines in the figures a) and d) connect the model to the
features observed in the dI/dV(V;) and Af(V,) spectra. Red (blue) ovals represent the molecule
in an anionic (neutral) charge state. The height relative to the horizontal lines shall visualize the
alignment of the involved molecular level (LUMO/SOMO) with respect to the surface fermi level.
¢) Model, similar to b), but the tip is placed in between two molecule (bridge position). The
position of 'P1’ and 'P2’ is indicated by horizontal lines. The grey parabola-like curves follow the
expected charging contours of the molecules. d) Af (V;) spectral map from figure [4.10|b), zoom
in on 3 molecules. (V; =0.75V, I, = 250 pA)

our resolution we observe no significant dI/dV or Af feature at the crossing point. The
constant height Af maps fig. g,h) exhibit faint features along the molecular chain,
that could be attributed to the simultaneous discharging. However, for a final conclusion
Af and dI/dV spectral maps with higher resolution in X will be needed.

At larger bias voltages, we observe negative differential conductance labeled 'NDR’ in
figure a) and d) above TCNQ™ molecules. It is caused by a current decrease at
V, ='NDR’ (not shown here). The 'NDR’ feature occurs where the discharging lines of the
neighbor molecules are crossing (at the intersection of horizontal 'NDR’ line and vertical
blue line in fig. a). In the Af in fig. d) we observe no feature dedicated
to 'NDR’. We interpret this as a charge inversion on the TCNQ™ below the tip and its
neighbor molecules (sketched in fig. b) at the 'NDR’ line). The crossing of the
neighbor TCNQ™ charging lines allows for discharging of the neighbor molecules. The
discharged neighbor TCNQ™ modifies the electric field at the central molecule such, that
it becomes re-charged. This finding is supported by the absence of Af features. The
net change in the force is too small because the electrostatic force of the two neighbor
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molecules cancels with the effect of the re-charging of the closer central TCNQ™.

The feature 'P2’ appears as a peak in dI/dV (fig. a)-c). It emerges at positions,
centered above a TCNQ™ molecule and between two molecules. In fig. a) this cor-
responds to the intersections of the horizontal line P2’ with the vertical green line and
the vertical red line, respectively. In the corresponding Af map we only observe at this
energy a dip located between two molecules. As one can see there, these sites corre-
spond to the crossing of the discharging lines of the two next-neighbors (and crossing
the vertical red line, in fig. d). This feature evolves into a half-diamond shape at
larger bias, defined by the discharging lines, suggesting an electric field induced effect.
Our interpretation is the following: when the tip is between two molecules, the next-
neighbor TCNQ™ become discharged simultaneously at this bias (see model at 'P2’ line
in fig. c). The effect on the Af (a dip, see also fig. ¢) and the dI/dV (a sharp
peak, see fig. c) is comparable to the first discharging of one molecule at 'P1".

The origin of the peak in dI/dV at 'P2’ (fig. a) above the center of the TCNQ~
molecules is related to simultaneously discharging this molecule and its direct neighbors
into a neutral state. No features appear in the Af above the molecule center (fig.
d) which weakens our interpretation. However, this is the simplest of all models which
relates the effects to the evolution of the electric field. More complicated models may
also be considered but remain speculative at this point.

To summarize the model, we observe indications for a controllable manipulation of the
charge state of up to 4 type I TCNQ™ molecules near the tip by choice of the parameters
lateral tip position and applied bias voltage. The 'NDR’ feature is indicative for a
mutual influence of neighboring molecules on their charge state. It is comparable to a
three-terminal quantum dot device: With the tip as the source, the surface as drain and
the molecule as a quantum dot, the neighbor molecule acts as a third, quantized gate.
However, further investigations are needed to confirm or improve the presented model.
Two ways towards this goal are dI/dV(V,) and Af(V,) spectral maps with higher lateral
resolution and DFT simulations of the system.

4.4. Conclusion and Outlook

We have investigated the charge transfer complex TMTTF-TCNQ, adsorbed on Au(111),
in stoichiometrically mixed islands by means of STM and dynamic AFM. We could ob-
serve the (dis)charging of the (anionic) neutral molecules by AFM as a dip in the Af(Z)
and Af(V,) spectra. By fitting of Af vs. bias voltage parabolas, we could reveal a dif-
ference in the molecular electrostatic potential between the two charge states of a type I
TCNQ™ molecule and, thus, identify the molecular charge states.

Frequency shift versus Z-distance curves helped to reveal the physical origin of the
observed dip in the Af spectra as a sudden change of the electrostatic force (due to
discharging) in concert with the periodic motion of the AFM tip. With this model, a force
difference between the two charge states in the order of 10 pN could be obtained.

An initial aim of the project was to find a system, that, by resonant coupling to the tun-
ing fork-tip oscillation, shows energy dissipation. We found no resonant back-acting of
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the tip-induced force fluctuations on the tip, thus the (dis)charging process is, within our
energy resolution, purely conservative. This can be explained by the small tunneling bar-
rier between molecule and substrate, allowing the molecular (dis)charging at timescales
much faster than a tuning fork oscillation period. The proper tuning of the (dis)charging
rate - close to the tuning fork resonance frequency - is crucial. A way into that direction
would be further decoupling of the charge-transfer complex, e.g. by oxide or NaCl films
grown on noble metal surfaces.

IndI/dV(V,X)and Af(V,,X) spectral maps we found complex feature patterns, orig-
inating from (dis)charging and interacting charge states of the molecules. So a molecule,
discharged upon exposure to a certain electric field, can be recharged at even bigger elec-
tric fields due to a gating by the charging of neighbor molecules. Since the last part is still
in progress we consider further measurements of dI/dV and Af(V,) maps with higher
lateral resolution and DFT simulations of the system.



Chapter 5.

Charge Localization in a Zwitterionic
Molecule by NC-AFM

While the stochastic switching dynamics of hydrogen molecules can be used to couple
to and drive a macroscopic oscillator (chapter |3), reversibly controllable bi-stability is
desired in molecular switches. A large variety of molecular switches is known to date.
Many of them belong to the class of photo switches like azobenzene, diarylethene and
their derivatives [[142-144]. These can be switched in solution between different con-
formational states when they are exposed to light of the proper wavelength. Due to
modifications in the electronic structure, along with the conformational change the light
absorption properties may also alter. This makes it possible to switch into a desired state
by choosing the proper light color.

However, when a (conformational) molecular switch is brought onto a surface, there
is a high chance that the switch is not able to change between its conformational
states [125,/81]. Upon adsorption the molecule may be bound too strong to the sur-
face, steric hinderance may occur and/or the electronic structure can become modified,
so that switching often is a one way process or even completely blocked. In order to get
functional switches on the surface, one must understand the mechanisms blocking the
switching process.

Low temperature scanning tunneling microscopy has become close to a routine tool to
characterize molecular switches on surfaces. Its high spatial resolution allows to get not
only understanding of the adsorption structure, but also on the electronic structure at the
single molecule scale [[145,146]]. Additional information can be gained by using tuning
fork based dynamic force microscopy. First, it allows to get a more complete picture of
the molecular structure and arrangement, since it is not limited to imaging of electron
densities but has shown to deliver intramolecular resolution on molecules [[22,147-149].
Second, with Af(V,) spectroscopy one can determine variations in the electrostatic po-
tential with submolecular resolution and construct a 3-dimensional picture of the electro-
static potential, which allows us to identify intramolecular charge redistribution [[23,50].

In this chapter we extend our understanding and get a deeper insight on the open
merocyanine (MC) form of the ring opening-closing switch 1,3,3-Trimethylindolino-
6'nitrobenzopyrylospiran. We would like to know, if the molecular dipole remains when
the molecule is adsorbed on a Au(111) surface. Here, we use tuning fork based atomic
force microscopy to map the charge distribution within the molecules [|50] and confirm
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the existence of an intramolecular dipole-like charge distribution. But we find also an ef-
fective screening of the intramolecular charges by the metal surface and a mutual charge
cancellation between neighboring molecules. Correlating the topographic STM with Af
features as well as a comparison between the AFM charge mapping and the charge distri-
bution obtained from DFT will help us to improve the MC dimer chain structural model.
We investigate an unexpected inversion of the molecular electrostatic potential when the
tip is approached into contact with the molecule. From LCPD(Z) spectroscopy we re-
solve the evolution of the electrostatic potential also in the 3rd dimension (Z) and Af(Z)
spectroscopy is used to identify the interaction regimes between tip and MC molecules.
Correlations in the spectroscopy maps allow us to develop a model that explains the
inversion of the electrostatic potential.

Spiropyran Revisited

The ring opening-closing switch 1,3,3-Trimethylindolino-6nitrobenzopyrylospiran (in
the following called spiropyran, SP) on Au(111) was investigated within the frame-
work of the Sfb 658 "Molecular Switches on Surfaces’ with different techniques, e.g. LT-
STM, X-ray photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) and high-resolution electron energy loss spectroscopy (HREELS)
[15]/82,[151].

Spiropyran can be converted by thermal and optical excitation reversibly into another
isomeric configuration, the merocyanine (MC) form. The skeletal formulas of both iso-
mers are shown in figure c) and d), respectively. In gas phase and solution the three
dimensional spiropyran can be isomerized into the planar merocyanine form by irradi-
ation with UV light [[152]]. The back-reaction to the more stable spiropyran form can
be induced by illumination with visible light [[153]. Thermal isomerisation is also possi-
ble; in solution and solvents at room temperature an SP = MC photostationary state is
achieved. Due to the zwitterionic character of the MC form, the ratio MC/SP increases
with the solvents polarity.

However, upon adsorption on a surface the gas phase stability of SP over the MC isomer
is reversed [82]]. Schulze et al. found that molecules evaporated onto a cold Au(111)
(or Bi(111)) surface do adsorb in the SP form, but when the sample is annealed to room
temperature, or above, the molecules are converted irreversibly to the MC form.

Merocyanine Structure

Merocyanine is a rather planar and prochiral molecule: The molecule consists of two
main parts, an indoline side (figure a) and a nitrobenzopyran group (figure b).
They share the same carbon atom, indicated by the red circle in figure a) to d),
to form the SP/MC molecule. For the conversion from the spiropyran into the mero-
cyanine isomer, the nitrobenzopyran group is opened by breaking a bond in the pyran
ring, indicated by the red arrow in figure d). The pyran oxygen stays attached to
the nitrobenzene group and becomes a carbonyl, thus the former nitrobenzopyran group
becomes a nitrophenolate as we will refer to it in the following. The indoline and the ni-
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TTC -0.9560 180 180 0
TTT -0.9533 180 180 180
CTC -0.9525 11.9 179.2 1.8
1T -0.9513 9.1 179.9 178.5

Figure 5.1.: Merocyanine and Spiropyran structure. The two building blocks for spiropyran are
a) indoline and b) nitrobenzopyran. The planar merocyanine form ¢) can be converted to the
three dimensional spiropyran form d) by a bond formation from the carbonyl (left in ¢) with the
indoline, the bond is indicated in d) by the red arrow. The red circles in a), b) ¢) and d) show
the shared carbon atom of the indoline and the nitrobenzopyran group. By rotation around the
bond angles a, 8 and v, indicated in c), also different merocyanine isomers exist. Table e) lists
the minimum energies of the spiropyran (SP) form and different planar merocyanine isomers and
the corresponding angles, from [[150]], gas phase DFT.

trophenolate group stay connected via an ethylene -C=C- bridge. At a fixed orientation
of the indoline group one has two possibilities to arrange the S-shaped ethylene bridge
and two possibilities how the nitrophenolate group is attached, by rotation around the
angles a and y as shown in figure c). This gives a total of 4 chiral rotamers in gas
phase which are shown in figure and labelled TTC, TTT, CTC and CTT - upon adsorp-
tion on a surface there add up the 4 mirror forms due to the molecules prochirality. DFT
calculations (see fig. e), from [[150]]) show that the 4 structures are relative close in
energy with the TTC being slightly more favorable. However, this situation could change
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Figure 5.2.: Merocyanine planar isomers. The structures a) to d) correspond to the minimum
energy structures listed in[5.1]e).

upon adsorption on the surface, as the stability inversion of MC over SP shows.

5.1. Localizing Charges in a Zwitterionic MC Molecule

In our experiment, we followed the preparation steps from Schulze [82]: The molecules
were evaporated from a Knudsen cell, held at ~348 K, onto the atomically clean Au(111)
sample and then annealed to room temperature. After molecular deposition, the sample
was transferred into the cold STM for inspection. Figure shows an STM overview
image (a) and detailed images (b), (c) depicting the typical merocyanine dimer chains.

In c¢) a molecular model of the structure proposed by Schulze et al. [|15,82] is overlaid
to the constant current STM topography image. By a combination of different techniques
- LT-STM, XPS, NEXAFS and HREELS - it had been confirmed that the molecules adsorb
with both benzene rings planar on the surface. Other findings also supported that the
observed chain structure could be finally assigned to the planar MC form, arranging in
molecular dimers.

However, the bonding structure of the MC planar isomers within the dimer chains
could not be resolved definitely. MM2 force field [[154] molecular mechanics simulations
performed by Schulze supported the structure shown in figure[5.3] The high protrusion in
the STM images was assigned to the localization of the indoline nitrogen. In the MC form
this nitrogen donates charge to the conjugated m-system of the molecule. The positive
localized charge could then lead to an effective reduction of the tunneling barrier, which
might let the molecule appear locally higher at this point. While a positive charge would
be located around the indoline nitrogen, the oxygens at the nitrobenzene side of the
molecule tend to accumulate electrons. This charge distribution results in a zwitterionic
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Figure 5.3.: Merocyanine STM topography images. STM overview image a) (V, = 1.025V, I, =
185 pA) and detailed images b) (V, = 1.07V, I, = 391 pA) and ¢) (V, = 1.025V, I, = 116 pA)
show the dimer chain structure of MC on Au(111). A model of the structure proposed by Schulze

et al. is superimposed to (c).

form with an electrical dipole moment of 12 Debye [155,[156]. On the surface, the
survival of such dipole remains to be probed. The formation of dimer chains separated
from each other was interpreted as a sign speaking for its survival. In the proposed
structure (figure c) positive charges would be localized at the outer rim of the dimer
chains and repel each other.

The aim of the following experiment is to localize the charge within the merocyanine
molecules using Af(V,) spectroscopy. As it has been shown in recent publications, dy-
namic AFM is capable of measuring differences in the local electrostatic potential (also:
local contact potential difference, LCPD) with submolecular and even atomic resolu-
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Figure 5.4.: Merocyanine constant current LCPD map a) STM image of the 64 x 64 grid area
(25 10\2). In each dot one Af (V;) spectrum was taken. The line around the topography iso-contour
is also overlaid to the other figures c) and d) for better comparison. b) 3 LCPD spectra from the
spectra grid. The icons plotted on the figures a), ¢) and d) indicate the positions where the
spectra were taken. ¢) LCPD(X,Y) map. Red: electron accumulation. Blue: electron depletion.
d) Af(LCPD,X,Y) map. Setpoint: I, = 110 pA,V, =0.74V

tion 157]] on insulating NaCl films. The procedure is comparable to the spec-
troscopy we performed on the TMTTFE-TCNQ molecules (chapter |4).

At a fixed tip-sample distance the sample bias is varied while the frequency shift is
recorded. The frequency shift depends quadratically on the voltage:
Af(V,) o« —=(V, — LCPD)?. Due to the attractive character of the electrostatic forces
in a capacitor like junction, the frequency shift becomes more negative for stronger
electrostatic forces. At the voltage V, = LCPD the external applied electrical field
minimizes the electrostatic forces between tip and sample. From a simple quadratic
fit one gets directly the local contact potential difference between tip and sample (for
details see also sec. [1.2.6)). A more positive LCPD means in our setup, that either a more
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negative charge distribution, or a dipole pointing towards the sample, is present at the
sample. These measurements were performed on a grid over a sample area. Of course
the tip must not change during such a measurement, since all potential differences have
to be related to the tip to make them comparable. In this way we could get maps of the
electrostatic potential and localize intramolecular charges on MC dimer chains.

5.1.1. LCPD Maps of MC on Au(111)

A map of the local contact potential difference LCPD(X,Y) is shown in figure c). It

consists of 64 x 64 LCPD values obtained on a 25 x 25 A’ large grid. The grid points
are superimposed to the simultaneously recorded topography image a). At each grid
point, the tip position was stabilized with a setpoint current of 0.11 nA and a sample
bias of 0.74 V. In each of the grid points one Af(V,) spectrum was recorded. Each
spectrum consists of 100 Af (V,) data points and the bias was swept from +1V to -1V
in 5 seconds.

Single Af(V,) spectra taken on the different spots, where indicated by the symbols in
figure a), ¢) and d), are plotted in figure b). Each of the curves can be fitted
with a parabola of the form Af(V) = A+ B(V, — C)?, where the fitting parameter C is
the actual local contact potential difference (LCPD) (plotted in ¢), A corresponds to
the frequency shift at V, = LCPD (plotted in d) and B is a prefactor containing the
tip-sample capacitance (see also section|1.2.5]).

The Af(V) curves in figure b) are obviously very different. First, the frequency
shift at the maximum of the curves Af(LCPD) is more negative on the nitrophenolate
side than on the Au(111). This is typical on molecules [22]]: Due to the lower con-
ductance of the molecule compared to Au, the distance tip-molecule is closer than the
distance tip-Au at the tunneling setpoint. The higher attractive short range forces lead
to a more negative frequency shift. Unexpected was the relative higher Af(LCPD) at
the indoline side of the molecule: Significant contributions from short range repulsive
forces lead here to a change towards positive frequency shifts, as we will also see later
(see figure [5.10).

The Af parabola measured on the indoline side of the molecule is centered at a more
negative sample bias, thus represents a more negative LCPD, than the one on the Au
surface. This shift in the electrostatic potential can be attributed to an electron depletion.
In the nitrophenolate side we find the parabola shifted to more positive LCPD, thus
electron accumulation in comparison to the Au substrate. Such strong contrast in the
LCPD of up to 500 mV has, to our knowledge, not yet been reported within one single
molecule [23,/50]. Moreover, the shifts follow different sign with respect to the Au(111)
background on the two parts of the molecule.

Partially, the large LCPD contrast can be explained by the choice of the substrate. If we
assume that inside the molecule localized charges can be treated as point charges, then
the electrostatic potential decays with 1/z", where n = 1 describes the potential decay of
a single point charge. On a metal surface a point charge induces an image charge which
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causes the potential to decay faster, with n ~ 2. This means that, the closer one gets with
the tip to probe a charge, the higher the observed LCPD will be (see sec. [1.2.7). Since
the experiments by Gross et al. were performed on molecules adsorbed on a NaCl double
layer [[23], they could not approach the tip as close as we could do it for the MC dimer
chains adsorbed on the more reactive Au(111) surface, thus explaining our larger LCPD
contrast.

The LCPD values are plotted color coded in figure[5.4|c), where we interpret red areas
corresponding to more electron accumulation and blue to electron depletion. For easier
comparison of the MC molecule position, the molecular contour in the topography image
a) is superimposed also to the LCPD (c) and Af(LCPD) image (d). The resulting
LCPD map fits the expected behavior from the gas-phase molecule, thus the zwitterionic
character of the molecules can be confirmed also upon adsorption on a surface. A more
negative charge (reddish) is located at the nitrophenolate side while a more positive
charge is located around the indoline part of the molecule, where we had expected the
nitrogen from the previous experiments. But in previous works a protrusion in the topog-
raphy image at this site was assumed to be an electronic effect rather than a topographic
effect: due to the positive charge accumulation at this site an effective local reduction of
the tunneling barrier might lead to higher conductance, and therefore apparently higher
topography. This is in contradiction with the following observations.

MC Structure: New Findings for a New Model

A closer look to the Af(LCPD) map figure d) shows that at this site the frequency
shift has the highest values - even higher than on bare gold. This tells us that we are
already in a regime of significant repulsive interaction [[22,(158]]. The findings are also
supported by later experiments, where Af(Z) was measured as a function of the tip-
sample distance (sec. [5.2.2)). This site is the highest part of the molecule and therefore
the constant current topography image does indeed reflect the molecular topography.

Therefore we must assume that the indoline side of the molecule is mirrored through
the molecular axis; the protrusion then comes from the two methyl groups which lie on
top of each other upon planar adsorption of the MC molecule. The orientation of the
upper methyl group seems to be even nearly perpendicular to the surface as suggests the
triangular shape of both, the Af(LCPD) protrusion and the positive charge localization
in the LCPD map.

A closer look to the charge distribution on the nitrophenolate site, e.g. close to the
spot marked with the red triangle in figure ¢), shows confined regions of electron ac-
cumulation. These can not be matched with the oxygen positions of the structural model
figure c), where one would assume electron accumulation. On the other hand a rota-
tion of the nitrophenolate around y (see figure fits better with the observed LCPD
variations. Since this is still speculative at this point, we performed DFT calculations
to find out which of the dimer structure models would fit better with the experimental
observations.
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Figure 5.5.: a) Constant current Af(LCPD,X,Y) map (same as fig. d). b) LCPD(X,Y)
map (same as fig. ¢), but with different color scale range). Red: electron accumulation.
Blue: electron depletion. The new dimer structure model c) is superimposed to figures a) and
b). (Setpoint: I, = 110 pA,V, = 0.74 V) c), d) DFT obtained gas phase minimum energy dimer
structures. An iso surface of a total electron density of 4 me™/ A s plotted onto the structures,
the density surface was mapped with the electrostatic potential energy felt by an electron moved
over this surface. The ESP energy color code corresponds to red (blue) for electron accumulation
(depletion).

5.1.2. Density Functional Theory Calculations of Free MC Dimer
Structures

Density functional theory (DFT) calculations were performed with the commercial soft-
ware package Gaussian 09 on the high performance computing cluster of the FU
Berlin [[160]. The initial setup was a dimer of two molecules, arranged in a way close
to the expected structures. A structure optimization was performed using the hybrid
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functional B3LYP with the STO-3G basis set. A surface was not included.

Figure c¢) and d) show the minimum energy structures of two dimer arrangements
obtained from DFT calculation. In approach to correlate these structures with the charge
distribution, we generate electrostatic potential energy maps from the DFT results as
following. From the self consistent field (SCF) density matrix an iso surface of a total

electron density of 4 me™/ A was generated and plotted onto the molecular structures.
This is a simplified approach to simulate a topography surface comparable to an STM
topography image, which is an image of a surface of constant density of states. This
SCF iso surface was then mapped with the electrostatic potential (ESP) energy (also
obtained from the SCF density matrix) felt by an electron being moved over this surface.
The color code of the mapping uses blue to visualize electron depletion, red for electron
accumulation and green in between.

Figure d) corresponds to the structure model from figure d) while figure c)
is an alternative structure model approach. The difference between figure ¢) and d)
is that they use either of the two prochiral forms. A rotation of the MC molecules by 180 °
each around an axis in the surface plane changes between the old and the new model.
For the old model there is no agreement between the LCPD map and the calculated ESP
energy surface. We find a very good agreement between calculated charge distribution
with the measured LCPD map for the new model figure c). The oxygen sites carrying
the electron accumulation fit well with the reddish regions within the molecular chain
of the LCPD map b). There is also a significant accumulation of positive charge on all
three methyl groups of the indoline side, in agreement with the blue regions of the LCPD
maps.

Figures a) and b) show the new structural model superimposed to the maps of
Af(LCPD) and LCPD, respectively, and are in very good agreement with the maps.
With the orientation of the indoline side determined by the methyl groups height and
the orientation of the nitrophenolate side determined by comparison between LCPD
map and DFT calculation, we still cannot conclude if the observed structures are formed
by TTC or CTT isomers (fig. [5.2). Since the TTC isomer is about 47 meV more stable in
gas phase [[150] we propose this structure as the most favorable one. However, from our
data we cannot exclude also the CTT isomer.

In conclusion, we can confirm the zwitterionic character of the MC molecules with
intramolecular resolved charge distribution. Moreover, the new techniques, AFM and
Af(V,) spectroscopy by AFM in combination with DFT helped us to improve the struc-
tural model of the MC chains.

5.2. LCPD Contrast Inversion

In the constant current Af (LCPD) map d) we found that the tip is interacting in
different force-distance regimes with the molecule, especially on the regions of highest
charge accumulation. For example on the indoline side in the region of electron deple-
tion, significant contributions of repulsive force indicate that the tip is very close to the
molecule. In order to understand the MC molecules topographic influence on the LCPD,
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Figure 5.6.: LCPD contrast inversion a) constant height LCPD map. Blue (red) color corre-
sponds to electron depletion (accumulation). A dimer structural model (from fig. ¢) is su-
perimposed to the image. Z position of the grid plane determined by tunneling setpoint at the
coordinates AX =12.5A, AY =25 A: I, =517 pA, V, = 1.04 V. b) LCPD(Y) profile of the map
a) at AX = 13.5 A as indicated by the dashed line. The background is colorized same as in figure
a).

we mapped the LCPD as a function of the lateral position on a constant height plane
parallel above the Au(111) surface. This is just done in analogy to the constant current
LCPD maps (figure[5.4), but the Af (V) spectra on the grid are all taken at the same Z
distance with respect to the underlying Au(111).

Previous findings regarding the localized charges of the zwitterionic molecule can in
general be confirmed. But we observe an unexpected LCPD contrast inversion on top of
the di-methyl sites of the molecules indoline side. Figure a) shows a 64 x 64 constant
height grid of the LCPD on a merocyanine dimer chain. We see again the electron
accumulation (red) on the oxygen sites of the nitrophenolate group. A circular feature of
electron depletion (blue) around the di-methyl and a faint feature on the single methyl
of the indoline side of the molecule confirm the previous findings. But at closer lateral
distance to the di-methyl site the LCPD contrast is inverted: It changes from negative
values to positive values, much larger than on the nitrophenolate group.

Figure|5.6/b) shows a LCPD(Y) profile at AX = 13.5 A as indicated by the dashed line
in figure a). The inversion occurs smoothly from the LCPD maximum at AY =11 A
within 3 A to a LCPD minimum at AY = 14 A . This LCPD contrast inversion can not
simply be explained with the present picture of charge distribution and needs further
investigations.
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Figure 5.7.: LCPD(X, Z) line profile a) Constant current line profiles over a merocyanine dimer.
The LCPD was determined in each point along the profile at different Z offsets from the tunneling
setpoint, indicated by the dotted lines. For better visualization the LCPD values are interpolated
in Z direction. b) STM image of the MC dimer with the profile (green line) and the structural
model superimposed. (I, =520 pA,V, =1.02V)

5.2.1. LCPD Profiles: Lateral and Vertical Evolution of the
Electrostatic Potential along a MC Dimer

In order to understand the influence of the topography on the LCPD, we recorded
Af(V,) spectra at different vertical tip-sample distances along a constant current line
profile over a molecular dimer. Figure[5.7]b) shows the LCPD measured on a line profile
along a merocyanine dimer as a function of the tip-sample distance. An STM image with
superimposed molecular structural models visualizes the profile’s path. In each of 100
equidistant points Af(V,) spectra were measured at 7 different tip heights AZ (0, 0.5,
1, 2, 4, 8, 16 A), with respect to the tunneling setpoint. For each Af (V,) spectrum the
LCPD was determined by a fit. The resulting LCPD(Z,X) map is shown in figure[5.7]a).
The individual LCPD values are offset vertically to reflect the height of the tip above the
Au(111) surface, indicated by the dotted lines.
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Figure 5.8.: a) LCPD as a function of relative tip-sample distance, measured on Au(111) (tri-
angles), the indoline (circles) and the nitrophenolate group (squares). Data extracted from the
profile figure a). b) magnification of the LCPD(Z) curve on the nitrophenolate (squares) in
a). The line was obtained from a ’fit’ with an electric dipole point charge model.

Far from the surface at Z,¢¢,,, = 16 A (not shown in the figure) a homogenous back-
ground CPD of ~ 400 mV is observed, this is associated with the overall contact potential
difference, which is related to the work functions of the molecule covered sample and tip
(see sec [1.2.7). As the tip approaches closer to the molecule to a vertical Z offset
of 4 A, the LCPD decreases to 360 mV, further away from the molecule, on the Au(111),
this decrease is lower (see also figure a).

While approaching closer on the MC molecule one can see the localization of the nega-
tive charge (colored red) at the nitro site of the nitrophenolate group. The LCPD values
are significantly higher than the overall CPD background. The positive charge (blue)
within the molecule is distributed over a large region around the indoline group. We
observed this already in the LCPD(X,Y) maps (figures ¢) and a) and find it also
in the ESP maps of the calculation results from DFT in figure ¢). Within the indo-
line group the positive charge appears distributed mainly over the bulky methyl groups.
Here we find LCPD values much smaller than the overall CPD background. Because the
positive charge is distributed over the bulky indoline groups, which are located on the
outer sides of the dimer chains, the negative charge located at the nitrophenolate group
is cloaked. This explains the chain’s tendency to stay separated from each other, as re-
ported by G. Schulze [|82]. The equal positive charge on the outside of the MC chains
leads to coulomb repulsion between chains next to each other.

Z-Dependence of the Electrostatic Potential of an Intramolecular Charge
Accumulation

Figure a) compares LCPD values as a function of the tip-sample distance, obtained
on the oxygen site of the nitrophenolate group, and on the di-methyl of the indoline
group and on Au(111). The distance dependence on the nitrophenolate site (5.8| b)
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follows a o 1/z"-like behavior with an exponent n larger than 1. We interpret this as
a strong screening of the charge by induced image charges in the substrate. A dipole
model with n = 2 can not fit the data with reasonable charge and distance coefficients.
The general form of a dipole potential is given by the expression

q 1 1
g [(Z—Zo+d/2) (Z—Zo—d/z)}’ &1
where d is the distance of the charge and its image charge, Z, is the offset from the
image plane, g the electron charge and V; background potential. A sample of a vertical
dipole potential (grey line) is plotted into figure b): The dipole far field approxi-
mation Z > d does not hold here anymore. Assumptions for the plotted model, fitting
well through the first 5 data points are: d =3 A, Z,=-1.7A, ¢=—4.5-10"%", V, =
340 mV. The curve represents a test and not a fit, two parameters, e.g. d and Z,, had to
be fixed to allow for a ’fitting’ of g and V.

The chosen parameters for the plot-model of figure b), e.g. the resulting distances
between the Au surface and the negative charge d/2 = d(O-Au) = 1.5 A, seem too
small (on alkoxide O-Au bonds ~ 2 A are typical bond lengths, similar also with metal
amide bonds (N-Cu) [|81,/161,162]). Also the resulting tip-oxygen distance of ~ 0.3 A
is smaller than the experimentally observed tunneling and Af values suggest (see sec.
[5.2.2). Choosing larger distances, the effective charge would have to be chosen smaller,
which is not reasonable - or the exponent n of the (Z —Zo=+d/2)" term would have to be
chosen (much) larger than one. Unfortunately we do not yet have enough data points at
close distances to allow a real fit and conclude what the distance dependence is exactly
like, but an LCPD decay faster than that of a monopole or dipole is reasonable. At the
tip-sample distances of these results, the complex distribution of charge from the indoline
group and the neighbor molecules reduces the validity of the simple fitting model in fig.
b). This can be explained by the following consideration.

Figure|5.9/shows a scheme of the two situations, the tip at close distance Z (a) and the
tip at farther distance Z’ (b) from the dipole p. Another dipole q is located at a distance



88 Chapter 5. Charge Localization in a Zwitterionic Molecule by NC-AFM

d from the tip. In the first case (figure a) the distance to dipole p is much smaller
than to q (Z < d). For small distances Z one can assume d ~ L, where L is the distance
between the dipoles (shown in fig. b). Small changes in the Z distance have a large
influence on the measured dipole potential value of the dipole p due to Vz xx~ 1/Z 2
while the value of the potential from ¢ changes much less.

In figure b) the tip distance Z’ to the dipole p is larger, so that it is comparable to
the distance d’ to dipole . Now both dipole potentials change by comparable amounts
on the same Z’ scale, thus both have to be considered (and would partially cancel each
other in the sketched situation with opposite directed dipoles). This geometric consid-
eration explains the high resolution on the atomic scale for this experimental method at
small (average) tip-sample distances.

The real charge distribution among the merocyanine dimer chains is far more complex
than the simplified model of figure a) and b). The assumption of point charges within
the molecule is too much simplified on small Z distances. Moreover, within a radius of
10 A (lateral) around the nitrophenolate group are already three positively charged indo-
line groups and two more negatively charged nitrophenolate groups. The charges of the
neighboring molecules give rise to higher order (multipolar) electrostatic terms whose
effects become more important as the tip is retracting. An additional approximation of
this fitting model can be attributed to the fact that we had to neglect the shape of the
tip. It has also been reported that image charges (and dipoles) in the tip may play an
important role for the LCPD and Af(LCPD) at small average tip-sample distances (see
sec. [1.2.6} [51,(163]).

These results clearly demonstrate that we are able to map the localized charge den-
sities within a single molecule. Their short range decay (in the order of AZ < 5A in
figure[5.8|b) suggests an effective screening by the substrate, but also the mutual cancel-
lation of charges of opposite sign. The observed intramolecular charge localization does
confirm the survival of the intramolecular dipole. But due to the dimer chain’s structural
arrangement, the molecular dipoles cancel each other and an overall smaller positive
charge of the chains remains effective outside the dimer chains.

Due to the non-uniform distribution of positive charge all over the bulky methyl groups
of the indoline side of the molecule (figure a) a fit of the electrostatic potential
would be even more difficult than for the previously discussed nitrophenolate group.
Unfortunately we could not observe an LCPD inversion like in figure a) on top of the
di-methyl group, even though the Af(LCPD) values (not shown) were reaching positive
values, which indicates repulsive forces between tip and the di-methyl.

5.2.2. Correlation Between Tip-Molecule Distance and LCPD
Contrast Inversion

In order to understand the LCPD contrast inversion, we correlate the constant height
data with the constant current data. To connect them, we look for the line of intersection
between the constant height map a) and the constant current profile a). The AFM
is a perfect tool to investigate tip-molecule interactions as a function of the distance. We
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Figure 5.10.: a) Single Af(Z) spectra, extracted from the spectral map (b) at the vertical dashed
green line. b) Af(Z) spectral map along a constant current line profile over a merocyanine dimer.
The black line "Z,(X)" indicates the constant current profile of the tip motion over the dimer at
the given setpoint (V; = 1.02 'V, I, = 220 pA). ¢) STM image of the MC dimer with the Af(Z)
profile (green line) and the structural model superimposed.

measured the frequency shift as a function of the tip-sample distance on a profile similar
to the LCPD line profile figure[5.7|a).

Figure[5.10|b) shows a Af (X, Z) spectral map measured along a constant current pro-
file (green line in figure c) over a MC dimer, consisting of 100 individual Af(Z)
spectra. The black line labeled "Z,(X) profile’ is the constant tunneling current profile
over the molecules. All Af(Z) spectra were acquired the following way: first the feed-
back loop was opened and the sample bias set to 3 mV, then the tip was quickly retracted
by an offset and subsequently slowly approached. Our spectral map shows the Af(Z)
curves of approaching the tip, starting from Z values far away from the sample. The
points of closest tip-sample distances during an approach are 2.5 A towards the sample,
measured from the indicated black Z,(X) profile. A reference spectrum, taken on the
bare Au(111) surface in large lateral distance from the molecules was subtracted from
the individual Af(Z) spectra, to remove long-range attractive forces [22]]. In this way
only the short range tip-molecule forces remain.

A processed Af(Z) curve taken on the di-methyl group (indicated by the vertical
dashed green line) is shown in figure a). One can clearly identify the two Af(z)
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Figure 5.11.:
A ALCPD Sketch: how the LCPD contrast

inversion may affect the Af(Z)

spectra. The two parabolas are

centered at different LCPD. At
A(Af) a fixed V; = V, and Z the shift
of a parabola from blue (positive
charge g+) to red (negative
charge g—) will be observed as a
decrease in Af.

>
Vs

minima and also the maximum at AZ = 4 A. The second crossing of Af = 0 is observed
at AZ ~ 3 A. We interpret this as a weak bond formation with the tip, followed by re-
pulsive interaction, where the upper methyl of the di-methyl group is pushed with the
tip [[45,102,(147].

A closer look to the Af(Z) spectral map fig. b) from AX =12Aand AZ =394
reveals a discontinuity in the Af(Z). The same feature appears in the single spectrum
a) after the Af maximum at AZ < 3.9 A (middle horizontal dashed line). A closer
examination into single Af(Z) spectra shows, that the frequency shift decreases by ~
1 Hz upon a tip approach of only 0.05 A. This feature is likely an effect of the LCPD
inversion.

Figure sketches the effect of a LCPD inversion (a horizontal shift of the Af(V;)
parabola) on Af(V, = constant). All the Af(Z) spectra were recorded with a sample
bias of 3 mV. A shift of a Af(V,) parabola (due to LCPD inversion) from a LCPD of
50 mV to a LCPD = 800 mV results in a decrease of the frequency shift by ~ 1.5 Hz,
which is compatible with our observation. Therefore this feature can be interpreted as a
fingerprint for the LCPD inversion.

An additional link to connect the constant height map with the constant current data
is the tunneling conductance: we compare the different conductance values on top of
the di-methyl at a sample bias of V, = 1 V. Table lists the conductance values for the

Conductance at V, =1V

const. current LCPD map fig. |5.4/c) 2+1x107°G,
const. current line profile fig. a) 6+1x107°G,
const. height LCPD map fig. a)
(contrast inversion) 3+2x107°G,
const. current Af (Z) profile. a)
(at closest approach) 3+2x 107G,

Table 5.1.: Conductance on top of the di-methyl group
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Figure 5.12.: a) Af(Z,X) spectral map from fig. |5 - 0| b). The green dashed line denotes the
intersection line with a constant height map like figure |5.6/a) (also shown in b) b) LCPD(Z.,X)
map from fig. [5.7]a) together with the constant height map figure[5.6/a). The green dashed line
denotes the intersection line of the two maps along the AX axis.

different measurements: we find that the conductance at the LCPD contrast inversion
(fig. [5.6a) is one order of magnitude higher than on the constant current LCPD map
(fig. - ¢) and line profile (fig. [5.7]a), which corresponds to a AZ height difference of
~1A.

From the correlation of the conductance values of constant height maps and constant
current map and profiles we find the constant height map ﬁgure 6|a) corresponds to a
cut in the Af(Z,X) spectral map figure “b) at AZ ~ 3.5 A. Figure a) shows this
line of intersection at the green dashed line. On top of the di-methyl A f (Z)is pos1t1ve
but already decreasing (for AZ — 0 A). Due to the Af(Z) maximum at AZ ~ 4 A
we have observed similar positive Af values, while the tip was in different interaction
regimes, either in the regime of contrast inversion or at higher Z.

Figure [5.12| b) shows the line of intersections between the constant current LCPD
profile figure|5.7|a) and the constant height map figure|5.6|a) (dashed green lines along
AX). The AZ offset value of the intersection line was estimated on basis of the conduc-
tance values. In the LCPD(Z) line profile the tip is about 1 A in AZ direction farther
away from the di-methyl than at the contrast inversion in the constant height map fig.

[5.6)a).

This means the LCPD inversion happens only in the region of repulsive short range in-
teraction, where Af(Z) is already decreasing towards its second minimum. We interpret
this such, that the upper methyl of the di-methyl is pushed by the tip [45,(102,147,158].
The tip is then very close to the molecular positive charge, here a methyl group at the
indoline side of the MC molecule.
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Figure 5.13.:

LCPD contrast inversion
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q - Z and surface.

5.2.3. A Simple Electrostatic Model

The inversion of the LCPD by approaching the tip into a repulsive short range interaction
with the di-methyl has been confirmed in the LCPD constant height maps (fig. a)
and is indicated in the Af(Z) spectral maps (fig. a), too. Three possibilities can be
considered to explain this inversion.

I) The contact of the tip with the molecule results in a charge transfer between tip and
molecule, so that the molecule becomes negatively charged.

To have an effective charge transfer, a metal-organic coordination bond would need
to form between the gold tip and the methyl side of the molecule. This is unlikely,
since methyl groups are usually chemically not very reactive, as the hydrogens shield
and saturate the carbon bonds [[164]]. Upon such contact formation one observes usually
stronger, step-like increase of the conductance [24,82], while we found no nonlinearity
in the current-distance trace over the transition region (data not shown here). Also
the force gradient should show a nonlinear change upon contact formation, which we
did also not observe [24] (the observed Af(Z) step (figure a,b) is a sharp, but
continuous transition).

IT) The observed repulsive force on the methyl group may bend the methyl away from
the tip. This might lead to a distortion of the indoline side of the MC molecule, and
modify the charge redistribution within the molecule. However, this would rather lead
to an electronically more neutral molecule, than to a sudden negatively charged indoline

group.
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ITI) As the tip pushes the methyl group, it approaches also close to the positive charge,
distributed over the methyl groups. In our model we consider a simplified Kelvin probe
method picture, as sketched in figure The reference case (a) includes only the tip
and the surface. We assume no electrostatic forces and define V, = LCPD, = 0.

We describe the molecule’s di-methyl group simplified as a single positive point charge
q on the surface (sketched in fig. b) as blue @). The positive charge on the surface
creates a negative image charge © in the surface. Both charges are separated by a dis-
tance d and form the dipole q - d. With Z > d, an image dipole q - d’ is induced in the
tip. The attractive forces between them can be minimized by applying a more negative
sample bias V, = LCPD, < 0. This is the typical case as we observe it e.g. in fig[5.4]c) on
the di-methyl at the indoline group.

When the tip approaches the positive charge to distances Z < d, as shown in the
sketch in fig. ¢), the positive molecule charge g induces a negative image charge in
the tip, creating the dipole g - Z. The dipole g - Z induced an image dipole g - Z’ in the
surface, leading also to attractive electrostatic forces. But now a positive sample bias
V., = LCPD, > 0 is needed to compensate them. This situation could describe a LCPD
contrast inversion as observed in fig. a).

In the latter model no intramolecular charge distributions are changed. It is rather a
change of the experimental setup: our former sample - here the methyl next to the tip
from the indoline part of the molecule - has become the probe, now probing the surface.
However, the latter approach is rather phenomenological. More experiments can help
here to get a better understanding of the process and to further support or exclude some
of the listed processes. Also here functionalized tips would largely affect or even suppress
the LCPD contrast inversion. A non-metallic CO, Cl or Xe tip would e.g. shift the point
of contrast inversion (assuming model III) to smaller Z distances.

5.3. Conclusion and Outlook

In this chapter we have investigated the open-form isomer of the ring opening-closing
switch 1,3,3-Trimethylindolino-6’nitrobenzopyrylospiran, called here merocyanine (MC),
adsorbed on Au(111).

The MC form exhibits a strong dipole moment due to an intramolecular charge dona-
tion from the indoline nitrogen to the delocalized 7-system. We could show by LCPD
measurements that the zwitterionic character of the molecule is preserved on the sur-
face. Electron accumulation is localized on the oxygen atoms of the nitrophenolate side,
while electron depletion is observed over the methyl groups of the indoline side of the
molecules. However, the fast decay of the electrostatic potential of the positive and neg-
ative charges suggests a strong screening by the surface electrons and also the mutual
cancellation of the dipoles of neighboring molecules. Thus, no net dipole moment exists,
but an overall smaller charge depletion among the merocyanine dimer chains. LCPD
spectra with more resolution in vertical direction could give better insight on the screen-
ing process and might then also give the possibility to quantify the partial charges within
the sites of the molecule. A comparison to the closed neutral form of the molecule, the
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so called spiropyran form, by AFM LCPD measurements is planned as well.

We compared the electrostatic potential maps with DFT calculations and could iden-
tify the orientation of the nitrophenolate group in the MC dimer chain structure. An
evaluation of short range interactions from Af(Z) spectra allowed us to assign the pro-
trusion, observed in constant current STM topography, to the di-methyl side. With these
observations we could improve the structural model of the MC dimer chains.

We observed an inversion of the LCPD in a regime of repulsive forces between the
tip and the di-methyl site of the indoline group in Af(V,) spectra and found indications
of the inversion also in Af(Z) spectra. Here we sketched 3 possible explanations, from
which the third appears most plausible at the present level. We interpreted it such,
that the molecular positive charge is closer to the tip than to the surface and becomes
effectively part of the tip, probing the surface.

To improve our understanding of the LCPD inversion process, we will continue the
investigations with higher vertical resolution and closer approaches performing Af (V,)
spectroscopy. Different tip functionalization can help us to identify the length scales of
the process. DFT calculation including a metal surface and metal tip are also considered,
as they can deliver a detailed picture of the charge distribution within the system.
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Chapter 6.

Summary

In this thesis we presented four different experiments that deal with fundamental
properties of single molecule junctions. The experiments were carried out in a cryogenic
STM/AFM in the tuning fork based qPlus design. The machine was newly constructed in
the beginning of the thesis and successfully put into operation.

In particular we have shown in chapter [2| the lifting of the molecular wire 1,4-
bis(pyridin-4-ylethynyl)benzene (BPEB) from a copper surface and could picture the
lifting process with enormous detail. During the lifting we observed an atypical increase
of the wire conductance, that originated from a structural change in the molecular
junction. DFT simulations revealed that a pyridine ring rotation simultaneously with
a sp to sp? rehybridization of one carbon atom was correlated with the increase in the
conductance. The rehybridization led to an additional C-Cu bond, that gave rise to a
direct current path into the metallic substrate. We could identify the structural change
by a characteristic nonlinearity in Af(Z) spectra, correlated with the simultaneously
measured conductance. An evaluation of the elastic regime between plastic steps
allowed us to obtain energy (159 meV) and force (360 pN) values associated with
the bond formed at the rehybridization. The disagreement of simulated force field
dF/dZ(Z) spectra with the experiment confirmed that the electronic structure, which
allows for rehybridization, is essential to explain the conductance and Af features.
While DFT seemed to overestimate the binding energy (~ 1 eV) we found qualitative
agreement between the experimental and the simulated lifting curves obtained from DFT.

In chapter [3| we observed the self-oscillation of a macroscopic AFM tuning fork caused
by the stochastic motion of a hydrogen molecule. The H, molecule can lie in different
adsorption states within a tunneling junction. Inelastic tunneling electrons could at a
certain threshold voltage V,; trigger stochastic fluctuations between these states. The
states were associated with different tip-forces in the order of hundreds of piconewtons.
In spectra of Af(Vs) appeared two regimes of different Af, associated with the H,
molecular states and a nonlinear transition at V,,. The spectral distribution of the
stochastic switching varied with the sample bias and the tunneling current. In a regime
where the fluctuation rate matched the resonance frequency of the tuning fork oscillator,
we observed negative damping and even self-oscillation of the tuning fork. The H,
fluctuation provided more than 50 meV of kinetic energy per TF oscillation cycle. The
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underlying effect has been identified as stochastic resonance. While the H, fluctuations
exerted a force on the tip, the rate of the fluctuations was modulated by the vertical
oscillation of the tip. The concerted dynamics of the molecular bi-stability and the
tip oscillation created a coherent pathway to transfer energy from a noisy source into
periodic motion.

In chapter |4 we studied the effect of the (dis)charging of TCNQ molecules
on the dynamics of the AFM tuning fork in the charge transfer complex
tetramethyltetrathiafulvalene-tetracyanoquinodimethane (TMTTE-TCNQ). TCNQ
molecules exist here in a neutral or anionic ground state and could be charged or
discharged, respectively, in the electric field between tip and surface. The (dis)charging
appeared as a dip (charging) or peak (discharging) in dI/dV(V,) spectra. The critical
field for (dis)charging depended on the distance between tip and molecule if the
bias voltage was fixed. Thus, the oscillation of the AFM tip allowed for a periodic
discharging-recharging cycle. In spectra of Af the (dis)charging became manifested as a
dip at the discharging voltage. We performed Af (V,) spectroscopy and observed shifts of
the LCPD and the Af(V, = LCPD), indicative for the respective charge state of a TCNQ
molecule. The (dis)charging dip in Af spectra originated from the discharging event,
caused by a small non-linear change of the electrostatic force. We obtained an estimate
for the force difference between the TCNQ™ charge states of ~ 13 pN. Throughout the
measurements we observed no tip-sample dissipation. We concluded from this that
the (dis)charging process is too fast and that it involves no structural rearrangements
that comprise a change of the electric field strength needed for the (dis)charging. In
dI/dV(V,) and Af(V,) spectral maps along chains of TCNQ molecules we observed
indications for a mutual influence of the molecular charge states: a discharged TCNQ™
could become recharged when its neighbors became discharged.

In the last experiment (chapter [5) we investigated the intramolecular charge dis-
tribution of the zwitterionic merocyanine (MC) form of the molecular switch 1,3,3-
Trimethylindolino-6"nitrobenzopyrylospiran. MC adsorbed on Au(111) forms chains of
molecular dimers. The question we had was if the dipole moment of the molecule sur-
vives on the surface. From Af(V,,X,Y) spectra we obtained spatially high resolved
LCPD maps and could confirm an intramolecular charge distribution similar as in the
molecule in gas phase. In comparison with DFT simulations of the electrostatic potential
of MC, the LCPD maps helped us also to improve the former structural MC dimer model.
A study of the vertical evolution of the molecular electrostatic potential showed an effec-
tive screening of the intramolecular charges by the substrate and by the arrangement of
the charges in the neighbor molecules. At repulsive distances (contact regime) between
the tip and a methyl group of the MC molecules we observed an atypical inversion of the
LCPD. We interpreted the effect as an inversion of the sample-probe system. When the
tip contacted the molecule, it became a part of the tip and probed the surface.



Appendix A.

Modelling by MM3 Force Field
Calculations

Force field molecular mechanics calculations were performed utilizing the force field
parameter set MM3 [|86-88]. These provide most parameters for modelling organic
molecules in gas phase with adequate accuracy to simulate intramolecular and inter-
molecular forces. Yet, we had to made certain amendments to the parameter set for the
simulated lifting of the 1,4-bis(pyridin-4-ylethynyl)benzene [[165]. These were regarding
the copper atom (to simulate a tip), attached to a nitrogen atom of a pyridine ring.

To simulate the lifting from a surface, we modeled a slab of Cu atoms and placed a
molecule on top, using the Tinsurbui command line tool from Gunnar Schulze [[166].
The metal parameters were obtained also from [[165].

In order to simulate a metal-coordination alike bond from the nitrogen atom of the
second pyridine ring to the substrate, we defined pairwise Morse potentials between the
N atom and the first layer atoms of the Cu surface.

The simulations were performed using the open source molecular modeling pack-
age Tinker [|89], modified such, that pairwise Morse potentials can be defined between
atoms.

A typical lifting energy vs. distance spectrum was obtained by repeating the follow-
ing steps (initially starting from a minimized structure): I) displace the tip-Cu atom in
Z-direction, II) minimization of the molecular structure while freezing the Cu atoms (uti-
lizing the Newton method [|167]]), III) analysis of the structure to obtain the total energy
of the system and finally start over with I).

Figure is the complete BPEB molecule lifting curve obtained from a MM3 force
field simulation. The red frame surrounds the regions from the beginning to the end of
the ring rotation (features 'B’ to ’s2’ in fig. [2.7). Overall, the curve shows no similarities
to the experimental lifting spectrum fig. a). The sharp spikes in the dF/dZ curve
a) are due to plastic structural changes in the tip-molecule junction. At Z = 20 A
the vertical stiffness increases to 25 N/m due to the molecule standing upright between
tip and surface. The following dF /dZ (and also Force(Z)) curvature is due to the Morse
potential bond of the last N atom above the surface and is indeed characteristic for
the last step of the detachment of a molecule from the surface. We find an overall
agreement with lifting and force field simulations as reported from the group of S. Tautz
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[24,103]. They investigated the PTCDA molecule, which is more rigid and it is more
two-dimensional compared to the rather 1-dimensional BPEB. Therefore PTCDA can slide
smoother over the surface (like a sheet). Especially a rehybridization of one of its atoms
with the surface is very unlikely.



Appendix B.

Nonlinearity of a Molecular Hy Junction

The modeling of the H, driven tuning fork self oscillation with a stationary oscillation
amplitude requires a nonlinear force term in the equation of motion, otherwise the ef-
fective negative damping would lead to an undamped (infinite) increase of the oscillation
amplitude. Indeed, we could experimentally prove the existence of the nonlinearity in
the coupled tuning fork-H, oscillator, originating from nonlinear tip-sample forces. Fig-
ure a) shows the oscillation amplitude A . of the tuning fork as a function of the
driving frequency (at constant driving amplitude A, = 50 mV). The tip is approached to
tunneling distance on the H, covered surface (V, = —30 mV, I, = 0.58 nA). The hysteresis

a)
1.0 : :

—fwd
m— bwd

A

00 L 1 . 1 L
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AfDrive (HZ) AfDrive (HZ)

Figure B.1.: Nonlinearity of a molecular hydrogen junction. (a) Oscillation amplitude A, of the
tuning fork as a function of the driving frequency (at constant A, = 50 mV). For the black (red)
line the excitation frequency was scanned from small (large) to larger (smaller) frequency. The
hysteresis is an effect of the nonlinearity of the junction. The actual resonance frequency is shifted
to ~ -10 Hz from the resonance frequency (f, = 20610.1 Hz) of the free lever. The tip-sample
distance on the hydrogen covered surface is determined by a tunnel current feedback (V; = —30
mV, I, = 0.58 nA). (b) Same experiment as a) but at smaller tip-sample distance (V, = 25 mV,
I; = 50 nA). Due to the closer tip approach the actual resonance frequency is shifted to ~ -30
Hz from the resonance frequency (f, = 20610.1 Hz) of the free lever . The hysteresis is more
pronounced in b) (the Af axis range is in both cases a) and b) 30 Hz, thus comparable).
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in the A, vs. f;,:,. Tesonance curves appears, when the sweep of the frequency scan is
repeated in reversed Af direction and is typical for a nonlinear -e.g. Duffing- oscillator.
Figure b) shows the same experiment but with closer tip approach, determined by
the tunneling setpoint (V, = 25 mV, I, = 50 nA). The hysteresis is more pronounced,
which is caused by a larger effect of the nonlinearity due to a closer tip-sample distance.

Routinely we scan the resonance peak of the tuning fork out of tunnel to calibrate
the TF sensor every day. We use then driving amplitudes up to 1 V and observe cor-
respondingly large oscillation amplitudes. In these measurements the resonance curves
are symmetric, as in a linear harmonic oscillator. Thus we conclude, that the observed
nonlinearities originate from nonlinear tip-sample forces.



List of Abbreviations

(nc-)AFM
BPEB
(L)DOS
DFT

H,
HOMO
KPFM
LCPD
LUMO
MC
(LT)STM
STS
TCNQ
TMTTF
TF

UHV
vdW

(non-contact-) atomic force microscopy
1,4-bis(pyridin-4-ylethynyl)benzene
(local) density of states

density functional theory

(molecular) hydrogen

highest occupied molecular orbital
Kelvin probe force microscopy

local contact potential difference
lowest unoccupied molecular orbital
merocyanine

(low temperature) scanning tunneling microscopy
scanning tunneling spectroscopy
tetracyanoquinodimethane
tetramethyltetrathiafulvalene

tuning fork

ultra high vacuum

van der Waals
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