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Figure 5.10: Topography images before and after applying a voltage pulse at the point
marked by a green cross on the two PVBA species on Cu(111). Line profiles across the
molecule before and after the manipulation are shown on the right. Image sizes: 24 x 37
Å2 .

Figure 5.11: a) Initial calculations for dehydrogenated PVBA (top-view) b) side-view.
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Figure 5.12: Consecutive topography images of an originally single PVBA molecule. After
each scan a voltage pulse was applied at the position marked by the green cross. This
resulted in a further decomposition of the molecule. Initially the molecule was dehydrogenated by the procedure described in Fig. 5.10, which represents the starting configuration
a) (compare with bottom panel of δ-PVBA in Fig. 5.10). The following images show the
results of voltage pulses below (a-c) and above 3 V (d-e). The line profile along the final
decomposition product is shown in the bottom right. Image sizes: 24 x 35 Å2 . Bias =
0.1 V, I = 0.1 nA.
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Figure 5.13: Deprotonation of PVBA by applying a voltage in the area close to the
carboxylic-group (green cross). Topography images were taken before a) and after b).
The inset in b) shows a PVBA molecule obtained after room-temperature deposition for
comparison. The bright spot in b) is attributed to an impurity getting attached during
the manipulation process (see spike in 5.14c). Panel c) and d) show charge transfer maps
of the protonated and deprotonated PVBA. Image sizes: 24 x 35 Å2 . Bias = 0.1 V, I =
0.1 nA.
Applying additional voltage ramps further modifications of the molecule occur, which are
interesting to investigate. A series of such changes is shown in Fig. 5.12 starting with
the dehydrogenated structure. Till panel c only small modifications occurred. The maximum applied voltage for these manipulations was lower than 3 V and correspondingly
the current-jumps occurred also in that voltage range. By ramping the voltage above 3 V
considerable changes of the molecule occur. In panel d depressions are visible till finally
only a large depression remains (see also line profile along the line marked in panel e). The
corresponding I(V) characteristics are displayed in Fig. 5.14b. Dissociation of decaborane
molecules on Si(111) has been shown to also yield depressions afterwards [108]. However,
this may also be caused by destroying the silicon surface underneath, which for the case
of Cu(111) is not expected for voltages used here. A chemical analysis of the dissociation
products with STM is difficult. One can speculate, that the remaining species have dehydrogenated further and the molecule is disintegrated and a destruction of the aromatic
rings has taken place.
By depositing PVBA at the surface held at T=77 K the temperature activated deprotonation [16] is hindered and PVBA has still a carboxylic group. An image of such a
molecule is shown in Fig. 5.13a. One can clearly see that the depression is asymmetric.
By comparing this with a charge transfer calculation of the neutral molecule (Fig. 5.13c),
one can assign the depression to the oxygen and the other side to the OH-group of the
carboxylic group. Placing the tip above this chemical group (green cross in Fig. 5.13a) and
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Figure 5.14: Characteristic I-V curves for a) dehydrogenation, b) decomposition and c)
deprotonation of PVBA on Cu(111). The diagonal arrows indicate the direction of the
voltage sweep. The vertical arrows mark the energy position at which a change of the
molecule took place. b) Voltage sweeps corresponding to displayed transitions in Fig.
5.12. The spike in panel c) is attributed to an atom or molecule leaving the tip, which
resulted in the small spot appearing higher in Fig. 5.13b compared to the unmodified
molecule. This is rationalized by the fact that the value of the current smoothly continues
after the spike. The time for one sweep direction was a) 4s, b) and c) 2s.
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ramping the voltage leads to the structure shown in (Fig. 5.13b). The depression has now
a symmetric shape, which resembles the picture obtained for PVBA molecules adsorbed
at room temperature (see inset in Fig. 5.13b). The symmetric shape is revealed in the
charge transfer map for a deprotonated PVBA (Fig. 5.13d), leading to the conclusion that
a deprotonation reaction has in fact occurred. Additionally, in the topographic image the
height of the pyridine ring appears slightly decreased. The difference is assigned to minor
charge rearrangements upon deprotonation.
The threshold voltage to initiate the deprotonation, visible as a step in the I(V )-curve, is
0.6 V (see Fig. 5.14c). This is considerably lower compared to the other processes, such
as dehydrogenation and decomposition. One can conclude, that these require more energy
due to the detachment of more than just a proton and further restructuring.
The natural occurring deprotonation reaction, specifically changing a carboxylic to a carboxylate group, was thus triggered by using the STM and may lead to a more profound
understanding of this process. The low threshold voltage for example may explain that
deprotonation occurs already at moderate temperatures.
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Field induced formation of Co dimers

So far the formation of bonds by manipulation of atoms and molecules has been performed
by lateral movement of the atoms (see section 5.1) or by tunneling electrons (see section
5.2). In order to probe electronic properties of larger units containing several atoms it is
desirable to form dimers, trimers, and so on. However, initial attempts to merge Co atoms,
using the lateral manipulation technique as described in 5.1 or [109], didn’t result in bond
formation. Atoms could still clearly be separately visualized. This is rationalized by the
fact that during the manipulation typically a voltage of only 10 mV was applied. It has
been reported that for distances below approximately seven Angstroms repulsive interactions between adatoms dominate on the Cu(111) surface [89, 90]. Whereas Co atoms can
freely diffuse already below 20 K, the formation of dimers starts to occur only above 20 K.
This corresponds to an energy threshold of about 10-16 meV, which needs to be overcome.
Increasing the voltage during the lateral manipulation, however, causes vibrational heating
effects (onset in the range of 10 meV [105]), that can lead to uncontrolled hopping of the
adatoms to neighboring hollow-sites.

Figure 5.15: Formation of Co dimers by a controlled voltage pulse of the STM. a) shows
a topograph displaying four Co monomers (protrusions) and one defect (depression). b)
Topograph after the voltage pulse has been applied on top of one Co adatom. The white
circles indicate the original positions of the Co monomers. The circle with a green cross
indicates the atom on which the tip was positioned during the voltage pulse. The insets
in a) and b) show a line scan across a monomer and a dimer with the corresponding
fits. c) Formation of another dimer following the same procedure. (Scan parameters:
Bias= 10 mV, I= 0.2 nA)
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Therefore, a different way of merging two Co atoms is demonstrated here. Additionally,
it will be shown that this process leads to long-range movements of the adatoms by more
than 50 Angstrom. In Fig. 5.15a a topography image of several Co adatoms on Cu(111)
is shown. By positioning the tip on top of a Co atom, decreasing tip-sample distance using low bias and high current values - and then applying a voltage pulse (Bias= 3 V, t=
50 ms) two adatoms could be merged together. The resulting compound is shown in Fig.
5.15b.
The fabricated structure appears higher than the monomer and has an elongated shape.
Its height profile along the long axis was fitted by two Gaussian curves, whereby the width
was held constant for both curves at the value obtained from fitting a monomer (see inset
in Fig. 5.15). The fits reveal a separation of the atoms of 3.6 ± 0.3Å and proof that indeed
a Co dimer has been formed.
Remarkably, during the voltage pulse, one of the two atoms to form the dimer, gets moved
a distance of many lattice constants over the surface. In the presented cases the distance
between the adatoms was initially 53 Å (panel b) and 24 Å (panel c). By applying only
one pulse the atoms traveled these large distances to bond to the other atom. Far reaching
effects are responsible for this mechanism, which can be either field induced or propagated
via the surface state. An electric-field induced mechanism has been shown in [6, 110]
for the diffusion of Cs atoms on GaAs(110) and may be at the basis of the mechanism
reported here. Interestingly, an impurity present at all images has not moved during both
manipulations. Subtle effects of adsorbate-substrate interactions and the presence of local
dipoles may play a role in this process.
In Fig. 5.15a and b it can be seen that one adatom, which appears as two segments, has
been displaced also while scanning. This movement, which has been observed also for
other Co adatoms, is attributed to vibrational heating [105] causing a jump to neighboring
hollow-sites.
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Chapter 6
Point contact spectroscopy
The electron transport in a circuit, whose dimensions are reduced to single atom or molecule
contact, is dominated by the quantum character of matter [111] and requires a deep understanding of its nanometer scale properties. Additionally, the electron transport through
such a junction is strongly influenced by the coupling of the electrode orbitals to the
bridging molecule or atom [112]. Accessing the correct information of the geometrical arrangement of the contact is fundamental for the interpretation of the experimental data.
This is often challenging, despite the continuous progress in understanding the electron
transport through nanometer scale junctions [20–23,30,113–116]. Among other techniques
such as mechanical controlled break junction [20–22] or electromigration [23], a junction
achieved with the tip of an STM on a metal surface [30, 114, 115, 117] has been proven as a
valuable tool to target and select the substrate configuration before and after the contact
is formed. Nonetheless, a general picture on the influence of atomistic order and molecular
structures on the electron conductance at nanometer scale junctions is, at present, still
missing. In the following sections electron transport measurements on single atoms and
molecules adsorbed on a surface will be shown, supported in part by theoretical investigations.

6.1

Kondo effect in single atom contacts: The importance of the atomic geometry

Co adatoms on copper surfaces constitute an ideal system for studying the electron transport through nanometer scale junctions. The interaction of the unpaired electrons of single
Co atoms with the free electron states on copper surfaces leads to the formation of a narrow
electronic resonance at the Fermi level known as the Kondo resonance. This has been extensively characterized in tunneling conditions [24, 118, 119]. One main result of these studies
is the evidence that on different supporting surfaces the width of this resonance coincides
with a change of the occupation of the d electron levels of the Co adatom [24]. This inherently reflects a varied coupling of the magnetic impurity to the metal substrate. Indeed,
a simple model has been suggested to relate the energy position of the electron d levels of
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Figure 6.1: (a) Conductance vs. tip-sample displacement and topography images of a Co
adatom on Cu(111) before (b) and after the point contact (c) Image sizes: 50 x 40 Å2 .
Bias = 10 mV, I = 5 nA.

the impurity and the atomic arrangement in close proximity of the Co adatom [24, 119].
Specifically, a narrower Kondo resonance is observed for Co adatoms on Cu(111) than
on the Cu(100) surface in agreement with a shift in energy of the d levels, i.e., with an
increase in their occupation from the first to the second surface [24, 119]. Because of this
dependence, the width of the Kondo resonance is then a good reference parameter to characterize the influence of the tip at reduced distances. However, it is a priori not evident
if the width of the Kondo resonance will follow a trend similar to the one observed in
tunneling configuration on various surfaces also when the tip is approached to the point
contact configuration. In order to address this question the current-voltage characteristics
were measured at different tip-sample distances ranging from tunneling to point contact on
individual Co adatoms on a Cu(111) surface. As will be shown in the following, the width
of the Kondo resonance is practically constant on this surface at all tip-substrate distances
in an apparent contradiction with the previously reported results on Cu(100) [114]. Ab
initio theoretical calculations aimed to determine the electronic and magnetic properties
of these two systems reveal that the opposing results observed on the two copper surfaces
are not contradicting but demonstrate nicely the determining influence of the local atomic
structure on the transport properties of a nanoscale junction. Fig. 6.1a shows the conductance of a single Co adatom at various tip-substrate displacements. This has been achieved
by recording the current while approaching the tip towards the atom, in open feedback
loop conditions. As the tip-substrate distance is reduced the current increases smoothly
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Figure 6.2: Conductance and dI/dV spectra for isolated Co atoms on a Cu(111) surface
achieved at different tip-substrate distances ∆z from tunneling to point contact. Prior
to the point contact measurements the tip was stabilized at a defined sample distance,
setting the tunneling conditions at 8 meV and 5 nA. In the inset a representative current
vs tip displacement is shown. dI/dV spectra have been recorded at the positions indicated
by circles in the inset. The curves are normalized to the tunneling current at the tip
height location and a vertical offset has been added for a better visualization. The Kondo
temperature TK given on the right side of the image has been obtained fitting the curves
with a Fano line shape (light line).
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from the tunneling to the point contact regime following the exponential dependence with
the tip-substrate distance (z) characteristic of the electron tunneling process. Fitting the
experimental curve, an apparent barrier height of 5 eV is obtained, which is larger than on
the clean Cu(111) surface.
As the point contact regime is reached the current is found to exhibit a characteristic
quantization plateau with only a weak dependence on the distance. The plateau is observed
to be 1 G0 where G0 is the conductance quantum in agreement with studies on Co/Cu(100)
[114]. Topographic images acquired before and after the tip was approached and retracted
from the point contact configuration confirm that the contact region as well as the tip
have not changed during the tip displacements (see Fig. 6.1 b and c). Care has to be
taken that the tip is positioned directly on the center of the adatom before approaching.
A slightly off center positioning leads to a self-centering mechanism as has been suggested
by Bürgi [30]. The adatom jumps underneath the apex of the tip visible as a jump in the
current signal and in images taken afterwards. This motion is suppressed, when the chosen
voltage during the approach was below a few mV.
Information on the Kondo resonance has been obtained recording the dI/dV spectra on
top of the Co adatom at various tip-substrate displacements. In Fig. 6.2 spectra obtained
at the tip-substrate separation indicated by the circles in the inset are reported. The
current versus voltage is measured with a lock-in amplifier applying a voltage modulation
in the range of 1 to 0.1 mV (rms). All the curves obtained in the range from the initial
tunneling (∆z = −2Å) to the point contact (∆z = 0.2Å) condition show a characteristic
dip in the local density of states at an energy close to the Fermi level. This dip, which is
due to the Kondo resonance, can be characterized according to ∆E (Half Width at Half
Maximum), which is proportional to the Kondo temperature TK , ∆E = kB TK , where kB
is the Boltzmann constant [24, 118]. The Kondo temperature can be extracted from these
curves by fitting the experimental spectra with a Fano line function according to
dI/dV ∝ (q + )2 /(1 + 2 )
with  = (eV − K )/kB TK where q and K define the asymmetry of the curve and the
energy position of the resonance with respect to the Fermi energy [120]. The obtained
Kondo temperature TK is reported in Fig. 6.2 for each sampled tip position. As can
be seen, the Kondo temperature for the Co on Cu(111) system is constant, within the
experimental error, from the tunneling to the point contact regime. These results have been
reproduced with different tips and different tip treatments which assured a spectroscopic
featureless tip in the energy range of the Fermi level. The observed behavior of the Kondo
temperature on the Cu(111) surface contrasts with the behavior previously reported for
the Co/Cu(100) system, where a considerable increase of the Kondo temperature (from
70–90 K in tunneling to 150 K in point contact) was observed [114]. As will be shown
below this difference can be ascribed to the sensitivity of the Kondo effect to the local
atomic geometry.
To obtain a physical understanding of the structural sensitivity the atomic relaxation
in the single Co atom junction was modeled under the influence of the tip proximity and
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Figure 6.3: Atomic relaxation at the single Co atom junction as a function of the tip
displacement. The initial tip-adatom distance (H) is the same for Cu(111) and Cu(100)
surfaces. The adatom-substrate (L) distances for Co adatom on the two surfaces is shown
in panel (b). The dashed lines show the Co-substrate distance in point contact conditions.
(A), (B), and (C) indicate the position where the LDOS shown in Fig. 6.4 have been
calculated; the values in the parentheses are the tip-substrate distances for these three
positions.
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Figure 6.4: Influence of the tip proximity on the d levels of Co atoms on Cu(111). a) Spinpolarized LDOS for the d levels. The curves are calculated for tip-substrate displacements
as denoted in Fig. 6.3. b) Energy position of the occupied d-band center on Cu(111) and
Cu(100) at different tip-substrate positions. The lines connecting the points are a guide
to the eye.
then its consequences on the electronic structure were considered. Indeed, reducing the
tip-substrate separation can induce a local perturbation in the atomic ordering at the
junction which can affect the coupling between the orbitals of the electrodes and of the
Co atom and consequently the electronic and the magnetic properties of the system. To
simulate the nanoscale-junction on the atomic scale, molecule static (MS) calculations
were performed with many-body interatomic potentials fitted to the spin-polarized ab
initio calculations [121]. In these simulations the tip has been represented as a pyramid
consisting of 10 Cu atoms arranged in fcc(111) stacking (see sketch in Fig. 6.3). Figure 6.3
shows the variation of the tip-adatom and the adatom-substrate separations during the tip
displacement (panels 6.3 a and b, respectively). On a first glance one can see that beside
an initial region, the tip-Co adatom as well as the Co adatom-substrate distances are not
linearly proportional to the tip displacement. As the tip-substrate distance is reduced,
the atomic order at the junction relaxes: the atoms of the tip, the Co impurity as well
as the atoms of the substrate move to new equilibrium positions. The real tip-substrate
distance is then a dynamic variable according to the specific location of the tip and to
its attractive and repulsive interaction with the surface and the impurity. Specifically,
up to the minimum distance of 5.3 Å, the tip-Co adatom distance is almost linear with
the tip displacement. Approaching further, the distance between the opposite sides of
the nanometer scale junction is reduced to a larger extent than the effectively applied tip
displacement due to an attractive interaction (up to 4.7 Å). By reducing the tip-substrate
distance below 4.7 Å, the interaction becomes repulsive. At this tip proximity, the adatomsubstrate distance, defined as the vertical distance between the Co adatom and its first
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nearest neighbor, is strongly reduced while the distance between the tip and adatom is
only slightly decreased. This implies that the Co adatom shifts towards the substrate.
As a consequence when the point contact configuration is reached, the Co-Cu(111) surface
distance compares to the equilibrium distance predicted for the tunneling condition (dotted
line in Fig. 6.3b ). Figure 6.3 compares also the atomic relaxation process on the two
copper surfaces. The general trend of attractive and repulsive interaction of tip-atom and
surface can be observed in both cases. However, differences in the atom dynamics under
the influence of the tip and in the Co-surface distance are obvious. Specifically, under
the influence of the tip the Co impurity is pushed deeper into the Cu (100) surface in
point contact configuration (dotted line in Fig. 6.3b) than it is in tunneling conditions.
Therefore, it can be expected that the stronger interaction with the surface increases on the
Cu(100) substrate the hybridization of the d levels of the Co adatom with the sp states of
the surface. This and its consequence on the magnetic properties of the junction at various
tip proximity can be understood by calculating the local density of states (LDOS) of the
Co adatom. Spin-polarized calculations were performed within the linear combination of
atomic orbital formalism by means of density functional theory implemented in SIESTA
[122]. The geometry was optimized by SIESTA until all residual forces on each atom
are smaller than 0.01 eV/Å (for more details about the calculations see Appendix B.2).
In Fig. 6.4 the d levels of Co/Cu(111) are shown for different tip-substrate separations
(denoted A, B, and C in Fig. 6.3) with the energies given with respect to the Fermi level.
It can be seen that only the occupied density of states of the Co adatom on Cu(111) are
slightly affected by the tip-substrate distance. Moreover, the energy differences between
the center of the occupied spin-up band (or majority states) and the center of the partially
unoccupied spin-down band (or minority states) U for three tip-substrate separations are
close. Consistently, also the magnetic moment of the Co adatom at these three tip-substrate
separations (1.99µB , 1.96µB , and 1.78µB , respectively) are only slightly affected by the tip
proximity. On the contrary a large energy shift of the d levels was reported for Co adsorbed
on Cu(100) surface [114,123]. A comparison of the energy position of the occupied d levels
is shown in Fig. 6.4b. On both surfaces the position of the occupied d levels shifts towards
higher energies under the influence of the tip proximity. On the Cu(111) surface this shift
is, however, much smaller. On Cu(100) the substantial change in the occupation of the d
levels is reflected in the increase of the Kondo temperature in point contact. The difference
in the behavior of the Kondo temperature on Cu(111) and Cu(100) is caused by different
atomic relaxations which occur on both substrates. For all tip positions the distance
between the Co adatom and Cu(111) is significantly larger than that on Cu(100) (see
Fig. 6.3). Therefore the hybridization of d states of Co adatoms with sp electrons of the
substrate is weaker on Cu(111). As the result, only very small changes in the LDOS of Co
adatoms are found on Cu(111). Accurate calculations of the Kondo temperature for this
system are, however, not straightforward [114]. Nonetheless, the theoretical predictions
and the experimentally observed Kondo temperature in the point contact regime follows
the trend described by the model proposed by Wahl et al. [24] for the tunneling regime.
The increase of the occupation of the d level effects sensibly the Kondo temperature on
Cu(100) and almost negligibly on the Cu(111) surface.
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Figure 6.5: Tip contributions in the dI/dV spectra for isolated Co atoms on a Cu(111)
surface. The Kondo resonance at different tip-substrate distances ∆z from tunneling to
point contact is measured with two different scanning tunneling tips: a) a spectroscopic
featureless tip; b) with a tip showing a non constant dI/dV spectrum in the energy range
of the Fermi level (off-spectrum). The width of the Kondo resonance is constant in the first
case at all the given tip-sample distances. In panel b, the observed width of the Kondo
resonance increases while reducing the tip-sample distance. This indicates that the tip
contributions to the spectra are not negligible and contribute more at reduced distances.
All the curves are normalized to the tunneling current at the tip height location. A vertical
offset has been added for a better visualization.

The local atomic geometry plays a major role in the electron transport properties of
nanoscale junctions. The tip proximity in the point contact regime influences the atomic
relaxation in the single atom junction and thereby determines the lattice equilibrium position. These structural relaxations induce a modification of the sp-d hybridization between
the electrode surface and the bridging atom. While on the closed packed Cu surface the
impurity d level is less affected, it shifts substantially on the open (100) surface. This
explains the striking difference observed in the behavior of the Kondo temperature of Co
adatoms upon point contact formation on Cu(111) and Cu(100).
In these kind of experiments special attention has to be paid to the conditions of the
tip. Different atomic arrangements of the tip may influence the electron transport behavior in the point contact. For the presented experiments the tip was electrochemically
etched from a tungsten wire and treated in vacuo by electron field emission and soft tip
indentations into the copper surface. This protocol was repeated till a spectroscopic featureless tip in the region of the Fermi level was obtained. In Fig. 6.5a a second series of
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dI/dV spectra obtained on top of a Co adatom adsorbed on Cu(111) surface at different
tip-substrate distances is shown. The spectra reveal the characteristic Kondo resonance at
the Fermi level whose width is constant at distances ranging from tunneling to the point
contact regime. The observed Kondo temperature is 51 K, in agreement with the spectra
shown in Fig. 6.2. It is worth underlying that the reproducibility of these spectra has
been assured by the tip preparation described before and showing a featureless spectrum
on the copper substrate (off-spectrum). In case these spectroscopic conditions of the tip
are not satisfied, a broadening of the Kondo resonance is observed. Representative spectra
are shown in Fig. 6.5b. While the Kondo temperature in tunneling conditions is only
moderately broadened (61 K), in the point contact regime the Kondo resonance is sensibly
affected. This leads to an apparent increase of the Kondo temperature to about 110 K.
As a general trend it is observed that the broadening of the Kondo resonance increases
by reducing the tip-sample distance. However, the observed Kondo temperature is not
reproducible and depends on the details of the tip spectroscopic conditions. Tip-features
in the energy range of the Fermi level, which in tunneling conditions induce in most of the
cases only a minor broadening of the Kondo resonance, dominate in the spectra achieved
in point contact regime. Additionally to the shown comparison of Co on Cu(100) and
Cu(111), this reflects the importance of the atomic arrangement in the electron transport
through nanoscale junctions.
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Metal-molecule-metal contacts:
PVBA on Cu(111)

In the following the electron transport at the nanoscale will be expanded to transport
through molecules. This is of fundamental scientific interest and is important for future
based molecular electronics. The PVBA molecules described in detail in the tunneling
conditions in previous chapters were employed. It has been shown that on Cu(111) the
molecules adsorb in a planar configuration (see Chapter 3). To perform electron transport
measurements the tip was positioned in tunneling conditions above the molecule. Then
the tip-substrate distance was reduced in open feedback loop conditions while the current
was simultaneously recorded. For acquiring these spectra the gain of the current-voltage
converter was switched from 108 V /A for the set-point to typically 107 V /A or 106 V /A. This
ensured on one hand stable set-point conditions and on the other hand the possibility to
measure higher currents. The speed of approach was a few Angstrom per second or faster.
In contrast to the I(z) measurements on the single atom a large variety of qualitatively
different curves were obtained. Examples of some I(z) curves are displayed in Fig. 6.6 and
6.7. In Fig. 6.6 it can be seen that approaching the tip towards the molecule leads at some
tip-sample distance to a jump in the conductance. Notably, the exponential dependence
characteristic of the tunneling regime is still present after the jump in the conductance
occurred. This is in striking contrast to the plateau that is reached, when the tip is
approached to a single atom (see previous section). The critical tip-sample distance for the
conductance jump varies for different parts of the molecule. For example for the pyridyl
ring this happens a few tenths of an Angstrom earlier than for the phenyl ring. This
difference can in part be explained by the different apparent heights across the molecule.
For the two aromatic rings this amounts to about 0.1 Å. The remaining difference may be
due to a position dependent tip-molecule interaction or other electronic effects inherent to
the molecule. The inset in Fig. 6.6 shows a zoom-in to the region around the point where
the conductance jumps occur for several approach and retraction spectra. It can be seen
that the jumps occur in a certain range of tip-sample distances. Furthermore, within one
sweep the conductance fluctuates till the final value is reached. This is attributed to an
instability at the given tip-sample distance.
Another type of current vs. tip displacement curves is shown in Fig. 6.7. During the
first approach of the tip towards the molecule a sudden jump in the current occurs. After
this jump the curve doesn’t revert back to the initial conditions, when the tip is retracted
again. Instead, a higher current value is obtained. Further approach and retraction curves
all overlap following a new path, differing strongly to the first approach transient. These
spectra are indicated by the double sided arrow in Fig. 6.7.
In an initial region of the first approach a similar behavior is observed as displayed in
Fig. 6.6. However, after the jump in the conductance occurs, the conductance can either
increase (left and right panel of Fig. 6.7) or decrease (middle panel). Once this jump occurred the slope of the exponential is lowered with respect to the initial tunneling regime.
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Figure 6.6: Current vs tip-sample displacement obtained at different positions on the single
PVBA molecule (see topography image in the inset (image size: 27.9 × 19.5 Å2 ). The
upper panels show each an approach and a retraction curve taken at 40 mV . The small
offset between the curves is due to the electronics. In the bottom right panel (Bias=50 mV )
a series of several approach and retraction curves is displayed.

Figure 6.7: I(z) curves obtained on different positions on the single PVBA molecule. After
an initial approach the current to tip-sample distance characteristic changes leading to a
different current at the original set-point conditions. The inset in the right shows a close
approach to the surface, where a conductance increase can be observed.
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Figure 6.8: Sketch of the PVBA molecule on the surface with the tip in close proximity
a). b) Possible lift up mechanism of the molecule towards the tip.

In some cases, during the first approach, only one jump in the conductance is observed
leading immediately to a different dependence of the current with respect to the tip-sample
distance as can be seen in the right panel. In the new curves their slope in the logarithmic
plot is not constant, but changes, deviating from an purely exponential behavior. In some
cases, additional steps in the conductance are observed (see central panel for one example
of such a step). These happen at a much greater tip-sample distance, then the initial jump.
The observed type of curves in Fig. 6.7 is attributed to a jump to contact mechanism of
the molecule towards the tip. As soon as the molecule is bonded to the tip it stays there
and is lifted by retracting the tip further from the surface (see also sketch in Fig. 6.8b).
Similar curves have been obtained for the PTCDA molecule on Au(111) [124], which were
also attributed to a partial lifting of the molecule from the surface. The conductance is
ranging from 0.01 G0 to 0.1 G0 . The value of the conductance is substantially lower than
that for a single metal atom (see previous section and [30]) or metallic wires [125]. Previous
studies on another molecule have indicated this phenomenon [126].
After the I(z) measurements the feedback loop is switched on again. However, in cases
the current has a larger value at the initial set-point conditions, the tip will be retracted
further in order to reach the original set-point current. After this retraction three possible
scenarios are observed. In the simplest case the molecule and the tip were found to be
intact. Therefore, the molecule-tip bond ruptures and the molecule and the tip revert back
to the initial conditions. In cases, where the bond doesn’t initially break, the molecule
can be moved. For a movement typically the molecule was rotated around the carboxylate
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group. This can be seen by comparing the topography images before and after the spectra
were taken. The rotation is favored due to the strong anchoring of the carboxylate group
towards the surface (see Chapter 4 and [80]). In the last case the molecule can, beyond
being only temporarily attached to the apex of the tip, be permanently attached [127].
The results with such a molecule modified tip are shown in the following.
Imaging the surface after a pick-up of the molecule to the tip shows a strong change in
contrast with respect to the clean tip. Atomic resolution is easily obtained at moderate
tunneling conditions typically used (see Fig. 6.9). An inspection of the area, where the
molecule had been adsorbed, reveals that the molecule has vanished. These observations
indeed indicate the presence of the molecule on the tip. At the original position of the
molecule a depression is typically observed. This is attributed to a Cu vacancy. It is located
in the vicinity at the former position of the carboxylate. This indicates that the oxygens
of the carboxylate group bind strongly to atoms of the Cu surface [80], such that a Cu
atom is pulled out. The atomic resolution indicates a substantial difference in tunneling
probabilities with respect to the clean tip. The observed corrugation of the surface at the
same tunneling conditions was below a pm for the clean tip and amounted to a few pm and
up to almost an Angstrom (see Fig. 6.10). For atomically resolved images with a moderate
corrugation the molecule has typically been picked up at the carboxylate end. For this case
the molecule is pointing with the pyridyl ring towards the surface (see Fig. 6.12a). The
high resolution is then attributed to the lone pair of the N-atom [60, 61]. This leads to a
smooth corrugation profile (see Fig. 6.10a). However, for the large corrugation the profile
has sharp minima (see Fig. 6.10b). This profile can be rationalized by assuming a small
molecule-surface distance, so small that the molecule is occasionally in contact with atoms
of the surface (see sketch Fig. 6.12b). While the tip moves along the surface the molecule
gets alternatingly attached and detached to Cu atoms. Once the molecule is attached the
profile is smooth during the time the tip moves until the molecule-surface bond breaks,
visible as a sharp minimum, and the molecule snaps to the next Cu atom. This process is
then repeated leading to the atomic resolution.
Having the molecule attached to the tip the extension of the piezo scanner is significantly
reduced with respect to the clean tip for the same tunneling conditions. For the modified
tip, the same tunneling current is achieved already several Angstrom away from the original
position of the unmodified tip. For several pick up events on different molecules with
“microscopically” different tips this increase in the apparent height is displayed in Fig.
6.11. As can be seen, a small range of values is obtained, whereas the average and most
often observed value lies between 6-7 Angstrom. This value is much lower than the length
of the molecule (11.5 Å). There are two possible reasons: First, the molecule is not directly
attached to the apex of the tip, but sideways and in a tilted configuration. Secondly, besides
geometrical considerations electronic effects play a role. The charge transport through
the molecule is different from a tip simply extended by several additional metal atoms.
Additionally, the overlap of wave functions of the molecule acting as a tip apex is different
than with a metal tip, which has only metallic states. Along a molecule composed of
aromatic rings, which have alternating single and double bonds, the transport is described
via an off-resonant tunneling mechanism. The conductance scales inversely proportional
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Figure 6.9: Topographic images of a PVBA before (a and c) and after picking the molecule
up to the tip (b and d). Atomic resolution is readily obtained at moderate tunneling
conditions Bias=0.35 V, I=0.5 nA. In the region of the original position of the molecule a
depression is observed. Image sizes: 101 x 81 Å2 (top) and 25.4 x 20.6 Å2 (bottom).
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Figure 6.10: Atomic resolved STM images of the Cu(111) surface with a modified tip.
Corrugations differing by an order of magnitude have been observed, a and b. In a) the
molecule was picked-up at the carboxylate group and in b) at the pyridyl group. Imaging
conditions: a) 0.35 V, 0.5 nA b) 0.2 V, 1 nA.

Figure 6.11: Histogram of several pick up events displaying the decrease in the extension
of the piezo scanner after the pick up.

6.2. Metal-molecule-metal contacts: PVBA on Cu(111)

103

Figure 6.12: Sketch of a PVBA molecule attached to the tip of an STM. The molecule is
drawn to scale to the Cu(111) surface. The blue area indicates the lone-pair of the N-atom
of the pyridyl-ring.
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Figure 6.13: I(z) curves obtained while approaching and retracting the tip with an attached
molecule towards and away from the surface. The same spectra are displayed in linear a)
and logarithmic scale b). Two regimes become apparent, which are separated by the
vertical dotted line in b). The inset in a) shows a zoom-in of the first region. In b) the
dashed line denotes the expected tunneling behavior for a “clean” tip for comparison. For
an explanation of the two regimes see text. In c) a second measurement set taken in the
first regime is shown.
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to the exponential of the length of the molecule [128]. Using this damping prefactor as
shown in [129] would result in lowering of the conductance by two orders of magnitude
along the whole PVBA molecule. The apparent length is then reduced by approximately
two Angstrom (see Eq. 2.4) with respect to the original length of PVBA. This is in qualitative agreement with the observed lower values of the length.
To measure the transport through the molecule attached to two electrodes (here, tip and
surface) the tip, holding the molecule, is brought closer to the surface. Two regimes become apparent: First, for an initial distance of several Ångstroms the current, besides
some small jumps which will be explained below, doesn’t change significantly and stays
within one order of magnitude (see Fig. 6.13 a) (linear scale) and b) (logarithmic scale) ).
Approaching the tip closer to the surface a second regime is reached, where the current
follows an exponential behavior as a function of tip-sample distance. The onset of this
regime is denoted by the dotted vertical line in Fig. 6.13.
The first regime is in strong contrast to the tunneling behavior with a “clean” tip, where
an exponential dependence persists up to large tip-sample separations (see dashed line in
b) ). At the distance furthest away (corresponding to the set-point conditions marked by
the zero value of ∆z in the plot) a current of few orders of magnitude lower would be
expected provided only tunneling from tip to surface occurs. As the measured current
is significantly higher an additional contribution given by the current flow through the
molecule is present. This amounts to a value of about ≈ 10−4 G0 , which can be considered
as the conductance through the molecule.
Furthermore, in the first regime small jumps in the current occur at intervals of the order
of an Ångstrom. Typical distances between atoms on the surface are on the same length
scale. Therefore, one can speculate, that the small jumps in the conductance occur due
to a sliding of the molecule along the surface during the approach. The jumps reflect then a

Figure 6.14: Possible scenario of the electron flow after the molecule has been picked
up onto the apex of the tip followed by a lowering of the tip to the surface again. If
the tip apex is far away from the surface electron flow is dominated through the molecule.
Upon approaching the tip towards the surface the molecule slides across the surface and/or
structural changes occur. For closer distances the tunneling current will dominate.
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bonding of the molecule to a new atomic site of the surface. Possible structural distortions
of the molecule and other electronic effects [124] may further lead to discontinuities in the
current vs. tip-sample distance curves. These jumps have been observed repetitively as
shown for example in a second measurement set (Fig. 6.13 c) ).
In the second regime, where an exponential behavior is observed, the slope, visualized in
the logarithmic plot, is lower than for a “clean tip” (dashed line). This effect is attributed
to a lowering of the work function by the attached molecule onto the tip.
The total picture that develops is illustrated in the schematic of Fig. 6.14: In the initial
region, the current is dominated by the flow of electrons through the molecule, with only
a weak dependence in the absolute value of the current on the tip-sample distance. Small
jumps that occur in that region are attributed to bonding to new atomic sites, while the
molecule slides across the surface (panel a and b). Once the tip is brought sufficiently close
the tunneling between tip and sample will dominate (panel c). In this second regime, the
current follows an exponential behavior as a function of tip-sample distance. The potential
barrier in this case is lowered with respect to the “clean” tip, due to the presence of the
molecule at the tip.
Additionally, to the single molecule point contact spectroscopy measurements have been
performed on the metal-organic complex Cu(PVBA)2 . Several different characteristic I(z)
dependencies become evident.
In some cases, a sudden jump of the current during the approach and the following retraction of the tip occurs. Sample spectra are shown in Fig. 6.15. The transition region is
characterized by one single jump for each forward and backward spectrum (left panel). It
can be seen that the position of the jump depends on the direction of the movement of the
tip (see also right panel for a series of spectra taken at the same position). By approaching
the tip towards the surface (black curve) the jump occurs at a closer proximity of the tip
to the surface than for the retraction (grey curve). This indicates that during the approach
part of the complex gets lifted and for the following retraction the reverting back to the
original position is postponed until the forces become strong enough for the detachment.
This behavior is similar to the observations on the monomer. The slope of the logarithm
of the I(z) curve after the jump occurred is slightly lowered, indicating a lowering of the
potential barrier.
However, in contrast to the monomer also other qualitatively different I(z) spectra have
been obtained. Some are displayed in Fig. 6.16. At close enough tip-molecule distance a
smooth change in the exponential characteristic is evident. After this transition the current increases, stays constant, or even decreases when approaching further. These approach
transients are interpreted as the onset of contact formation of atoms of the tip apex with
the molecule of the complex. This also indicates that conditions exist that prevent a lifting
of the molecule. The additional bonding to the Cu atom, besides the anchoring via the
oxygen atoms, is accounted for this stabilization. The typical values for the conductance
in the contact region is about 0.1 G0 up to a few tenths of G0 , which is larger than for the
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Figure 6.15: I(z) spectra taken at the molecular side of the Cu(PVBA)2 complex. The
forward and backward spectrum (black and grey line) correspond to a decrease or increase
of the tip-sample distance. The set-point was at 0.08 V and I= 5 nA; measurement was
taken at 0.3 V. The inset displays the topographic image of the complex with the indicated
position of the tip during the approach and retraction.

Figure 6.16: I(z) spectra taken at the molecular side of the Cu(PVBA)2 complex (see insets
bottom right). The insets in the top left represent a cut out region of the spectra in linear
scale. A bias of 0.08 V was used for the set-point (I= 1 nA) and during the measurement.

Figure 6.17: I(z) spectra at the center of the Cu(PVBA)2 complex. In the transition region
fluctuations are apparent. In the graph on the right a zoom-in into this region for a forward
and backward spectrum is shown.
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monomer. This increase of conductance can be explained by the larger density of states
of the complex compared to the monomer as seen by the increased apparent height in
topographic images. A possible additional conducting path through the central Cu atom
towards the surface could be envisioned.
The measured conductance characteristic as a function of tip-sample distance at the central Cu atom is shown in Fig. 6.17. Compared to the single adatom a lower value of the
conductance is obtained (about 0.2 G0 ). This is rationalized by an electronic modification
due to the attached ligands. In the transition region - from the exponential dependence
to an almost constant current value - fluctuations of the current are evident for a range
of about a tenth of an Ångstrom. A zoom-in is displayed in the graph on the right. In
contrast to the measurements on the ligands the current switches back and forth between
the values indicating the contact and the non-contact configuration. Possible movements
of the central atom between different sites may be responsible for this.
The variety of point contact spectroscopy curves measured in the case of the single molecules
and in the one for the supra-molecular structures shows the complexity encountered in these
type of measurements. Nevertheless, several key behaviors could be identified: Besides a
smooth transition to the contact, fluctuations, and jumps have been observed in the I(z)
spectra. These are ascribed to lateral and vertical movements of the adsorbates.
Furthermore, the measurements on the metal-organic complex in comparison to the ones
obtained on the monomer and adatoms demonstrate how local chemical modification can
be used to manipulate the conductance.

Chapter 7
Summary and outlook
In this thesis a scanning tunneling microscope operated in ultra-high vacuum and at low
temperatures (6 K) has been used to investigate molecules, supramolecular structures and
atoms on a metal surface. The morphology and the electronic properties in tunneling and
in point contact conditions have been examined. Specifically, PVBA molecules and Co
atoms were studied on Cu(111), which were deposited by molecular beam epitaxy on the
metal surface.
PVBA is a prochiral molecule becoming chiral upon adsorption and was thus a good candidate to study molecular chirality. The molecules are found to follow well-defined adsorption
positions on the substrate specific for each enantiomer. From the topographic images and
scanning tunneling spectroscopy measurements their chiral nature has been directly determined and visualized. Furthermore, the scattering patterns arising from surface-state
electrons have been evaluated in terms of a mediation of the chiral information further
away from the molecule. Whereas, for the direct comparison only a minor difference between the two enantiomers was calculated, due to their distinct adsorption orientation a
sizable difference between the two species was observed. Possible far reaching chiroselective
interactions are anticipated.
Besides the single molecules, self-assembled supramolecular structures were observed. Among
them the ones that occurred in the majority of cases were identified as Cu(PVBA)2 complexes. Two PVBA molecules are bonded with their nitrogen terminated side towards a
Cu atom, which originates from the adatom gas present at elevated temperatures on the
copper surface. The two PVBA molecules of the complex have either the same (homochiral) or the opposite chirality (hetereochiral). This was shown by STS measurements, which
revealed the molecular orbitals and allowed to assign the supramolecular chirality.
In view of molecular based electronics the interface between the molecule and the surface
is important. One aspect is how easy electrons can be extracted. Here, it was made use
of the fact that the tunneling current depends on the potential barrier height between tip
and sample. The apparent barrier height can be extracted by measuring the current as a
function of tip-sample distance. The measurements revealed an unprecedented resolution
of the local apparent barrier height above and surrounding the molecule. Charge rearrangements at the molecule and the surface lead to the formation of local dipoles which were
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accounted for the observed submolecular variations. Additionally, this technique has been
used to investigate the self-assembled metal-organic complexes. Compared to the single
molecules different variations have been observed, demonstrating the local manipulation
of the barrier height.
The specific adsorption behavior of PVBA gives further insights into the molecule-surface
interaction. Contrary to the six-fold symmetry of the top atomic layer of the Cu(111)
surface, the asymmetric PVBA molecule was found only in three preferred orientations.
Among the two possible directions along the < 2̄11 >-high-symmetry axis it chooses one
over the other. This break in symmetry is attributed to the influence of sub-surface Cu
layers to the bonding of the molecule with the substrate. Local relaxation phenomena and
screening effects were found to be responsible for this site selection.
To mimic natural occurring reactions is tempting in order to gain a more detailed understanding of them. Here, the STM was utilized to form a metal-organic complex. A Cu
atom was moved towards the N-terminated side of the PVBA molecule to create a metalligand bond. This led to a significant change in the electronic structure of the molecule.
Hybridization of atomic and molecular orbitals were accounted for this modification. The
observed local density of states resembles one half of the self-assembled Cu(PVBA)2 complex.
Changing the conductance at will is desirable. The two-fold metal-organic complexes
Cu(PVBA)2 revealed a transitory metal-ligand bond. By applying a voltage the chemical
bond between the central Cu atom and one of the ligands was continuously formed and broken. Given the distinct electronic structure of the bonded and non-bonded configuration
the conductance was switched on demand. The rapid alternations occurred on a time-scale
down to milliseconds. The quantum yield for the reactions was experimentally determined
from time-serieses taken at defined positions on the complex, revealing a strong correlation
with the local density of states of the respective molecular structures. This opened a local
view into the nature and efficiency of a chemical reaction, specifically showing the distinct
properties of the forward and backward reaction.
Whereas this system is reversible, other chemical reactions were induced by applying sufficiently high voltages, which are non-reversible. The change of the structures was investigated by taking topographic images before and after the reactions. Several processes
were identified such as deprotonation, dehydrogenation and decomposition of the molecule.
Interestingly, when the molecule was adsorbed at low temperatures it stayed intact and
only by applying a voltage pulse to the carboxylic group a deprotonation occurred with a
substantial lower activation energy, than necessary for the other processes.
Finally, electron transport has been measured by point contact spectroscopy of single magnetic adatoms and PVBA molecules. The measurements on the cobalt atoms revealed that
the precise atomic geometry in the contact plays an important role in the electron transport. This was based on monitoring the Kondo feature in tunneling and in point contact
conditions and comparing it to recent measurements of Co on the Cu(100) surface, where
four instead of three neighbor atoms are present. Measurements on single molecules show
that the conductance is by about one order of magnitude lower than 1 G0 , which is the value
typically found on adatoms. Furthermore, a routine has been developed to reproducibly
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pick-up the PVBA molecule, thereby functionalizing the apex of the tip. This allowed
to resolve the surface with atomic resolution at moderate tunneling conditions. Bringing
the modified tip into contact with the surface enabled to measure the electron transport
through a single molecule. The point contact measurements showed that the molecule is
not always stable, but lateral and vertical movements were accounted for the shape of the
I(z) curves. Compared to measurements on single molecules the metal complexes reveal
different spectroscopic signals, demonstrating that the conductance can be altered by local
chemical modifications of the molecule.
The studied systems provide interesting aspects to be further investigated by different
scientific analysis techniques. For example to study the chemical state of the metal-organic
complexes X-ray photoelectron spectroscopy (XPS) measurements may provide useful information about charge transfer processes especially by evaluating the oxygen and nitrogen peaks. Additionally, the combined usage of STM and AFM may reveal insights on
the forces encountered in the lateral and vertical movements of the molecule during point
contact spectroscopy.
The mediation of chiral information far away from the molecule could be systematically
studied by deposition of the molecules at temperatures as low as 6 K, where they are expected to be fixed to the substrate. Subsequently, increasing the temperature large enough
to induce diffusion, but low enough to hinder chemical reactions will cause the molecules
to freely move on the surface. A statistical analysis on the number of molecules in certain
orientations and separations could proof chiral specific long-range interactions.
The fitting of the characteristic scattering patterns of adsorbates obtained in the dI/dVmaps allows to directly link their atomic structure to the simultaneously acquired images
of the topography. This method might become a useful tool to determine the precise position of any adsorbed molecule on the substrate and correlate the position of its atoms
with spectroscopic measurements.
As the formation of the metal-organic complexes occurred due to the presence of Cu in the
adatom gas of the Cu surface it might be interesting to deposit PVBA on various other
metal surfaces and co-deposit Cu. This may lead to different metal-organic complexes than
found on Cu(111). Specifically, the different lattice constants for example of Au(111) or
Ag(111) lets expect a different behavior for the metal-complexes.
The described controlled formation of a metal-ligand bond via lateral manipulation can be
expanded to a variety of combinations. Possible alternative metal atoms are for example
Fe or Co or other transition metals and the effect of hybridization could be studied as a
function of these elements. On the other hand, the molecule and the functional group can
be varied. Instead with a pyridyl-end, other groups or molecules of the spectrochemical
series could be used.
The shown bistable behavior for the Cu(PVBA)2 complexes is a prototype for electrically switching between two conductance states. These nanoelectromechanical elements
are found disordered and separated on the substrate. Linker atoms or molecules could
be used to lead to an ordered array of the complexes, whereby care has to be taken that
the functionality remains. A possible candidate are Cs atoms. They have been shown to
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connect molecules comprised of deprotonated carboxylate groups via electrostatic interactions. This has the advantage that the bonding strength is large enough to attract the
units, but possibly weak enough to not perturb the bistable behavior.
As has been shown the apex of the tip can be modified. Functionalizing the tip may provide
distinct ways to unravel the electronic properties of a surface. Furthermore, the modified
tip can be approached to adsorbates on the surface allowing to study interactions on the
picometer scale.
The role of molecular end-groups contacting the surface is important with respect to the
electron extraction and the contact resistance. Using varying functional-groups, such as
carboxyl, pyridyl, cyano or thiol groups at the ends of one kind of molecular backbone,
effects, such as the contact resistance can be explored. The pentacene molecule, which
is currently one of the main choices for molecular based electronics as well as the DNTT
molecule, which is an at the central benzene ring modified pentacene, could be further candidates to be investigated by point contact spectroscopy and potential barrier mapping.
In cases where in fact a decoupling is desired the leakage currents, which presently lower
device functionality, may be of interest to investigate, in view for example of the role of
impurities leading to additional unwanted conductance.
The shown various aspects of molecular and supramolecular chirality, metal-organic complexes, chemical reactions, the molecule-surface interface as well as the electron transport
through point contacts to name a few might be further expanded by a proper choice of
the components and might open new prospects for the understanding and development of
nanosized as well as macroscopic systems.

Appendix A
Growth of PVBA on Cu(111)
Growth of PVBA has been studied on several metal-substrates in the past. Depending
on the molecule-surface and molecule-molecule interaction various structures have been reported ranging from double chains on Ag(111) and Au(111) [58, 59], molecular and metalorganic networks on Cu(100) [57, 130], single and pairs of molecules on Pd(110) [50] and
Pd(111) [131], chiral step-faceting Ag(110) [132], to the observation of dendritic structures
after deposition at low temperatures [133].
Here, a detailed study on Cu(111) is presented expanding and complementing earlier studies [58]. The PVBA molecules have been deposited on a Cu(111) substrate held at different
temperatures. The molecules self-assemble and show distinct structures.
An overview topographic image taken after deposition at room temperature is shown
in Fig. A.1. Single molecules (see small red circle), two-fold PVBA complexes (large red
circle) and agglomerated structures consisting of several molecules are observed. In the
top right the longest chain found made up of five PVBA molecules is displayed.
Besides the two different topographic appearances of PVBA - one the single molecule and
the other in the complexes - a third type becomes apparent. This other appearance is
revealed by molecules bonded additionally to the complexes. In these cases the apparent
height of the two aromatic rings has changed. The depression, though, is still visible and
allows to assign the direction of the molecule. For the single molecule the protrusion, next
to the depression, assigned to the phenyl ring is largest. For the attached molecules the
opposite is observed and the highest protrusion is assigned to the pyridyl ring. The change
in appearance is rationalized by the bonding towards the other molecules. The bonding is
suggested via hydrogen bonding. The interaction of the pyridyl-group towards the surface
is weakened and more charge is expected to remain above the surface inducing an increase
of the apparent height. Whenever a molecule is attached in the direction towards another
one the “docking position” shows no depression. This suggests that the carboxylic group
of this molecule is still intact. Numerous molecules of this type are found, which shows,
that not all the molecules have deprotonated after deposition at room temperature.
Postannealing the sample up to 425 K for 5 min. leads to the formation of mainly two-fold
PVBA complexes (see Fig. A.2). There are two reasons for the increased proportion of
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Figure A.1: Large scale image of PVBA adsorbed at room-temperature. The red circles
indicate a PVBA monomer and a PVBA complex. The area in the upper right corner was
taken at a different position on the surface and shows the longest chain of PVBA molecules
that was observed. Bias= 0.1 V.
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Figure A.2: Topography images of PVBA after postannealing to T=425 K for 5 min. a)
1500 x 1500 Å2 , Bias = 1 V. b) 800 x 800 Å2 (inset: 200 x 200 Å2 ), Bias = 0.1 V.
complexes at higher temperatures: First, at higher temperatures deprotonation is occuring
with a higher probability and second, the adatom gas needed to form the complexes has
increased in pressure making more adatoms available. In the bottom right of Fig. A.2 a
step edge is visualized. As can be seen the molecules decorate the step edge, which has
been observed also at room temperature deposition, demonstrating a sufficient mobility
of the molecules at these temperatures and shows that the step edge is providing possible
binding sites.
Depositing the molecules onto the substrate held at temperatures lower than roomtemperature deprotonation is expected to be suppressed as well as the number of adatoms
to be decreased. Images taken after deposition at 144 K are shown in Fig. A.3 and Fig. A.4.
Dendritic structures consisting of PVBA molecules are observed. Much longer chains
running along high-symmetry directions are formed. These structures are in line with the
expected suppression of deprotonation and the lack of available Cu adatoms. Nucleation
of the structures occurs on terraces and step edges. The step edges are, however, contrary
to the high temperature cases, not fully decorated. The molecules in the dendrites occur
typically as two protrusions of different height, similar to attached molecules in the roomtemperature case. Notably, numerous other appearances are observed visible in the zoom
in images. Additionally, at the intersections of the dendrites three molecules are connected
with each other. Contrary to former reports [58] no single protrusions have been observed
at low temperatures. Measuring at large positive voltages leads to an increased apparent
height and a smoothing of the features resolved at low voltages.
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Figure A.3: Topography images of PVBA deposited on a Cu(111) sample held at T= 144 K
a) Overview image, b) and c) Zoom-in taken at Bias= 0.1 V and Bias= 1V, respectively.
Image sizes: a) 800 x 800 Å2 , b) and c) 200 x 200 Å2 .

Figure A.4: Topography images of longer chains of PVBA molecules obtained after a low
temperature deposition. a) and b) taken at 0.1 V. c) same as b) taken at 1.6 V. Image
sizes: 200 x 200 Å2

Appendix B
Details of the density functional
theory calculations
B.1

PVBA and PVBA complexes on Cu(111)

The structural optimizations and the local dipole calculations have been carried out with
the density functional theory method within the plane-wave framework, by means of the
Quantum-ESPRESSO package [134]. The Cu(111) surface was modeled by means of a slab
consisting of three (in the case of the energy calculations four) metal layers with coordinates
of the deepest kept fixed to mimic the bulk arrangement. The adsorption was carried out
on only one side of the slab, avoiding spurious dipole effects by means of the technique
described in Ref. [135]. Vanderbuilt ultrasoft pseudopotentials with a plane-wave kineticenergy cutoff of 25 Ryd were used. Due to the large lateral cell dimensions, Brillouin
zone sampling was limited to the Γ point. The convergence threshold for the residual
forces during atomic structure relaxation was set at 0.007 eV Å−1 ; electronic exchange
and correlation were treated within the local density approximation (LDA) approximation
(for more details see also [80]). For the PVBA monomer a computational (6 x 6) triclinic
supercell with 16.71 x 16.71 Å2 surface area was used, allowing 12 Å of vacuum between
periodic images along the z axis (orthogonal to the surface) to avoid spurious interactions.
For Cu(PVBA)2 an orthorombic cell with a=c= 19.91 Å and b= 17.26 Å was used and due
to the large cell only two metal layers were employed. For intermediate sized molecular
structures for example the CuPVBA complex the used cell sizes were in between the two
given ones.
The following theoretical investigations focus on the changes of the electronic structure
of the Cu adatom upon complexation with PVBA. The ground state electron configuration
of single Cu atoms is [Ar]3d10 4s1 . For a single Cu adatom on Cu(111) the spectroscopic
signature has been reported in [104]. In the positive voltage range one pronounced peak
at approximately 3.3 V was observed. This is denoted to a spz hybrid atomic orbital at
2.7 eV with strong coupling to the surface. The energy shift in the experiment is a response to the applied electric field at high biases. At negative voltages a resonance at
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Figure B.1: Density of states of the Cu d-orbital obtained by density functional theory.
Inset shows the contribution of the dz2 orbital.
-1.9 eV is predicted by theory with dz2 character. This state, however, is reported to be
not experimentally accessible by STS owing to its strong spatial localization [104]. Nevertheless, it is instructive to compare the electronic properties of a single Cu atom and a
Cu atom attached to the molecule. For this purpose also the single Cu adatom has been
calculated by the same method described above. Similar to the reported values [104], the
3d-orbital is found at -1.7 eV and an sp hybridized orbital at energies above the Fermi level
is calculated. The d-orbital of transition metal atoms is held largely responsible for the
arrangement of molecular ligands around the metal center. The partial density of states
denoted to the d-orbital for the Cu as an adatom and in the complex is displayed in Fig.
B.1. The Cu dz2 orbital, which has the largest contribution to the total d-orbital, broadens
and is shifted by 0.3 eV to lower energies (see inset in Fig. B.1). Similar behavior can be
observed for the other symmetries of the d-orbital, so that the total contribution of the
d-orbital is shifted to lower energies and broadened. This shows that the atomic orbitals of
the Cu get hybridized with the ones of the molecule. Above the Fermi level s- and p-states
dominate (not shown), which get also hybridized, but their signature is not as clear as for
the d-orbital owing to the strong hybridization of the adsorbate states with the surface.

B.2

Co on Cu(111)

Local density approximation approaches have been used for the exchange and correlation
potential, and a 250 Ryd energy cutoff is used to define real-space grid for numerical calculations involving the electron density. Core electrons of all elements are replaced by

B.2. Co on Cu(111)
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nonlocal norm-conserving Troullier-Martins pseudopotentials. Valence electrons of the Cu
substrate are described using a double-ζ plus polarization atomic orbital basis set, and a
triple-ζ plus polarization atomic orbital basis set for the Co adatom. For the three chosen
different tip-substrate distances (denoted A, B, and C in Fig. 6.3) a full relaxation by
SIESTA code was performed. The displacements of the Co adatom at these positions calculated by the molecule static (MS) method are 0.02, 0.21, and 0.05 Å, respectively. These
are 0.01, 0.26, and 0.08 Å obtained from SIESTA code, coinciding with the MS results very
well. Relaxation of the atoms in the tip was also taken into account in the calculations.

120

Details of the density functional theory calculations

5.2. Actuated transitory metal-ligand bond
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Figure 5.6: STM topography images of a self-assembled nanoswitch and schemes illustrating the mechanism. a) Scheme of the metal-organic complex Cu(PVBA)2 . b) Highconductance state of the complex measured at low voltage (-0.1 V). c) same area as b)
imaged at a higher voltage (0.8 V). One side appears fuzzy, which is characteristic of rapid
changes in the conductance. d) Read out of the low-state at the same voltage as b). Prior
to imaging the low-state, the complex in the high-state was brought into the low-state
by applying a sufficiently high voltage on the fuzzy area (see text). In the low-state one
PVBA molecule is decoupled from the central Cu atom. Images are 51 by 22 Å2 . e)
Comparison of the apparent height profiles of the high- and low-state with the profile of
a single PVBA molecule and a single PVBA molecule bonded to a Cu adatom fabricated
by single-molecule chemistry using the STM (see previous section) (all profiles taken at
comparable voltages across the long-axis).
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As the metal complex can be either in a naturally occurring high-conductance state or
been quenched in a low-conductance state, topographic images of both states can be taken
(see Fig. 5.6b and d). Their appearance clearly indicates that the molecular configuration differs in the two cases. The apparent height profiles across the long axis in the two
conductance states are shown in Fig. 5.6e. The high conductance state (green line) shows
a symmetric line profile expected for Cu(PVBA)2 where two PVBA molecules are coordinated to a central Cu atom. The profile along the low-state (blue line) differs from the
previous as the apparent molecular height is reduced on the ”fuzzy” side. To rationalize
the profile of the low-state, it is compared with the one of a single PVBA molecule and
a PVBA molecule with a single Cu atom attached to the nitrogen side (grey and black
line in Fig. 5.6e). The sum of these two line profiles (red line in Fig. 5.6e) reproduces
the one achieved of the structure in the low conductance state. The apparent height of
the low-state resembles thus an electronically decoupled PVBA monomer and an only onefold CuPVBA complex. These observations let conclude that by applying a voltage large
enough a transitory metal-ligand bond is induced by attaching or detaching one PVBA
molecule to or from the central Cu atom. As will be explained in more detail later, this
process is largely governed by an asymmetric movement of the central Cu atom (see insets
in Fig. 5.6b to d). In a broader sense the high-state visualizes a closed and the low-state
an open metal-organic nanocontact.
The bistable behavior of this metal-ligand bond can be controlled by several parameters.
These are the tip-sample distance (i.e. setpoint current), bias voltage, and position of the
tip across the plane of the complex. By analyzing the resulting characteristic current
fluctuations the switching rate R as well as the lifetime τstate , the probability pstate and
the quantum yield of each state can be obtained (Fig. 5.7 and 5.8). The switching rate,
which is the number of complete switches per second, depends linearly on the tunneling
current. This is experimentally confirmed for currents up to 10 nA and for various positive
(Fig. 5.7c) and negative voltages (not shown). This indicates that it is a one electron
process [92]. By recording the tunneling current for a sufficiently long time, histogram plots
can be obtained as reported in Fig. 5.7b. These show two characteristic peaks, whose areas
represent the time spent by the complex in the high- or in the low-conductance state. In
other words the ratio of these areas, obtained from Gaussian fits, with respect to the total
area defines the probability pstate to find the complex in one of the two conductance states.
In Fig. 5.7d this is plotted as a function of bias voltage. It can be seen that for voltages
around the Fermi level the compound stabilizes preferably in the high-conductance state.
By increasing the absolute value of the applied bias above a threshold value the probability
of the low-state increases smoothly. For negative voltage beyond -2 V it approaches unity
becoming the preferred state. Acquiring a topographic image at these voltages provides
then an alternative method to read out the low-state. For positive voltages the probability
of the low-state smoothly increases till it reaches a maximum around 1 V before it decreases
again. This trend was observed on all two-fold complexes investigated.
In the following the response of the complex to tunneling electrons is related to its
electronic properties. A good indicator of the bistable behavior is the quantum yield (see
inset Fig. 5.7e), which is the probability of a transition (from high- to low- or low- to high-
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Figure 5.7: Analysis of current versus time series. a) Current as a function of time measured
in open feedback loop conditions on top of one side of the complex showing the telegraph
noise. (Bias = -1.3 V, Setpoint: 0.1 V, I= 0.1 nA). b) Corresponding histogram of the
current distribution. c) Switching rate as a function of current. d) Probability of occupation
of the low- and high-state as a function of bias voltage. e) Lifetime of each state versus bias
voltage. Inset shows the quantum yield for each transition in the positive voltage range. f)
Scanning tunneling spectra on the PVBA complex, an isolated PVBA monomer and the
bare Cu(111) surface for comparison.
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state) per tunneling electron and is given by Re/(pstate Istate ), where e is the elementary
charge and Istate denotes the value of the measured current in the respective state. In
Fig. 5.8a and b we report the quantum yield for the two transitions mapped at the voltage
corresponding to the peak observed in the LDOS on Cu(PVBA)2 (Fig. 5.7f). At each point
marked by a cross a time series was taken and evaluated in terms of the quantum yield. The
resulting contour plots indicate that the quantum yield is not uniform in space and is more
prominent on the molecular ligand. As a consequence the formation of a coordination bond
to the copper adatom can hence be triggered several angstrom away from the bonding site.
Additionally, the spatial dependence of the quantum yield for the forward and backward
reaction differs significantly on the molecular plane. Whereas for the transition from the
low- to the high- state one clear maximum (red area) is found, several maxima at different
positions are observed for the transition from high- to low-state. This can be understood
by comparing the quantum yield to the local density of states. To measure unambiguously
the density of states a prerequisite is that the structure remains stable. This condition
is met for a PVBA monomer and the other half of the PVBA complex. Their spatially
resolved density of states are reported in Fig. 5.8c and d. Since in the low-state the PVBA
molecule is electronically decoupled from the central Cu atom as has been shown in Fig.
5.6d and e, the quantum yield for the low- to the high-state (Fig. 5.8a) is consequently
compared to the electronic structure of an isolated PVBA monomer (Fig. 5.8c). Similar
to the yield, the density of states shows one maximum. The quantum yield of the high- to
the low-state (Fig. 5.8b) is compared with the more stable half of the complex (Fig. 5.8d),
where the PVBA is bonded to the central Cu atom. Several maxima are observed in the
conductance map, whose shape resemble the one in the yield map. Thus, both comparisons
reveal clearly that the spatial dependence of the density of states matches the one of the
quantum yield of each transition.
The average lifetime of each state, obtained by dividing the relative occupation of
each state by the switching rate τstate = pstate /R is shown in Fig. 5.7e as a function of
voltage. For negative voltages the lifetime of the high-state covers a broad range extending
over several order of magnitude from below 0.1 ms to above 10 s, whereas the lifetime of
the low-state remains roughly constant. The dependence for positive voltages differs as
the lifetime for the high-state is reaching a minimum and then increases again reflecting
the influence of the LDOS. The switching rate, which is the inverse of the sum of the
lifetime of each state, ranges from a few events per minute to well above 1 kHz. For the
higher frequencies the time resolution of the electronics > 20µs limits the measurability of
shorter lifetimes and hence higher frequencies. Nevertheless, the measured switching rate
in the kHz-regime shows that it is a fast process compared to other known molecular-based
functional units adsorbed on a surface [14, 98]. The quantum yield is also appreciable; the
highest measured quantum yield was in the 10−6 range. Similar values have been achieved
only for an electron induced lateral movement of a single cobalt atom attached to a Cu
chain [92]. Compared to molecular systems [95,96], this is up to three orders of magnitude
higher.
Given the symmetry of the metal complex (Fig. 5.6a) it may be surprising that only
one of the PVBA molecules shows the described bistable behavior (see Fig. 5.6 and 5.8).
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Figure 5.8: Spatial correlation of quantum yield and the local density of states. a) and
b) contour plot of the quantum yield on the complex for the two different transitions
low- to high- and high- to low- state. Red areas denote the largest quantum yield per
tunneling electron. In the white area surrounding the colored area no switching events
were observed. The grey crosses indicate positions where the current traces were taken
(Bias = 0.9 V, Setpoint: 0.1 V, I= 0.1 nA). The sketches of the molecules are drawn to
scale. c) and d) are maps of the LDOS measured on an isolated PVBA monomer and on
a PVBA complex at the same bias voltage (0.9 V). Given the molecular bistability the
LDOS can be better visualized at the stable side of the molecule. Measuring the LDOS at
conditions of low switching rates confirms a similar density of states at both sides of the
complex. The dotted square in b) and d) is a guide for the eyes for easier comparison of
the features seen in the quantum yield with the LDOS. All panels are 51 by 22 Å2 .
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The asymmetry can be explained by taking the Cu substrate into account. A large-scale
STM topography image shown in Fig. 5.9 illustrates that the long axis of the complex on
Cu(111) follows well defined orientations. Notably, the “fuzzy” appearing half is always
facing in one specific direction as indicated by the arrows. Figure 5.9b reveals that the
adsorption geometry of the two halves, calculated by means of density functional theory
(DFT), differs with respect to lower lying Cu layers. This demonstrates that the second
and subsequent layers affect the bonding of the complex at the surface and consequently
the bistability of the metal complex.
The structural model also provides the basis to rationalize atomic scale movements of
the molecular switch. As has been indicated by the insets in Fig. 5.6b to d the bistable
behavior can be assigned to a movement of the Cu adatom. The Cu atom is assumed to
switch between the bridge position being bonded to both ligands and a nearby hollow site
(favored for a single Cu adatom [79]) being bonded to only one. Following the displacement
of the metal adatom, both PVBA molecules are slightly relaxed towards new energetically
preferred positions. These are expected to be similar to adsorption positions of one single
PVBA molecule and one CuPVBA compound. Whereas the actual displacements are
too small to be detected, the breaking of the chemical bond can be visualized via the
conductance change. Metal-ligand bonds have generally precise bond length differing by
only a few tenth of an angstrom [64]. Once the Cu adatom is in the hollow-site this geometry
allows the bonding to one PVBA molecule only, whereas the distance to the other molecule
is too large to form a bond. If the adatom resides in the bridge position bonding can occur
to both molecules. The bistability can hence be ascribed to a competition between preferred
adsorption positions of the single components and the whole metal-organic complex. The
switching between both configurations is steered by tunneling into electronic states of the
respective chemical species.
The investigated bistable nanoscale molecular system offers interesting prospects for designing large scale assemblies of functional units. It provides a highly localized switch with
a tunable rate up to the kHz regime. Furthermore, nanoelectromechanical devices could be
envisioned based on injecting electrons with defined energies into bistable configurations
triggering an opening or closing of a nanocontact.
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Figure 5.9: The role of the substrate in the switching mechanism. a) Overview STM
topography image showing several complexes in different orientations (Bias = -1.7 V).
The arrows indicate directions from the quiet side to the fuzzy side. Their distribution is
three-fold symmetric. Image is 101 by 101 Å2 . b) Model of a PVBA complex on Cu(111)
obtained from density functional theory calculations (see Chapter 3) showing that the
second atomic layer of the substrate imposes an asymmetry to the molecular structure.
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Dehydrogenation, decomposition and deprotonation of PVBA

For simple molecules such as benzene, pyridine or biphenyl it has been shown that hydrogen atoms can be kicked off by a controlled voltage pulse [61,107]. Here, dehydrogenation,
deprotonation and additional dissociation processes are explored for the PVBA molecule
adsorbed on Cu(111). Dehydrogenation refers to a chemical reaction that involves the
elimination of hydrogen (H2 ). In the case of deprotonation only one proton is removed
from the compound.
Upon adsorption the molecules are subject to deprotonation at the carboxlyic group at
elevated temperatures (room-temperature and above) due to reacting with the Cu-surface.
At first, these molecules are studied in view of further decomposition processes by applying a voltage. Later it will be shown how the initial deprotonation can be hindered by
depositing the molecules at low-temperatures and how the deprotonation can afterwards
artificially be initiated by a voltage pulse.
In Fig. 5.10 (top) topography images of the two prochiral representations of the PVBA
molecule are shown after deposition at room-temperature. The symmetric depression (dark
area) at the oxygen terminated side indicates the deprotonated species. For the manipulation the tip is placed above the molecule in the vicinity of the pyridine ring (see green
cross) and the feedback loop is opened. Then the voltage is ramped. After an abrupt
change in the current (see Fig. 5.14a) the molecule is modified. In the bottom panel of
Fig. 5.10 topography images of the modified PVBA are shown. It can be seen, that the
apparent height of the pyridine ring has increased by a few tenth of an Ångstrom (see also
the profile along the line marked in the image). Furthermore, the minimum in the vicinity
of the N-atom that appeared for the intact PVBA molecule has vanished (see arrow in the
line profile (top) ). The rest of the molecule remains unchanged. The modified protrusion
has an elongated shape and is aligned parallel to the close packed direction of Cu(111).
Notably, the orientation of the protrusion of the different chiral species differs by 60◦ . The
specific alignment and the increase in height suggests a dehydrogenation process. Two
hydrogen atoms are kicked-off forming molecular hydrogen. The unsaturated C-bonds of
the pyridine ring bind directly to the Cu, causing an upright positioning of the ring. This
causes also a modification of the bond of the N-atom to the Cu-surface. The vanished
minimum in the vicinity of the N-atom (see Fig. 5.10 (bottom) ) is then attributed to
this changed interaction with the surface. Initial DFT calculations of the dehydrogenated
PVBA are shown in Fig. 5.11a and b. From an analysis of the voltage ramps (see 5.14a)
taken on several PVBA molecules an average value, at which the jump in the current
occurs, of 2.6±0.2V is found. This compares well to the values reported for detaching
H-atoms from a pyridine (3.0V±0.1V) or a benzene (2.9V±0.1V) molecule adsorbed on
Cu(100) [61]. Applying high positive or negative voltages again on the modified structure
never led to the original PVBA molecule, giving further evidence that it is an irreversible
process.
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[22] E. Lörtscher, H.B. Weber, and H. Riel, Phys. Rev. Lett. 98, 176807 (2007)
[23] J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J. R. Petta, M.
Rinkoski, J. P. Sethna, H. D. abruna, P. L. McEuen, and D. C. Ralph, Nature 417,
722 (2002)
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[52] M. F. Crommie, C. P. Lutz, and D. M. Eigler, Nature 363, 524 (1993)

124

BIBLIOGRAPHY

[53] J. A. Stroscio, R. M. Feenstra, and A. P. Fein, Phys. Rev. Lett. 57, 2579 (1986)
[54] H. J. Lee, and W. Ho, Science 286, 1719 (1999)
[55] M. Giesen, Prog. Surf. Sci. 68, 1 (2001)
[56] N. Lin, D. Payer, A. Dmitriev, T. Strunskus, C. Wöll, J. V. Barth, and K. Kern,
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