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CHAPTER 1

Introduction

The concept of using single molecules as functional components in electronic
devices was established long ago [I], but progress in this field has often
been hampered by a limited understanding of the microscopic details of the
interaction of individual molecules with their environment and of how this
interaction may modify their electronic and structural properties. In this
context, scanning probe techniques offer the unique possibility of studying
single molecules on surfaces with atomic precision. Scanning tunneling
microscopy (STM), for example, has been used to study electron transport
through single-molecule junctions [2H5] and to measure the vibrational
spectra of individual molecules [6l, [7]. Furthermore, the possibility of
STM to manipulate single atomic and molecular adsorbates [8, [9] has
been utilized to induce and study chemical reactions on surfaces at the
single-molecule level [I0HI4] and to assemble molecular adsorbates to form
artificial structures [15] [16]. Insulating films of a thickness of only a few
atomic layers electronically decouple adsorbates from the underlying metal
substrate, while presenting a small enough barrier for the tunneling electrons
to still allow STM operation at small currents. In such double-barrier tunnel
junction geometries, the reversible charging of single atoms [I7], the coupling
of light to single molecules [I8420], and the excitation of spins in single
atoms [21] 22] and assembled nanostructures [23] 24] have been studied.
Furthermore, it was shown that on thin insulating films, the essentially
unperturbed frontier electron orbitals of a molecule can be imaged [25],
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yielding insights into the formation of single chemical bonds [I3] [26] and
the tautomerization switching of single molecules [27].

Atomic force microscopy (AFM) is another variant of scanning probe
microscopy that does not suffer from the STM’s limitation to conductive
samples. After the introduction of the frequency modulation technique in
noncontact AFM [28] and the first demonstration of true atomic resolu-
tion [29], significant progress has been reported in recent years in atomic-
resolution AFM: for example, atomic resolution on carbon nanotubes [30],
chemical identification of surface atoms [31], and both lateral and vertical
manipulation of single atoms [32] [33] have been achieved. Because in AFM
forces are measured instead of tunneling currents, it can provide infor-
mation that is not accessible with STM: for example, the energies/forces
required to operate a molecular switch [34] or to move single atoms and
molecules [35] have been determined, and the magnetic exchange force was
measured with atomic resolution [36]. An important recent development is
the introduction and increasing proliferation of self-sensing AFM sensors
such as the qPlus tuning fork [37]. With their simple detection scheme and
their immediate suitability for simultaneous STM and AFM investigations,
they have made noncontact-AFM attractive for an even wider community
of surface scientists.

In this thesis work, a combination of low-temperature STM and AFM was
used to study different atomic and molecular adsorbates on thin insulating
films with atomic resolution. We show that noncontact-AFM can yield
important additional information for these systems, which had previously
only been studied with STM. In particular, we demonstrate the detection of
electrostatic forces with single-electron charge sensitivity and atomic-scale
lateral resolution, and we show that noncontact-AFM with functionalized
tips enables atomic-resolution imaging of single molecules. The thesis is
structured as follows: In Chapter [2] we give an introduction to scanning
probe microscopy, describing briefly the experimental and theoretical prin-
ciples underlying the methods used in this work. Next, in Chapter [3] we
provide some details of the experimental setup and describe the tip and
sample preparation procedures used in our experiments. In the following
chapters, several STM and AFM studies of individual atoms and molecules
are presented:

In Chapter [4 we investigate the charge switching of single metal adatoms
on ultrathin NaCl films on Cu(111) with AFM. Charging of an adatom



by one electron charge is found to increase the force on the AFM tip by a
few pN, enabling the direct discrimination of neutral and charged adatoms
in AFM images. Furthermore, we show that depending on the sign of
the charge, the local contact potential difference between the tip and the
sample is shifted, which can be detected with Kelvin probe force microscopy
(KPFM), a special mode of AFM.

In Chapter we demonstrate that AFM can be used to image the
chemical structure of single organic molecules. The key step to achieving
such high resolution was to functionalize the AFM tip with a suitable
atomically well-defined termination, for example a single CO molecule.
To elucidate the exact nature of the imaging mechanism and to extend
the method towards the imaging of nonplanar molecules, we developed
an imaging technique that enables atomic-resolution measurements of the
complete three-dimensional force field above a molecule. By comparison
with density functional theory calculations, we are able to identify Pauli
repulsion as the source of the atomic contrast in our AFM images.

In Chapter [6] we investigate a molecular switch based on the reversible
bond formation between a metal atom and an organic molecule on a thin
insulating NaCl film. The operation and electronic characterization of the
switch were performed with STM, whereas the exact structural details of
the metal-molecule complex were deduced from atomically resolved AFM
images. A comparison of the experimental results with DF'T calculations
suggests that a special mechanism of bond formation, which involves different
charge states of the metal-molecule complex, is responsible for the favorable
characteristics of this molecular switch.

In Chapter [7}, we demonstrate the usefulness of atomic-resolution AFM
imaging to aid in the determination of the structure of an unknown molecule.
We investigated a molecule extracted from a sample collected in the deep sea,
for which other methods had failed in an unambiguous structure determi-
nation. By directly imaging the chemical structure and adsorption position
of the unknown compound with AFM and comparison of the experimental
results to DFT calculations, we were eventually able to unambiguously
identify the molecule as cephalandole A.

In Chapter [§] we combine the charge sensitivity demonstrated in Chap-
ter [f with the submolecular resolution demonstrated in Chapter [5] to image
the charge distribution within a single molecule. We show that a pro-
nounced asymmetry exists between the different lobes of the investigated
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naphthalocyanine molecule, which clearly manifests itself in submolecularly
resolved KPFM images. By comparison with DFT calculations, we identify
the electric field generated by the intramolecular charge distribution as the
source of contrast in the KPFM images.

These investigations show that by combining STM and AFM, the elec-
tronic and structural properties of single molecules can be revealed in
unprecedented detail. We anticipate that the possibility of imaging the
chemical structure with AFM and the intramolecular charge distribution
with KPFM, in combination with the established spectroscopic techniques
of STM, will lead to new fundamental insights into single-molecule switching
and bond formation, processes that are often accompanied by a structural
rearrangement or an intra- or intermolecular redistribution of charge.



CHAPTER 2

Basic principles of scanning probe microscopy

Since the invention of the scanning tunneling microscope (STM) in 1981
and the atomic force microscope (AFM) in 1985, a number of probe-
based microscopy techniques — subsumed under the term scanning probe
microscopy — have been developed. These techniques have turned out to be
invaluable tools for surface analysis on the micro- and nanoscale and even
on the atomic level. The various scanning probe techniques are today widely
being used both for scientific research and for industrial applications. Their
fields of application range from the characterization of inorganic surfaces to
investigations of biological systems.

In this chapter, we briefly summarize the historical development of
scanning probe microscopy, before describing the functional principle of
STM and AFM. We focus mainly on certain aspects that are relevant to
this thesis and refer the reader for further details to the various books and
review articles about scanning probe microscopy [38H45].

2.1 Historical introduction

The STM was invented by Binnig and Rohrer in 1981 at the IBM Zurich
Research Laboratory [46]. It was the first instrument to enable imaging of
the topography of a flat sample surface with atomic resolution. Within only
one year of its invention, the STM contributed to solving one of the most
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intriguing problems in surface science at that time: The adatom layer of the
Si(111)-7 x 7 surface was imaged with STM [47], which helped to develop the
dimer-adatom-stacking fault model for the 7 x 7 surface reconstruction [48].
This success led to a wide acceptance of the STM as a powerful new tool for
surface investigations and consequently, in 1986, Binnig and Rohrer were
awarded the Nobel prize for their invention (together with Ernst Ruska,
constructor of the first electron microscope).

Despite the huge success of the STM, it suffers from a serious limitation:
Because the STM uses the tunneling current flowing between the tip and
the sample as the imaging signal, STM studies are limited to conductive
surfaces. Due to their high chemical reactivity and the permanent adsorption
and desorption of molecules, most conductive surfaces are not suited for
investigations under ambient conditions. Ultrahigh vacuum (UHV) is
required to maintain them in a clean and well-defined state, which makes
such experiments more challenging. It was noticed in the early STM
experiments that significant forces acted between the tip and the sample at
the close distances required for electron tunneling. This motivated Binnig
to invent in 1985 a probe-based microscope that uses these forces as the
imaging signal — the AFM. A first functional prototype was developed
shortly afterwards, while Binnig and Gerber spent a sabbatical at Stanford
University and the IBM San Jose Research Laboratory in California [49]. A
new tool for surface investigation was therewith introduced, which enabled
imaging of virtually any flat solid surface without the need for extensive
surface preparation in UHV. Today, thousands of AFMs are in use in
academic and industrial research laboratories and most of them are operated
under ambient conditions.

The AFM is based on a tip mounted to a flexible beam called cantilever,
which bends under the influence of a force acting on the tip. The first
AFM used an additional STM tip mounted directly above the metalized
back side of the cantilever to measure this bending. Today’s AFM designs
use other methods for sensing the tip displacement, among which optical
methods (beam deflection, fiber interferometer) are still the most common.
In recent years, however, self-sensing AFM sensors such as the qPlus quartz
tuning fork sensor used in this thesis have also become more and more
popular. After Binnig et al. had succeeded in recording with AFM the
lattice image of a graphite surface under ambient conditions [50], Meyer and
Amer presented atomically resolved AFM images of the NaCl(001) surface



2.2 Scanning tunneling microscopy 11

recorded in UHV [5I]. In these measurements, performed in the so-called
contact mode, it was not possible to observe atomic defects like vacancies,
and it was found that the typical tip load in contact AFM measurements
exceeded the load limit of a single-atom junction [52]. Therefore, it was
inferred that the contact area should be larger than the size of a single
atom, implying that true atomic resolution could hardly be achieved with
contact mode AFM. In 1995, one decade after the invention of the AFM,
Giessibl [29] and Kitamura and Iwatsuki [53] finally achieved true atomic
resolution on the reactive Si(111)-7 x 7 surface using noncontact AFM with
a frequency modulation detection scheme [2§].

Since the invention of scanning probe microscopy, a large family of in-
struments based on STMs and AFMs has been developed. While the pure
imaging capabilities were initially the dominant application of scanning
probe microscopes, new scanning probe techniques have enabled quantita-
tive investigations of various physical properties with nanometer or even
subnanometer resolution. Electrostatic force microscopy [54] measures the
electrostatic interaction, Kelvin probe force microscopy [55] the local work
function difference and scanning capacitance microscopy [56] the local ca-
pacitance between the tip and the sample. Furthermore, magnetic force
microscopy [57] and spin-polarized STM [58] are used to probe magnetic
properties on the atomic scale.

2.2 Scanning tunneling microscopy

The STM is based on the principle of electrons tunneling between two
conductive electrodes, which are spaced apart by a few nanometers or
less. This quantum mechanical phenomenon was first observed by Giaever
[59]. He showed that if a voltage was applied to two metals separated
by a thin insulating oxide film, a tunneling current could be measured
between the electrodes, yielding insight into the electron density of states
of superconducting solids. Instead of the oxide film, the electrons can
also tunnel through a vacuum barrier. Binnig and Rohrer combined this
phenomenon with the possibility of lateral scanning of a local probe to
create the STM.

A schematic showing the basic setup of an STM is shown in Fig. 2.Th:
A sharp metal tip is positioned at a distance of typically less than 1nm
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Fig. 2.1 Functional principle of STM. a, A sharp tip is scanned over the sample
surface at a distance of typically less than 1nm. The inset shows a microscopic
representation of the atomic structure of the tip and the substrate. b, Schematic
energy diagram of the tip/vacuum/sample system. E% and Ej are the Fermi
energies, Ef,. and EZ,, the vacuum levels, and ®° and ®° the work functions
of the tip and the sample, respectively. The voltage V applied to the sample
lowers the energy of the electron states in the substrate, enabling the tunneling
of electrons across the vacuum barrier. ¢, Real part of the particle wave function
in one dimension, for the case of a rectangular tunneling barrier of width d and
height V5. The particle is traveling from left to right.

above the conductive sample surface and a voltage in the range of a few V is
applied. Because the potential barrier of the vacuum gap is greater than the
energy of the electrons, in the classical picture no current could flow between
the tip and the sample. It is known since the 1920s, however, that quantum
mechanical particles have a certain probability of crossing a classically
forbidden potential barrier, an effect known as quantum tunneling [60].
A particle’s wave function decays exponentially across a potential barrier.
Therefore, there is a small but nonvanishing probability of finding the
particle on the other side of the barrier. The tunneling currents measured
in STM are typically in the pA to nA range and depend exponentially
on the tip—sample distance. A rule of thumb says that the tunneling
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current is reduced by one order of magnitude when the vacuum gap between
the tip and the sample is increased by one A. An energy diagram of the
tip/vacuum/sample system is shown in Fig. 2.1p, and the one-dimensional
wave function for a rectangular potential barrier is shown in Fig. .

For STM imaging, the tip is scanned line-by-line over the sample surface.
A precisely controlled motion of the tip is achieved using piezoelectric
translators (alternatively, the tip can be held fixed and the sample is
scanned; the principle remains the same). A voltage applied across a
piezoelectric material causes a change in the crystal structure that leads to
a contraction of the piezo element in some directions and an expansion in the
others. This piezoelectric effect can be used to build very precise scanning
devices. Piezo tube scanners [61], which are today most widely used in
scanning probe instruments, can easily achieve subnanometer positioning
accuracy, provided that sufficient damping of external vibrations is ensured.

In the most commonly used STM imaging mode, the constant-current
mode, the tunneling current is kept at a constant preset value during the
scanning of the tip. This is achieved by adjusting the z distance with a
feedback control loop that can contain integral, proportional, and derivative
terms (PID controller). The z displacement of the tip, given by the voltage
applied to the piezoelectric drive, then represents the imaging signal. A
topographic map z(z,y) of the sample is thereby recorded and can be
displayed using a dedicated STM imaging software. A second imaging mode
is the constant-height mode, where the tip is scanned in a plane parallel to
the sample surface — irrespective of the local corrugation of the sample —
while the tunneling current is being recorded. This mode does not need a z
feedback controller and the imaging speed is therefore only limited by the
bandwidth of the current detector. However, imaging in constant-height
mode is only possible when investigating atomically flat sample surfaces,
and a low drift rate and good vibration damping is needed to prevent the
tip from crashing into the sample.

2.2.1 Theory of scanning tunneling microscopy

The contrast in constant-current STM images depends not only on the
topography but also on the detailed electronic structure of the sample.
This is the reason why the interpretation of STM images is often not
straightforward. For a better understanding of the tunneling process in STM,
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we give a brief introduction to its theoretical description. A first schematic
approach to electron tunneling treats the problem as one-dimensional and
assumes a rectangular potential barrier of height Vj and width d (Fig. 2.1k).
The solution of the corresponding time-independent Schrédinger equation
is of the form

Aqel* 4 Aje=*2 for 2 < 0
P(2) = { BieX* + Boe X% for0<z<d (2.1)
Celh= for 2 > d ,

for a particle traveling from left to right with energy ' < V{. The wavenum-
bers k and K are given by k = /2mE/k? and K = /2m(Vy — E)/h?,
where m is the mass of the particle. The coefficients Ay, As, By, By, C' are
determined by requiring that the wave function be continuous and contin-
uously differentiable. The transmission coefficient T' = |C|? /|A1|*, which
describes the probability of the incoming particle to be transmitted across
the barrier, is calculated as [62]:

1
T= VZsinh?(Kd)

- (2.2)
L+ “mvi—r

The transmission through a rectangular barrier is thus found to be nonvan-
ishing even for E < Vp. Equation [2.2) can be further simplified for the case
of a very high tunneling barrier, Kd < 1:

- 16E(Vy — E) o 2Kd

T
Vi

(2.3)

The transmission probability decreases exponentially with increasing barrier
width. This exponential distance dependence also applies to the tunneling
current and is fundamental for the high resolution obtained with STM.

While the above considerations are sufficient to explain the exponential
distance dependence of the tunneling current, for a quantitative description
of the phenomenon of electron tunneling, a three-dimensional description is
required as shown by Bardeen [63]. In Bardeen’s approach, the tip and the
sample are treated as separate entities. The transition probability between
the unperturbed tip states and the unperturbed sample states is calculated
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by considering the proximity of the tip to the sample as a perturbation
potential and applying time-dependent perturbation theory. The tunneling
current is then given to first order by:

_ 2me S e F(By +eV)] = f(By +eV)[1 — f(E,)]} x

v

X |M,, | 6(E, — E,) . (2.4)

The summation runs over the electron states in the tip (index p) and the
sample (index v), with energies E,, E,. The Fermi function f describes
the occupation of the states, V' denotes the bias voltage applied to the
sample and M, is the transition matrix element between the electron
state x, in the tip and the electron state 1, in the sample. The factor
containing the Fermi functions represents the fact that tunneling can only
occur from occupied to unoccupied states, and the delta function ensures
that the principle of energy conservation is satisfied. It should be noted
that x, and 9, in Eq. are eigenstates of different Hamiltonians, in
contrast to ordinary first-order perturbation theory. In the case of low
temperatures (room temperature or below) and small voltages (~ 10 mV),
the last equation can be approximated by:

2re?V
I% me

> My | 8(E, — Ep)d(E, — Er) . (2.5)

8%

In this case, only electrons at the Fermi level E'r contribute to the tunneling
current. When using Eq. [2.5] to calculate the tunneling current between the
tip and the sample, the essential difficulty is the calculation of the matrix
element M,,,. It can be expressed as [63]:

h? " *
M,, = o /dS (XMV¢V - %VXM) ) (2.6)

where the integral is over an infinite surface within the tunneling region
between the tip and the sample.

Starting from Bardeen’s formalism of electron tunneling, Tersoff and
Hamann developed a theory that enabled the interpretation of STM im-
ages [64]. They assumed the tip to be locally spherical and used s-like wave
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functions for the tip states. By inserting this assumption into Eq. the
following result for the tunneling current between the tip and the sample is
obtained:

327362V (9°)2 Dy (Ep) R?
hrt

I'= Y (o) 8(By — Ep) . (2.7)

where kK = 1/2m®3/h? with the work function ®* of the sample surface.
Dyip(Er) denotes the tip density of states at the Fermi level, and r¢ and
R are the center and the radius of the tip curvature, respectively. The
important conclusion from the last equation is that the tunneling current is
proportional to the sample local density of states (LDOS) p(ro, Er) at the
Fermi level at the position of the tip. The LDOS at position = is in general
defined as:

ley P3(E, — E) . (2.8)

Therefore, if the assumption of s-wave tip states is justified, constant-current
STM images show topographic maps of constant sample density of states.

2.3 Atomic force microscopy

In AFM, the imaging signal is given by the force between the scanning
probe tip and the sample, rather than the tunneling current. Therefore,
AFM is not restricted to conductive tip and sample materials. The central
element of an AFM and its main difference compared to an STM is the
flexible beam that senses the force acting between the tip and the sample
(Fig. [2.2h). The first cantilevers were made from gold foil with a small
diamond tip attached to it [49]. The probes used in AFM today are mainly
built by microfabricating cantilevers with integrated tips from silicon [65]. A
cantilever is characterized by its spring constant k, its eigenfrequency fy and
its quality factor Q. The latter describes the width of the resonance peak
of the cantilever and is defined as = fo/df, where ¢ f is the bandwidth
of the resonance.

The most common detection scheme used for sensing the deflection of
the cantilever is measuring the displacement of a laser beam reflected off
the back side of the cantilever [66]. This is achieved with a photosensitive
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Fig. 2.2 Functional principle of frequency modulation AFM. a, A sharp tip
mounted to a flexible cantilever is scanned over the sample surface at a distance of
typically less than 1 nm. The cantilever is mechanically excited to oscillate at its
resonance frequency and the shift of this resonance induced by tip—sample forces
is the imaging signal. b, Schematic diagram of the frequency modulation AFM
feedback loop. The physical observables are listed in the box to the right. The z
feedback loop can be open (constant-height mode) or closed (constant-frequency
mode).

diode that is divided in four sectors. When the cantilever is deflected, the
laser spot on the photodiode is shifted and this generates different values
of the photocurrent in the four segments. The AFM used in this thesis
employs a different deflection detection scheme based on the piezoelectric
properties of the quartz tuning fork used as the force sensor instead of a
silicon cantilever [67].

There are basically two different modes of operation in AFM: the contact
(static) and the noncontact (dynamic) mode. In contact mode, the force F
acting on the probe simply translates into a static deflection ¢ = F/k of
the cantilever. The range of useful values of k is limited by the requirement
that the deformation of the cantilever should be significantly larger than
the deformations of the tip and the sample. Depending on the system to be
investigated, typical values for k in the static mode range from 0.01 N/m to
5N/m. As mentioned above, atomic resolution imaging was achieved with
contact AFM. It turned out, however, that the contrast mechanism was
not the imaging of single atoms, but rather scanning with a tip that had a
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large contact area with the sample and a periodicity commensurate to that
of the sample. Therefore, no atomic defects could be observed. While it is
difficult to achieve high resolution in contact mode, the interpretation of
the measured data is straightforward: When a feedback control loop is used
to keep the cantilever deflection constant during the scan, a topography
z(x,y, F = const.) of constant force is recorded.

In noncontact AFM, the cantilever is excited by a mechanical actuator
to oscillate at its resonance frequency fy. This enables stable operation at
close tip—sample distances, without the tip making contact to the sample.
It also has the advantage that low-frequency noise (1/f noise) can be
filtered out using a bandpass filter centered around fy. There are two
basic methods of dynamic operation: amplitude modulation (AM) [68]
and frequency modulation (FM) [28]. In AM-AFM, the actuator is driven
at fixed frequency with fixed amplitude. When the tip is approached to
the sample, the amplitude of the cantilever oscillation changes due to the
interaction with the sample. Therefore, the amplitude can be used as the
feedback signal for imaging the sample surface. The amplitude change in
AM mode occurs on a timescale of 7~ 2Q/ fy. With Q values reaching 10°
or more in UHV, the AM mode is very slow. This problem is circumvented
by the FM mode, where a feedback loop ensures that the cantilever is
oscillating with constant amplitude. In FM-AFM, the deflection signal is
routed through a bandpass filter, phase shifted and fed back to the actuator,
as shown in Fig. . A phase-locked loop (PLL) determines the oscillation
frequency f = fo + Af, and the frequency shift Af is used as the imaging
signal.

Whereas atomic resolution was achieved with STM soon after its invention,
it took a whole decade before true atomic resolution was demonstrated
with AFM. There are various reasons that make atomic resolution more
difficult to achieve with AFM: (i) In AFM, there is the problem of the
so-called jump to contact or snap-in of the cantilever. When the tip is
approached to the sample, for distances larger than the equilibrium distance
of the chemical interaction the tip will be subject to an attractive force.
Because the tip of an AFM is mounted to a flexible cantilever, this attraction
can lead to a sudden jump of the tip into contact with the sample. The
dynamic mode helps eliminating this problem: jump to contact is avoided, if
kA > max(—F), that is by using a stiff enough cantilever or a large enough
oscillation amplitude. (ii) Whereas the tunneling current is always increasing
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with decreasing tip—sample distance, the force has a nonmonotonic distance
dependence: it is attractive for larger distances and becomes repulsive
for small distances. The consequence is that stable z feedback is only
possible on one branch of the curve, usually the part with positive slope.
This problem can be circumvented by operating in constant-height mode.
However, this is only feasible if working at low temperatures, where thermal
drift is minimal. (iii) The force between the tip and the sample is composed
of different contributions, some of which are long-ranging and do not vary
on the atomic scale. To achieve atomic resolution, it is desirable to filter
out these long-ranging contributions. In STM, this problem does not occur,
because the rapid exponential decay of the tunneling current eliminates
all contributions to the current but the one from the tip atom closest to
the sample. In the static mode, long- and short-ranging forces cannot be
distinguished. In the dynamic mode, the long-ranging contributions can be
attenuated by using a small oscillation amplitude [45].

2.3.1 Theory of atomic force microscopy

We now derive the relation between the force acting on the AFM tip
and the oscillation frequency of the cantilever, which is recorded as the
imaging signal in FM-AFM. Afterwards, we briefly discuss the different
force contributions that are relevant in AFM.

The oscillating cantilever can be considered as a harmonic oscillator with
a single degree of freedom. Its unperturbed motion is given by ¢(t) =
A cos(2r fot) with the resonance frequency fo = (27)~1\/k/m’, where k is
the spring constant and m’ the effective mass of the cantilever. A force
F between the tip and the sample causes a change in the effective spring
constant. For amplitudes significantly smaller than the tip—sample distance
z, this change is given by k' = k — (0F/0z) [69]. By assuming the force
gradient to be small compared to k, the following approximation for the

frequency shift is obtained:
[ k' [k 1 OF
— = — | === 2.
( m’ m’ ) 2k 0z (2:9)

For small amplitudes, the frequency shift is approximately proportional to
the force gradient. However, in many AFM studies larger amplitudes are

Af _f-fo_ 1
fo fo 27 fo
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used. A more general expression for A f for arbitrary amplitudes was derived
using first-order perturbation theory in the Hamilton-Jacobi approach [69]:

5 1/ fo
Af = —If—z / {F(z + Al + cos(2m fot)]) cos(27 fot) } dt (2.10a)
1
__Jo z u]) e b du
= {F( LADL+ ])m}d . (2.10b)

This relation can be used to calculate the frequency shift if the F(z)
dependence is known. More often, however, the force needs to be determined
from a A f(z) curve obtained from an AFM measurement. An exact analytic
inversion of Eq. is not known, but there exist different approximative
inversion procedures [T0H73]. The most commonly used method is an
analytical approximative approach developed by Sader and Jarvis [74] [75],
which is easy to apply and yields excellent results over the whole range of
amplitudes. They showed that the force can be expressed in terms of the
frequency shift using the Laplace transform £ and its inverse £ 1:

et P} o

with T'(z) = I (x)exp(—z), where I; is a modified Bessel function. Using
an approximative representation of T'(x),

T(z) ~ g (1 + éﬁ+ \/Zx?’/?)l : (2.12)

one arrives at the following expression for the force:

2% [ VA P ING)
F(Z)_fo/{[Hs ﬂ(t—z)]Af(t) 20t—=z) Ot }dt'

(2.13)
In the case of the force spectroscopy measurements presented in Chapter []
and where we have a discrete set of experimental data points A f; = Af(z;)
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for certain equidistant tip heights z; = 21 + (i — 1)Az, i =1... N, we use
the following discretized version of Eq. 2:13] to extract the corresponding
force data F; = F(z;):

2% & VA
Fi== > H(l+8 =

j=it1 i~ %)

AR(Afi - AS) } A

AL V2(z — z) Az
(2.14)

The method of Sader and Jarvis was shown to be very accurate: the
maximum deviations from the actual force law were calculated for midrange
oscillation amplitudes and were less than 5% [74]. For the small amplitudes
used in this work, the accuracy can be expected to be even better.

Next, we discuss the different contributions to the total force acting on
the AFM tip in the proximity of the sample. In our UHV experiments, the
van der Waals force and the electrostatic force with a range of several tens
of nm and the chemical force with a range of several A are relevant:

Van der Waals force The van der Waals (vdW) force is caused by fluctua-
tions of the local dipole moment of atoms and the interaction of these
dipoles with dipoles induced in nearby atoms. The vdW interaction
is always attractive. For two atoms separated by a distance r, the
vdW force goes as 7%, The vdW force between two macroscopic
bodies (like the tip and the sample in AFM) can be calculated with
the Hamaker approach by integrating over the respective volumes
with the assumption that the forces are additive and nonretarded [76].
For a spherical tip of radius R at a distance z from a flat surface, the

Hamaker approach yields the following relation for the vdW force:

HR

~52 (2.15)

Foaw =
where H denotes the material-dependent Hamaker constant. For a
tip of radius R = 50 nm at a distance of z = 5 A, the force according
to Eq. is typically on the order of 10 nN.

Electrostatic force Long-ranging electrostatic forces occur when there is
a potential difference between a conductive tip and a conductive
sample. The tip and the sample can be regarded as a capacitor with
distance-dependent capacitance C(z). The electrostatic force is then
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Fig. 2.3 Forces and frequency shifts in FM-AFM. a, Distance dependence of the
Lennard-Jones force (red), the van der Waals force (blue), and their sum (green),
calculated using the following parameters: H = 2.5eV, R = 30nm, Eyona = 2eV
and zmin = 3A. b, Relative frequency shift Af/fo calculated from the green
force curve in a for different values of the oscillation amplitude: 10 A (red), 1A
(blue), and 0.1 A (green). The relative frequency shift calculated from the force
gradient according to Eq.[2:9]is shown in gray. A cantilever spring constant of
k = 1000 N/m was assumed.

given by:

10C

el.st. =— 77(

2 0z
where V is the voltage applied to the sample and V* describes the
contact potential difference between the tip and the sample (V* > 0
means that the work function of the sample is greater than that of
the tip). The term 0C/0z depends on the tip geometry, but is always
negative. Like the vdW force, the electrostatic interaction is therefore
always attractive. The tip can be modeled by a sphere of radius R
on a truncated cone, which leads to the following expression for the
electrostatic force valid for small distances (z < R) [77]:

V-V, (2.16)

R
Felst. = _7760;(‘/ - V*)2 . (217)

For typical experimental bias voltages, the electrostatic force is on the
order of 1nN, but it can be minimized by compensating the contact
potential difference by choosing V' = V*. It should be noted that
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there can also be short-ranging electrostatic contributions to the force,
namely in the case of ionic crystal surfaces, where neighboring atoms
carry charges of alternating sign. In this case, the electrostatic force
decays exponentially with distance [78§].

Chemical force The short-ranging chemical force starts to play a role at
distances, where the overlap of the electron wavefunctions in the
tip and the sample becomes significant. Chemical forces can be
both attractive and repulsive, depending on the distance. A model
potential commonly used to empirically describe the chemical force is
the Lennard-Jones potential [79]:

Vi = B [ (22) " 2 (222)] L ey

z

where Fpong is the binding energy or potential minimum and 2z, the
equilibrium distance. The force corresponding to the Lennard-Jones
potential is given by:

B n min 13 min 7
Ry gy [( ) _(Z)] (2.19)
0z Zmin z z

The Lennard-Jones force is plotted in Fig. for typical parameters,
together with the vdW force. Fig. shows the corresponding
frequency shift, calculated from the sum of Lennard-Jones and vdW
forces using Eq. for different oscillation amplitudes. For decreas-
ing amplitudes, the frequency shift approaches the force gradient

curve (Eq. 2.9).

2.3.2 Kelvin probe force microscopy

Kelvin probe force microscopy (KPFM) is an AFM-derived technique that
can measure the local work function of a sample surface. It is based on a
method proposed by Lord Kelvin in 1898, in which the work function of a
material is determined relative to the work function of a known reference
material [80]. The basic principle of the Kelvin method is illustrated in
Fig. When two metals of different work functions ®;, ®5 are connected,
their Fermi levels align, leading to a voltage drop V* = (&1 — ®5)/e (the
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contact potential) across the vacuum barrier between them. By applying
a compensating voltage, the contact potential can be determined. In the
original Kelvin method, the two metals are arranged as a parallel plate
capacitor. The distance between the two plates is oscillated periodically and
the work function difference leads to an ac current. To determine V*, an
additional dc voltage is applied, until the space between the plates becomes
field-free and the current vanishes. While the Kelvin method can measure
the contact potential with high sensitivity, it provides no lateral resolution
of the local variation of the work function difference.

KPFM combines the high lateral resolution of AFM with the sensitivity
to contact potential differences of the Kelvin method [55]. In KPFM,
the electrostatic force between the two electrodes (given by the tip and
the sample) is detected instead of the displacement current. In order to
distinguish the electrostatic force from other contributions like the vdW
force, a small ac voltage V. sin (wact) is applied to the sample, in addition
to the dc bias voltage Vyc. Inserting V = Vge + Vae sin (wact) into Eq.
yields:

e I
Fas = 395 Vae = V™))" + gvac
oC N .
+ g(Vdc — V*)Vac sin (wact)
10C_ ,
- E&V;C o8 (2wact) - (2.20)

The force and the resulting frequency shift contain constant terms and
terms oscillating with w,. and 2w,.. The local contact potential difference
(LCPD) is determined in KPFM by adjusting the dc voltage such that the
first harmonic term vanishes. This is usually done during scanning with
constant-A f feedback, and there are two different experimental techniques
to simultaneously measure the LCPD and the topography: amplitude
modulation KPFM and frequency modulation KPFM [43].

As an alternative to the feedback scheme of KPFM, it is also possible
to determine V* directly from A f(V') spectra, without the additional ac
voltage modulation. According to Eq. such spectra should exhibit a
parabolic behavior. The local contact potential difference is then determined
by the position of the maximum of the A f(V') parabola. This method does
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Fig. 2.4 Schematic illustration of the Kelvin principle. a, Two different metals
which are not connected to each other share the same vacuum level Eyac. Their
Fermi energies differ in general, corresponding to a difference A® between the
work functions of the two materials. b, When the two materials are connected,
their Fermi levels align, accompanied by an electron flow to the material with the
greater work function. This leads to a voltage drop V* = A® /e across the vacuum
barrier. ¢, The contact potential difference can be compensated by applying a dc
voltage V = V™.

not offer the speed of KPFM as far as 2D imaging of the work function is
concerned, because a complete spectrum has to be recorded for each point
of interest. The simplicity of the method, however, makes the interpretation
of the data more straightforward, and it offers a high sensitivity to small
shifts of the contact potential difference. We use this method in Chapter [
to determine local shifts of the LCPD above differently charged adatoms
and in Chapter [§ to demonstrate 2D imaging of the charge distribution
within a single molecule.






CHAPTER 3

Experimental details

All the measurements presented in this thesis were carried out using a
low-temperature combined STM/AFM system that is a modified version of
a commercially available instrument from Createc Fischer & Co. GmbH,
which is based on a design by Gerhard Meyer [81]. The system was originally
built as a pure STM system, and the AFM capabilities were later added
following the qPlus tuning fork design [37] 82]. In this chapter, we briefly
describe the detailed features of the STM/AFM system, and the tip and
sample preparation methods used in our experiments.

3.1 UHV chamber and low-temperature STM/AFM

Our STM/AFM system is shown in Fig. . The whole system is located in
the basement of the building and is supported by four pneumatic vibration
isolators, to reduce low-frequency mechanical vibrations. The stainless-steel
ultrahigh vacuum (UHV) chamber consists of two parts separated by a
gate valve. The left part is used for sample preparation, and the right part
hosts the low-temperature scanning probe stage, which is attached to the
helium bath cryostat. The preparation chamber is connected to a small
loadlock chamber equipped with a turbomolecular pump, which is used
for pumping during the bake-out of the system. After the bake-out, the
system is pumped with a titanium sublimation pump and an ion getter
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Fig. 3.1 The STM/AFM system used in this thesis. a, Photograph showing the
UHV chamber. The preparation part of the chamber, the part containing the
STM/AFM, the liquid nitrogen/liquid helium bath cryostat, and the coolable
manipulator used for transferring samples are indicated. The loadlock is located
behind and the titanium sublimation and ion getter pumps are located underneath
the preparation chamber. b, Schematic drawing of the scanner stage. Image taken
from ref. [83]. ¢, Photograph of the scanner stage. In contrast to b, no sample
holder is inside the STM/AFM. d, Photograph of the tuning fork sensor, before
cutting the Ptlr tip wire with a focused ion beam. The tuning fork is glued with
one prong to a rhomboid-shaped substrate, which is glued onto the transferable
tip holder. A 10 um Au wire (barely visible in the photograph) connects the tip
wire to the lower left hole in the substrate. e, Focused ion beam microscope image
of the tuning fork, after cutting the tip wire. Scale bars: 2mm in d and 200 pum
in e.

pump connected to the preparation chamber, and a base pressure in the
UHV chamber below 107! mbar is routinely achieved. The preparation
chamber is equipped with a mass spectrometer for residual gas analysis and
a low-energy electron diffractometer (LEED) for surface characterization.
For the sample preparation, there is an ion gun for sputter cleaning, and
several crucibles from which different materials can be evaporated. Our
single-crystal metal samples are mounted onto small resistive button heaters
on the sample holders, with a NiCr/Ni thermocouple attached for controlling
the temperature. The manipulator for transferring the samples inside the
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preparation chamber and into the STM/AFM can be moved with high
precision in all three directions and also rotated around its longitudinal axis
(by means of a differentially pumped rotary feedthrough). Furthermore, it
can be cooled with liquid nitrogen or helium, which enables a wide range
of sample temperatures during the growth of materials. A sample storage
inside the preparation chamber can store up to six samples, evaporators, or
other tools mounted onto sample holders (for example a tool for transferring
microscope tips).

The STM/AFM stage itself is based on the Besocke beetle design [84] [85].
It is shown schematically in Fig.[3:Ib, and a photograph is shown in Fig. )
The STM tip (or in our case the tuning fork sensor) is attached to a copper
disk which rests on three sapphire balls glued to PZT (lead zirconate
titanate) piezo tubes. Using the principle of stick-slip motion, the disk can
be moved by applying sawtooth-shaped voltage pulses to the quadrature
electrodes of the piezos. Because the copper disk is not completely flat but
has three slightly inclined planes on its bottom side, the sliding of the disk
can also be used for a controlled vertical coarse motion of the tip. In our
system, both the coarse positioning of the tip and the scanning are done
with the three outer tube piezos. The whole STM/AFM is suspended by
three springs and equipped with an eddy current damping system. For the
cooling of the STM/AFM, the scanner stage is thermally (weakly) coupled
to the liquid helium tank of the bath cryostat and enclosed by two radiation
shields. The inner radiation shield is thermally connected to the helium
tank and the outer one is connected to the surrounding liquid nitrogen
tank. This system enables a continuous operation of the STM/AFM at a
temperature of about 5K (measured with a Si diode on the base plate of
the scanner stage). The liquid nitrogen tank (151) and the liquid helium
tank (41) have to be refilled every 48 hours and 72 hours, respectively.

As the AFM sensor, we use quartz tuning forks like the one shown in
Fig. 7e. The tuning fork (type E158, as found in the DS26 crystals from
Micro Crystal AG which are used for example in Swatch wristwatches) with
oscillation frequency 32768 Hz and theoretical spring constant 1800 Nm~!
is firmly glued with one prong to an insulating ceramic substrate, following
the qPlus design [82]. A piece of 25 um Ptlr wire is attached to the apex of
the free prong to serve as the STM/AFM tip. To avoid crosstalk between
the STM and AFM signals, a separate 10 um Au tip wire is connected to
the Ptlr tip wire to measure the tunneling current independently of the
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tuning fork electrodes used for deflection sensing [86] [87]. The whole sensor
is mounted onto a MACOR tip holder, which can be transferred using
the manipulator (that is without breaking the vacuum) when no sample is
inside the microscope. The tuning fork is excited purely mechanically, by a
small central piezo tube carrying the tip holder receptacle.

The STM/AFM is controlled using homebuilt electronics and a customized
software. A high-voltage amplifier is used for driving the piezos and two
operational amplifiers are used to amplify the tunneling current (gain 10%°)
and the deflection signal of the tuning fork (gain 10%). To ensure low
noise operation, the op-amps are installed close to the microscope stage in
UHYV, on the outer radiation shield at liquid nitrogen temperature. For the
tunneling current signal, there is also an alternative variable-gain external
amplifier, which can be used when high currents are to be measured or a
higher bandwidth is required. A relay on the outer radiation shield is used
to switch between the internal and external tunneling current amplifiers.
The deflection signal of the tuning fork is further enhanced by an additional
external amplifier (Stanford Research Systems SR560, gain 20). The bias
voltage V is always applied to the sample, and the tip is held at virtual
ground. The analog components of the electronics are all connected to a
digital signal processor (DSP) board (Innovative Integration SBC6711),
via two 18-bit analog-to-digital/20-bit digital-to-analog converter boards
(one is used for the AFM operation exclusively). The phase-locked loop
(PLL) needed for the AFM frequency feedback (see Chapter [2)) is purely
software-based and runs on the DSP board. To ensure a very low noise
in the frequency shift signal even at sub-A amplitudes, it is set to very
small bandwidths (< 10Hz) and accordingly, the tip has to be scanned
very slowly during AFM operation (the high-resolution AFM images of
molecules presented in Chapter [f] to [8 were typically recorded at scanning
speeds of about 51&871). It should be noted that all the initial sample
characterization and tip preparation were done in the STM mode, and
only after obtaining a good tip and setting the right imaging area, etc.,
did we switch to the AFM mode. Our qPlus tuning fork system enables
stable STM feedback at small currents (I < 1pA) and AFM operation with
oscillation amplitudes as small as 0.1 A.

The scan piezos were initially calibrated by comparing the known inter-
atomic distances in the copper fcc crystal structure to STM topographic
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images of the Cu(111) surface, which showed either single atomic steps (z)
or the atomically resolved positions of the topmost Cu atoms (z,y). The
tip oscillation amplitude was calibrated using the instrument’s capability of
simultaneous STM and AFM operation: With closed STM feedback loop,
we measured how the tip height changed when turning on the oscillation
for different amplitude set points. Because of the exponential distance de-
pendence of the tunneling current, for increasing amplitudes, the measured
change of the tip height approaches a linear behavior as a function of the
amplitude set point, which directly reflects the change of the real oscillation
amplitude. The slope of the line fitted to the measured values therefore
yields the desired conversion factor between the amplitude set point (in
some arbitrary units) and the real oscillation amplitude.

3.2 Sample and tip preparation

The substrate used for all measurements presented in this thesis was a
Cu(111) single crystal, which was cleaned in the UHV preparation chamber
by repeated sputtering (15 to 20 minutes with 1keV Ne ions) and annealing
(to about 840K) cycles. Next, the sample temperature was held at about
270K (using the cooled manipulator), and submonolayer coverages of NaCl
were evaporated from a resistively heated Ta crucible in the preparation
chamber. This leads to the formation of (100)-terminated NaCl islands with
a thickness of predominantly two atomic layers [88] [89]. The sample was
then transferred into the microscope and the adsorbates to be investigated
were deposited in situ. Metal atoms and different molecules were evaporated
through small holes in the shutters of the radiation shields, at a sample tem-
perature of about 10 K, where thermal diffusion on the surface is suppressed
and the atoms and molecules mostly remain at their initial adsorption sites.
For the evaporation of the organic molecules, we usually used a two-step
process. First, the molecules were evaporated inside the loadlock onto a
small piece of a Si wafer. Then, this wafer was positioned in front of the
openings in the shutters and flash-heated to ~ 900 K by resistive heating.
This procedure enables very clean sample preparations and several different
kinds of molecules can be deposited on the same sample without getting
too much contamination. To deposit single CO molecules on the surface,
small pressures (~ 1078 mbar) of CO were admitted into the UHV chamber
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Fig. 3.2 Sample and tip preparation. a, STM constant-current overview image
(I =2.5pA, V=0.2V) of a typical sample preparation. The Cu(111) substrate
and a two-monolayer NaCl island (with a small patch of the third layer on top)
can be identified. Different adsorbates have been deposited on the surface and can
be distinguished from their appearance in the STM topography: Au monomers
and dimers, CO, Cgq fullerenes, terphenyl-pyridine (TPP), perylene (PTCDA),
cobalt phthalocyanine (CoPc), and pentacene. b,c, Schematic representation of
the creation of a CO tip. Upon approaching the sharp metal tip to a CO molecule
on the NaCl(2ML)/Cu(111) surface, the molecule is transferred to the tip apex.
During the transfer of the molecule, a rotation by 180° occurs. d, Typical STM
image (I = 4pA, V =0.2V) recorded with a CO tip. Enhanced resolution of the
NaCl surface is observed, as well as a characteristic appearance of the adsorbates.
e,f, STM images (I = 2.3pA, V =0.2V) before (e) and after (f) creation of a Cl
tip by picking up a AgCl complex from the NaCl surface. The inset (I = 4pA,
V = 0.2V) shows that a single Cl vacancy was created. Scale bars: 50 A in a and
10 A elsewhere.

and the shutters in the radiation shields were opened for a few seconds. An
STM overview image of a typical sample preparation is shown in Fig. [3:2h,
showing a two-monolayer NaCl island on Cu(111) [NaCl(2ML)/Cu(111)]
with different atomic and molecular adsorbates.

The tips for high-resolution STM and AFM measurements were prepared

in several steps: Before installing the tuning fork sensor in the STM/AFM,
a focused ion beam (FIB) was used to shorten and sharpen the Ptlr tip wire
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(see FIB image in Fig. [3.1g). After transferring the tip into the microscope,
the tip was repeatedly indented into the Cu substrate, until a stable tip
favorable for both STM and AFM measurements resulted. After each
tip crash, we checked the quality of STM images (for example, adatoms
should appear as sharp circular protrusions) and I(V') spectra (no strange
unidentifiable features should be present). A good indicator for a tip suitable
for high-resolution AFM imaging was found to be a small negative frequency
shift at a certain STM set point height (on the order of —1Hz at a set
point of I = 2pA, V = 0.2V over the bare substrate). The small frequency
shift corresponds to a weak long-ranging attractive interaction, and the tip
is presumably very sharp. Starting from such a sharp metal tip (that is
most likely covered with Cu), we would then pick up different molecules
and atoms from the surface. These controlled tip modifications on the
single-atom/single-molecule level were found to strongly modify (and often
enhance) the contrast in STM and AFM imaging, which is a central result
of this thesis. In particular, we created the following tips:

Au/Ag tip To pick up single Au or Ag atoms from the surface, the tip
was first positioned above the center of an Au or Ag adatom on
NaCl(2ML)/Cu(111). After switching the feedback off, the tip was
approached by about 4 A from the typical STM set point of I = 2 pA,
V' =0.2V, and the successful pickup of the atom was observed as a
sudden jump in the tunneling current. The Au or Ag tip terminations
yielded qualitatively the same contrast as the Cu tip, but picking up
several single adatoms was found to be a good way to fine-tune the
tip until the highest possible STM resolution could be achieved.

CO tip The creation of a CO tip is shown schematically in Fig. 32p,c.
After preparing a sharp Cu, Ag, or Au tip, the tip was positioned
above a single CO molecule on NaCl(2ML)/Cu(111) and the feedback
loop was opened. By approaching the tip by about 3 A from the STM
set point, the CO molecule was often picked up, which we observed
as a sudden decrease in the tunneling current. After switching the
STM feedback back on, the tip height corresponding to the STM set
point above the bare NaCl would be about 0.5A to 1.7 A closer to
the substrate. Subsequent STM imaging showed a very characteristic
contrast, with enhanced atomic resolution of the NaCl substrate and
diffuse bright halos around admolecules and adatoms (symmetric
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halos as in Fig. are an indication for a good CO tip). It is known
that CO forms a bond with metal predominantly through the carbon,
and a 180° rotation of the CO occurs in the transfer [I0, (90, 9I]. An
alternative method for preparing a CO tip without the need for the
insulating NaCl layer is to pick up the CO directly from the Cu(111)
substrate by applying a voltage pulse of about V' = 2.5V [91].

Cl tip When picking up a single Ag adatom from NaCl(2ML)/Cu(111), in

the subsequent STM image sometimes a Cl vacancy [92] appeared at
the former adsorption site of the adatom (Fig. [3.2k,f). Together with
the fact that the subsequent STM images showed strongly modified
contrast (enhanced atomic resolution of the NaCl, metal adatoms
appear with reduced diameter), this led us to the conclusion that an
AgCl complex was picked up, with the Cl atom at the very apex of
the tip. An alternative method for preparing a Cl tip is to approach
the tip towards the bare NaCl surface until a jump in the tunneling
current indicates a modification of the tip. Subsequent STM imaging
of the area then often confirms the creation of a Cl vacancy and shows
the characteristic Cl-tip contrast.

Pentacene tip A tip terminated with a single pentacene molecule can be

created by approaching the tip towards a single pentacene molecule
on NaCl(2ML)/Cu(111), until a sudden discontinuity in the tunneling
current indicates the transfer of the molecule. The pentacene tip
has been shown in previous studies to give enhanced resolution in
STM imaging of molecular orbitals [25] [93] and to facilitate the lateral
manipulation of molecules on thin insulating films [27].
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Measuring the charge state of single atoms with AFM

It was shown that Au atoms adsorbed on a bilayer NaCl film on Cu(111)
occur in two different charge states [I7]. These charge states, which could
be identified as the neutral adatom (Auo) and the singly negatively charged
adatom (Au~), showed a distinctively different contrast when imaged with
STM (Fig. [4.1c). Moreover, it was demonstrated that the adatoms can
be switched between the two charge states in a controlled and reversible
manner. This charge switching was achieved by applying voltage pulses of
appropriate polarity, with the STM tip positioned directly above the adatom
(Fig. -d). First-principle DF'T calculations traced back the origin of the
observed charge bistability to ionic relaxations in the underlying NaCl film
(Fig. ,f). The calculations showed that the neutral Au® adsorbs directly
on top of a Cl™ ion and leaves the NaCl lattice almost unperturbed. The
negatively charged Au~, on the other hand, is 0.4 A closer to the surface
and the underlying C1~ and Na™ ions are relaxed towards and away from
the substrate, respectively. Further studies have revealed that different
charge states also occur for other metal adatoms (Ag, Cu, Pd) and on
other thin insulating films (MgO), which emphasizes the universality of the
phenomenon [94H96]. Particularly interesting is the fact that Ag adatoms
on a thin NaCl film occur in three different stable charge states (Ago, Ag™
and Ag") that can be switched from one to another [94].

In view of future investigations of the charge distribution or charge
transport in molecular complexes on thicker insulating films, it would be
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Fig. 4.1 Charge state switching with an STM tip, as reported in ref. [17]. a,
Constant-current STM image showing two neutral gold adatoms adsorbed on
NaCl(2ML)/Cu(111). b, The STM tip was positioned above one of the adatoms
(arrow) and a positive voltage pulse was applied to the sample. After a certain
time, a sudden drop of the tunneling current indicated the switching of the atom.
c, The switching event was confirmed by the subsequent STM image. d, By
applying a negative voltage pulse, the adatom was switched back to its original
neutral state. e,f, Side view of the DFT-calculated atomic positions for the
neutral (e) and negatively charged (f) adatom. Gold, sodium, and chlorine atoms
are colored in yellow, blue, and green, respectively. All images reproduced from

ref. [I7].

desirable to have a method for detecting single electron charges that does
not require a conducting tunneling junction. Previous electrostatic force
measurements have shown that single-electron charge sensitivity can be
achieved with noncontact AFM [97HI02]. However, because of the large
cantilever oscillation amplitudes (typically several nm) used in these studies,
the sensitivity to short-range forces and the spatial resolution was limited.
Here we demonstrate that the sub-A amplitudes achievable with our gPlus
tuning fork setup enable the combination of single-electron charge sensitivity
with atomic-scale lateral resolution.

In addition to exerting an electrostatic force on the AFM tip, localized
charges on surfaces lead to variations in the work function, which are
reflected in local changes of the contact potential difference between the tip
and the substrate [103] [104]. As described in Chapter the method of
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choice for mapping the local contact potential difference (LCPD) is Kelvin
probe force microscopy (KPFM). In recent years, KPFM has been pushed
to the atomic scale, making it a promising approach for the mapping of
charge distributions with ultimate lateral resolution [T05HI09].

In this chapter, we first show that Au’ and Au~ can be distinguished
in constant-height AFM images [I10]. A difference in the attractive tip—
sample force is responsible for the contrast between the differently charged
adatoms. This force difference is derived quantitatively from frequency
shift versus distance measurements. Next, we investigate the influence of
charge switching on the LCPD by analyzing A f(V') spectra recorded above
the different adatoms (corresponding to a KPFM measurement). These
measurements, which were also performed for Ag adatoms, show that the
positively charged Ag™ can be distinguished from its neutral counterpart
Ag®, too. We end this chapter by a discussion of our results in terms of a
simple model, which assumes that the double-barrier tunnel junction can
be modeled by a series of capacitances.

4.1 Charge state detection by AFM imaging

In Fig. [£.2] the possibility of distinguishing single adatoms in the neutral
and negative state by AFM imaging is demonstrated. After preparing
a sharp metal tip with the procedures described in the previous chapter
(a schematic representation of the tip and sample geometry is shown in
Fig. [4.2h), we imaged two nearby Au adatoms on NaCl(2ML)/Cu(111) in
constant-current STM mode (Fig. [4.2b). One of them was identified as
Au™ by its characteristic surrounding depression and its smaller apparent
height (h,- ~ 1.5 A versus hy,o ~ 2.2 A, in good agreement with ref. [17]),
whereas the other was in the neutral state (compare Fig. ). Then,
the feedback loop was opened and the same atoms were imaged again
in constant-height mode, with the current (Fig. M:) and frequency shift
(Fig.|4.2d) signals being recorded simultaneously. After switching the current
feedback back on, another constant-current image was taken to confirm that
no unintended switching of the adatoms and no tip change had occurred
during the measurement. In constant-height mode, a larger tunneling
current was measured above Au’ than above Au~, in accordance with the
larger apparent height of Au’ in the constant-current image. In the Af
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Fig. 4.2 Charge state determination with AFM. a, Schematic illustration of the
tip and sample system: single Au adatoms on NaCl(2ML)/Cu(111) are imaged
with a Au-terminated tip. The tip oscillates with constant amplitude A. b-d,
Constant-current topography (b) and constant-height scans (c,d) above Au® (left)
and Au~ (right). In the constant-height mode, the current (¢) and frequency
shift (d) signals were recorded. The line scans in b-d were taken through the
centers of the two adatoms visible in the 2D maps shown as insets. Imaging
parameters: [ = 2pA, V = —50mV in b, and d =5.0A, A=0.3A, V=—-5mV
in ¢,d. Low-pass filtering was applied to the images, and the color scale in b-d
corresponds to a three-dimensional representation of the insets, cut along the line
profile. Scale bars in the insets: 5 A.

image (inset of Fig. ), both atoms appear as circular depressions with a
diameter (full width at half maximum) of approximately 6 A. A significantly
greater absolute value of the frequency shift was measured above Au~ than
above Au’ (Afy,- = —1.86Hz as compared to Afa,o = —1.39Hz). In
these measurements, the constant-height mode was important to exclude
the different height in the constant-current topography as the source of
the Af contrast. Furthermore, the tip had to be scanned at a distance,
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where the interaction with the adatoms was sufficiently small to prevent
unintended manipulations such as charge switching or lateral manipulation.
We conclude that the distinction of neutral and negatively charged atoms is
possible with AFM and should therefore also be feasible on thicker insulating
layers, where STM can not be used.

However, this result still has to be considered in the context of the
above-mentioned relaxation of the Au adatom towards the substrate upon
switching to the negative state. The difference in the tip—adatom distance
will also affect the measured frequency shift. To exclude that the different
appearance of Au’ and Au~ in the constant-height Af images is just
caused by a topographic effect, in the next paragraph we present further
investigations of the distance dependence of the frequency shift. With the
knowledge of this distance dependence we can also quantify the difference
in the forces exerted on the AFM tip above Au’ and Au~, respectively.

4.2 Forces above differently charged adatoms

The measurements presented in this paragraph were performed on the same
two Au adatoms as the ones shown in Fig. No tip change or change
of the adsorption sites of the adatoms was observed during the complete
set of measurements. Using constant-height AFM mode, we recorded the
frequency shift along a line through the centers of the two adatoms for
decreasing values of the tip—sample distance (4.8A <d < 11.0A, for the
definition of the absolute distance d, see Appendix |[Al'). We extracted the
vertical force from these line scans using the following procedure: (i) The
raw data (circles in Fig. ) were smoothed by adjacent averaging. We
averaged over 3.0 A in x for the four largest distances and over 1.4 A for
the other distances (averaged data are shown as solid lines in Fig. 4.3R).
(ii) At each lateral position z, the distance dependence of Af was fitted
with a piecewise cubic Hermite polynomial, which yielded a continuous
and continuously differentiable fit (Fig. 4.3p). (iii) We applied the method

1 Here and in the following chapters, z denotes the vertical coordinate in general, which
for the experimental data is usually measured from a certain STM set point. On
the other hand, d always refers to an absolute tip—sample distance, either defined in
calculations or by some experimental calibration measurement as in Appendix @
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Fig. 4.3 Forces above Au’ and Au~. a, Constant-height line scans of the
frequency shift at different tip-sample distances (A = 0.22A, V = —2mV). For
some lines, every eighth point of the raw data is shown as a circle. Solid lines
correspond to smoothed data. b, Corresponding A f(d) curves above Au’ (z =
12.4 A), above Au™ (z = 39.4 A), and above the NaCl substrate (z = 26.8 A). The
raw data (circles), the smoothed data (crosses) and the polynomial interpolation
(solid lines) are shown. ¢, Line scans of the vertical force extracted from the
averaged data in a. The background force above the substrate has been subtracted.
d, Force versus distance curves above the different sites. For the dashed lines, the
background force above the substrate has been subtracted.

of Sader and Jarvis [74] (Eq. to the resulting curves to obtain the
vertical force F,. (iv) To finally obtain the short-range contribution to the
force caused by the adatoms only, we subtracted from each constant-height
line profile of F, the background force (the force measured over the NaCl at
a lateral distance of more than 10 A from the adatoms). The resulting line
profiles of the vertical force exerted on the AFM tip by the Au’ and Au~
adatoms are shown in Fig. [f3k. In Fig. [L.3[, F. is plotted as a function of
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the distance above the different sites (Au’, Au~ and the NaCl substrate).
Both the total force and the background-subtracted short-range part are
shown.

At the closest investigated distance (d = 4.8 A), we measured an attractive
force that was 11 pN greater above Au~ than above Au’. The high sensitivity
of our tuning fork sensor enabled the measurement of forces with a resolution
of about 1pN. Attempting to increase the force difference between the
differently charged adatoms by approaching the tip further to the sample
would result in unintended charge switching and/or lateral manipulation of
the adatoms. As mentioned above, DFT calculations have revealed that the
Au adatoms are relaxed by about 0.4 A towards the substrate when switched
to the negative state [I7]. Because the A f(d) curves shown in Fig. are
monotonically increasing in the investigated distance range, this topographic
effect alone would lead to a decrease of |Af| above Au~. However, we
observed the opposite effect. We can therefore attribute the stronger
attractive force measured above Au™ to electrostatic interactions between
the tip and the charged adatom that overcompensate the topographic effect.
The physical origin of this electrostatic interaction will be elucidated further
at the end of this chapter, when we discuss our observations in terms of a
simple electrostatic model.

4.3 Influence of the charge state on the LCPD

In this paragraph, we investigate the effect of the charge state of adatoms
on the local contact potential difference (LCPD) between the AFM tip and
the sample. In addition to Au® and Au~, Ag adatoms were investigated, for
which also the positive charge state Ag™ is stable on NaCl(2ML)/Cu(111),
as known from previous a STM investigation [94]. We determined the LCPD
from measurements of the frequency shift as a function of the voltage applied
to the sample. The maximum of the parabola fitted to the Af(V') curve
yielded the LCPD value V* as well as the frequency shift at compensated
LCPD Af*.

In Fig. , Af(V) curves measured above Au® and above Au~ are
shown. Without moving the tip, Af(V) was first measured above Au™, a
voltage pulse of V' = —1V was applied to switch the adatom and Af(V)
was measured again above Au’. To confirm the switching of the adatom
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Fig. 4.4 Influence of the charge state on the LCPD. a, Af(V) spectra measured
above a Au atom before and after charge switching (d = 5.8 A A=06 A)
Solid black lines show parabolic fits to the measured data and the resulting
LCPD values V* are indicated by arrows. b,c, Constant-current STM images
(I = 74pA, V = —50mV) before (b) and after (c) the LCPD measurement.
d, Constant-current STM image of different adatoms on NaCl(2ML)/Cu(111)
(I =3pA,V =0.2V). The inset shows the Agt adatom with fivefold increased
contrast. e, LCPD as a function of tip—sample distance above differently charged
adatoms, above NaCl(2ML)/Cu(111) (positions indicated in d), and above the
bare Cu(111) substrate. The LCPD values were extracted from Af parabolas
recorded at different heights (A = 0.3 A) The gray curve shows the LCPD above
NaCl calculated with the simple plate-capacitor model described in the text. Scale
bars: 5A in b,c and 104 in d.

and to verify that the switched adatom has maintained its lateral position,
STM images were taken before and after the measurement (Fig. [£.4b,c).
We observe that the switching of the charge state leads to a shifting of the
frequency shift parabola both horizontally and vertically. For Au™, V* is
shifted by +27mV and Af* is shifted by —0.11 Hz with respect to Au. It
should be noted that the absolute values of these shifts depended on the
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exact tip condition and therefore varied in different measurements. The
directions of the observed shifts, however, were found to be independent
of the tip; we always observed a greater LCPD and a more negative A f*
above the negatively charged adatom. Therefore, the differentiation of the
different charge states was always possible by comparison. We will look
into the origin of the shifting of the frequency shift parabola in further
detail in the next paragraph. It is immediately clear, however, that the
shift of the parabola to a higher voltage for the negatively charged adatom
is reasonable from a physical point of view: the electric field generated by
the Au~ and the induced positive image charge in the tip is compensated
by applying a more positive voltage to the sample.

Next, we investigated the distance dependence of the LCPD shift over
the different adatoms. Measurements on Ag adatoms were included to
show that the neutral, positive, and negative charge state can all be dis-
tinguished from one another. An STM overview image of several adatoms
on NaCl(2ML)/Cu(111) in different charge states is shown in Fig. [£.4d.
We measured A f(V) for different tip—sample distances above the positions
indicated in the image, and above the bare Cu(111) substrate (no tip change
or manipulation of the adatoms was observed during the whole measure-
ment). For all the Af(V) spectra, we determined the peak positions V*
from parabolic fits to the curves?. The resulting LCPD versus distance
curves are shown in Fig. [f4p. We first compare the LCPD measured above
the NaCl bilayer and above the bare Cu(111) substrate. It is known that
the NaCl film lowers the work function of the surface [88], and therefore, we
expected a smaller LCPD above NaCl(2ML)/Cu(111) than above Cu(111).
This is observed in Fig. [£4k, but the effect also increases with decreasing
distance d. Whereas the LCPD above Cu(111) is almost independent of
d, it decreases above the NaCl film as the tip is approached towards the
sample. We attribute this observation to an averaging effect that results
from the finite size of the NaCl islands: for increasing tip—sample distance,
the area of the sample that contributes to the measured value of the LCPD

2 In ref. [I11], a nonparabolic Af curve is predicted from theoretical simulations for a
KPFM measurement above NaCl with a NaCl-terminated AFM tip. The authors
attribute this deviation from the parabolic capacitive behavior to displacements of
the ions at the tip-surface interface. However, no such deviations were observed in
our experiments.
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becomes larger and can exceed the size of the investigated NaCl island.
When the tip is approached more closely, the relative influence of the sur-
rounding Cu(111) surface on the measured LCPD is reduced, and the latter
shifts to smaller values. This can be understood from the following very
simple model: We assume that the tip can be modeled as two parallel plate
capacitors describing the electrostatic tip—sample interaction with the NaCl
area and the surrounding Cu surface, respectively. We further assume that
the Cu capacitor is larger by a factor N, but also spaced further apart by a
distance ¢ (because the corresponding part of the tip is further away from
the surface). Using Eq. and Eq. the following proportionality is
then obtained for the frequency shift:
_N .o
AfO( (d+C)3 (V_VCu)
The resulting LCPD curve for V3, = 0.3V and V{,o = V&, — 1V =
—0.7V [95,112], and N = 7 and ¢ = 6.5A (shown in gray in Fig. |4.4k)
reproduces well the measured distance dependence of the LCPD above
NaCl. This shows that the simplistic plate-capacitor model can qualitatively
explain the observed behavior of the LCPD above the NaCl islands.

1

- a3 (V - V§a01)2 : (41)

Above the different adatoms, the observed values of the LCPD were
very similar (within 0.1V) for distances d > 18 A. When the tip was
approached towards the sample, the LCPD measured above the different
adatoms started to differ significantly, and for d < 10 A, the different charge
states could be clearly distinguished. We observe a greater LCPD above
Au~ than above Au’ and a smaller LCPD above Ag™ than above Ag’. The
absolute value of the LCPD difference obtained in different measurements
again depended on the exact tip shape, but the direction of the LCPD shift
was always directly related to the sign of the charge on the adatom (with
respect to the neutral state, V* would always shift to greater values above
negative adatoms and to smaller values above positive adatoms). This
shows that the distinction of neutral, positively, and negatively charged
adatoms is possible by measuring the LCPD at close enough tip—sample
distance. In particular, we were able to distinguish the charge states of Ag™
and Ag®, which would have been difficult to achieve by constant-height
AFM imaging (as in Fig. , because of the large topographic difference
between Ag™ and Ag” [94].
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4.4 A simple electrostatic model

We now discuss the results presented in the previous paragraphs in terms of
the simple model illustrated in Fig.[.-5h: The investigated system constitutes
a double-barrier tunnel junction, with one tunneling barrier given by the
insulating film between the metal substrate and the adatom, and the other
one given by the vacuum gap between the adatom and the AFM tip. Both
tunneling junctions can be regarded as capacitances. In addition, the
stray capacitance between the tip and the conducting substrate has to be
considered. We denote by Cy, C1 and C5 the tip—substrate capacitance, the
tip—adatom capacitance and the adatom—substrate capacitance, respectively.
The free energy U of the system, which consists of the electrostatic energy
minus the work done by the voltage source, is then given by [100} 102} TT3]:

42 Cq 10,

y2_ &

_ 2 42
20y s T o0y 3V (4.2)

where ¢ is the charge on the adatom and Cy, = C; + C5. For the sake of
simplicity, we refer to V' = 0, when the contact potential difference between
the tip and the substrate is compensated above the neutral adatom. The
electrostatic force on the tip is found by differentiating U with respect to the

vertical distance z (Cy and Cy are z-dependent, whereas Cs is independent
of 2):
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Differentiating once more with respect to z (compare Eq. , we find that
the voltage-dependent electrostatic contribution to the frequency shift is
given by a parabola of the form Af(V) = a(b+ V)? + ¢V?, with certain
parameters a, b, c.

To show that this simple model can indeed explain the shifting of the
frequency shift parabola observed in Fig.[4.4h, the function A f(V') is plotted
in Fig. for the valuesa = 1, ¢ = =5, and b = —1, 0, +1 (corresponding to
negative, zero, and positive charge). In agreement with our measurements,
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Fig. 4.5 Simple electrostatic model for the double-barrier tunnel junction. a,
Schematic illustration of the tip and sample system and equivalent circuit of the
electrostatic model. Cy, C1, 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)? 4 cV? plotted for different values of b, corresponding
to negative charge (blue), no charge (red), and positive charge (green) in the
double-barrier tunnel junction. Nonvanishing values of b cause both a vertical
and a lateral shift of the parabola, the directions of which are in agreement with

our measurements.

we find that a negative (positive) charge in the double-barrier tunnel
junction leads to a shift of the A f parabola to lower frequencies and higher
(lower) voltages. The considered model is strongly simplified, and we have
completely neglected the (V-independent) contributions from other forces
(like the van der Waals force) to the frequency shift. Therefore, we abstain
from attempting a quantitative determination of the actual values of the
parameters a, b, ¢ from the measurement. Considering the simplicity of the
model, however, it is pleasing to see that it can at least qualitatively explain
the shift of the LCPD observed above the charged adatoms.

One last point should be mentioned concerning the origin of the difference
between the forces above neutral and charged adatoms: The first term of the
sum in Eq. [£:3a] can be attributed to the electrostatic interaction between
the charge on the adatom and the image charge induced in the AFM tip. In
previous studies, it was argued that this term is negligible [I00} 102], due
to the experimental conditions used in these studies (large oscillation am-
plitudes, large tip-sample distances). In our case, however, this assumption
is not justified and only this term can explain the different forces measured
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above Au’ and Au™ at zero voltage®. Therefore, we come to the conclusion
that the shifting of the force and frequency shift parabolas observed for the
different charge states of metal adatoms is mainly due to the electrostatic
interaction between the charged atoms and the corresponding image charges
induced in the tip.

3 One could argue that other voltage-independent force contributions like the van
der Waals force could be responsible for the change in Af at V' = 0. However, as
mentioned above, the change in Af expected from the topographic difference of the
differently charged gold adatoms is in the opposite direction (a stronger attractive
force above Au® would be expected).






CHAPTER b

Atomic-resolution AFM imaging of single molecules

Resolving single atoms has always been the ultimate goal of surface mi-
croscopy. With STM, atomic-scale features on surfaces can be imaged, but
resolving the individual atoms within an adsorbed molecule remains a great
challenge. This is because the tunneling current is primarily sensitive to
the electron density of states at the Fermi level, which usually extends over
the entire molecule. Consequently, STM images of single molecules reflect
only roughly the contour of the molecule or — if the right bias voltage is
applied in the case of molecules on thin insulating films — the structure of
the frontier orbitals of the molecule [25] [I14]. If the chemical structure of a
molecule is to be imaged, one needs to be sensitive to energetically lower-
lying electron states, which are more localized at the positions of the atoms
and bonds within the molecule. Here we show that imaging the chemical
structure of individual organic molecules is possible with noncontact AFM
if the microscope tip is functionalized with suitable atomically well-defined
terminations, such as a single CO molecule.

In the first part of this chapter, we present AFM imaging of single
pentacene molecules with different functionalized tips, demonstrating the
strong influence of the tip termination on the image contrast. Next, we
present imaging of other molecules with the CO tip functionalization, which
we found to be most stable and give the highest resolution in AFM imaging.
To further elucidate the exact imaging mechanism and study the influence of
the imaged molecule’s topography and chemical composition on the image
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contrast, apart from mere AFM imaging we also carried out complete 3D
force map measurements, which are described in the next part of this chapter.
Finally, by comparison with density functional theory (DFT) calculations,
we identify Pauli repulsion as the source of the atomic resolution in our
AFM images, whereas the attractive van der Waals (vdW) and electrostatic
forces contribute only a diffuse background.

5.1 AFM imaging of pentacene

Noncontact-AFM in UHV has seen tremendous progress in recent years. Just
to name a few prominent examples: chemical identification of single surface
atoms [31], measurements of the exchange force with atomic resolution [36]
1151 [116], and both lateral and vertical manipulation of single atoms [32, 33]
have been achieved, and the force needed to move a single atom on a surface
was measured [35]. As far as AFM studies of single molecules are concerned,
atomic resolution was achieved on single-walled carbon nanotubes [30} [117],
and the switching energy of a single-molecule conformational switch was
determined [34]. Despite these impressive results, the complete chemical
structure of an individual molecule has not been imaged with atomic
resolution until now. There are two reasons that make AFM investigations
of adsorbed molecules especially challenging: the strong influence of the
exact atomic composition and geometry of the tip and the relatively low
stability of the system, which can result in unwanted lateral or vertical
manipulation of the imaged molecule. We have found that both problems can
be overcome by preparing a well-defined, chemically inert tip by picking up
single atoms or molecules from the sample surface using the tip preparation
techniques described in Chapter [3| Such well-defined tip modifications are
known to yield enhanced resolution in STM imaging [10, 25| 9], 93, [1T8],
but have rarely been used in AFM investigations, where the exact tip
structure is usually unknown and can only be guessed from comparison
with calculations [31, [33] 119, [120]. Here we show that the combination of
established STM tip preparation techniques with AFM enables imaging of
single molecules with unprecedented resolution [121].

To benchmark the AFM resolution on single molecules, we imaged pen-
tacene, a polycylic hydrocarbon consisting of five fused benzene rings
(Fig. [5.1h), on Cu(111) and on NaCl(2ML)/Cu(111). This molecule has
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Fig. 5.1 STM and AFM imaging of pentacene with different functionalized
tips. a, Ball-and-stick model of pentacene. b,c, In-gap STM topography (b,
I = 1.1pA, V = —0.8V) and STM topography of the LUMO resonance (c,
I =1.3pA, V =1.3V) of pentacene on NaCl(2ML)/Cu(111), measured with a
CO tip. d-g, Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111),
measured with a metal tip (d, oscillation amplitude A = 0.6 A, vertical tip
distance z = —0.8 A), with a CO tip (e, A = 0.7A, z = 1.3A), with a Cl tip
(f, A=05A, 2= 1.0A), and with a pentacene tip (g, A = 0.94, z = 0.54).
h, Constant-height AFM image of pentacene on Cu(111), measured with a CO
tip (A =0.2 A z=-21 A) i Constant-height AFM image of several pentacene
molecules on Cu(111), measured with a CO tip (A = 0.84, 2 = —2.5A). All 2
values are given with respect to an STM set point of I = 2pA, V = 0.2V over
the substrate. Scale bars: 5A in a-h and 10 A in i.

been studied before with high-resolution STM [I3] 25, 093, 122], and an
in-gap STM topographic image and an STM image of the LUMO resonance
are shown in Fig. [f.Ib,c. Both images were recorded with a CO-terminated
tip, which is known to enhance the contrast in STM imaging [10, [9T], [1T4],
but the chemical structure of the molecule is not reflected in these STM
images. As discussed above, this is due to the fact that the molecular
frontier orbitals extend over the entire molecule, rather than being localized
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at the atomic positions.

To achieve atomic resolution with AFM, it is necessary to operate in a dis-
tance region, where short-range chemical forces give significant contributions
to the image contrast. The sensitivity to these short-range forces is enhanced
by using small (< 1A) oscillation amplitudes [45]. Furthermore, imaging
in constant-height mode allows stable operation even if the frequency shift
Af(z) is a nonmonotonic function of distance. In Fig. —g, constant-
height AFM images of a pentacene molecule on NaCl(2ML)/Cu(111) are
shown, recorded with a metal tip, a CO tip, a CI tip, and a pentacene
tip, respectively. For each tip, the distance z was minimized such that
decreasing z further by a few 0.1 A would result in unstable imaging con-
ditions, with the molecule being laterally displaced or picked up by the
tip. Comparing the different tips, we see that their atomic termination is
crucial for the contrast in AFM molecular imaging. With metal-terminated
tips, it was not possible to image at distances close enough to observe
short-range repulsive contributions to the frequency shift, and no submolec-
ular resolution could be observed (Fig. [5.1d). This changed dramatically,
when we used a tip terminated with a single CO molecule. In this case,
below a certain tip—sample distance bright features started to appear in
the constant-height Af image, and the structure of the five hexagonal
carbon rings of the pentacene molecule could be observed (Fig|5.1g). The
Cl tip termination yielded a similar contrast as the CO tip, with a slightly
lower resolution but also less distortion in the direction perpendicular to
the long axis of the molecule (Fig.[5.1f). The pentacene tip termination,
which has previously been used to enhance the resolution in STM orbital
imaging [25], gave a completely different image, which could not be directly
related to the molecular structure (Fig. ) This emphasizes the strong
influence of the exact tip termination on the contrast in AFM imaging.
In general, the CO tip termination was found to have the most favorable
properties for molecular structure imaging with AFM: highest resolution,
easy tip preparation, and high stability of the tip (it was often possible to
measure for several days with no observable change in the tip configuration).
All high-resolution AFM molecule images presented in the following were
recorded with CO tips.

To show that the insulating film is not necessary for molecular structure
imaging with AFM (unlike for orbital imaging with STM), in Fig. 5.1,
a high-resolution constant-height AFM image of pentacene on Cu(111) is



5.2 AFM imaging of other molecules 53

shown. It is interesting to note that not only the positions of the C atoms
in the molecule and the bonds between them are resolved, but also the C-H
bonds, which indicate the positions of the H atoms at the periphery of the
molecule. We attribute the enhanced brightness at the left and right ends
of the molecule to a nonplanar adsorption geometry on Cu(111), with the
ends of the molecule being slightly elevated [123][124]. In Fig. , a CO-tip
AFM image of several pentacene molecules with two different adsorption
orientations on Cu(111) is shown. For all molecules, we again observe the
characteristic bright ends and an asymmetric appearance (dark silhouette
only on the left side of the molecules), which indicates that in this case the
CO molecule was adsorbed slightly asymmetrically at the tip apex.

5.2 AFM imaging of other molecules

To demonstrate the general applicability of our method and to elucidate
the influence of the adsorption geometry and chemical composition on
the AFM contrast, we imaged several different molecules both on bilayer
NaCl and on the bare Cu(111) substrate. All Af images shown in Fig. [5.2
were measured in constant-height mode with CO-functionalized tips, using
oscillation amplitudes < 0.5 A. The molecule hexabenzo-coronene (HBC) is
a planar polycyclic aromatic hydrocarbon consisting of 13 fused Cg rings
(Fig. [5.2b). It is particularly interesting because it can be considered as a
subsection of graphene, which makes it suitable as graphene precursor and as
a model system for graphene hydrogenation [125]. HBC was found to be only
weakly bound on NaCl(2ML)/Cu(111), making high-resolution imaging very
challenging. On Cu(111), on the other hand, the molecular structure could
be clearly resolved (Fig. [5.2h), with a contrast similar to that demonstrated
for pentacene. The enhanced brightness observed at the periphery of the
molecule could be due to a nonplanar adsorption geometry or to an electronic
effect where the delocalized electrons in the m-conjugated system have a
higher density at the boundary of the molecule!. As shown in Fig. ,d,

1 This would be reminiscent for example of the solutions of the quantum mechanical
harmonic oscillator: the wave functions for higher values of the energy quantum
number mimic the classical situation, where there is an enhanced probability of
finding the particle close to the turning points of the oscillatory motion [126].
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Fig. 5.2 Constant-height AFM images of different molecules measured with
CO-functionalized tips, and corresponding ball-and-stick models. a,b, Hexabenzo-
coronene on Cu(111). c,d, Dibenzo-naphtho-perylene on NaCl(2ML)/Cu(111).
e-g, Perylene-tetracarboxylic-dianhydride on NaCl(2ML)/Cu(111) (e) and on
Cu(111) (f). h,i, Co-phthalocyanine on NaCl(2ML)/Cu(111). j,k, Dibromo-
anthracene on NaCl(2ML)/Cu(111). 1,m, Sexiphenyl on NaCl(2ML)/Cu(111).
n-p, Terphenyl-pyridine on NaCl(2ML)/Cu(111) (n) and on Cu(111) (o). g,r,
Buckminsterfullerene on Cu(111). s,t, Naphthalocyanine on Cu(111). All scale
bars: 5A. Carbon, hydrogen, oxygen, nitrogen, cobalt, and bromine atoms are
colored in gray, white, red, blue, purple, and orange, respectively.
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similar results were obtained for the less symmetric polycylic aromatic
hydrocarbon dibenzo-naphtho-perylene on NaCl(2ML)/Cu(111). We also
studied molecules containing heteroatoms (atoms other than hydrogen and
carbon), such as perylene-tetracarboxylic-dianhydride (PTCDA), which
has two end-groups that contain three oxygen atoms each (Fig. |5.28).
This molecule has been studied extensively in surface science due to its
applications as an organic semiconductor. We were able to image it both
on the NaCl islands (Fig.[5.2k) and on the bare Cu(111) surface (Fig. [5.2f).
Depending on the substrate, the oxygen-containing end-groups are not
resolved at all [on NaCl(2ML)/Cu(111)], or only one of the oxygen atoms is
visible [on Cu(111)]. This peculiar behavior could be due to a topographic
or a chemical effect, or a combination of both. We will study PTCDA in
further detail in the context of the Au-PTCDA switch investigated in the
next chapter.

The next molecule we studied was Co-phthalocyanine, a coordination
complex with an alternating C-N ring structure around the central Co atom
(Fig.[5.2j). On NaCl(2ML)/Cu(111), the Cg rings at the periphery of the
molecule and the C4N rings are resolved (albeit with strongly distorted
appearance), as well as the Co atom in the center (Fig.[5.2h). The molecule
dibromo-anthracene (DBA, Fig. ,k) has two Br atoms, which appear
very bright in the AFM images and with a shape elongated in the direction
perpendicular to the C-Br bonds, a peculiar feature which we also observed
for other molecules containing Br atoms. Next, we studied two chains of
phenyl rings, sexiphenyl (Fig. ,m) and terphenyl-pyridine (TPP, Fig. —
p), the latter with a pyridine ring at one end. On NaCl(2ML)/Cu(111), we
observe a characteristic zigzag structure in the AFM images (Fig. ,n),
which we attribute to an adsorption geometry where adjacent phenyl rings
are twisted against each other and have their hydrogen atoms tilted upwards
at opposite sides of the molecule. This leads to the alternating bright
features in the AFM images. For TPP on Cu(111), on the other hand, we
observe a distinctly different structure in the AFM image (Fig. [5.2p), with
the individual phenyl rings appearing more symmetric, indicating a flat
adsorption geometry. In addition, one end of the TPP molecule appears
darker than the other, which could be due to the pyridine end interacting
stronger with the substrate and bending downwards. A molecule with an
intrinsic nonplanar structure is the Buckminsterfullerene Cg (Fig. ,
only the upper dome of the molecule is shown), which could only be stably
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imaged on Cu(111). From the constant-height AFM image (Fig. [5.2q), we
are able to identify the adsorption orientation of the Cgg as facing upwards
with a Cg ring, in agreement with a previous STM and DFT study [127],
but the other carbon rings of the molecule are not resolved. Finally, we
also investigated naphthalocyanine (Fig. [5.2f), which can be operated as
a single-molecule hydrogen-tautomerization switch when it is adsorbed on
thin insulating films [27]. Naphthalocyanine on NaCl(2ML)/Cu(111) will
be studied in detail in Chapter [§] in the context of KPFM imaging with
submolecular resolution. Here we show an atomically resolved AFM image
of naphthalocyanine on Cu(111), in which a pronounced asymmetry between
the two molecular lobes along one direction and the two lobes along the
perpendicular direction is observed (Fig. [5.25). This asymmetry can be
attributed to a saddle-like adsorption geometry, which has been frequently
observed for phthalocyanines on flat metal surfaces [128-130].

In summary, we have found our approach of molecular structure imaging
with AFM using CO-functionalized tips to be applicable to a wide range
of organic molecules. In general, aromatic carbon rings lying flat on the
surface were easy to image, whereas nonplanar adsorption geometries and
heteroatoms led to a wide variety of structures in the AFM images, which
can be difficult to interpret without additional information or assumptions.
To gain a better understanding of the detailed contrast mechanism and
to further elucidate the influence of molecular geometry and chemical
composition on the image contrast, in the next paragraph, we move from
the simple constant-height AFM imaging to a more sophisticated approach
that gives access to the complete short-range force field above a molecule.

5.3 Measuring the 3D force field above a molecule

Apart from its mere imaging capabilities, noncontact AFM offers the possi-
bility of Af(z) spectroscopy to quantify the short-range forces at specific
atomic sites [31], B4} 131}, [132]. This can be extended to systematic record-
ing of dense 2D [Af(x,z)] or 3D [Af(z,y,z)] data sets of the frequency
shift, which can subsequently be converted into 2D or 3D fields of the
vertical and lateral forces [30], 35 [I33HI38]. There are in principle two
different methods to measure such force maps: In the first method, which
we used in the preceding chapter to quantify the forces above the differently
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charged adatoms, the tip is scanned horizontally at constant height or on
a topography z(x,y) of constant frequency shift, and a line Af(z) or an
image Af(z,y) is recorded. The data recorded for different heights are then
merged into a complete Af(z,z) or Af(x,y,z) data set [35, 134} [135] [137].
In the second method, individual A f(z) spectra are consecutively recorded
along a line or on a lateral grid and then merged to obtain the complete
data set [30, 133, 136, 138].

To understand the distance dependence of the contrast in our atomically
resolved molecular images and to be able to extract the forces acting on
the tip, we captured complete Af(z,y,z) data sets above pentacene on
NaCl(2ML)/Cu(111), using the second method of consecutive recording of
Af(z) spectra. The following routine was developed for these measurements:
First, a constant-current STM image of the molecule was recorded. This
served as reference image for lateral drift compensation during the measure-
ment. Then, the current feedback was switched off, and the tip was moved
to sequentially record the Af(z) spectra for the force maps. About every
20 minutes (corresponding to ~ 100 spectra recorded), the tip was moved
back to the starting point of the reference image, the current feedback was
switched on, and another STM image was recorded. By cross-correlating
this image with the reference image, the lateral drift could be determined
and compensated before switching the feedback off again and continuing
Af(z) data acquisition. The vertical drift was compensated after each
spectrum, by moving the tip to the starting point (over the substrate) and
switching on and off the current feedback. This measurement procedure
ensured minimal drift during the long force map measurements, which
lasted up to 40h (limited by the hold time of the liquid nitrogen tank of
the cryostat).

The results of a 3D force map measurement with a CO-terminated tip
are shown in Fig. [5.3h,b. The frequency shift was measured in a box of
25A x 12.5A x 13A above a pentacene molecule by recording 80 x 40
individual Af(z) spectra. The vertical force F, was extracted using the
method of Sader and Jarvis [74] (Eq.[2.14). Fig. shows constant-height
A f maps extracted from the complete data set at different heights, and
Fig. [5.3p shows the corresponding F, maps. For distances greater than
z = 4.2 A, we measured only relatively small attractive long-range forces
(F. < 20pN), and the molecule was imaged as a featureless depression.
With decreasing tip height, Af(z) decreased before reaching a minimum
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Fig. 5.3 Force map measurements of pentacene on NaCl(2ML)/Cu(111). a,b,
Maps of measured frequency shift (a) and extracted vertical force (b) at different
tip heights (z = 4.2, 2.6, 1.8, 1.4, and 1.2 A, decreasing from top to bottom). The
data shown are part of a complete 3D force field captured with a CO tip in a
box of 25 A x 12.5 A x 13 A above the pentacene molecule. The color scales range
from —3Hz (blue) to 0 Hz (white) and from —120pN (yellow) to 0 pN (brown),
respectively. c-e, Line scans of the vertical force extracted at different heights
from complete 3D force maps measured with a metal tip (c) and with a CO tip
(d). The difference between the two tips (e) gives the contribution of the CO
alone, as indicated in the schematic representations of the tip and sample system
to the right of the graphs. All tip heights are given with respect to the height
determined by the STM set point (I = 2pA, V =0.2V) with the CO-terminated
tip above the substrate.

at about z = 1.8 A above the center of the molecule. Near this minimum,
we started observing lateral corrugation on the atomic scale, and when z
was decreased further, A f increased again and finally became even positive
over some parts of the molecule at z = 1.2A. In general, the contrast and
lateral resolution in A f increased with decreasing tip height, and the highest
resolution was achieved at the height at which Af crossed zero. Decreasing
the tip height even further would result in instabilities and eventually in
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picking up the molecule with the tip. In the force maps (Fig. [5.3p), the
contrast was also found to increase with decreasing z. However, due to
the integration over z, the atomic contrast in F, is much lower than in
Af at the same height. At the closest distance (z = 1.2 A), we measured
an attractive force of 110 pN above the central carbon ring. The forces
above the positions of the C atoms were found to be significantly smaller,
between 60 and 90 pN. These values are comparable to the short-range
forces recently measured with a silicon tip above the hollow sites and carbon
sites of a single-walled carbon nanotube [30].

The interaction between the CO-terminated tip and the sample contains
contributions both from the CO at the tip apex and from the metal part
of the tip behind the CO. To separate these contributions, in another
measurement we first measured a 3D force map with a metallic tip, then
picked up a single CO molecule from the surface to create a CO tip, and
finally measured another force map of the same pentacene molecule. In
Fig. [5.3k,d, force linescans extracted from these 3D force maps are shown.
In the graphs, lines of the same color correspond to the same absolute tip
height (in particular the fact that the height corresponding to the STM
set point changed when picking up the CO has been taken into account).
Because no other tip change except the intentional pickup of the CO was
observed during the measurement, we can subtract the two force maps to
estimate the contribution from the CO molecule (Fig.[5.3f). We observe that
the contribution from the CO predominates in the relevant region, whereas
the metal part of the tip contributes only about 30 % to the attractive forces
and gives no corrugation on the atomic scale. These results facilitate the
comparison of our measurements with DFT calculations, where the unknown
structure of the metal part of the tip is difficult to take into account. Before
presenting such DFT calculations in the last part of this chapter, we describe
a refined force mapping method that enables measurements of the complete
short-range force field even for nonplanar molecules.

5.3.1 Smart tip approach

We have seen that atomic resolution of single molecules is obtained only
within a narrow distance region around the minimum of the Af(2) curve,
where the frequency shift is a nonmonotonic function of the tip—sample
distance. This prevents imaging with constant-frequency-shift feedback
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and restricts us to the constant-height mode?. If the tip-sample distance
for a constant-height AFM image or the distance of closest tip approach
for a force map measurement is chosen to be sufficiently large (such that
no unwanted manipulations occur), then the substrate is not atomically
resolved. Furthermore, in the case of nonplanar molecules, atomic resolution
is only obtained on the part of the molecule closest to the tip [30] 139]. To
overcome these limitations, we have developed a force mapping method
that incorporates a variable distance of tip approach, which is determined
in real time for each Af(z) spectrum [I40]. To that end, we define two
threshold frequencies, typically Af; = —2Hz and Afs = 0Hz. During
the approach of the tip, the condition Af(z) < Af; has to be fulfilled to
activate the actual abort criterion. The approach then continues, until
the second condition Af(z) > Afs is fulfilled, and the tip is immediately
stopped at that position and not approached any further. In this way, we
are able to approach the tip until we have passed through the minimum of
Af(z) and reached the repulsive branch of the curve, where (A f)/0z < 0.
In addition, we set an absolute closest tip-approach distance (in case the
aforementioned abort criterion were to fail), which we define as the z = 0
origin in Fig. [5-4h,b. Using this enhanced protocol, we were able to record
complete 2D and 3D force maps even of nonplanar molecules. Both the
imaged molecules and the CO-terminated tip remained unaltered during
these measurements, which lasted up to 40 h.

To test our modified method, we first measured a 2D force map of
pentacene on NaCl(2ML)/Cu(111). We were now able to reach the repulsive
branch of the Af(z) curve not only on top of the molecule, but also over
the substrate. In Fig. [5.4h, Af(z) spectra are shown for three selected
positions: above the pentacene molecule, above the substrate, and above
the edge of the molecule. The curves clearly differ from one another: On
the molecule (squares), the minimum in A f(2), which indicates the onset
of repulsive force contributions, was found at z = 4.8 A. On the substrate
(circles), the tip had to be approached much closer before the minimum

2 In principle, it is also possible to record AFM images with STM constant-current
feedback. As we will see in the next chapter, this can be helpful in certain cases,
for example to determine the lateral adsorption position of a molecule. In general,
however, such images are difficult to interpret, because of the intermixing of the force
and the current signal.
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Fig. 5.4 Force maps recorded with the smart tip approach. a, Af(z) spectra
at different sites: above pentacene (squares), above the NaCl(2ML)/Cu(111)
substrate (circles), and above the edge of the molecule (triangles), as indicated
in the STM image shown as inset. Red crosses: simultaneously recorded current
signal above the substrate (V = 10mV, A = 0.35A). b, 2D force mapping:
Af(z) spectra recorded on a line along the pentacene molecule. The color scale
reflects the value of Af, and constant-A f topographies are overlaid (white solid
lines). The dotted line at the bottom is drawn as a guide to the eye to indicate
the Cl™ sites of the substrate. c-f, Constant-Af topographies of PTCDA (c),
naphthalocyanine (d), DBA (e), and Ceo (f). The topographies were extracted
from 3D force maps for Af = 0Hz on the repulsive branch of the Af(z) curve.
Ball-and-stick models of the molecules are overlaid.

was reached at z = 1.2 A. The curve recorded at the edge of the molecule
(triangles) exhibits a peculiar behavior. It has two minima, indicating that
the tip ‘feels’ first the molecule and then the substrate as it is approached
towards the sample at close lateral distance to the molecule. The complete
2D Af map from which the curves in Fig. have been taken, is shown
in Fig. . A set of 250 individual A f(z) spectra was measured on a line
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along the long axis of the pentacene molecule (the reference STM image
used for lateral drift correction is shown in the inset of Fig. |[5.4h). In the
Af(x,z) map in Fig. , we can clearly identify the pentacene molecule
at an apparent height of ~ 3-4 A above the NaCl substrate. The positions
of the five carbon rings are visible, and lines of constant A f were extracted
for frequencies on both the attractive and the repulsive branch of the Af(z)
curve. In the Af map, we also observe atomic resolution of the substrate,
and by comparison with atomically resolved STM images we can assign the
depressions in the constant-A f topographies to the positions of the C1™ ions.
The shaded area in Fig. indicates the portion of the data that would
have been accessible with the conventional method with fixed tip-approach
distance. As described above, in the border region of the molecule (at
lateral distances around z = +10 A), we measured curves that differ from
the generic Af(z) curve with one minimum. In this region, instabilities
during the measurement were also found to be most likely to occur. This
can be understood from the fact that with our approach procedure, we are
able to limit the vertical force, but not the lateral force, which our AFM
sensor is insensitive to. However, lateral forces may become significant
when the tip is approached to the sample in the immediate neighborhood
of an adsorbed molecule®.

To demonstrate that our method can also be used to measure complete
3D force maps, constant-A f topographies of different molecules are shown
in Fig. [5.4-f. These topographies were all extracted for Af = 0Hz on
the repulsive branch, from 3D Af maps each constructed from ~ 5000
individual Af(z) spectra. The substrate was not atomically resolved in
these measurements because we have chosen an absolute closest tip-approach
distance further away from the substrate, to reduce the risk of instabilities
when the tip is approached at the edges of the molecule. For PTCDA on
NaCl(2ML)/Cu(111) (Fig. ), the perylene core is atomically resolved in
the constant-A f topography, whereas the anhydride end groups appear only
as featureless elevated regions. The atomic corrugation is only on the order of
0.1 A, because of the Af set point on the steep repulsive branch of the Af(z)
curve. The ends of the perylene core appear to be bent down towards the

3 A lateral force acting on the CO at the tip apex can also cause a bending of the
CO [I41], which could explain the often distorted appearance of the peripheral Cg
rings in the AFM images recorded with CO tips (see e.g. Fig. ) [142].
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substrate, indicating a slightly nonplanar topography, which is in agreement
with DFT calculations carried out for the Au-PTCDA complex discussed
in the next chapter [143]. For naphthalocyanine on NaCl(2ML)/Cu(111)
(Fig. [5.4d), the individual carbon rings of the four molecular lobes are
resolved, and also the atomic structure of the porphine core is reflected
in the topography (see also Chapter [8] and Appendix . For DBA on
NaCl(2ML)/Cu(111) (Fig. 5.4), the three carbon rings of the anthracene
core appear completely flat and the Br atoms are also clearly resolved in the
topography. For the strongly nonplanar Cgg fullerene on Cu(111) (Fig. ),
the Cg ring facing upward is atomically resolved with strongly distorted
shape, which is due to the different bond orders of the bonds fusing two
hexagons and those fusing a hexagon and a pentagon [142]. Furthermore,
the adjacent hexagons and pentagons can be clearly distinguished in the
constant-A f topography, due to a stronger attractive interaction measured
above the hexagons.

5.4 Comparison with DFT calculations

In the last part of this chapter, we return to our standard system — pen-
tacene on NaCl(2ML)/Cu(111) imaged with a CO tip — and compare our
experimental results to DFT simulations carried out by Nikolaj Moll of the
Computational Sciences department at IBM Research — Zurich [121], [144].
For these calculations, the highly optimized plane-wave code CPMD [145]
was used, with the Perdew-Burke-Ernzerhof exchange-correlation func-
tional [146] and ab initio norm-conserving pseudopotentials [147] created
according to the scheme of Trouiller and Martins [I48]. Van der Waals forces
are nonlocal correlations that are beyond the scope of the local density
approximation and generalized gradient approximation commonly used in
DFT. To overcome this limitation, we added a contribution proportional to
R~6 to the dispersion energy (where R is the distance to the center of the
atom), following the semiempirical approach described by Grimme [149].
When expanding the wave functions into plane waves, a high energy cutoff
of about 2.7keV had to be used to achieve a sufficiently high precision
for the convergence of the interaction energies. In our calculations, only
the pentacene and the CO are included, neglecting both the substrate
and the metal part of the tip. It was assumed that the CO is oriented
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Fig. 5.5 Comparison of experimental AFM results with DFT simulations. a,
Calculated map of the CO—pentacene interaction energy for an intermolecular
distance (CO carbon atom to the pentacene molecular plane) of d = 4.5 A. bd,
Calculated line profiles of the energy (b), force (c), and frequency shift (d) above
the long molecular axis for different distances (indicated in b). e,f, Comparison
of calculated (e) and measured (f) force curves above different molecular sites:
central hollow site (green), C—C bond of the central ring on the long molecular
axis (blue), C atom of the central ring on the short axis (red), and H atom on the
short axis (yellow). The experimental curves were extracted from a complete 3D
force map where the force contribution from the metal part of the tip has been
subtracted. The inset in e shows a filtered constant-height A f map extracted
from the experimental data.

perpendicularly to the plane of the pentacene molecule, with the O atom
pointing towards the pentacene. The CO was ‘scanned’ over the pentacene,
and for each position, the interaction energy was calculated. The atomic
positions were held fixed at the equilibrium positions calculated separately
for each molecule, because for the investigated heights, relaxing the atoms
did not change the results.

In Fig. [5.5h, a map of the interaction energy E is shown, calculated for a
CO-pentacene distance of d = 4.5 A (distance of the CO carbon atom to the
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pentacene molecular plane). At this distance, atomic-scale variations can
be observed in the interaction energy, with stronger attractive interaction
above the centers of the five hexagonal carbon rings, and less attractive
interaction above the positions of bonds and atoms. The ends of the (flat)
molecule appear enhanced in brightness, indicating that such features can
be due to electronic rather than structural properties of the molecule. In
Fig. b.5pb-d, calculated line profiles of the interaction energy, vertical force,
and frequency shift along the long molecular axis are shown for different CO-
pentacene distances. To obtain the vertical force F,(d) and the frequency
shift Af(d), the distance dependence of the interaction energy was fitted by
a potential of the form Eyqw(d) = (a/d)? — (u/d)?, with fitting parameters
a,b,u,v. The force and frequency shift were then obtained from the fitted
curve by differentiation with respect to d [121), [I44]. In agreement with our
experimental findings (Fig. [5.3g), we observe maximal attractive forces on
the order of 100 pN above the hollow sites of the molecule and less attractive
forces above the C-C bonds. The difference in the forces above these two
sites increases with decreasing distance. The differentiation with respect to
d shifts the minimum in the F,(d) and Af(d) curves to greater distances
(7 0.45 A for each differentiation [144]) compared to the E(d) curve, and
accordingly, atomic contrast is observed already at greater distances in A f
than in F, and in F.

In Fig. [5.5k.f, calculated and experimental force-distance curves above
different molecular sites (indicated in the inset of Fig.|5.5g) are compared.
The experimental curves were extracted from the same data set as those
shown in Fig. 5.3k, where the contribution of the metal part of the tip
has been subtracted to achieve better comparability with our simplified
theoretical model. We use different distance scales for the experimental (z)
and theoretical data (d). In principle, they could be related to each other, for
example by comparing the positions of the force minimum above a certain
molecular site. However, the experimental z position of the force minimum
was found to vary significantly between measurements with different CO
tips. We attribute this to the fact that the tunneling current, and hence
the tip height corresponding to the STM set point, strongly depends on the
exact adsorption geometry of the CO at the tip apex. Therefore, we abstain
from giving an explicit relation between z and d. In Fig. [5.5,f, we observe
good qualitative agreement between the calculated and experimental curves
in terms of the maximal values of the force and the relative order in which
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these maxima are reached above the different sites. Also quantitatively,
the agreement is excellent for distances d > 5A. For closer distances,
the calculations seem to overestimate the force differences between the
different sites. These discrepancies might be due to the simplifications of
the theoretical model, namely neglecting the substrate and the metal part
of the tip.

Our simulations of the CO—pentacene interaction take into account the
different forces discussed in Chapter 2.3.1} electrostatic force, vdW force,
and short-range chemical force. Comparing their contributions to the
calculated overall force, we found that the electrostatic force is small (~
10 %) compared with the vdW force. These two contributions show little
variation on the atomic scale, and together they yield a diffuse attractive
background that gives rise to the dark halos surrounding the molecules in
the Af images. The atomic contrast in our images is therefore due to a
short-ranged chemical interaction that leads to a repulsive force contribution
varying on the atomic scale. The origin of this repulsive interaction is the
Pauli exclusion principle, which leads to an energy increase when regions
of high electron density in the two molecules overlap. Within a molecule,
these regions are concentrated at the positions of atoms and bonds, and
the total electron density can be used as a qualitative explanation of the
contrast in atomically resolved AFM images (see Chapter [8) [150].

We conclude that atomic resolution in AFM images of single molecules
can only be achieved in a tip—sample distance region where repulsive forces
give significant contributions. To be able to operate at such close distances,
while still maintaining stable imaging conditions, a modification of the tip
with suitable atomic or molecular terminations is necessary. With the CO
tip termination, we achieved the highest resolution, but comparison with
other tip terminations that yield qualitatively different contrasts might be
necessary to enable imaging with chemical contrast [I51].



CHAPTER 6

Investigation of a switchable atom-molecule complex

The concept of using single atoms and molecules as memory elements or
switches in electronic devices was established long ago and promises to
drastically reduce the energy consumed by such devices and allow faster
switching cycles [I]. Scanning tunneling microscopy has been used repeat-
edly to identify and characterize promising molecular switches at the level
of single molecules, due to its atomic-scale imaging and manipulation capa-
bilities [19] 27, [[52HI58]. Using such manipulation procedures, it was also
possible to induce with an STM tip the controlled making and breaking of sin-
gle chemical bonds between metal atoms and molecules [10] [13] [14} 26, [159]
and between molecules [IT], [I60]. Those previous examples of STM-induced
bond formation, however, were not suited as molecular switches for several
reasons: They required complex protocols of STM tip positioning, voltage
pulses or current injection, involved various possible configurations of the
constituents, or resulted in only a slight change of the tunneling current.
Furthermore, the examples mentioned lacked the possibility of switching
between the bonded and the nonbonded configuration in a reliable and
directed manner (meaning that it should be possible to switch with certainty
to the desired state).

In this chapter, we describe a molecular switch based on the reversible
bond formation between a Au adatom and a PTCDA (perylene-3,4,9,10-
tetracarboxylic dianhydride) molecule on NaCl(2ML)/Cu(111) [143]. We
have found that the Au-PTCDA complex can be switched between a bonded
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and a nonbonded configuration in a reversible and highly repeatable manner.
The bond making and breaking were controlled simply by applying voltage
pulses of according polarity and did not require an exact tip movement
or positioning over a particular part of the molecule. The operation and
electronic characterization of the switch were performed with STM, as
described in the first part of this chapter. From the experimental STM
data, we are able to draw a clear-cut picture of the charge states of the
complex in its different configurations. This picture is fully confirmed by
DFT calculations of the electronic structure of the complex, which were
done in the group of Prof. Persson in Liverpool. Next, we describe, how
the exact atomic geometry of the complex before and after switching was
determined using the method of atomically resolved AFM imaging with a
CO-functionalized tip, which was described in the preceding chapter. Finally,
we propose a new mechanism of bond formation that involves different charge
states of the complex in the two configurations and is responsible for the
high reliability of the switching compared to previous studies of STM-
induced bond formation. This study exemplifies the high degree of insight
into atomic-scale processes that can be obtained by combining information
about the atomic structure of a molecular system from atomically-resolved
AFM imaging with the information about its electronic structure from STM
imaging and spectroscopy.

6.1 Bond formation as a reliable molecular switch

In Fig. the switching of a Au-PTCDA complex on NaCl(2ML)/Cu(111)
is shown. First of all, a single Au adatom and a PTCDA molecule had
to be brought together close enough to enable a bond activation. To this
end, we used vibrational excitation by inelastic electron tunneling into a
negatively charged Au adatom (identified by its characteristic surrounding
depression [I7]) to successively move it towards a PTCDA molecule. To
move the Au™, we would position the tip over the center of the adatom,
retract it by z = —1.2 A from the STM set point (I =27pA, V =0.2V),
and apply a voltage pulse of —1.5V, which would lead to a lateral motion of
the atom in a more or less random direction. Once the Au™ and the PTCDA
had been positioned close enough to each other (Fig.[6.1h), it was possible to
switch the complex to a different state by ramping the sample bias voltage



6.1 Bond formation as a reliable molecular switch 69

PTCDA” SOMOR Au-PTCDA(N)

2o/ HE W

bonded

2
' 5 1 15

05 0 0
voltage [V]

current [pA]
o

20r

Fig. 6.1 Reversible switching of a Au-PTCDA complex on NaCl(2ML)/Cu(111).
a, STM image of a Au~ adatom within close proximity of a PTCDA molecule.
With the tip at the position indicated by the red circle, the bias voltage was
ramped to V = —1.5V. A sudden jump in the tunneling current indicated
the successful modification of the complex. b, In the subsequent image, the
constituents of the complex no longer appear separated. ¢, By ramping the
voltage to V' = 1.5V, the complex was switched back to the initial state. d,
I-V curve corresponding to a complete switching cycle, measured with the tip
above the center of the complex. The voltage cycling is indicated by the black
arrows. The insets show STM orbital images of PTCDA and the different states
of Au-PTCDA. Imaging parameters: I = 5pA for all images, V = 0.2V in a-c,
and V = 0.8, 0.7, and —0.7V for the orbital images of PTCDA, Au-PTCDA(N),
and Au-PTCDA(B), respectively. Scale bars: 5 A.

to V= —1.5V. A sudden increase in the tunneling current indicated the
successful manipulation, and in the subsequent STM image (Fig. [6.1b),
the adatom and the molecule no longer appear as separate entities. The
switching process was found to be completely reversible, as it was possible to
switch back the complex to its initial configuration by ramping the voltage
to V =1.5V (Fig. m:) We never observed spontaneous switching of Au-
PTCDA in either direction; both configurations of the complex appeared to
be indefinitely stable at the sample temperature of T' ~ 5 K, at which all our
experiments were performed. In the following, we refer to the two different
states of the complex in Fig. [6.1h,b as the nonbonded [Au-PTCDA(N)] and
the bonded [Au-PTCDA(B)] configuration, respectively.
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Using STM imaging and spectroscopy, we studied the adsorption sites,
charge states, and the electron and hole addition spectra of Au-PTCDA in
the two configurations. The adsorption sites were determined from STM
images in which the NaCl substrate was atomically resolved. We found that
PTCDA adsorbs in two different geometries, with the long molecule axis
oriented either along the polar (011) or the nonpolar (001) atomic rows of
the NaCl(100) surface. In both cases the molecule was found to be centered
on a Cl site, in agreement with previous studies of the adsorption of PTCDA
on alkali halides [I61], 162]. The adsorption geometry of PTCDA remained
unaffected by bringing the Au~ adatom within close proximity and switching
to the bonded configuration. Therefore, the Au-PTCDA complex likewise
has these two possible adsorption orientations. The (011) orientation was
found to prevail, and all experimental and theoretical data presented in this
chapter were obtained for this particular adsorption geometry.

We investigated the electronic structure of the different states of the
complex by dI/dV spectroscopy and STM imaging [25]. The dI/dV
spectrum of a single PTCDA molecule on NaCl(2ML)/Cu(111) has a distinct
peak at V =~ 0.8V, which we attribute to electron tunneling from the
tip into the singly occupied molecular orbital (SOMO) of PTCDA™ (an
explanation why the PTCDA is assumed to be negatively charged will
be given below). At voltages around —1V, we also observed a peak. We
ascribe this peak at negative bias to bipolar tunneling [163], because it
shifted when varying the tip—sample distance, and the corresponding orbital
images were similar to the SOMO image at positive bias but strongly tip-
dependent. The two configurations of Au-PTCDA exhibited distinctively
different spectra, as can be seen from the I-V curve shown in Fig. [6.1d. For
Au-PTCDA(N), a high current was measured only for voltages above +0.6 V,
whereas for Au-PTCDA(B), a high current was measured below —0.6'V.
The corresponding orbital images are shown in the insets of Fig. [6.1d,
together with an image of the SOMO of a single PTCDA~ admolecule!.
For Au-PTCDA(N), the image is simply given by the superposition of the
image of the SOMO of PTCDA™ and a circular protrusion at the position
of the Au™ adatom. For Au-PTCDA(B), on the other hand, the orbital

1 For simplicity, we refer to STM images recorded at voltages corresponding to peaks in
the dI/dV spectrum of a molecule as orbital images, because of their close resemblance
to contours of constant orbital density [25].
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Au-PTCDA(N)

Fig. 6.2 Interface state scattering patterns around Au-PTCDA. a-e, STM
images recorded at low bias voltage, showing the scattering wave pattern of the
NaCl(2ML)/Cu(111) interface state around a Au-PTCDA complex (I = 5pA,
V =50mV). Between a and b, and between ¢ and d, the complex was switched
from the nonbonded to the bonded configuration and vice versa. Between d and
e, a Au~ adatom at the location indicated by the red arrow was picked up with
the STM tip. f-i, Corresponding difference images obtained by subtracting two
STM images, as indicated in the bottom right corner of each panel. Scale bars:

20A.

was found to be strongly distorted, with an additional diagonally oriented
nodal plane, in agreement with the DFT calculations discussed below. This
indicates a strong coupling between the electronic states of the molecule
and the Au atom, which is characteristic of the formation of a covalent
bond [I3]. Furthermore, we found that there exist two equivalent mirrored
configurations of Au-PTCDA(B), which occurred with equal probability
(lower insets in Fig.[6.11). It should be noted that the I-V" curve in Fig.
represents a complete switching cycle, demonstrating directed switching
from the bonded to the nonbonded configuration and back. Furthermore,
the switching was found to be highly reproducible: the complex could be
switched back and forth several dozens of times, with only minor variations
(< 0.1V) in the switching voltage.

The charge state of adsorbates on NaCl(2ML)/Cu(111) is revealed in
STM images by the scattering wave pattern of the substrate’s interface
state [I7, 89]. A single PTCDA molecule was found to scatter the interface
electrons to a similar extent as a Au~ adatom. Considering that the affinity
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energy of PTCDA (E4 ~ 4.6 ¢V [164]) is substantially greater than the work
function of the substrate (® ~ 3.9V [95] [112]), we propose that PTCDA
becomes singly negatively charged upon adsorption. The charge states of
the Au-PTCDA complex in its two different configurations were studied
by imaging scattering wave patterns with STM at low voltages, as shown
in Fig. 6.2l For Au-PTCDA(N), the sombrero-shaped appearance of the
Au atom indicates that it is negatively charged. The observed scattering
pattern around Au-PTCDA(N), however, cannot be reconciled with the
assumption that only the Au atom is charged, indicating that the entire
complex is doubly negatively charged. When we switched the complex to
the bonded configuration, we observed a clear change in the scattering wave
pattern, with Au-PTCDA (B) still exhibiting the characteristic scattering
of a charged species. This change in the scattering wave pattern becomes
even clearer in the corresponding difference image (Fig. [6.2f), which is
obtained by subtracting the topographies before and after switching [165].
The scattering pattern in this difference image is of similar intensity as the
one obtained by subtracting two images before and after picking up a singly
charged Au~ adatom from the surface (Fig. ) This similarity of the
scattering patterns in the difference images suggests that Au-PTCDA(N)
is more negatively charged than Au-PTCDA(B) by one elementary charge.
Therefore, we propose that Au-PTCDA(B) is singly negatively charged,
and Au-PTCDA(N) is doubly negatively charged.

To corroborate this picture, extensive periodic DFT calculations were
carried out in the group of Prof. Persson in Liverpool. These calculations
were done using the projector augmented wave method [I66] as imple-
mented in the plane-wave-based VASP code [I67]. Exchange-correlation
effects were described by the generalized gradient approximation [I68]. As
the (100)-terminated NaCl bilayer is incommensurate with the Cu(111)
surface, the calculations were carried out for the closely related system
NaCl(2ML)/Cu(100), for which the NaCl bilayer lattice is in good match
with the Cu(100) surface lattice. The metal support was modeled by a four-
layer slab of Cu atoms, the vacuum region was about 17.5 A in height, and
the surface unit cell was 23.1 A x 15.4 A. The full structural optimization
of all the ion cores except the two bottom layers of the Cu slab was carried
out using a plane wave cut-off of 400eV on a 2 X 2 x 1 k-point grid, until
the forces acting on the ion cores were smaller than 0.03 ¢V /A.

In Fig. [6.3h-c, simulated STM images of the orbitals of PTCDA, Au-
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Fig. 6.3 DFT-calculated orbital images and partial densities of states. a-c,
Simulated orbital images, given by topographical contours of constant local
density of states for PTCDA (a), Au-PTCDA(N) (b), and Au-PTCDA(B) (c) on
NaCl(2ML)/Cu(100). The SOMO is covered in a and b by integrating states in
the energy intervals [Er — 0.1e¢V, Er + 0.8¢V] and [Er — 0.1eV, Er 4+ 0.7¢V],
respectively, whereas the HOMO is covered in ¢ by integrating states in the interval
[EF —0.7¢V, Er]. The atomic positions of the molecule and the Au atom are
overlaid; carbon, hydrogen, oxygen, and gold atoms are colored in black, gray, red,
and yellow, respectively. Scale bars: 5A. d,e, Partial densities of electronic states
of s and p, partial waves around the Au atom and all the C atoms, calculated
for Au-PTCDA(N) (d) and Au-PTCDA(B) (e) on NaCl(2ML)/Cu(100). The
energies are given with respect to the Fermi level.

PTCDA(N), and Au-PTCDA(B) are shown. These simulated images com-
pare very well to the experimental orbital images shown as insets in Fig. [6.1d
(the Au adatom does not appear in Fig. , because the Au 6s state does
not have any overlap with the PTCDA™ SOMO). This good agreement
supports our approach to use Cu(100) as the metal substrate in the cal-
culations, instead of Cu(111) as in the experiments. To corroborate the
assignment of the charge states to the different states of the Au-PTCDA
complex, the partial densities of states (DOS) of s and p, waves around the
Au atom and the C atoms (i.e. the DOS projected onto Au 6s and C p,
atomic orbitals, respectively) are shown in Fig. ,e. The occupation of
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molecular orbitals is revealed by the location of the corresponding peaks in
the partial DOS with respect to the Fermi level. For Au-PTCDA(N), the
partial DOS of the s and p, partial waves remain essentially the same as
for the single adatom and the single PTCDA admolecule. Upon adsorption,
the 6s state of the Au atom becomes fully occupied and the LUMO of the
PTCDA molecule, being of 7 character, becomes a SOMO partially occu-
pied by one electron, which confirms our assumption that Au-PTCDA(N) is
doubly negatively charged. In contrast, the partial DOS for Au-PTCDA (B)
indicates the formation of a covalent bond arising from the strong mixing
of the Au 6s state with the 7 orbitals of the PTCDA admolecule. In this
case, there are no partially occupied molecules, and the calculations show
that Au-PTCDA(B) is occupied with one electron less than Au-PTCDA(N),
which confirms that Au-PTCDA(B) is singly negatively charged. It should
be noted that the different work function of the Cu(100) substrate used in
the calculations (4.59 €V for Cu(100) [169] versus 4.85¢V for Cu(111) [I70])
could have an influence on the stability of the different charge states of
adsorbates. Therefore, our comparison between experiment and theory
only regards the clear assignment of the different charge states of the Au-
PTCDA complex (which is supported by the excellent agreement between
the experimental and theoretical evidence for these charge states), but we
do not attempt to extract any quantitative information, for example about
the energy barrier for switching between the different states.

6.2 Determination of the bonding geometry

The exact nature of the apparent conformational change that the Au-
PTCDA complex undergoes when switched between the two states is not
clear from the STM images presented in Fig. The STM data together
with the ab initio calculations indicate that a covalent bond is formed
between the Au atom and the molecule when switching from Au-PTCDA(N)
to Au-PTCDA(B). To determine the exact geometry of this metal-molecule
bond, we recorded atomically resolved AFM images and compared them to
the relaxed atomic positions obtained from DFT calculations. For the meas-
urements, we used a CO-terminated tip, which yielded enhanced resolution
also in topographical STM imaging (Fig. ,b). In the corresponding
constant-height AFM images (Fig. ,d), the perylene core of the PTCDA
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Fig. 6.4 Bonding geometry of Au-PTCDA. a,b, STM images of Au-PTCDA
in the nonbonded (a) and the bonded (b) configuration (I = 3pA, V =0.2V).
The tip was terminated with a CO molecule. c,d, Corresponding constant-height
AFM images (A = 0.4A, z = 0.8 and 1.0 A from the STM set point over the
substrate). e-h, DFT-calculated geometries of the complex in the nonbonded
(e,f) and the bonded (g,h) state. Carbon, oxygen, hydrogen, chlorine, sodium,
copper, and gold atoms are colored in gray, red, white, green, blue, orange, and
yellow, respectively. The unit cell used for the calculations is indicated by the
white dashed lines in (e) and (g). Scale bars: 5 A.

is clearly resolved, in contrast to the STM images. For Au-PTCDA(N), the
AFM image shows that the molecule and the adatom are clearly separated,
with the distance between the Au atom and the center of the central carbon
ring of the PTCDA being close to twice the CI-Cl distance in the topmost
NaCl layer. After switching to Au-PTCDA(B), in both the STM and
AFM images we observe that while the PTCDA basically maintains its
position, the Au atom no longer appears separated from the molecule. In
the AFM images of Au-PTCDA(B), the brightness of the lower part of the
atom-molecule complex is enhanced, which corresponds to a stronger Pauli
repulsive force and indicates that this region of the molecule is closer to
the tip. A distinct maximum is observed above one of the two inner C
sites at the lower edge of the molecule, and the two mirrored configurations
can be clearly distinguished. This suggests that upon switching from Au-
PTCDA(N) to Au-PTCDA(B), the Au adatom moves towards the PTCDA
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molecule and is then located underneath one of the C atoms at the lower
edge of the molecule. This picture is fully confirmed by the DFT calculations
shown in Fig. —h. The PTCDA was found to be centered on a Cl™
ion, with the oxygen end-groups bent towards the substrate (this could
explain why these atoms are not visible in the AFM images), similar to the
situation on metal surfaces [I71]. A stable configuration was found with
the Au atom adsorbed on top of a Cl site two atom rows away from the
adsorbed PTCDA molecule, which corresponds to the observed nonbonded
configuration. Bringing the Au atom closer to the molecule, we found two
equivalent mirrored configurations with the atom bonded to the PTCDA.
The Au atom is one Cl site closer to the molecule than in Au-PTCDA(N)
and bonds to a Cl~ ion and a C atom by tilting the H atom away from
the molecular plane, which indicates an sp? to sp® rehybridization of the C
atom [13]. This tilting is consistent with the enhanced brightness observed
above one of the C sites at the lower edge of the molecule in Fig. [6.4d.

6.3 Proposed mechanism of bond formation

The detailed knowledge of both electronic and structural properties of the
Au-PTCDA complex, gained from the combination of STM, AFM, and
DFT, leads us to the conclusion that a particular mechanism of bond
making and breaking must be responsible for the expedient characteristics
of this molecular switch. We propose such a new mechanism of bond
formation, which is shown schematically in Fig. [6.5] For Au-PTCDA in
the nonbonded state, we conclude from the STM and DFT data that
the adatom and the molecule are both negatively charged. The negative
charges repel each other and stabilize the constituents of the complex in
the nonbonded configuration, with the Au™ two Cl sites away from the
center of the PTCDA™ (Fig. ) When the sample voltage is ramped
to a certain negative bias, electrons tunnel out of the SOMO of PTCDA™,
thus temporarily neutralizing the molecule and reducing the repulsive
Coulomb interaction between the two adsorbates (Fig. [6.5b). If the hole
attachment to the SOMO state is sufficiently long-lived, this can enable
the Au adatom to move towards the PTCDA and form the bond with
the molecule (Fig. [6.5¢). In the energy landscape of the excited state, the
barrier between the nonbonded and bonded configuration of the complex
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Fig. 6.5 Illustration of the proposed switching mechanism of Au-PTCDA. a, The
complex in the nonbonded configuration is stabilized by the Coulomb repulsion
between the negative charges on the PTCDA™ and the Au™. b, By tunneling
out of the SOMO of PTCDA™ at negative sample bias voltage, the molecule is
temporarily neutralized and the repulsive interaction between the two adsorbates
is reduced. ¢, This allows the Au™ adatom to change its position and form a bond
with the molecule. The entire complex is now only singly negatively charged. The
positions of the atoms of the NaCl substrate and the Au-PTCDA complex are
derived from the DFT calculations shown in Fig. whereas a tip apex with
arbitrary atomic structure has been included for illustrative purposes.

should thus be greatly reduced or even vanish completely. Reversibly, the
attachment of a long-lived electron to the LUMO state of Au-PTCDA(B)
would lead to an increased Coulomb repulsion between the molecule and
the adatom, thus destabilizing the complex in the bonded configuration
and inducing the breaking of the bond. To provide a clear-cut proof for
this picture, extensive further calculations, for example using DFT with the
nudged elastic band method, would be necessary. This is beyond the scope
of this work, but there are two simple experimental findings that support
our hypothesis: First, the bond formation always occurred by the Au atom
moving towards the PTCDA molecule, even when we ramped the voltage
with the tip positioned at the opposite end of the molecule. This suggests
that the mechanism at work is different from bond activation by simple
inelastic excitation of one of the constituents, which was used in the case of
STM-induced bond formation between Au and pentacene [13] (in this case
one would expect the molecule to change its position when it is mechanically
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excited by inelastic electron tunneling into one of the molecular orbitals).
Second, we never found a neutral Au® at such close distance to a PTCDA
molecule as the Au™ in Au-PTCDA(N). This supports the idea that the
adsorbates are stabilized in this position by the repulsion of their negative
charges.

In conclusion, we have found that reducing the barrier for bond formation
by a transient modification of the charge state can lead to a much more
reliable bond formation than mechanical excitation of the system over
that barrier. This finding might emerge as an important guiding principle
in future studies which involve the assembly of atomically well-defined
molecular circuits.



CHAPTER [/

Imaging the structure of an unknown molecule

Nature provides us with a huge and only partially explored variety of small
molecules, often with potential pharmaceutical applications. In particular
the marine environment offers a range of diverse habitats from which
sources of such natural products can be obtained; marine organisms often
produce metabolites with novel chemical structures and potent biological
activities. A number of well-established characterization methods exist
for structure elucidation of natural products [172], including spectroscopic
techniques such as nuclear magnetic resonance (NMR) spectroscopy and
mass spectrometry. However, for certain classes of natural products, these
established techniques may not succeed in the unambiguous determination
of the chemical structure of an unknown compound. Here we show that
our technique of atomic-resolution molecular imaging with AFM can help
in such cases [139]. We study a natural product extracted from a sample
collected in the deep sea, for which the spectroscopic data were not sufficient
for an unambiguous structure determination. The combination of the NMR,
and mass spectrometry results with AFM imaging and DFT calculations
eventually enabled the identification of the compound as cephalandole A, a
structure which had been previously misassigned.
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7.1 Structure elucidation with NMR and AFM

Although a number of powerful methods for structure elucidation are
available, the ab initio structural characterization of natural products
can be very challenging. This is particularly the case when an X-ray
crystallographic solution is not possible because suitable crystals cannot
be grown. When NMR methods are used instead, certain structures are
problematic, which have their carbon skeleton interrupted by heteroatoms,
or structures that contain only a small number of protons or have quaternary
carbon atoms that show no long-range correlations to protons [I72]. Such
features are often present in planar molecules isolated from a range of
marine microorganisms [I73]. In these cases, the structure often cannot be
confirmed without a complex and time-consuming synthesis process [174]
175]. Here we demonstrate the first successful use of atomic-resolution
noncontact-AFM to assist in the identification of a natural product.

In their search for novel natural products with potential pharmaceutical
applications, the group of Prof. Jaspars in Aberdeen worked with the
pressure-tolerant actinobacterium Dermacoccus abyssi, which had been
isolated from a sediment collected by the unmanned Japanese submarine
Kaiko from the deepest place on earth, the Challenger Deep in the Mariana
Trench [I76]. They extracted several compounds of interest from this bac-
terium, one of them the metabolite that is the object of this study. The
chemical formula of this metabolite was quickly identified as C1H19N2O9
by high-resolution mass spectrometry. Structure elucidation with state-
of-the-art NMR, spectroscopy relies heavily on the use of two-dimensional
techniques, such as correlation spectroscopy (COSY) and heteronuclear
multiple bond correlation spectroscopy (HMBC), which detect interactions
of protons with neighboring protons (2-4 bonds away) or with neighbor-
ing carbon atoms (2-3 bonds away), respectively. The Aberdeen group
recorded 1D and 2D NMR data sets of the compound in question and were
able to identify a complete set of substructures (Fig. )7 including two
alternative substitution patterns for the indole substructure that cannot be
distinguished from the NMR data. These substructures could be assembled
into the four possible working structures 1 to 4 shown in Fig. [7.Ip. Struc-
ture 1 (which we were later able to identify as the correct structure of the
metabolite) is known as cephalandole A and was originally isolated from the
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Fig. 7.1 Structure determination with NMR and AFM. a, Three substructures of
the unknown compound could be identified from the NMR data. High-resolution
mass spectrometry indicated the presence of further N and O atoms in the
structure. The NMR data did not the allow distinction between a C2- or C3-
substituted indole substructure. b, The substructures can be assembled into
the four equally plausible structures 1 to 4. ¢, Constant-current STM image of
the unknown compound on NaCl(2ML)/Cu(111) ({ = 1.2pA, V =0.15V). d-f,
Constant-height AFM measurement of the same molecule (A = 0.5A, 2 =0.5A
from the STM set point). The images show the original data (d), the same
image with an overlaid ball-and-stick model of 1 (e), and a low-pass filtered 3D
representation of the data (f). Carbon, hydrogen, oxygen, and nitrogen atoms
are colored in gray, white, red, and blue, respectively. Scale bars: 5 A.

Taiwanese orchid Cephalanceropsis gracilis [ITT]. It exhibits all the features
mentioned above that make structure analysis with 2D NMR spectroscopy
especially difficult: the O and N atoms at positions 1 and 4 interrupt the
carbon skeleton completely, the ratio of heavy atoms to protons is 2:1, and
the C atom of the carbonyl group at position 2 is four bonds away from
the nearest H atom and therefore not expected to show any correlations in
HMBC spectroscopy. In fact, owing to these difficulties, the structure of
cephalandole A had initially been misassigned as structure 2 in the original
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investigation [I77] and was only later corrected after both structures in
question had been synthesized [I78]. For us at this point, all working
structures in Fig. were equally plausible, as there were no HMBC
correlations to guide in the assembly of the isolated substructures, and each
bicycle in the proposed structures had been reported previously [I78§].
Next, we conducted STM and AFM measurements with CO-functionalized
tips on individual specimens of the metabolite on NaCl(2ML)/Cu(111).
The STM constant-current image in Fig. [T.1k shows submolecular resolution
vaguely reminiscent of molecular images obtained with scanning tunneling
hydrogen microscopy [I79], but no clear structure identification is possible.
In the constant-height AFM image (Fig.|7.1d), part of the molecular struc-
ture is resolved, with indications of atomic sites, bonds, and cyclic systems.
As discussed in Chapter |5 the dark halo surrounding the molecule can
be attributed to van der Waals and electrostatic interactions between the
tip and the molecule, whereas atomic corrugation is due to Pauli repulsive
forces, leading to bright features that reflect areas of high electron density
such as atoms and bonds within the molecule [I21]. Therefore, the bright
features in the AFM images can be directly compared to the four proposed
molecular structures. The placement of the indole bicycle becomes immedi-
ately clear, namely in the lower part of Fig.[7T.1d, where a six-membered
ring connected to a five-membered ring is visible. The structures 3 and 4
can already be ruled out at this point, because the angle between the two
bicyclic systems within the molecule cannot be brought into accordance
with the AFM measurements. This leaves only cephalandole A (1) and the
previously misassigned structure 2 as remaining candidates. In Fig[7-Tk,
the structural model of 1 is overlaid on the AFM image. Unfortunately, the
molecular structure is not resolved on the entire molecule, and structure 2
cannot be excluded at this stage, because no atomic contrast is observed in
the region around C2 that distinguishes the two structures. The limited
contrast in this region might be due to chemical sensitivity (different in-
teractions with different atomic species) or a nonplanar topography of the
molecule. It should be noted that all molecules observed on the surface
(more than 100) exhibited similar contrast in the STM images, except for a
mirrored configuration, which we attribute to the molecule being adsorbed
with the opposite side facing the surface. High-resolution AFM images
recorded for about ten different specimens all showed qualitatively the
same (or mirrored) contrast, indicating that only one molecular species was
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present in the purified sample.

7.2 Determination of the adsorption position

We show now that the exact adsorption position and orientation of the
investigated metabolite on the substrate can serve as an additional criterion
for the distinction between the remaining two possible structures. To
experimentally determine the adsorption geometry of the metabolite on
NaCl(2ML)/Cu(111), we recorded AFM images with STM feedback, i.e.,
we scanned the tip on a constant-current topography while at the same time
oscillating the tuning fork and recording the frequency shift signal. Such a
constant-current A f image is shown in Fig. [T.2h-c. In this measurement
mode, the STM and AFM signals are convoluted, which makes a quantitative
interpretation of the images difficult. On the other hand, this mode enables
atomic resolution on the molecule and the substrate at the same time,
without being as involved and time-consuming as the 3D force mapping
method presented in Chapter The faint bright maxima visible in the
high-contrast representation of the A f data in Fig. can be attributed to
the Cl sites of the substrate, by comparison with the STM constant-current
topography [92, [139]. In the low-contrast representation of the same data
in Fig. [7.2p, the six-membered ring structures of the molecule are clearly
visible and the proposed molecular structures can be overlaid (Fig.[7.2¢). In
Fig. [7:2[, a model of the adsorption position extracted from the experiment
is shown. Assuming structure 2 instead of 1 would have led to identical
results, because the region around C2 is not atomically resolved in the
constant-current AFM image and therefore not taken into account when
matching the image with the molecular model.

Nikolaj Moll of the Computational Science department at IBM Research
— Zurich carried out DFT calculations of the adsorption geometries of the
possible molecular structures 1 and 2. In these calculations, the substrate
was modeled as a four-layer NaCl slab, and the molecule was initially
placed on the surface in the experimentally determined geometry. From this
starting condition, all atoms in the system except the two bottom layers
of the NaCl slab were fully relaxed, which yielded the energetically most
favorable adsorption positions for structure 1 (Fig.[7.2¢) and 2 (Fig. [7.2f).
When comparing the experimental and calculated adsorption positions, we
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Fig. 7.2 Determination of the adsorption position of the unknown compound. a-c,
Constant-current AFM images on NaCl(2ML)/Cu(111) (I =1.2pA, V =0.15V,
A =0.5A). The images show the same data with different Af scales. At high
contrast (a), the atomic positions of the substrate can be deduced and a grid
indicating the Cl sites is overlaid. At lower contrast (b), the molecular position
and orientation can be deduced. In c, the Cl grid and the model of structure
1 are overlaid. d, Adsorption geometry deduced from the experimental data.
e,f, DFT-calculated adsorption geometries for structures 1 and 2, respectively.
White arrows indicate the orientations of the bicyclic systems. g, DFT-simulated
map of the frequency shift above structure 1 (distance d = 7.88 A from the C
atom of the CO tip to the topmost NaCl layer). h, Constant-height AFM image
with CO-functionalized tip (A = 0.5 A) Carbon, hydrogen, oxygen, and nitrogen
atoms are colored in gray, white, red, and blue, respectively. Scale bars: 5A.

find good agreement for structure 1, but a clear mismatch for structure 2,
where the in-plane orientation of the molecule differs significantly from the
experimental data. Therefore, we can rule out 2 as a possible structure of
the investigated metabolite, leading to the final structural assignment as
cephalandole A (1). To confirm this assignment, a simulation of a CO-tip
AFM image of cephalandole A was performed, using the same method as
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in Chapter This DFT-simulated constant-height A f map is shown in
Fig. and compared to the experimental A f image in Fig.[7.2h. For
the DFT simulation, the relaxed atomic positions of cephalandole A on
NaCl were used, but the substrate was found to have no influence on the
calculated frequency shift and was therefore neglected in the final calculation
of the Af image. In the measurement shown in Fig. [7.2h, the tip height was
about 0.15 A greater than in the measurement shown in Fig. 7 resulting
in slightly reduced contrast. At this distance, we observe good qualitative
agreement between the experimental and calculated A f images. In both
images, local minima are observed near the positions of the oxygen atoms
and the NH group, which agree well in shape and relative intensity. From
the calculations, we find that the molecule—substrate interaction is maximal
at these sites, which are therefore relaxed towards the substrate. The
calculated distances of the surrounding atoms to the topmost NaCl layer
are h(01) = 2.68 A, h(02) = 2.52A, and h(N1') = 2.69A. Accordingly,
at the opposite edge of the molecule, the distances to the substrate are
found to be maximal (h(C5) = 3.23 A, h(C4’) = 2.97 A), which explains the
pronounced maxima observed in the A f image at the positions of the C5-C6
and C4’-C5’ bonds. The DFT calculations for structure 2, on the other
hand, yielded a more planar adsorption geometry, with even a slight outward
relaxation of the oxygen atom in the six-membered ring (h(C5) = 2.89 A,
h(C4’) = 2.89 A, h(0O2) = 2.92). This molecular topography is in clear
disagreement with the experimental results, which lends further support to
our structural assignment.






CHAPTER 8

Imaging the charge distribution within a molecule

The Kelvin probe force microscopy (KPFM) method described in Chap-
ter allows imaging of the local contact potential difference (LCPD)
between the scanning probe tip and the sample surface with high lateral
resolution. With KPFM, the LCPD was measured for a wide range of
surfaces, in some cases even with atomic resolution [105] [106], [T08| [109]. In
Chapter [, we have shown that KPFM can be used to study charge states
of single metal atoms on thin insulating films [I10], and similar results have
been reported for atomic point defects [I80] and molecules [I8I]. Further-
more, we have demonstrated submolecular resolution in AFM imaging and
force-distance spectroscopy of single molecules with CO-terminated tips
in Chapter [} These results suggest the possibility of combining the high
charge sensitivity of KPFM with submolecular lateral resolution to measure
the charge distribution within single molecular adsorbates. However, the
exact imaging mechanism of atomic-resolution KPFM is still under discus-
sion [106], [182], and no submolecularly resolved KPFM images have been
presented until now.

Here we demonstrate for the first time KPFM imaging with submolecular
resolution [I50]. As a model system, we chose the molecule naphthalo-
cyanine, which can be switched controllably between two tautomerization
states [27]. As described in the first part of this chapter, we used STM
and AFM experiments in combination with DFT calculations to show that
there exists a quadrupole-like charge distribution in the four lobes of the



88 8 Imaging the charge distribution within a molecule

naphthalocyanine molecule. Next, we show that this charge distribution
is reflected in images of the LCPD acquired with a metal-terminated tip.
These KPFM images compare very well to the calculated electric field
distribution above the free molecule. Finally, we demonstrate that also in
KPFM imaging, the CO-terminated tip greatly enhances the resolution,
which enables imaging of the charge distribution within the molecule on
the atomic scale.

8.1 Ideal model system for KPFM imaging

To unambiguously demonstrate that we can measure LCPD maps with
submolecular resolution, we chose to investigate single naphthalocyanine
molecules on NaCl(2ML)/Cu(111). This system constitutes a molecular
switch based on the current-induced movement of the two inner hydrogen
atoms in the free-base naphthalocyanine molecule, as shown in a previous
STM study [27]. It has several advantages for our purpose: The insulating
NaCl film efficiently decouples the adsorbed molecules from the underlying
metal, which prevents a strong hybridization with the substrate electron
states and facilitates the comparison of our results with calculations carried
out for the free naphthalocyanine molecule. Furthermore, by comparing
images of the different tautomers (which correspond to different adsorption
orientations of the molecule), we can rule out that the contrast in the
LCPD images is disturbed by a possible asymmetry of the microscope tip
or the underlying substrate. The molecule maintains a flat adsorption
geometry in both states, and the tautomerization switching involves only
a minor structural change. This excludes spurious geometrical effects on
the measured LCPD that might be expected for systems in which the
switching of a molecule is accompanied by a major change in the molecular
structure [I81].

In Fig. BIh, a constant-current STM image of a naphthalocyanine
molecule on NaCl(2ML)/Cu(111) is shown, recorded at a bias voltage
of V. =0.25V. At this voltage, the molecule appears as a cross-like struc-
ture, with a central protrusion surrounded by four lobes. There is no
apparent asymmetry between the lobes parallel (H-lobes) and perpendicular
(N-lobes) to the two inner hydrogen atoms. This changes when the bias
voltage is increased to V = 0.6 V (Fig. ) This voltage corresponds to
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Fig. 8.1 STM and AFM imaging of naphthalocyanine on NaCl(2ML)/Cu(111).
a, STM constant-current image (I = 2pA, V = 0.25V) recorded at the edge
of a NaCl island. A single naphthalocyanine molecule (yellow) and a single
CO molecule (depression close to the NaCl step edge) can be identified. The
crystallographic directions of the topmost NaCl layer are indicated. b, STM
constant-current image of a naphthalocyanine molecule (I = 2pA, V =0.6V),
recorded with a CO-terminated tip. The positions of the central hydrogens and
the tautomerization path are highlighted in red, and the definition of H-lobes and
N-lobes is illustrated. c,d, Constant-height AFM images of the same molecule
measured with a CO-terminated tip. The images were recorded at distances
z=1.454 (c),and z = 1.75 A (d) from the STM set point (I = 2pA, V =0.2V)
over the substrate (A = 0.3A). e,f, DFT-calculated electron density at distances
d=20A (e) and d = 3.0A (f) from the molecular plane. g,h, Asymmetry of the
calculated electron density at d = 1.0 A (g) and d = 4.0 A (h) from the molecular
plane. The DFT-calculated atomic positions are overlaid in b and in the upper
halves of c-h. Carbon, hydrogen, and nitrogen atoms are colored in gray, white,
and blue, respectively. Scale bars: 20 A in a and 5 A elsewhere.

the lowest unoccupied molecular orbital (LUMO) resonance, and an image
closely related to the orbital of the free molecule is obtained [25] [114]. The
LUMO of naphthalocyanine has a twofold symmetry, with a central nodal
plane along the N-lobes. Thus, we are able to unambiguously determine the
tautomerization state (i.e., the positions of the inner hydrogen atoms) from
STM images recorded either with a metal-terminated tip [27] or, as shown
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in Fig. [8.1p, with a CO-terminated tip [I14]. After switching to constant-
height mode we recorded AFM images of the same molecule (Fig. [8.1f,d).
The images were acquired at two different tip—sample distances and exhibit
clear atomic resolution of the Cg rings in all four lobes. For the closer
tip-sample distance (Fig. m), the molecule appeared fourfold symmetric.
When we increased this distance, however, the symmetry was reduced to
twofold, and a distinct asymmetry developed in the center region of the
molecule, with brighter protrusions at the hydrogen-free N sites (Fig. ,
see also Appendix [Bf for a complete 3D force map measurement). This
behavior is reproduced in DFT-calculated maps of the CO-—naphthalocyanine
interaction energy shown in Appendix|[B] as well as in the calculated electron
density of the free naphthalocyanine molecule shown in Fig. 7f (for a
detailed description of the DFT calculations presented in this chapter, see
Appendix . This indicates that the atomic-scale contrast in the AFM
images is mainly determined by the electron density at a certain height
above the molecule.

To further expose the asymmetry in the electron density, the difference be-
tween the two configurations, A, = [poe (2, y) — peoe (2, y)]/max(p), is shown
in Fig. [8.1,h for different distances from the molecular (zy) plane. Here
poo denotes the calculated electron density for the configuration overlaid in
Fig. ,h and pgoo that for the tautomerized configuration (corresponding
to a 90° rotation of the molecule). A, is normalized with respect to the
maximum value of the electron density at the respective height, to give a
better impression of the relative magnitude of the asymmetry, expressed
in percent. At close distance to the molecular plane, the asymmetry is
most pronounced near the positions of the inner hydrogen atoms (Fig. [8.1k).
There is only a small asymmetry between the H-lobes and the N-lobes,
which arises from a slight elongation of the molecule along the direction of
the H-lobes. Further away from the molecular plane, a much more extended
asymmetry is observed, with higher electron density values above the N-
lobes, even several bonds away from the center of the molecule (Fig. [8.1h).
The asymmetry in the calculated charge distribution within the molecule
yields a total quadrupole moment (including the charges of electrons and
nuclei) of 0.14 enm?, where e is the elementary charge. In a point-charge
model, this would correspond to pairs of positive (H-lobes) and negative
(N-lobes) charges of +0.1¢ located 5A from the center of the molecule.
Apparently, the charge asymmetry between the different lobes does not
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affect the AFM images in Fig. B.Ik,d, but we will show that it clearly mani-
fests itself in images of the LCPD. The nonvanishing quadrupole moment
together with the possibility of interchanging the positions of the donor-like
H-lobes and the acceptor-like N-lobes by tautomerization switching makes
this molecule an ideal system for demonstrating KPFM contrast caused by
the intramolecular charge distribution.

8.2 KPFM imaging with a metal-terminated tip

For our KPFM measurements, we used the method illustrated in Fig. [8:2h:
Similar to the force mapping procedure described in Chapter [5.3] the AFM
tip was moved consecutively to the intersections of a lateral grid above
the molecule. At each point, a Af(V') spectrum was recorded (inset, red
circles), and the position of the maximum of the fitted parabola (inset, solid
black line) yielded the LCPD value V* as well as the frequency shift at
compensated LCPD A f* for that point. Because the KPFM measurements
take very long with this method (up to 33 h per image for the measurements
described in this chapter), we again used the drift correction procedure
based on the recording of an STM reference image (see Chapter [5.3)) [140].
To unambiguously demonstrate the possibility of submolecular-resolution
KPFM, we first present measurements with the well-understood metal-
terminated tip obtained by indenting the tip into the bare Cu substrate. The
LCPD images shown in Fig. [8.2b,c were recorded with such a tip before and
after switching the tautomerization state of the imaged naphthalocyanine
molecule. We observe a striking asymmetry between the H-lobes and the
N-lobes, with greater values of V* above the N-lobes. As expected, the
tautomerization switching had the effect of a 90° rotation of the LCPD
image of the molecule, which excludes that the observed asymmetry between
the H-lobes and the N-lobes is due to an asymmetric tip or an effect of
the underlying substrate. The asymmetry is even more pronounced in the
difference image (Fig. ) obtained by subtracting the LCPD images of
the initial and the switched configuration. The greater LCPD measured
above the N-lobes would be expected for a charge asymmetry as in Fig. [8.Ih
(the more negatively charged N-lobes should lead to an increase in V*,
similar to the Au~ in Chapter . However, the charge density in Fig. [8.1]

contains only the electrons in a certain plane above the molecule. A more
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Fig. 8.2 LCPD images of the tautomerization switching of naphthalocyanine.
a, Schematic of the measurement principle. At each tip position, the frequency
shift is recorded as a function of the sample bias voltage (inset, red circles). The
maximum of the fitted parabola (inset, solid black line) yields V* and A f* for
that position. b,c, LCPD images of naphthalocyanine on NaCl(2ML)/Cu(111)
before (b) and after (c) switching the tautomerization state of the molecule.
The images were recorded with a Cu-terminated tip on a 64 x 64 lateral grid at
a distance z = 1.0 A from the STM set point (I = 3pA, V = 0.2V) over the
substrate (A = 0.4 A). d, Difference image obtained by subtracting ¢ from b. e,
DFT-calculated asymmetry of the z-component of the electric field above a free
naphthalocyanine molecule at a distance d = 5.0 A from the molecular plane. The
DFT-calculated atomic positions are overlaid in the upper halves of b-e. Carbon,
hydrogen, and nitrogen atoms are colored in gray, white, and blue, respectively.
Scale bars: 5 A.

appropriate quantity to compare with our LCPD measurements is the
electric field generated by the distribution of the total charge within the
molecule, including all electrons and nuclei. The normalized asymmetry
of the calculated electric field, A = [Eoe(z,y) — Egoe (2, y)]/max(E), is
shown in Fig. 8.2k at a distance d = 5.0 A above the molecular plane. Here
Fpo and FEggo denote the z-components of the electric fields obtained by
differentiating the DFT-calculated electrostatic potential for the initial and
switched configurations, respectively. The asymmetry of the field generated
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by the quadrupole-like distribution of charge within the molecule exhibits
a remarkable similarity to the experimental difference image in Fig. [B:2J.
This leads us to the conclusion that the submolecular resolution in the
LCPD images reflects the total charge distribution within the molecule (a
justification for the distances used for comparing the calculated electric
fields with the experimental LCPD images is given in Appendix . This
conclusion is further supported by LCPD measurements with CO-terminated
tips, which are discussed in the following paragraph.

8.3 KPFM imaging with a CO-terminated tip

It has long been known that functionalizing a scanning probe tip with a single
CO molecule can lead to enhanced resolution in STM images [10, O1]. In
Chapter we have shown that this is also the case for AFM imaging, where
the tip functionalization with CO enables atomic-resolution imaging of single
molecules. The combination of KPFM and controlled tip functionalization,
on the other hand, has not been demonstrated until now. We show here that
the CO tip termination also leads to dramatically enhanced resolution in
KPFM imaging. In Fig. 8:3p-i, KPFM images recorded with the same CO
tip as the one used in Fig. R:Ip-d are shown. The contrast in these images
was found to strongly depend on the height at which they were recorded:
At distances further away from the molecule, the LCPD images recorded
with the CO tip resemble those recorded with the Cu tip (Fig. [8.3h,b).
However, as the tip—sample distance was decreased, a more pronounced
intramolecular contrast gradually evolved (Fig. —h). In Fig. 8.3, a high-
resolution LCPD image for the closest investigated tip—sample distance is
shown. Pronounced features with greater values of V* are observed above
the outermost Cg rings and in the vicinity of the four outer N atoms, as well
as a distinct asymmetry between the five-membered C4N rings in the H-
lobes and the N-lobes. These features in the LCPD image are qualitatively
well reproduced in the calculated electric field distribution in a plane above
the free naphthalocyanine molecule (Fig.[8.3)). This further supports our
interpretation that the submolecular resolution of our LCPD images reflects
the distribution of charge within the molecule.

The picture underlying this interpretation is in fact very intuitive: when
the naphthalocyanine molecule is placed between the tip and the substrate,
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Fig. 8.3 Enhanced KPFM resolution with CO-functionalized tips. a-h, LCPD
images of naphthalocyanine on NaCl(2ML)/Cu(111). The images were recorded
with a CO-terminated tip on a 40 x 40 lateral grid at constant height, at different
distances decreasing from a to h: z = 2.9, 2.7, 2.5, 2.3, 2.2, 2.1, 2.0, and 1.9A
from the STM set point (I = 2pA, V = 0.2V) over the substrate (A = 0.3 A).
The color scale ranges from 240 mV (black) to 340 mV (white). i, LCPD image
recorded with the same tip and imaging parameters as in h, but on a 92 x 92
lateral grid. j, DFT-calculated z-component of the electric field above a free
naphthalocyanine molecule at a distance d = 3.0 A from the molecular plane. k1,
LCPD images recorded with a different CO tip on a 70 x 70 lateral grid, before (k)
and after (1) switching the tautomerization state of the imaged naphthalocyanine
(z=2.0A, A=03A). m, Difference image obtained by subtracting 1 from k. n,
Af* image extracted from the same data set as k. The DFT-calculated atomic
positions are overlaid in the upper halves of i-n. Carbon, hydrogen, and nitrogen
atoms are colored in gray, white, and blue, respectively. Scale bars: 5A.

a locally varying contribution to the electric field arises due to the inhomo-
geneous charge distribution within the molecule. Compensating the total
electric field during the KPFM measurement then results in a variation
of V* that reflects the intramolecular charge distribution (longer-ranging
contributions to the electrostatic interaction between the tip and the sample
will only give an additional background that does not vary on the submolec-
ular scale). We attribute the high resolution in our KPFM images to the
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close tip—sample distances and the small oscillation amplitudes (< 0.5 A)
used in our experiments. These conditions will both enhance the sensitivity
to the short-ranging field generated by charge variation on the submolecular
scale. Additional effects that could be imagined to affect the KPFM con-
trast include possible relaxations of the tip or the probed molecule, a finite
polarizability of the tip, and a polarization of the probed molecule under
application of an electric field [I06] or due to chemical interactions [108].
However, as we show below, we have found that the measured KPFM
signal appears to be completely independent of the current and frequency
shift signals (a bending of the tip molecule, for example, should also affect
the tunneling current). Together with the fact that the calculated electric
field is already sufficient for a good qualitative description of our images,
this leads us to the conclusion that the distribution of charge within the
naphthalocyanine molecule (and the electric field generated thereby) is
primarily responsible for the observed submolecular KPFM contrast.

8.3.1 Additional KPFM data set

In Fig. B:3k-n, data from another KPFM measurement of naphthalocyanine
are shown, before and after switching the tautomerization state of the
molecule. The images were recorded on a different molecule and with a
different CO tip than those shown in Fig. B.3ph-i. Therefore, the z distances
cannot be directly compared. However, the lower resolution in both the
LCPD images (Fig. ,1) and the corresponding A f* images (Fig. |8.3n,
compare Fig. ) indicate a greater tip—sample distance than in Fig. . In
the LCPD images of both tautomerization states, we observe an asymmetry
between the upper left lobe and the lower right lobe of the molecule, which
is not expected from the symmetry of the molecule. Because this feature
did not switch with the tautomerization state of the molecule, it can be
attributed to a background slope in the LCPD of the substrate or an
asymmetry of the tip. A similar feature can be seen in the LCPD image
in Fig. B3}, where the upper right lobe appears more pronounced than
the lower left lobe. The LCPD difference image obtained by subtracting
the LCPD images before and after tautomerization switching is shown in
Fig. B3m. It closely resembles the difference image from the measurement
with the metal tip (Fig. [8.:2d). This is in agreement with the calculated
field asymmetry, which has the same simple quadrupole-like appearance
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Fig. 8.4 Current and frequency shift measured simultaneously with the LCPD.
a, Single Af(V) (red) and I(V) (blue) spectrum from the LCPD map of Fig. [B.3],
recorded above the center of the molecule. b-e, Constant-height current images
extracted from the 92 x 92 individual spectra for four different voltages (V = —0.3,
—0.1, 0.1, and 0.3V). f, Image of the frequency shift Af* at compensated LCPD,
extracted from the same measurement. g, The LCPD image resembles neither
the current images nor the Af* image. Scale bars: 5 A.

even for closer distances, where the calculated electric field already shows
pronounced submolecular variations (see Appendix . This shows that
in addition to the enhanced intramolecular resolution of Fig. B3], the CO
tip is also still sensitive to the extended charge asymmetry between the
different lobes measured with the metal tip, which corroborates that the
same mechanism is responsible for the contrast in the LCPD images with
metal tips and CO tips. Furthermore, it supports the assumption that the
closer tip—sample distance is the main reason for the enhanced resolution
in the CO-tip KPFM images.

8.3.2 Independence of the KPFM signal

Because the presented KPFM technique is highly sensitive, one could suspect
that it is also very susceptible to perturbations, for example by the tunneling
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current or short-range chemical interactions. Therefore, it is important
to show that the LCPD represents an independent channel of information
and that there is no crosstalk between the different imaging signals. To
prove that the LCPD is independent of the current and frequency shift,
we show in Fig. the current recorded for different voltages (Fig. —e)
and the frequency shift Af* at compensated LCPD (Fig. [8.4f) measured
simultaneously with the LCPD image of Fig. [83]. Neither the current
images nor the Af* image resemble the LCPD image, which effectively
proves that the LCPD data is independent of these other channels. In all
KPFM measurements presented in this chapter, we did not observe any
deviations of the A f(V') spectra from the parabolic shape. Furthermore, we
did not observe a significant voltage dependence of the contrast in constant-
voltage A f images extracted from the same data set. This implies that the
short-range chemical interaction responsible for the atomic resolution in
the AFM images showed no measurable voltage dependence, which again
underlines the independence of the AFM and KPFM signal. The same
analysis was performed for the LCPD images recorded with the metal tip
(Fig. 2b,c), and we come to the same conclusions.

These results show that LCPD images of a single molecule represent an
important additional channel of information complementary to STM and
AFM images. The contrast in these LCPD images is generated by the
inhomogeneous distribution of charge, yielding valuable insights into the
intramolecular charge distribution.






CHAPTER 9

Summary

In this thesis, we have shown that the electronic and structural properties
of single molecules on surfaces can be revealed in unprecedented detail by
a combination of low-temperature STM and AFM. In particular, we have
shown in Chapter [5] that the chemical structures of organic molecules can
be imaged with AFM if the microscope tip is functionalized with a suitable
atomic or molecular termination [I2I]. For the CO tip termination, with
which we obtained the highest resolution, the mechanism responsible for the
atomic contrast was identified as Pauli repulsion caused by the overlap of
the electron densities of the CO and the imaged molecule [I44]. The images
therefore show the regions of high total electron density within the molecule,
revealing details about the positions of atoms, bonds, and ring structures.
Apart from constant-height AFM imaging, we have also developed a method
to measure the complete three-dimensional short-range force field above a
molecule with atomic resolution [140]. With this force mapping method,
the possibility of imaging nonplanar molecules and measuring atomically
resolved molecular topographies was demonstrated. This enables precise
measurements of the adsorption geometries of single molecular adsorbates
and in the future could potentially also lead to molecular imaging with
chemical sensitivity [311 [183].

In Chapter [6]and[7} we have successfully applied our method of atomically
resolved molecular imaging with AFM to determine the unknown structures
of a switchable metal-molecule complex and a natural product from the deep
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sea. In Chapter [6] we showed that the reversible bond formation between
a Au atom and a PTCDA molecule can be used as a reliable molecular
switch [I43]. The combination of the information about the electronic
structure from STM and DFT data and the information about the atomic
geometry from AFM imaging enabled the identification of a new mechanism
of bond formation as the origin of the high reliability of bond switching in
this system. In Chapter [7] we have shown that atomic-resolution imaging
with AFM can aid in the structure elucidation of an unknown molecule
for which conventional methods were only able to identify four equally
plausible molecular structures [I39]. By a combination of atomic-resolution
AFM imaging and DFT calculations, we were able to confirm this initial
assignment and unambiguously identify the correct structure as cephalandole
A. These results show that AFM imaging can provide valuable insights into
unknown atomic structures of single molecules or molecular complexes. In
the future, extending our method towards imaging of nonplanar adsorbates
and towards imaging with chemical sensitivity could make it suitable for
structure determination of an even wider class of bioactive compounds or
functional molecular complexes.

The other main topic of this thesis was the imaging of charges with AFM
and its offspring KPFM. In Chapter [4, we have shown that neutral and
negatively charged Au atoms on an ultrathin insulating NaCl film can be
distinguished by AFM imaging, due to a stronger electrostatic interaction
of the charged adatoms with the AFM tip [110]. With KPFM, it was even
possible to distinguish the charge states of negative, neutral, and positive
metal adatoms. In Chapter [§] we have combined the charge sensitivity of
KPFM with the high resolution of our force mapping method to image
for the first time the charge distribution within a single molecule [150].
We showed that the molecule naphthalocyanine exhibits a pronounced
charge asymmetry that manifests itself in submolecularly resolved KPFM
images. By comparison with DF'T calculations, we were able to identify the
electric field generated by the inhomogeneous charge distribution within the
molecule as the source of contrast in these images. Our method therefore
opens up the possibility of directly imaging the charge distribution within
single-molecule charge-transfer complexes, which hold promise for future
applications such as solar photoconversion or energy storage [184] [185].
Furthermore, it could lead to new fundamental insights into single-molecule
switching and bond formation, processes that are usually accompanied by
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an intra- or intermolecular redistribution of charge [I3] [26], [143] [T86HISS].

In conclusion, our investigations show that STM, AFM, and KPFM yield
complementary images of single molecules, showing the molecular frontier
orbitals, the chemical structure, and the electric field generated by the total
charge within the molecule. The combination of these different channels
of information will improve our understanding of atomic-scale processes in
molecular systems on surfaces and could eventually bring us one step closer
to the goal of single-molecule functional devices.






APPENDIX A

Definition of the tip—sample distance in Chapter

In Chapter [} absolute values of the tip-sample distance were used, which
were defined with respect to the point of mechanical contact of the tip
with the NaCl(2ML)/Cu(111) substrate (see Fig. [4.2h). Here we show how
this distance was experimentally determined. We denote by d the absolute
tip—sample distance and by z the distance to the STM set point (Iy = 2 pA,
Vo = 0.05V) over the substrate. First, the STM tip was positioned over the
NaCl surface, at the position indicated by the red circle in Fig. [ATh. After
the feedback loop was opened, the tip was repeatedly approached towards
the sample, increasing the distance of approach carefully step by step. At a
certain distance of approach (29 = —5 A from the tunneling set point), a
sudden drop of the tunneling current occurred (Fig. ) The subsequent
STM image (Fig. ) reveals that both the sample surface and the STM
tip have been slightly modified by the approach of the tip. A closeup STM
image of the approach location shows that a single Cl vacancy has been
created (Fig. [A.1d) [92]. Repeated measurements showed little variation in
the distance where the discontinuity in the tunneling current occurred. We
therefore interpret the point of the sudden drop of the tunneling current in
Fig. as the point of mechanical contact between the tip and the sample
surface and assign the absolute distance value dy = 5.0 A to the STM set
point. All values of the tip-sample distance in Chapter [4] are given with
respect to this reference. To obtain the distance d = dy + z corresponding
to an arbitrary STM set point (I, V'), we used the approximative expression
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Fig. A.1 Determination of the absolute tip height. a, Constant-current STM im-
age (I = 2pA, V = 50mV) showing a single Au™ adatom on NaCl(2ML)/Cu(111).
b, Distance from the STM set point and tunneling current during the approach
of the tip at the position indicated by the red circle in a. A sudden drop in
the tunneling current at z ~ —5 A indicated contact with the surface. ¢, The
subsequent STM image reveals a slight modification of the NaCl surface at the
position of the previous approach of the STM tip. The tip is modified, too, as
can be seen from the altered appearance of the Au™. d, From the closeup STM
image (I = 10pA, V = 0.2V), the surface modification can be identified as a
single Cl vacancy. Scale bars: 10 A.

for the tunneling current (see Chapter [2.2.1)):

I o Ve 2rd (A.1a)

1
> “//0 e~ 2r(d=do) (A.1b)
= d=dy + P~ log (;&;) (A.lc)

The decay constant x, which depends on the height of the tunneling barrier,

was taken from ref. [95], where a value of Kk = 0.93 A" was determined
from I(z) curves above NaCl(2ML)/Cu(111).



APPENDIX B

Additional AFM and DFT data of naphthalocyanine

In Chapter[8] we demonstrated KPFM imaging with submolecular resolution
and attributed the contrast in the images to the charge distribution within
the investigated naphthalocyanine molecule. Here we present additional
data that support this conclusion. In particular, we show 3D force map
data of naphthalocyanine, together with additional DFT calculations that
include also the tip CO molecule. Next, we justify the distances used for
comparing the experimental and DFT-calculated images and provide some
technical details for the DFT calculations presented in Chapter

B.1 3D force map and DFT-calculated interaction

In Fig. we observed a transition between fourfold and twofold symmetry
in the atomic-resolution AFM images of naphthalocyanine. To investigate
this transition in more detail, we performed a 3D force map measurement
using the technique described in Chapter Individual Af(z) spectra were
measured with a CO-terminated tip on a lateral grid above the naphthalo-
cyanine molecule and merged into a complete 3D A f data set. In Fig. [B.1p-i,
constant-height AFM images extracted for different distances from this
data set are shown. With increasing tip—sample distance, we observe a
smooth transition from fourfold to twofold symmetry in the center region
of the molecule, accompanied by a gradual loss of spatial resolution. In
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Fig. B.1 3D force mapping of naphthalocyanine on NaCl(2ML)/Cu(111). a-i,
Constant-height Af images extracted from a complete 3D Af map measured
with a CO-terminated tip on a 72 x 72 lateral grid above the molecule. The
distance is indicated in each panel, measured from the STM set point over the
substrate (I = 3pA, V = 0.2V). Scale bars: 5A. j, Af(z) spectra measured
above the inner N sites with (blue) and without (red) hydrogen. The curves are
an average of the two corresponding equivalent sites indicated in the inset. The
distances of three constant-height A f images are indicated by dashed lines.

Fig. , Af(z) spectra extracted from the same data set at positions close
to the inner nitrogen sites (see inset) are shown. A characteristic crossover
is found at a vertical distance of z ~ 1.1 A, where the contrast between the
two sites is reversed. This crossover could not be observed in the AFM
images, because the closest distance for which complete constant-height
images could be extracted (z = 1.24 A) is already above the crossover point.

In Fig.[8.1] it was shown that the transition between fourfold and twofold
symmetry is qualitatively reproduced in cuts through the DFT-calculated
electron density of the free molecule. However, the vertical distance between
the appearance of twofold and fourfold symmetry did not agree with the
experiment (0.3 A in the experiment versus 1.0 A in the calculations). A
more accurate, but computationally more expensive approach to simulate
the AFM images is to ‘scan’ a CO molecule over the probed molecule and
calculate the distance-dependent interaction energy for each lateral position
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Fig. B.2 DFT-calculated CO—naphthalocyanine interaction energy. a-c, Calcu-
lated maps of the interaction energy for different intermolecular distances (CO
carbon atom to the naphthalocyanine molecular plane) d = 4.2 A (a), d = 3.8 A
(b), and d = 3.4A (c). d-i, Closeups of the center region of the molecule for
d = 44,42, 4.0, 3.8, 3.6, and 3.4 A, decreasing from d to i. j, Distance de-
pendence of the interaction energy at positions close to the inner nitrogen sites
with (blue) and without (red) hydrogen, as indicated in the inset. The atomic
positions are overlaid in d-i and in the upper halves of a-c. Carbon, hydrogen,
and nitrogen atoms are colored in gray, white, and blue, respectively. Scale bars:
5A in a-c and 1A in d-i.

(see Chapter [5.4]). The result of such a simulation is shown in Fig. [B.2
Again, we find a gradual transition between fourfold and twofold symmetry,
but over a distance range that agrees much better with the experiment.

B.2 Comparison between experiment and theory

In the following, we motivate the vertical distances at which the electric
field above the molecule was compared to the LCPD images in Fig. [8:2d,e
and Fig. [B:3]L,j. First, we treat the case of the KPFM measurement with
a metal-terminated tip (Fig. |8.2). For such a tip, we have found in Ap-
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pendix [A] that an STM tunneling set point of Iy = 2pA, Vj = 0.05V
above NaCl(2ML)/Cu(111) corresponds to a tip—NaCl distance of about
dop = 5.0A. The LCPD images shown in Fig. ,c were recorded at a
distance of z = 1.0 A with respect to an STM set point of I; = 3.5 pA,
V1 = 0.2V above the substrate, which then corresponds to a tip—NaCl

distance of (Eq. [A.1]

1 LV,
dlzd(]—%10g<lé‘/(l)>+2%65A,

where the exponential decay constant x = 0.93 A7 for two monolayers of
NaCl on Cu(111) was used [95]. For naphthalocyanine, a planar molecule
containing large aromatic groups physisorbed on NaCl, the van der Waals
radius of carbon, rcvaw = 1.7 A, can be expected to yield a good approxi-
mation for the adsorption height above the upper boundary surface of the
NaCl topmost layer. Using this approximation, we finally arrive at an esti-
mate of the tip—molecule distance in the experiment of dexp, ~ 4.8 A, which
is close to the value d = 5.0A, at which the calculated electric field was
compared to the measurement in Fig.|8.2l There are several approximations
involved in this estimate of dexp, but we believe it is safe to assume that it
is accurate at least within +1 A. In Fig. —d7 the calculated asymmetry
of the electric field is shown for different distances between d = 3.0 A and
d = 6.0A. The fact that the appearance of the field asymmetry changes
only slightly with distance proves the validity of the qualitative comparison
between the KPFM images and the electric field in Fig.

Next, we treat the case of the CO-terminated tip, which was used for
the measurement shown in Fig. B.3} and Fig. [8.4k. In this case, to estimate
the tip—molecule distance, we can use the fact that atomic resolution in
AFM can only be achieved in a very narrow vertical distance range (see
Chapter [5)). By comparing the appearance of the Af* image recorded
simultaneously with the KPFM measurement (Fig. [8.4f) to the distance
dependence of the AFM images shown in Fig. [B:I} we conclude that the
LCPD map shown in Fig. and Fig. was measured at a distance close
to the minimum in the Af(z) curve. From the DFT calculations shown in
Fig. [B:2] we know that in the calculated CO-naphthalocyanine interaction
energy, the minimum occurs at a distance of about dg me = 4.2 A from the
CO carbon atom to the naphthalocyanine molecular plane. From a previous
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Fig. B.3 Distance dependence of the electric field above naphthalocyanine.
a-d Normalized asymmetry Ag (see Chapter |8 for the definition of Ag) of the
DFT-calculated z-component of the electric field above a free naphthalocyanine
molecule, at different distances d from the molecular plane. e-h DFT-calculated
z-component of the electric field, at different distances from the molecular plane.
The atomic positions are overlaid in the upper halves of all panels. Carbon,
hydrogen, and nitrogen atoms are colored in gray, white, and blue, respectively.
Scale bars: 5 A.

DFT study it is known that the minimum in Af occurs about 0.9 A further
away, at dc_mol = 5.1 A [144]. Taking into account the C-O bond length of
1.1 A and using the covalent radius of oxygen, T0,cov = 0.7 A, as an estimate
of the extension of the electron cloud surrounding the last tip atom, we
finally arrive at an estimated tip—molecule distance in the experiment of
doxp = 3.3 A, which is in good agreement with the distance d = 3.0 A, for
which we have found the best agreement between the calculated electric
field distribution and the KPFM experimental data. Although we have a
better estimate of the tip height for the CO tip than for the metal tip, again,
there are several approximations involved. In Fig. [B:3p-h, the calculated
electric field distribution above the molecule is shown for different distances
between 2.5 A and 4.0 A, to demonstrate that the qualitative features we
observe in the experimental KPFM images are present within a certain
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range of distances. The preceding discussion also shows that the closer
tip—sample distance accessible with the CO tip termination is sufficient to
explain the enhanced resolution in KPFM imaging with CO tips compared
to metal tips.

B.3 Technical details of the DFT calculations

The DFT calculations in Chapter [§]and in this appendix were carried out
for a free naphthalocyanine molecule, using the highly optimized plane-wave
code CPMD [I45]. The Perdew-Burke-Ernzerhof exchange-correlation func-
tional [I46] was used with ab initio norm-conserving pseudopotentials [147]
created according to the scheme of Trouiller and Martins [I48]. In the pseu-
dopotential method, the valence electrons are accurately described outside
a certain core region (~ 0.6 A for C atoms), whereas the core electrons are
eliminated within the frozen-core approximation. This approximation yields
an excellent description of the total electron density at the distances shown
in Fig. m The size of the unit cell in our calculations was 32 A x32 A x 16 A.
The structural optimization was performed until the forces on all atoms were
below 10~4eV/ A, and a cutoff energy of 2keV was used for a single k point
(T"). The z-component of the electric field was obtained by differentiating
the calculated electrostatic potential with respect to z.
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