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Abstract

The first part of this thesis work concerns the development of an ultra–high–
vacuum experimental system, hosting a commercial Low Temperature Scanning
Tunneling Microscope (LT-STM), that has been built for characterizing and
manipulating single molecules and molecular complexes adsorbed on metal
surfaces. The design from scratch, the commissioning and the performance
tests of the various components of the system are presented. The preparation
chamber that has been developed provides the fundamental surface preparation
and analysis instruments, combining the STM analysis with other experimental
techniques and allowing for easy setup of additional preparation/analysis
instruments. The manipulator sample stage allows for a wide temperature
range, needed for the preparation of a variety of surfaces to be investigated
in the LT-STM. In the second part of this work, we present two examples
of how molecules and molecular complexes can be studied and manipulated
with the LT-STM technique. In the first example, within a collaboration
established with the group of Dr. Leonhard Grill at the Freie Universität
in Berlin, we have characterized an azobenzene derivative adsorbed on the
Au(111) surface, a known molecular switch based on a trans–cis isomerization,
which can be reversibly induced by the tip of the STM with controlled voltage
pulses. We could show how the molecule–molecule interactions play a critical
role in determining the switching abilities of the molecules between different
self–assembled molecular islands, and how the molecule–substrate interaction
can efficiently determine two different spatial periodicities of the switching
molecules. In the second example, we have presented preliminary results
regarding the characterization of the NH3-NO complex which forms on the
Pt(111) surface, showing that by exploiting the manipulation and spectroscopic
tools of the LT-STM, it will be possible to investigate at the atomic scale the
properties of the hydrogen bond most likely involved the complex.





Sommario

La prima parte di questa tesi descrive lo sviluppo di un sistema sperimentale da
ultra–alto–vuoto, dotato di un microscopio a scansione a effetto tunnel a bassa
temperatura (LT-STM) disponibile in commercio. Il sistema è stato concepito
e costruito per caratterizzare e manipolare singole molecole e complessi di
molecole adsorbiti su superfici metalliche. Viene descritta la realizzazione del
sistema sperimentale, a partire dalla fase di progettazione fino alla messa in
opera e ai vari test di funzionamento che sono stati effettuati. La camera di
preparazione che è stata costruita è provvista della strumentazione di base per
la preparazione e l’analisi dei campioni di misura, e permette di integrare la
tecnica STM con altre tecniche sperimentali e di installare in modo semplice e
veloce nuovi strumenti. Il manipolatore è dotato di un sistema di riscaldamento
campioni che permette di raggiungere un largo intervallo di temperature,
necessario per la preparazione di svariati tipi di campioni da poter studiare
tramite l’LT-STM. Nella seconda parte della tesi, vengono presentati due
esempi di come, grazie alle potenzialità dell’LT-STM, è possibile caratterizzare
e manipolare molecole e complessi di molecole. Nel primo dei due esempi,
nell’ambito di una collaborazione con il gruppo del Dr. Leonhard Grill presso
la Freie Universität a Berlino, è stato studiato sulla superficie (111) dell’oro il
comportamento di un derivato dell’azobenzene, un “interruttore molecolare”
basato sul processo di isomerizzazione trans–cis che può essere indotto in modo
reversibile tramite impulsi di voltaggio dalla punta del microscopio STM. Si è
dimostrato come le interazioni inter–molecolari giocano un ruolo fondamentale
nel determinare se, all’interno di isole molecolari con diversa struttura, le
molecole possono isomerizzare o meno; inoltre è stato scoperto che l’interazione
delle molecole con il substrato può determinare l’ordinamento delle molecole
in grado di isomerizzare, in strutture di periodicità definita all’interno delle
isole molecolari. Nel secondo esempio che viene descritto, vengono presentati
i risultati preliminari della caratterizzazione del complesso NH3-NO che si
forma sulla superficie (111) del platino, e viene indicato come sarà possibile
caratterizzare la natura dei legami idrogeno, che probabilmente stabilizzano
il complesso, tramite le tecniche spettroscopiche e di manipolazione messe a
disposizione dall’LT-STM.
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Chapter 1

Introduction

The primary aim of this thesis work is the design and commissioning of an Ultra
High Vacuum (UHV) experimental system based on a commercial Low Tem-
perature - Scanning Tunneling Microscope (LT-STM), which will be exploited
to characterize and manipulate single molecules and molecular complexes on
metal surfaces.

In the last decade, the disciplines of nanoscience and nanotechnology, con-
cerning with systems with dimensions down to the atomic scale, have attracted
a great deal of attention. The motivations of such interest are related to
different aspects, the first and most simple being the fact that atoms are the
building blocks of matter. Secondly, there are intrinsic properties of nanoscale
aggregates of atoms and molecules that cannot be probed in a macroscopic
ensemble of molecules (e.g. a solution) where average properties are being
measured. Indeed, various modern devices rely on such ensemble properties
of chemical processes that are not yet understood at the atomic scale. The
atom–by–atom investigation of these processes can provide valuable information
both from a scientific, fundamental point of view and for the future development
of more functional and durable devices. Last but not least, from a technological
point of view, there is a big race to the miniaturization of electronic components
such as microprocessors or storage devices towards the atomic/molecular scale,
as foreseen in great detail by R. P. Feynman in his famous talk at the annual
APS meeting back in 1959 (“There’s plenty of room at the bottom.”) [1].

1



Introduction

Since the Nobel-award winning invention of the Scanning Tunneling Mi-
croscope (STM) by Binnig and Rohrer in the early 1980s, single atoms and
molecules can be imaged in real space on conductive surfaces [2]. Furthermore,
not only these species can be observed, but, when cooling the surface under
investigation to temperatures low enough to freeze their mobility and their
reactivity, it is also possible to individually manipulate them [3]. In parallel,
the capabilities of the STM have been extended beyond simple imaging and
manipulation of adsorbates. Indeed it is possible, for instance, to characterize
by spectroscopic techniques the electronic structure of surfaces, single molecules
and molecular aggregates [4–9].

More recently, significant improvements in the design of STMs, providing
greater measurement stability, have also enabled to characterize and excite,
by the so–called inelastic tunneling spectroscopy, the vibrational modes of
single molecules. The capabilities of the latter experimental method are un-
precedented: for instance, the difference in the vibrational spectra of a single
molecule, arising from the exchange of a hydrogen atom with a deuterium
atom could be resolved [10], and inelastic tunneling current channels could be
spatially mapped inside single molecules [11].

It is well established that molecular vibrations drive chemical reactions [12]:
by using the LT-STM to excite selected molecular vibrations, it is possible to
trigger specific reaction paths, steering chemical reactions that for instance
exhibit very low yields, with unprecedented selectivity and resolving power on
the reaction outcomes [11, 13–18].

Therefore, the Low Temperature STM appears to be one of the most
powerful and promising tools in order to pioneer the present challenges of
nanoscience and nanotechnology.

In this work, we want to design and commission an experimental system
that can allow exploiting the described LT-STM characterization techniques.
We require the design of the system to be as simple as possible, providing the
fundamental tools for preparing and analyzing the samples prior to insertion in
the STM, and enabling at the same time easy installation of new instruments.
Moreover, since the STM technique lacks chemical sensitivity (i.e. different
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chemical species cannot be directly identified) we want to have a means to
characterize the samples under investigation with complementary techniques,
obtaining information to be combined with the atomic scale information of
the STM. To allow for preparation of a wide variety of substrates, we need to
design a manipulator sample reception stage where a wide sample temperature
range can be accessed. During this development, the commercial LT-STM
hosted in the experimental system needs to be commissioned, minimizing the
noise levels and testing its performance.

In order to learn and experience the LT-STM manipulation and investigation
techniques, as well as to understand the problems involved in the development
and handling of cryogenic instruments, I established a four months collaboration
at the Freie Universität in Berlin with the group of Dr. Leonhard Grill, that
has contributed to the milestones in the understanding of atomic and molecular
manipulation processes with the LT-STM. Within this collaboration, we have
characterized the reversible trans–cis isomerization (i.e. switching) of an
azobenzene derivative on a gold surface, a system that is extremely interesting
as a building block for future, molecule–based electronic devices or high density
mass storage applications. In particular, we have investigated how the molecule–
substrate interactions can give rise to spatially periodic arrays of switching
molecules.

By exploiting the experimental system developed within this thesis work, we
are presently investigating the properties of the NH3-NO complex that forms
on the platinum surface as an intermediate during the catalytic reduction of
NO. The importance of this complex is twofold: first of all it is likely to be
responsible for the selective behaviour of NH3 in the catalytic reduction of
NOx pollutants from exhaust gases; secondly, there is strong evidence that the
complex might be stabilized by hydrogen bonds, and the properties of this
particular type of interaction could be therefore explored within this simple
model system. The aim of this part of the work is firstly to reproduce with our
experimental system the preparation procedures for the complex, which are
reported in a previous work by our group, and secondly to optimize the STM
imaging conditions at low temperatures, in order to obtain images with high
spatial resolution and stability. Furthermore, by reviewing the pilot experiments
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performed in the literature for the characterization of similar systems, we want
to outline a set of experiments capable of shedding light on the properties of
the bonds involved in the complex formation.
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Part I

Low Temperature Scanning
Tunneling Microscopy
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Chapter 2

Scanning Tunneling Microscopy

In this introductory chapter, the fundamental concepts of Scanning Tunneling
Microscopy (STM) will be presented, in order to understand the experiments
described in this thesis and to get more insight into the powerful tools provided
by this technique for the characterization and manipulation of atoms, molecules
and molecular complexes at surfaces.

In particular, we will briefly explain how the LT-STM allows for charac-
terizing the species of interest with sub-picometer resolution, investigating
the electronic properties of surfaces and adsorbates and resolving individual
vibrational states by inelastic tunneling. This enables to distinguish differences
related to a change in a single bond inside a molecule or to induce specific
reaction paths by selectively exciting vibrational states. Furthermore, we will
show how the instrument allows manipulating single molecules by exploiting
different types of tip–adsorbate interactions which can be tuned by changing
the relevant manipulation parameters.

2.1 Operating principle

When a metallic tip is approached to a conductive surface, a potential barrier
due to the vacuum gap forms between the two objects. If a voltage bias is
applied between them, and their distance is small enough, quantum mechanics
allows the electrons to tunnel across the potential barrier from the tip to the
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sample or vice versa, giving rise to a current flow between them. The tip is
scanned over an area of the surface with sub-ångstrom lateral resolution and
images can be obtained in the following two modes:

constant height mode: the tip is kept at a constant height while scanning,
and the tunneling current, which is recorded in every scan point, is
color-coded to form the STM image

Figure 2.1: Constant height imaging with STM [19].

constant current mode: during the scan, the tunneling current is kept con-
stant by changing the tip height by means of an electronic feedback
system, and the STM image is formed by color-coding the tip height in
every scan point

e−

Tip

Figure 2.2: Constant current imaging with STM.
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The former mode enables higher scanning speeds because no limitation is
imposed by the response time of the feedback electronics, but has the critical
drawback that the tip is not “protected” against accidental crashes on surface
asperities. In all our experiments in this thesis we will thus use the constant
current scan mode, which is the most commonly used mode.

During the scan, the tip height z is measured as a function of the lateral
(x, y) position, thus obtaining a three dimensional mapping of the surface z(x, y)
that can be suitably color–coded to form an image.

2.2 Theory of Scanning Tunneling Microscopy
The information contained in an STM image is not simply the topography of
the surface. This is easily understandable since the image contrast (i.e. the tip
height) is governed by the tunneling current, which depends not only on the
geometrical position of the atoms at the surface, but also on the shape and the
energy of the tip/sample electronic states available for the tunneling process.

To understand the aforementioned effects involved in the formation of the
STM image, we will briefly review the theoretical aspects of the tunneling
process between two metal electrodes such as the tip and the sample. Needless
to say, the goal of the theoretical analysis of the tunneling process is to derive
the most precise approximation to the tunneling current.

2.2.1 Simple model of the electron tunneling

The tunneling of the electrons between the tip and the sample across the
vacuum barrier, in a first rough approximation, can be imagined as a simple
tunneling across a rectangular potential barrier in one dimension.

If the potential barrier has a height U , and the electron represented by the
wave function Ψ(z) travels from the left with energy E (see figure 2.3), the
time independent Schrödinger equation of the system is:

− ~2

2m
d2Ψ(z)

dz2 + V (z)Ψ(z) = EΨ(z)
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z0

V (z)

U

d

e−

e−

Figure 2.3: An electron impinging from the left on a one-
dimensional potential barrier can cross the barrier even if E < U
provided the width d is small enough.

The general solution in the region 0 ≤ z ≤ d is given by:

Ψ(z) = Ae−kz +Bekz

where

k =
√

2m(U − E)
~2 (2.1)

Since the component which grows with z would have no physical meaning1, the
solution in this case is given only by the decreasing exponential component.
Since the wave function must be continuous in all space, and also its derivative,
one finds that in the region 0 ≤ z ≤ d:

Ψ(z) = Ψ(0)e−kz

By imagining the sample located at the z = 0 plane and the tip at z = d,
the probability of finding the electron on the tip is proportional to the square

1The probability of finding the electron at a distance z from the z = 0 plane would
increase with z, which is absurd in the case of an electron impinging on the barrier from the
left.
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2.2 Theory of Scanning Tunneling Microscopy

modulus of the wave function in d:

w ∝ |Ψ(d)|2 = |Ψ(0)|2 e−2kz (2.2)

This exponential dependence of the tunneling probability versus the tip–
sample distance, as we will see below, is the physical property of the tip–sample
system which enables sub-picometer resolution in the z direction, orthogonal
to the sample surface.

2.2.2 Metal-vacuum-metal tunneling

If we call EF the Fermi energy of both the tip and the sample, connected
through a voltage supply, it is clear that at T ≈ 0 K, all the states below EF

will be filled, and no states will be occupied above EF . If we apply no bias
voltage between them (figure 2.4a), there will be no tunneling since there are
no states for the electrons to tunnel to. By applying a positive bias voltage V ,
for instance, to the sample with respect to the tip (as shown in figure 2.4b), a
net tunneling current flows: an electron in a sample state Ψn with energy En
lying between EF and EF + eV , has a chance to tunnel into an empty tip state.

z0

E

EF Sample
EFTip

d

(a) no bias applied

z0

E

EF + eV
Sample

EFTip

eV

d

(b) positive bias applied at the sample

Figure 2.4: Energetics of the tip-sample system.

As schematized in figure 2.5, if a positive bias is applied to the sample with
respect to the tip, the electrons will tunnel from the tip into the sample’s empty
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Figure 2.5: Tunneling from the tip to empty sample states
(positive sample bias, on the right) and from occupied sample
states to the tip (negative sample bias, on the left) [20].

states, while in the opposite situation they will tunnel from the filled sample
states to the tip.

Let us call φ the work function of the metal, which is defined as the minimum
energy required to extract an electron from the bulk to the vacuum level. If we
neglect all temperature effects, the Fermi energy is exactly the upper limit of
the occupied states in a metal; thus, within our model EF = −φ. If we suppose
that the bias is much smaller than the work function, eV � φ, the energy of
the electronic states involved in the tunneling process will be En ≈ −φ. Then
the probability w for the electron in the nth sample state Ψn to tunnel in the
tip, from equation (2.2), is

w ∝ |Ψn(0)|2 e−2kd

where

k =
√

2mφ
~2

since from equation (2.1) eV − EF = eV + φ ≈ φ. Now, in a metal there is
a finite number of electronic states within EF and EF + eV . Thus to write
an approximation for the tunneling current we must include the contributions

12



2.2 Theory of Scanning Tunneling Microscopy

from all these states:

I ∝
EF∑

En=EF−eV
|Ψn(0)|2 e−2kd (2.3)

If V is sufficiently small, then the sum in equation 2.3 can be replaced with
the local density of states (LDOS) at the Fermi level. The LDOS is the number
of electrons per unit volume per unit energy at a given point in space and at a
given energy: at a distance z from the sample, the LDOS at the energy E is
defined as

ρS(z, E) ≡ 1
ε

E∑
En=E−ε

|Ψn(z)|2 (2.4)

for a sufficiently small ε. By using this expression for the LDOS, the current
can be rewritten as [21]:

I ∝ V ρS(0, EF )e−2kd (2.5)

≈ V ρS(0, EF )e−1.025
√
φd (2.6)

If we consider a typical metal work function φ ≈ 4 eV, then we obtain the
typical value of the decay constant k = 1 Å−1. This gives an estimate of the
rate of change of the current with the distance: the current decays of a factor
e2 ≈ 7.4 when the distance changes of ∆d = 1 Å. Equation (2.6) indicates
two important facts: according to this model, equation (2.6) shows that an
STM image is a Fermi level LDOS contour of the sample surface. Secondly,
the tunneling current is extremely sensitive to very small differences in the
tip–sample distance, and this property accounts for the fact that the STM can
follow the corrugation of single atoms while scanning above the surface [21].

In 1961, well before the invention of the scanning tunneling microscope,
Bardeen [22] developed an extension of the one dimensional tunneling problem
to the three dimensional case. Instead of solving the complicated Schrödinger
equation for of the entire metal–insulator–metal system, his approach was to
initially solve it for two electrodes as separate entities and then calculate their
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overlap by using the Fermi golden rule. What he calculated is the M matrix
element, i.e. the probability of tunneling from a state Ψ, on one side of the
barrier, to a state χ on the other side [21]:

M = ~
2m

∫
z=z0

(
χ∗
∂Ψ
∂z
−Ψ∂χ

∗

∂z

)
dS

where z = z0 is a separation surface lying entirely within the two electrodes.
Following Bardeen’s approach, by determining the rate of electron transfer

between the two states with the Fermi golden rule and by assuming that kBT
is small enough to approximate the Fermi distribution with a step function, we
obtain the following expression for the tunneling current [21]:

I = 4πe
~

∫ eV

0
ρS(EF − eV + ε)ρT (EF + ε) |M |2 dε (2.7)

Eventually, if the M matrix is assumed to be almost constant within the
range of interest, we obtain a final, simplified expression for the tunneling
current:

I ∝
∫ eV

0
ρS(EF − eV + ε)ρT (EF + ε)dε (2.8)

Then the tunneling current, within Bardeen’s extension of the one–dimensional
tunneling problem, is not only a constant LDOS contour at the Fermi level,
but rather a convolution of the density of states (DOS) of two electrodes.

2.3 Scanning tunneling spectroscopy

At this point, we can exploit Bardeen’s formalism to understand how the STM
can also provide information about the electronic properties of samples and
adsorbates by scanning tunneling spectroscopy (STS) [4, 23].

As can be understood from figure 2.4, by changing the applied voltage V it
is possible to select the electronic states involved in the tunneling process. At
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2.3 Scanning tunneling spectroscopy

a given voltage V , the tunneling current in Bardeen’s approximation is given
by equation (2.8).

If the tip is assumed to have a constant DOS, then the first derivative of
the tunneling current gives:

dI
dV ∝ ρS(EF − eV )

and thus it is possible to probe the DOS of the sample, or molecular states
close to the Fermi level, through the tunneling current conductance.

Since the tunneling current exhibits a dramatic dependence on the tip–
sample separation, STS data need to be normalized for comparison. The
commonly used normalization is the one proposed by Feenstra and Stroscio
[24]:

gN(V ) ≡ d ln I
d lnV = dI

dV ·
V

I

called normalized dynamic conductance.
The achievable resolution in the dI/dV spectra is strongly temperature

dependent: the overall energy broadening from the Fermi distribution of
the tip and the sample states around the Fermi energy is about 4kBT , that
at room temperature gives about 100 meV and 1 meV at 4 K [21]. Thus in
order to perform STS with high energy resolution is necessary to work at low
temperatures. Moreover, working at low temperatures guarantees optimum
stability of the tip position (thanks to the reduced thermal drift) during the
time required for the spectra acquisition, i.e. tens of seconds or more, .

To acquire dI/dV spectra, a lock–in amplifier is commonly used to recover
the signal of interest from the background noise. In particular, the first harmonic
of the lock–in output is recorded, which directly gives the first derivative of
the tunneling current. The STS measurements can be either acquired in point
mode, i.e. above a feature of interest, as a function of the voltage, or in laterally
resolved mode at a fixed voltage Vb. In the first case, during a typical point
mode STS, the tip is moved to a point of interest on the surface, then the
feedback loop is switched off and the voltage is ramped while recording the
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signal from the lock–in amplifier. In the second case, the acquisition of STS
images, also called continuous imaging tunneling spectroscopy (CITS), is similar
to the STM topography imaging, but maps the dI/dV |V=Vb signal instead of
the tip height. Notice that since the lock–in amplifier usually requires an
integration time of the order of 30 ms or more per image point, the acquisition
time of STS images is much longer than normal STM images (unless the number
of points is reduced).

When characterizing molecules adsorbed at surfaces, however, there are a
number of limitations in employing the STS technique. First of all, occupied
states of the sample which lie at the upper range of the energy window ∆E
available for the tunneling process, represented in figure 2.5, contribute more
significantly to the tunneling current (as shown by the arrows) since the barrier
height seen by these states is lower. Conversely, low–lying states (i.e. far below
the Fermi level of the sample) have little contribution to the tunneling current.
Therefore, the sensitivity of STS to occupied sample (or adsorbate) states
rapidly decreases with increasing energy below EF [25].

Secondly, the allowed range of the electron energies (i.e. gap voltages)
is within ±4 eV and ±5 eV since in this limit we approach the typical work
function of one of the two metals, where field emission occurs. However, as has
been shown by photoemission spectroscopy experiments, interesting features
expected for adsorbates often appear out of this range [26]. The range is often
further limited by other processes, for instance by molecular dissociation that
can occur due to vibrations induced by inelastic tunneling processes, at voltages
well below the field emission limit. Third, with STS a chemical identification
of the molecules requires the support of theoretical calculations [26].

2.4 Inelastic tunneling spectroscopy
For electrons tunneling through adsorbed molecules, in addition to the elastic
electron tunneling path (i.e. electrons that tunnel between states with the same
energy), above a certain bias threshold, a new tunneling path can appear, where
electrons lose their energy by exciting a vibrational mode of a molecule [26].
The existence of a threshold is understood by considering that the maximum
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2.4 Inelastic tunneling spectroscopy

Figure 2.6: Schematic drawing of the emergence of inelastic
tunneling at the threshold for vibrational excitation. The change
in the tunneling current is too small to be observed in the
I(V ) curve, whereas a very small change in dI/dV can be
detected. Often, d2I/dV 2 signal is used to detect and locate
the vibrational features. One important characteristic of the
vibrational inelastic electron tunneling is the occurrence of a
peak of the opposite sign at the opposite bias voltage [27].

energy which can be lost by the tunneling electron is eV , thus the process
occurs only if eV > ~ω, where ~ω is the vibrational quantum. The opening
of the new tunneling channel increases the conductance (dI/dV ) for V > 0.
This increase in the conductance is more clearly detected as a change in the
differential conductivity d2I/dV 2.

In the first pioneering experiment, it was proven that for the acetylene
molecule (C2H2) a clear increase in the tunneling conductance (measured as
d2I/dV 2) could be resolved at a bias voltage of 358 mV, which was associated
to the C−H stretching mode. A pronounced peak shift to 266 mV was observed
for deuterated acetylene (C2D2), and consequently, three species differing in
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only a one or two bonds (i.e. C2H2, C2D2, C2HD) could be distinguished
by inelastic tunneling spectroscopy (IETS), whereas their appearance in the
topographic images was completely identical [10].

With concern to the ultimate sensitivity that has been experimentally
obtained, an increase in the conductivity of about 1 % has been detected for
the internal C−O stretch mode, and of about 0.7 % for the vibration of a single
deuterium atom against a copper surface [28, 29].

Thus, since the changes in the conductance can generally be much less
than 10 %, this small signal increase must be recovered by using the second
harmonic output of a lock–in amplifier. It is to be noted that, in order to
resolve differences between vibrational features, it is necessary to work at low
temperatures, since the FWHM of the spectral features is given by

V =

√√√√(1.7Vm)2 +
(

5.4kBT
e

)2

+W 2

where Vm is modulation voltage from the lock–in, T the measurement tempera-
ture and W the intrinsic width of the spectral feature [30]. Thus, as can be
seen from the latter formula, the lowest possible temperatures are required in
order to resolve small differences in vibrational features. For instance, at 4.2 K,
the temperature–related spectral broadening is about 1.0 meV. However, the
temperature is not the only critical parameter for highly resolved IETS mea-
surements: since the acquisition of the spectra can take from tens of seconds up
to minutes, the resolving power of IETS strongly depends also on the stability
of the tip apex in the z direction. For instance, to detect the stretch mode of
C−O on Cu(001), where a conductance change of 1 % must be resolved, the
stability in the z direction must be better than 0.005 Å over the time it takes
to complete a single scan of the spectrum, i.e. about 1 min [30].

In practice, d2I/dV 2 spectra are measured by fixing the lateral tip position
over the position of interest, switching off the feedback and ramping the voltage
within the desired range2 while the second harmonic output of the lock–in
amplifier is recorded. In order to improve the signal to noise ratio, many spectra

2The typical vibrations of interest are located at some hundreds of millivolts.
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are averaged, whereas between each acquisition the feedback is temporarily
switched on and the tip is repositioned on the feature of interest by means of
tracking techniques.

Similarly to the dI/dV signal, the d2I/dV 2 signal can also be spatially
mapped at a certain voltage Vb by CITS, and the images thereby obtained
represent the spatial variation of the inelastic tunneling current channel.

2.5 Manipulation of atoms and molecules

The LT-STM can be used to manipulate in controlled fashion single atoms,
molecules or assemblies of molecules by exploiting the atomic scale size of the
measurement probe (i.e. the tip) and the very low temperatures that allow to
freeze the diffusion of the adsorbates. The general term “manipulation” actually
denotes different kinds of adsorbate modifications, which can be, for instance,
the controlled positioning of single atoms/molecules on a substrate [3, 31–33],
the induction of conformational changes inside molecules [34–39], the induction
of molecular motion [15, 16, 40–42], or modification of the chemistry of the
molecules [17, 43–45]. The manipulation operations have been traditionally
classified into four main modes which are lateral manipulation, vertical ma-
nipulation, motions and reactions induced by inelastic electron tunneling and
electric field induced manipulations [46].

2.5.1 Lateral manipulation

Lateral manipulation is the process where adsorbates are laterally relocated by
means of the tip without losing contact with the substrate. The manipulation
procedure is simple: after imaging the adsorbate, the tip is vertically approached
to the molecule up to a defined tip–sample distance; the tip is then moved
laterally to the desired destination position while the molecule “follows” the tip
motion, and eventually the tip is retracted to the normal imaging conditions
and another image is acquired to check the result of the manipulation process.

During this manipulation process, the tip height or the current signal can
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Figure 2.7: The different lateral manipulation modes. (a) the
“pushing” mode, where repulsive forces are involved and (b) the
“pulling” mode where attractive forces drive the manipulation.
The right panel of (a) and (b) show the typical current signal
during the manipulation process. Notice that the periodicity
of the signal in this case corresponds to the periodicity of the
underlying substrate along the direction of the manipulation
path [47].

be recorded3 when the tip is being relocated from the origin to the destination
position. The investigation of this manipulation signal allows to infer the motion
of the adsorbate during the manipulation and the nature of the tip–adsorbate
forces which are involved in the process.

Figure 2.7 shows a schematic model of the two fundamental lateral manipula-
tion modes, together with the characteristic sawtooth shape of the manipulation
signals. In the “pushing” mode, the tip is laterally approached to the adsorbate,
while the tunneling current increases correspondingly. When the tip–adsorbate
repulsive forces are sufficient to overcome the diffusion barrier, the adsorbate
hops to the next available substrate site while at the same time the current

3The manipulation process can be carried out either in constant current mode, or in
constant height mode, thus the relevant manipulation signals in the two cases are the tip
height and the tunneling current, respectively.
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signal drops abruptly. In the “pulling case”, the process is similar, with the
only difference that this time attractive tip–adsorbate forces are driving the
hopping of the molecule between the sites. Notice that in this simple case the
periodicity of the manipulation signal reflects the periodicity of the substrate
in the direction of the manipulation [48, 49].

However, more complex trends of the manipulation signal can be observed
when manipulating the molecules with arbitrary angles with respect to the
underlying substrate, or when large molecules with different internal degrees of
freedom are manipulated. For instance, by exploiting the information contained
in the manipulation signal, other types of motions can be distinguished such as
the rolling of a molecule on a substrate, as recently shown by Grill et al. [50].

2.5.2 Vertical manipulation

Vertical manipulation generally refers to the process where a single atom or a
molecule is transferred between the tip and the surface, that can also be used
to relocate the adsorbates across the surface by pick-up and release.

The first example of this manipulation process is the “atomic switch” realized
by reversible transfer of a Xe atom from the STM tip to a Ni(110) substrate [51].
The transfer process can be mediated by the electric field, by exciting the
molecule with inelastic tunneling electrons, or by temporary electron attachment
in an excited molecular state which induces desorption. The latter process, for
instance, has been proposed to explain the transfer of a CO molecules from
the tip to a Cu(111) substrate (see similar experiment in section 3.5.5): an
electron is temporarily attached to a 2π∗ antibonding state and this excited
state modifies the potential seen by the nuclei of the carbon and the oxygen
atoms; in turn, the nuclei gain kinetic energy that can be sufficient to overcome
the desorption barrier and get ejected into vacuum (and subsequently attached
to the tip) [52, 53].

A different type of vertical manipulation, where no tip–substrate transfer is
involved, but the tip is moved only in the vertical direction in order to induce a
process, has been used to induce conformational changes inside single molecules:
for instance, in the work by [36], the tip was vertically approached to a pair

21



Scanning Tunneling Microscopy

of “legs” of a reactive lander molecule, thereby inducing a rotation of the legs
owing solely to the repulsive chemical forces established between the tip and
the “legs”.

2.5.3 Manipulations and chemical reactions induced by
inelastic tunneling electrons

When an inelastic tunneling channel is opened, by selecting V in order to
have eV > ~ω, the energy of the tunneling electrons is lost by excitation of a
vibrational mode, as described in section 2.4.

While the gap voltage controls the maximum tunneling electron energy and
thus the maximum ~ω that can be excited, the tunneling current controls the
excitation rates of the vibrations. Depending on the electron energy and the
excitation rates, single or multiple excitations can occur: when the event is
caused by a single electron energy transfer, it is known as the single excitation (or
one–electron excitation). Notice that by a single electron process with sufficient
energy transfer, or by adding multiple excitations (i.e. the so called vibrational
ladder climbing, see figure 2.8–right panel), it is possible to overcome energy
barriers in order to excite specific reaction paths: for instance, bond breaking,
bond formation or adsorbate motions can be induced [15–17, 40, 44, 54]. When
the occurrence of the reaction can be conveniently monitored in STM (e.g.
by an abrupt change in the tunneling current due to a lateral hopping of the
molecule) it is possible to determine the number of tunneling electrons involved
by using the relation [17]:

R ∝ Int

where R is the reaction rate (i.e. events/s), It is the tunneling current and
n represents the number of electrons involved in the excitation process. An
example of a log-log plot of the reaction rates as a function of the tunneling
current is shown in figure 2.8 (left panel), where the typical linear behaviour is
observed.

The reaction paths that can be triggered depend on the coupling between
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Figure 2.8: Schematic log-log plot of the rate R ∝ Int (left) and
the vibrational ladders in the potential well along the reaction
coordinate, by single or multiple excitations [18].

vibrational modes and reaction coordinates. Indeed, vibrational modes can
be either directly coupled to a reaction coordinate, or partially transfer their
energy through anharmonic coupling into a certain coordinate. In principle,
selective control on the outcomes of a chemical reaction could be achieved
with mode–specific activation of reaction pathways. However, this selectivity
is difficult to obtain in ensembles of adsorbates, especially because of the
enhanced coupling between the vibrational states of the adsorbate system, that
quickly redistributes the vibrational energy instead of localizing it on a specific
coordinate [11]. All the same, STM experiments on single molecules have proven
that this selectivity is possible, for example in the rotation/dissociation of the
O2 molecule on Pt(111) where each reaction path can be triggered by changing
the excitation rate, i.e. the tunneling current, of the internal stretching mode
of the molecule.

An example that proved in great detail the feasibility of such selective
triggering of reaction paths through inelastic tunneling electrons, is the work
by Pascual et al. [15]. In the following we will briefly illustrate this work,
since on one side it demonstrates the available analysis tools to investigate a
simple unimolecular reaction, while on the other, the results suggest suitable
experiments in order to unravel the properties of the NH3-NO complex that
will be introduced in chapter 6.

In the cited work, single ammonia molecules were investigated on the
Cu(100) surface. By positioning the tip above a single ammonia molecule, and
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(a) ν(N−H) (b) δs(N−H3)

Figure 2.9: Vibrational modes of the NH3 molecule on
Cu(100): (a) stretching mode and (b) umbrella mode [11].

slowly increasing the bias voltage with an open feedback loop, the occurrence
of a sudden drop in the tunneling current was monitored as a fingerprint
for a reaction below the tip. Subsequent imaging of the surrounding area
revealed that the current drop was related to two observable reaction outcomes,
either the lateral hopping or the desorption of the molecule. The distribution
of the voltage thresholds for the reaction to take place, showed that two
energy onsets could be recognized, one at about 400 mV, and another at about
300 mV. The former was attributed to the ammonia ν(N−H) stretching mode
(figure 2.9a), while the latter to the δs(N−H3) umbrella mode (figure 2.9b),
and their assignment was confirmed by the isotopic shifts of the energy of the
same modes in ND3.

In order to understand how the vibrational modes are coupled to the two
observed reaction paths and gain insight into their activation energies, reaction
yields YR, i.e. events per tunneling electron, were measured for the two different
energy onsets. In practice, the tip was positioned at a fixed V above an
ammonia molecule and the average time (i.e. number of electrons) required for
the reaction to occur was measured at different values of the tunneling current
It.

The reaction rates YR, shown in figure 2.10, were found to follow the above
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Figure 2.10: Dependence of the reaction yield (top panel)
on the tunneling current for 420 meV and 320 meV electrons:
the three different slopes correspond to three different reaction
paths. Notice that the slope values correspond Probability of
desorption pd (bottom panel) as a function of the tunneling
current, where the probability of translation is 1− pd [14].

mentioned power law4 YR ∝ In−1
t , and three different mechanisms were observed,

two of them involving the stretching mode, and a third involving the umbrella
mode. In the first one, observed when It < 0.5 nA, YR is almost constant,
indicating a reaction induced by a single electron excitation (i.e n = 1). When
increasing the tunneling current, the second mechanism is activated where
a two electron process (n = 2) becomes more favourable. In the third one,
when the electron energy is lowered below the ν(N−H) mode, a three electron
process is observed (n = 3), accounting for three subsequent excitations of the
δs(N−H3) mode. The probability of the two reaction pathways, i.e. desorption
and translation, shown in the bottom panel of figure 2.10, shows that in the
single electron excitation of the stretching mode, the translation of the molecule
is the preferred reaction path, while both the two and three electron excitations
preferentially lead to the desorption.

This can be understood by considering the fact that the single electron exci-

4The n − 1 or n exponent accounts for the conversion between the rates measured as
events/electron or events/s, respectively.
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tation involves only 400 meV of energy, and the excitation rate (i.e. electrons/s)
below 0.5 nA is lower than the decay rate of the first ν(N−H) excitation. Thus,
multiple excitations do not occur and the molecule cannot accumulate the
energy to overcome the chemisorption energy, that is around 600 meV. Con-
versely, when the tunneling current is increased above the 0.5 nA onset (thus
with increased excitation rate), multi–electron excitations become possible for
both the ν(N−H) and the δs(N−H3), allowing ammonia to cross the desorption
barrier.

Summarizing, in this experiment the authors were able to select specific
reaction paths by tuning the tunneling current and the electron energy; in
particular, the selective excitation of ammonia stretching or umbrella modes
allowed to control the outcome of the Cu−NH3 bond–cleavage reaction [14].

This capability to control excited vibrational states of molecules and ex-
ploit them to steer the pathway of chemical reactions can be regarded as the
fundamental tool for single–molecule chemistry at surfaces [27].

2.5.4 Electric field induced manipulation

The electric field is always present in the tunneling gap, and in normal tunneling
conditions the intensity of this field is very high, i.e. of the order of 108 V/m.
While the shape of the electric field is not known, since it strongly depends on
the atomic scale shape of the tip apex, it has been calculated, by modeling the
tip with a sphere of the radius of 100 Å, that the field is sharply concentrated
on the tip apex but can extend over hundreds of ångstroms [55]. The electric
field can be exploited to manipulate atoms and molecules [56, 57].

In an electric field induced manipulations, a molecule or an atom is placed
in an electric field that modifies the potential “felt” by the adsorbates and,
depending on their polarizability, can also induce a dipole moment. For
instance, an electric field–induced dipole moment has been proposed to govern
the conformational changes inside single reactive lander molecules induced by
vertical manipulation [36]. Notice that this manipulation process is operative
also in the limit of zero tunneling current.

Recently, it has been shown by Alemani et al. [58] that the electric field can
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reversibly induce the isomerization of azobenzene derivatives on a gold surface,
in an identical process to the one that occurs in the experiment presented in
chapter 5, where a similar azobenzene derivative is characterized.

The most intuitive method to determine whether a process can be induced
only by the electric field, is the one used by Alemani et al. [58], where the tip
is moved far from the sample in order to reduce the tunneling current down to
negligible values, and observe if the process can be still induced in the region
below the tip.
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Part II

Development of the LT-STM
experimental system
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The main goal of this thesis is the integration of a commercial Omicron
LT-STM in a new UHV experimental system to be designed from scratch with
the following requirements:

- allow for a wide range of accessible temperatures for sample preparation
and analysis

- combine the STM technique with other analysis techniques, such as Low
Energy Electron Diffraction (LEED), Thermal Desorption Spectroscopy
(TDS) and spectroscopic techniques

- provide the necessary flexibility to easily add special preparation and
analysis instrumentation

- optimize the LT-STM instrument for highly resolved imaging and STS
measurements

These tasks have been successfully fulfilled and the development of the
UHV system is described in detail in the following chapters. In particular,
chapter 3 describes the main features of the commercial LT-STM instrument,
the specific problems that have been successfully tackled in order to obtain
optimum imaging resolution and stability for STS measurements, and eventually
the tests that have been performed on well known metal surfaces showing the
performance which has been obtained. Chapter 4 reviews the development of
the entire experimental system hosting the LT-STM from the design to the
commissioning, together with the final tests which demonstrate the functionality
and the efficiency of the setup that has been built.
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Chapter 3

The LT-STM

The experimental system is based on a commercial LT-STM bought from
Omicron [59] with its dedicated UHV chamber; the LT-STM instrument (fig-
ure 3.1a) will be described in this chapter. The sample preparation chamber,
the manipulator, the pumping system and the support stands, described in
chapter 4, have been built within the work of this thesis in such a way to
comply with the geometry of the Omicron UHV chamber and the standard
Omicron sample holder plates.

The Omicron LT-STM head (figure 3.1b) is a single-tube STM: a piezo-
electric hollow cylinder, where the tip is fixed at the top, is covered with four
electrodes which split the cylinder in four quadrants. By applying suitable volt-
age difference between the quadrants and the inner electrode, the piezoelectric
cylinder can be bent in order to scan the tip laterally onto the sample (xy plane)
with sub-ångstrom resolution. Moreover, the tip can be moved orthogonally
to the sample surface (z direction) with a voltage difference applied between
the inner and the outer surface of the cylinder. In normal scanning conditions
the constant current mode is used: during the lateral scan, the current is kept
constant by using a feedback loop, which changes the z position of the tip in
order to follow the local corrugation of the sample (see section 2.1). Combined
with the features of the control unit (CU), the ultimate noise level of the
LT-STM instrument in the z direction can be as low as ∆z ≈ 0.2 pm at a
temperature of 4 K in the best conditions. It is to be noted that the required
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(a) (b)

Figure 3.1: (a) shows the whole LT-STM assembly: the out-
of-vacuum part (top part) with the electrical feedthroughs; the
blue line indicates the mounting flange and the STM head is
visible at the bottom; (b) Close-up of the STM head with the
slits for inserting and fixing the sample (red arrows) and the
top part of the piezoelectric cylinder (blue arrow) where the
STM tip is to be fixed.

noise level for good IETS measurements is about 0.5 pm (see section 2.4).

3.1 Operating temperatures

This LT-STM can ideally operate at any sample temperature between 2.5 K
and room temperature (RT). The cooling system is made up of two concentric
cylindrical cryostats below which the STM head is fixed. In order to cool
the sample below RT the external cryostat has always to be filled with liquid
nitrogen (LN2), while the inner cryostat can be filled with LN2 (boiling at
77 K) or liquid helium (LHe) (boiling at about 4.2 K) according to the desired
temperature as described in table 3.1. All the intermediate temperatures can
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T range Coolant (inner cryostat)
2.5 K< T <4 K freezed LHe

4 K< T <55 K LHe
55 K< T <77 K freezed LN2
77 K< T <300 K LN2

Table 3.1: Operating temperatures of the LT-STM with the
respective cooling methods.

be reached by means of a resistive heater located near the sample stage and
powered by a PID temperature controller. The temperature is measured by
means of a silicon diode installed behind the sample stage.

The LHe boiling temperature can be reached from RT in about 4 hours:
both cryostats must be initially filled with LN2, and after reaching about 80 K,
the inner cryostat must be flushed with He gas1 and then filled with LHe. The
capacity of the cryostats is 3.5 l each, and about 15 l of LHe are necessary to
cool down to 4 K starting from LN2 temperature, while at regime the refill of
the LHe cryostat requires less than 5 l of LHe (when keeping the temperature
always at 4 K).2

After having reached 4 K, this temperature can be maintained without
refilling the cryostats for slightly more than 24 h. This duration can be extended
by:

• refilling the external LN2 cryostat as often as possible

• keeping the LN2 in the external cryostat frozen by means of a scroll
vacuum pump: in such a way the LHe cryostat is isolated in an environ-
ment at approximately 60 K instead of 77 K.

To reach temperatures as low as 4 K at the sample, the STM head is
surrounded by a double shielding mechanism (figure 3.2), in order to prevent

1He gas is necessary to flush out the LN2 in order to avoid the formation of a frozen
layer of water or nitrogen on the cryostat walls when filling with LHe: this layer would
dramatically decrease the LHe cooling power at the sample.

2The reported volumes of LHe include the volume necessary to cool also the LHe transfer
line, i.e. about 2 l. In normal operating conditions, dewars of 100 l are used to store the LHe;
the daily loss due to evaporation in such containers is about 2.5 l/day.
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(a) The internal 4 K shield (b) The external 77 K shield

Figure 3.2: The LT-STM radiation shielding: (a) the inner
shield which is tightly bolted on the base of the LHe cryostat to
ensure a 4 K thermal bath around the STM head; (b) the outer
shield is fixed to the base of the LN2 cryostat.

external electromagnetic radiation from limiting the cooling power. The internal
shield (figure 3.2a) is firmly bolted to the base of the LHe cryostat at a
temperature close to 4 K, thus providing a thermal bath to the STM head.
The external shield (figure 3.2b) is fixed firmly against the base of the LN2

cryostat, close to 77 K. Both shields can be turned in different positions with
the wobblestick; the relative orientation of the shields provides different access
positions to the STM head:

• optical and mechanical access to the tip-sample region (for tip and sample
transfer)

• only optical access to the sample stage through IR-filtered viewports

• no access to the STM to ensure maximum cooling power and longest LHe
refill time
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3.2 Mechanical isolation
One of the most important issues in STM measurements is the performance of
the mechanical vibrations isolation system. As a matter of fact, since atoms
exhibit corrugations of roughly 1 pm to 10 pm, it is critical to have an excellent
mechanical stability of the tip–sample junction: periodic instabilities of the
order of 1 Å, for instance, would not be acceptable.

This issue gains even more importance when exploiting the unique character-
ization techniques of the LT-STM. For instance, a very precise tip positioning
and stability on the time scale of hours is required to perform repeated and
reliable inelastic tunneling spectroscopy measurements [30]. Similarly, to ma-
nipulate single molecules it is necessary to tune the tip–sample distance with
picometer resolution in order to control the tip–molecule interaction.

For this mechanical isolation purpose, the LT-STM is provided with a
manually actuated mechanism, which allows to move the STM head (figure 3.1b)
in order to:

• press it firmly upwards against the cryostat (to gain maximum cooling
power)

• park it in an intermediate fixed position, to transfer the tips and samples
and to be used when baking the system (called “bakeout position”)

• release it on three suspension springs (“tunneling position”), to avoid
coupling to external mechanical noise sources while measuring

Part of the vibration isolation is provided by the suspension springs that
hold the STM head: the mechanical resonance frequency of this system is as low
as ≈ 2 Hz according to the LT-STM’s user guide [60]. Moreover, an eddy current
damping system, described hereafter, provides effective, smooth damping of
possible, very low frequency instabilities. The STM head is mounted on a
circular plate which is surrounded by copper alloy “U”s (see figure 3.1b) that
are centered within radially distributed small magnets, fixed on the inner part
of the internal radiation shield, when the STM head is lowered in the tunneling
position. If the STM stage moves, the movement of the copper conductors
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within the magnets induces eddy currents in the copper alloy, which in turn
build up a magnetic field that tends to counteract the initial movement of the
STM plate.

3.3 Electronics control unit and image acqui-
sition software

The CU provides the real-time feedback loop and the appropriate voltage signals
to drive the tip during then scan process, and is one of the most important
components of STM systems: both its performance and reliability can influence
the quality of the images in terms of noise level and stability and the complexity
of the experimental techniques which can be used. The Omicron LT-STM
is shipped with a dedicated control hardware and software, called MATRIX
SPM Control System. The CU is composed by different digital hardware
boards, which are externally programmable in their functionality. The CU is
linked through an Ethernet 100 Mbps connection to a PC that runs the control
software where the user can control the relevant parameters for the imaging
process (gap voltage, tunneling current, scan size, scan speed,. . . ).

The main advantages of the MATRIX control system are the high 20 bit
resolution for the digital-to-analog converter (DAC) which drives the z position
of the tip (i.e. the feedback loop output), and the low response time of the
signal conversion board of 1µs to 10µs [61].

3.4 The LT-STM dedicated chamber
The whole LT-STM assembly is designed to be mounted from the top CF200
flange of the dedicated UHV chamber, as shown in figure 3.3, where a port
aligner is interposed between the microscope assembly and the chamber in order
to allow for the alignment of the STM head inside the eddy current vibration
damping system (see section 3.2).

The standard chamber is equipped with a carousel where tips and samples
can be temporarily stored, retrieved and inserted into the LT-STM by means
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of a wobblestick. To prevent stray radiation from decreasing the cooling power
of the LT-STM at low temperatures, the windows for optical access of the
chamber are IR filtered. A video CCD camera can be attached to one of the
windows, in order to enable optical access to the tip–sample junction inside
the LT-STM to control the manual approach of the tip.

The green circle in figure 3.3 indicates the flange that connects the LT-STM
chamber to the preparation chamber described in the chapter 4.
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Figure 3.3: The LT-STM (partially visible above the red line)
is mounted onto a port aligner that is adjustable by means of
three screws (two are visible, marked with the yellow arrows).
The port aligner, in its turn, is mounted on the top flange of
the dedicated UHV chamber (wrapped in aluminum foil in the
photo). The green circle marks the CF100 flange provided to
link the LT-STM chamber to the preparation chamber.
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3.5 The optimization of the LT-STM

During the setup of the LT-STM, many software, hardware and instrument
related issues were encountered in particular concerning the mechanical stability
of the STM head, reduction of both electronic and mechanical noise levels, bug
tracking and necessary feature improvements in the STM control software. To
track the sources of the observed problems, nearly all the basic functions of
the control system and the STM instrument had to be reviewed and tested: in
this section, the most relevant changes and improvements that we introduced
to the system in collaboration with Omicron will be reviewed.

3.5.1 Optimization and feature improvements of the con-
trol software

The software in the original version was not suitable for daily use with LT-
STM measurements. Thus, since the earliest versions of the software, we
have participated at the bug tracking and testing of the software. The main
problem that we encountered was the serious instability and responsiveness of
the software. With our collaboration, the stability has greatly improved. Often
a strange behaviour of the software was associated also with corresponding
uncontrolled behaviours of the STM hardware. One of the biggest problems in
this sense was the tip approach system that sporadically brought to unexpected
tip crashes due to a bad interplay between the tip approach speed and feedback
response speed parameters. Indeed, apart from serious bugs in the auto–
approach routine, we realized that the software did not account for the fact
that when approaching with a low loop gain, i.e. feedback response speed,
the speed of the approach needed to be suitably reduced in order to avoid
overshooting in the required current setpoint, that can lead to slight tip crashes.
The algorithm was then optimized with our contribution in order to tune the
approach speed as a function of the feedback response speed. With the new
approach method, the tip approach procedure is now extremely crash-proof in
all the auto–approach parameter sets: the current overshoot from the required
setpoint is now greatly reduced.
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The second group of problems concerned the lack of specific features needed
for LT-STM measurements. First of all, we strongly required and suggested
the company all the details for proper implementation of I(z) and I(V ) spec-
troscopy support, that was eventually added and further optimized by inserting
adequate and user friendly controls. Secondly, the software lacked of any
control for nanomanipulation: although the basic, simple requirements for
nanomanipulation software tools have been discussed in detail by us with the
company, low-level software problems have seriously delayed the development
of these tools, that are presently still not available for the user. The only
accessible manipulation tool is the I(V ) spectroscopy that can be used for
vertical manipulation of atoms and molecules.

The third problem, still fairly unsolved, is the management of the data
storage. The file format output of the Matrix software is a proprietary and
encrypted data format that is not human readable and is accessible only by
means of a single, commercially available software (Image Metrology SPIP).
Moreover, by default all the acquired data is stored and single images can be
discarded only by means of complicated workarounds: this choice clutters and
hides the relevant data of daily work within a large quantity of uninteresting
files and strongly limits the possibility to efficiently analyze and evaluate the
measurements. Although we have suggested many valid alternatives for the
data management, the changes seem difficult to implement since radical changes
in the software structure would be required.

3.5.2 Removal of mechanical vibrations

The mechanical stability problems of the LT-STM were often observed as
frequent spikes on the images as well as general problems when trying to acquire
good resolution. These mechanical instabilities should in principle be removed
by a proper alignment of the STM head within the eddy current damping
system, accomplished by fine-tuning the height of the three screws on the port
aligner (see section 3.4). During the alignment tests, by visually inspecting
mechanical behaviour of the STM plate when suspending it on the springs
or when moving the piezoelectric cylinder in opposite coarse positions with
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the STM head in the suspended position, we could notice that the movements
of the whole plate were not smooth, but always with a sudden transition
between different inclined positions. The company thus inspected the damping
system and realized that the copper alloy “U”s had undergone an erroneous
curing procedure during the manufacturing, which gave them a slight non-zero
magnetization that stiffened the damping. Thus the efficiency of the damping
system was compromised due to the additional magnetic forces that arose
between the “U”s and the magnets. By exchanging the “U”s with new ones,
properly cured to give a non-magnetic alloy, the damping stage movements
are now much smoother, and the sensitivity of the instrument to mechanical
instabilities has been significantly reduced.

3.5.3 Tracking and removing electronic noises

Other noises were still found to disturb the imaging with frequencies at 100 Hz
or 200 Hz with amplitudes in the topography channel of the order of 3 pmpp

to 5 pmpp. It must be noted that distinguishing between mechanical and
electronic sources of noise is often a difficult task. Indeed, in the above
mentioned frequency range, also mechanical noises arising from an unstable
sample mounting have been reported. To rule out whether the noise source
is mechanical or electronic, we checked if the amplitude of noise in both the
current and topography channels increased by increasing the current setpoint:
if the noise arises from a mechanical instability that likely induces a modulation
in the tip–sample distance, then by increasing the setpoint (i.e. approaching
the tip to the sample) a dramatic increase in the noise amplitude should be
observed in the images. If the noise frequency is much lower than the cutoff
frequency of the feedback circuit (well above ≈ 1 kHz), which is always the case
in mechanical vibrations, then the oscillation increase should be visible almost
exclusively in the topography channel. However, in our tests, a clear increase
in the oscillation amplitude was only visible in the current channel and not in
the topography, unless the feedback was pushed to extreme response speeds
(that also induced feedback resonances). This behaviour, combined with the
observed narrow bandwidth of the noise frequency peaks, suggested that the
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problem was not related to mechanical oscillations but to electronic problems.
Although the observed noise amplitudes could be about 50 % of the atomic
corrugation on metals, this noise by itself should not prevent the achievement of
atomic resolution. However, the presence of the noise was often related also to
the impossibility of achieving acceptable resolution. Initially the problem was
apparently found to be located in the board that supplies the driving voltages
to the piezoelectric cylinder, and had been tentatively solved by exchanging
the board. After the exchange, the noise was still present although the board
was actually found to be assembled with components that were known to be
electronically noisy. Thus, the problem is still presently being diagnosed, and
we have likely identified it as a manufacturing fault in some of the voltage
power supplies of the STM’s commercial CU, two of which are noisier on the
low frequency range than specified by Omicron. The feedback regulation loop
could be excluded as a noise source, and tests on the preamplifier are still
undergoing.

However, in certain circumstances, for reasons that are still unclear, the
noise is not present and good quality images could be acquired. Thus, despite
the large number of problems encountered, we have performed a number of
tests on well known surfaces to characterize the performance of the system,
proving that the system is capable of obtaining high resolution images, perform
simple manipulation experiments, and acquire basic spectroscopic information
on features of interest.

3.5.4 Atomic resolution and surface states on close-packed
metal surfaces

In order to characterize the spectroscopic performance of the STM we relied
on the two dimensional surface states that are present on close–packed surfaces
of noble metals as Au(111), where the surface state is partially occupied and
shows an onset at 0.5 eV below the Fermi level [62–64]. For the late transition
metal surface Pt(111), instead, a recent debate has eventually shown that the
surface state is actually unoccupied, with a band onset at about 0.3 eV above
the Fermi level [65]. With our STM we checked on these well known surfaces
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(a) (b)

Figure 3.4: (a) unfiltered atomic resolution STM image of
Pt(111), with simple plane background subtraction. (b) height
profile along the white line in (a): notice the atomic corrugation
of ≈ 7 pm with ≈ 2 pm ripples of noise superimposed. STM
image parameters: 3.7 × 3.7 nm2, Vb = 1 V, It = 1 nA.

that atomic resolution could be achieved and that the respective surface states
could be detected correctly by dI/dV spectroscopy.

The Pt(111) surface was imaged at a temperature of 4 K and an atomic
resolution image is shown in figure 3.4. The line profile in figure 3.4b shows
the atomic corrugation of the platinum (i.e. ≈ 7 pm) where noise ripples of
less than 3 pm can be observed. The dI/dV spectrum of the surface state is
plotted in figure 3.5(b), which closely resembles the recently measured and
calculated spectra by Wiebe et al. [65] (figure 3.5a): at about 0.3 eV above EF
we observe the characteristic onset of a linear increase in the conductivity.

An STM image of the Au(111) surface, described in detail in section 5.3,
is shown in figure 3.6. Notice that the single atoms are imaged as holes: this
might be due to a tip termination that was functionalized with a molecule (e.g.
CO). The line profile shows the corrugation of the single atoms (≈ 8 pm) and
the noise of about 2 pm. The measured dI/dV spectra, showing the onset of
the partly occupied surface state is shown in figure 3.6c.
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(a) (b)

Figure 3.5: (a) Experimental (top) and calculated dI/dV
spectra of the bare Pt(111) surface from Wiebe et al. [65]; the
three experimental curves correspond to three different tips
used for the measurements. (b) dI/dV spectra measured on
our system (average of two spectra): the band onset is around
0.3 eV above EF , and the linear trend is consistent with the
calculated spectra in figure (a). Spectra acquisition parameters
in (b): νmod = 8 kHz, Amod = 16 mVrms, T = 4.2 K.

3.5.5 CO on Cu(110) manipulation

The vertical manipulation of single CO molecules on copper surfaces is a
standard manipulation experiment [52, 53]. Thus, to verify that our LT-STM
system is capable of performing a basic manipulation experiment, we reproduced
this reversible tip–to–sample transfer of a single CO molecule on a Cu(110)
surface at T = 4.2 K. To induce the transfer, we adopted the recipe used by
Bartels et al. [52], in a protocol shown in figure 3.7. Figure 3.8 shows some of
the successfully induced manipulation events, where the CO molecule indicated
by the red circle is picked up and subsequently released in the position indicated
by the blue circle. In these manipulation events, the probability of a successful
molecule pick–up was close to 100 %, while after transferring the molecule to
the tip, approximately three out of five could be successfully re–deposited on
the surface.
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(a) (b)

(c)

Figure 3.6: (a) unfiltered atomic resolution STM image of
Au(111), with simple plane background subtraction. The atoms
are seen as holes probably because of a functionalized tip. (b)
height profile along the white line in (a): notice the atomic
corrugation of ≈ 8 pm with ≈ 2 pm ripples of noise superim-
posed. (c) dI/dV spectra showing the surface state onset at
−0.5 V STM image parameters: 2.5 × 2.4 nm2, Vb = 0.05 V,
It = 3.5 nA. Spectra acquisition parameters: νmod = 8 kHz,
Amod = 20 mVrms, T = 4.2 K.
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Figure 3.7: Schematic representation of the method used for
CO transfer from the sample to the tip (a), by positioning the
latter above the molecule, and for release from the tip to the
sample (b).

3.5.6 Concluding remarks

The above described experiments show how the instrument, after the optimiza-
tion of the STM control software, the reduction of mechanical instabilities and
electronic noises, is capable of reaching good performance both in the achievable
spatial resolution, in terms of the mechanical stability required to measure
the basic spectroscopic features and for basic nanomanipulation experiments.
The optimization of the instrument however still requires further steps: most
important of all, the further reduction of the noise level and instabilities, to
bring the STM closer to the achievable resolution limit of ∆z ≈ 0.2 pm. With
concern to the control software, one of most important issues that are still
open is the general incompleteness of the software, as well as the complete
absence of a support for user-defined experiment procedures, a feature that
would greatly simplify the routine measurement tasks that are often needed in
LT-STM measurements.
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(a) (b) (c)

(d) (e) (f)

Figure 3.8: Sequence of images showing successive events of
CO manipulation. The CO molecule indicated by the red circle
is picked up and subsequently released in the position indicated
by the blue circle. STM image parameters: 25 × 25 nm2, Vb =
2 V, It = 0.6 nA.
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Chapter 4

The experimental system

In this chapter we will describe the development of the main features of the
UHV system that hosts the LT-STM.

4.1 Sample holders for wide temperature range
The standard Omicron sample holder, shown in figure 4.1, is made of 316L type
stainless steel and consists of a base plate on which a support for the electrical
contacts is glued; the latter contacts are isolated and fixed on the support with
ceramic washers and M1.2 screws.

Since the purpose of the experimental system is to characterize molecules and
molecular interactions at surfaces that can require preparation with annealing
temperatures up to 1300 K (e.g. transition metal surfaces like Rh or Pt), the
standard Omicron sample plate is not suitable for these demands. This is
due first of all to the fact that the glue for fixing the contact support burns
at ≈ 500 K, secondly because our required temperature would approach the
melting temperature of 316L stainless steel and the vapour pressure in UHV of
its main components1, thus inducing high outgassing.

To overcome this problem we designed a new sample holder, shown in
figure 4.2a-b, whose body is entirely made of molybdenum that can withstand

1The melting temperature of 316L stainless steel is about 1600 K [66]; the vapour pressures
of chromium, nickel and iron are about 1× 10−10 mbar slightly above 1000 K (see appendix
A.2).
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Figure 4.1: The standard Omicron sample holder where one of
the electrical contacts of the sample holder has been unmounted
to show the internal structure.

temperatures fairly above 1200 K2. The sample plate provides two contacts
(made of chromel and alumel, isolated with alumina ceramics) to allow for
temperature measurement at the sample. Type K thermocouple has been
selected for its very wide temperature measurement range (from ≈ 3 K to
1620 K) [67, 68].

The geometry of the samples (figure 4.2c and 4.2d) was designed accordingly
to the sample plate features: two lateral slits are provided to fix the sample
with two molybdenum lips and a central hole at the back allows for inserting
the thermocouple junction for accurate reading of the sample temperature. The
standard diameter of the sample is 7 mm while the thickness in principle has
no immediate constraint above 1 mm (needed for the fixing slits).

4.2 The preparation chamber

The UHV chamber for sample preparation and analysis was entirely developed
in this thesis work—from design and mounting to the commissioning. The
preparation chamber has been designed with two different flange focal planes
(see figure 4.3), dedicated to the sample preparation and the sample analysis,

2The melting temperature of molybdenum is about 2900 K [67]; the vapour pressure is
many orders of magnitude lower than 1× 10−10 mbar at 1300 K (see appendix A.2)
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(a) (b)

(c) (d)

Figure 4.2: 3D models of the custom high temperature sample
holder: the base plate (a), that includes the contact support as a
single molybdenum body, and the fully mounted sample holder
(b) with a generic sample, fixed by means of two molybdenum
lips. Rear view (c) and constructive drawing (d) of the custom
sample geometry for the custom sample holders where the hole
is provided to insert the thermocouple.

respectively. This separation is necessary to avoid any dangerous interference
between analysis and preparation instruments, e.g. avoid having the sputter
gun or an evaporator aiming at the mass spectrometer head or at the LEED
screen. Moreover, we took care in making the system as small as possible, in
order to reach optimum background pressures. The chamber is connected to
the LT-STM by means of a CF100 flange and with a CF150 flange to the UHV
manipulator (figure 4.4a). The pumping system consists of a magnetically
levitated turbopump (450 l·s−1) and an ion pump (240 l·s−1) with a titanium
sublimation cartridge and a liquid nitrogen cooled cryopanel. A 60 l·s−1 turbop-
ump and a small diaphragm pump are used as backing pumps for the magnetic
turbopump and to pump the differentially pumped rotary feedthrough on the
manipulator.

The presently available instruments on the preparation chamber, indicated
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(a) (b)

Figure 4.3: The sample preparation chamber: (a) shows the
preparation plane (A), the analysis plane (B) and the connec-
tions to the various components of the UHV system; (b) is a
3D view of the whole preparation chamber

in figure 4.4, are the following:

- a sputter gun, needed in order to clean the samples by bombardment
with noble gases

- a mass spectrometer with a Feulner cap for TDS measurements (described
in section 4.3.3)

- a fast entry lock system, providing a quick way to insert and extract
samples and STM tips from the preparation chamber without breaking
the vacuum

- a LEED system, for a quick structural characterization of the samples
prior to the insertion in the STM

The large number of available flanges and their spatial positioning on the
preparation plane has been designed to enable future installation of many
different instruments, such as:
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(a)

(b)

Figure 4.4: Two opposite views of the preparation chamber,
showing the position of the various instruments.
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- atomic oxygen/hydrogen source

- different types of molecule/metal evaporators (up to three evaporators
pointing at the chamber axis can be mounted within 55°)

- quartz balance for deposition rate monitoring

The analysis plane allows furthermore to host an electron analyzer and to
be attached to a synchrotron radiation source or other radiation sources for
photoelectron spectroscopy measurements.

The gas line, that allows to dose various gases in the chamber background,
(figure 4.4b) has been simply designed as a straight tube with many available
CF40 flanges. An angle valve allows to separate the preparation chamber from
the gas line and it is possible to pump the latter from another port, in order to
easily add or remove leak valves and gas bottles.

4.2.1 The bakeout system

Indeed, one of the goals of the chamber design was to make it versatile for many
kinds of experiments, thus providing many available ports for instrument instal-
lation and, last but not least, allow for quick and easy mounting/unmounting
of the system components. In order to avoid the traditional fiberglass insulated
heating tapes and to simplify the bakeout procedures, we have designed a bake–
out system that consists of a tent which completely encloses both chambers (i.e
LT-STM and preparation chamber — see figure 4.5a). The air inside the tent
is heated by convection from strip heaters mounted at the base of the chamber
(figure 4.5b). The tents are made of alternate layers of fiberglass and aluminum
foils and they are supported by aluminum tubes and closed by velcro stripes
along the vertexes to form a box shape.

The gas line and the manipulator are not covered by the tents and are thus
baked by simply wrapping them with a heating tape and aluminum foil. While
the gas line is not bakeable in a tent because of the presence of the gas bottles
that cannot be heated, a tent for the manipulator bake-out is presently being
designed.
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(a) (b)

Figure 4.5: The new bake-out system: (a) shows the bake-out
tents enclosing the LT-STM (left) and preparation chamber
(right) and (b) shows the strip heaters (indicated by arrows).

4.3 The UHV manipulator heating and cool-
ing stages

The design of the manipulator sample stage has been the most challenging task
in the development of the UHV system. As a matter of fact, to prepare our
specimens we needed to have a manipulator that allowed to cool the samples
down to about 30 K3, but also to heat them at least at 1300 K, since most of
the transition metal surfaces need such high annealing temperatures to obtain
flat and large terraces for optimal STM measurements. Moreover, the design
of the manipulator had to comply with the Omicron sample plate standards.

The manipulator (see figure 4.6) is a commercial LN2 or LHe cooled ma-
nipulator bought from VAb Vakuum. The feedthrough flange, where all the
electrical connections are located, is mounted on a differentially pumped rotary

3The low temperature range is required for example to observe low temperature phase
transitions.
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feedthrough (DPRF) in such a way that all electrical connections from outside
vacuum down to the sample rotate together (i.e. there is no risk of jamming
cables inside vacuum while rotating the manipulator).

The main problem in the design of the sample stage relies in the fact that
the cryostats are made of materials that cannot withstand temperatures above
500 K. As a consequence, we could not design a single sample receiving stage in
direct contact with the cryostats: either cooling power at the sample would be
lost due to the strong thermal isolation that would be needed, or the maximum
heating temperature would be limited by the cryostat. Thus, in order to allow
for accessing the entire temperature range we required, the manipulator sample
receiver has been designed with two separate stages: a cooling stage, that is
strongly fixed directly on the cryostat, and the heating stage that, conversely, is
thermally and electrically decoupled from the rest of the manipulator. On the
heating stage, as visible in figure 4.6, we provided also an additional reception
stage for the standard Omicron tip holders where STM tips can be sputtered.

4.3.1 The cooling stage

To obtain the desired thermal contact of the cooling stage with the cryostat
we selected low oxygen glidcop (grade AL-25)4 as the material of choice for
the body of the cooling stage; glidcop is a copper-alumina alloy that exhibits
the same electrical and thermal conductivity properties as copper, while its
mechanical strength is comparable to some carbon steels [69, 70]. The cooling
stage assembly is shown in figure 4.8. In order to prevent the formation
of and oxide layer on the contact surface with the cryostat, to increase the
thermal contact conductance, and increase the overall surface reflectivity, we
electroplated the entire cooling stage with about 1µm of nickel followed by a
1µm layer of gold, where the nickel layer was necessary to prevent poor adhesion
of the gold film [71–73]5. Since the contact force strongly increases the thermal
conductance of the contact, the stage is firmly bolted to the cryostat by means

4Glidcop® grade AL-25 is an alloy of copper with 0.25 % by weight of alumina (Al2O3),
also generically called dispersion strengthened copper.

5The procedure we developed for the cleaning and the electroplating of the glidcop parts
is briefly described in appendix A.4.
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(a)

(b)

Figure 4.6: (a) shows the whole manipulator assembly with
the three axes and the θ rotation; the blue arrows indicate the
flanges for the differential pumping, the green arrow indicates
the inlet for the cryogenic liquid and the yellow one indicates
the knob for the linear motion pin; (b) shows the terminal part
of the cryostat on which the sample stage must be mounted.
The red arrow indicates the linear motion pin.
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Figure 4.7: 3D CAD model of the manipulator sample housing.
A tip carrier and a sample plate are visible in the dedicated
stages.

Figure 4.8: The cooling stage fixed on the cryostat termination

of two M4 screws, that are made out of copper-beryllium (Cu98Be2) alloy [71].
This material is needed to ensure that the thermal contraction of the screws
precisely follows the contraction of both the cryostat and the glidcop stage
when cooling down to 4 K; using stainless steel, for example, would loosen the
contact force when cooling because of its lower thermal contraction, therefore
decreasing the cooling power at the sample. To further improve the cooling
power at the sample, we have designed a mechanism to press the sample firmly
onto the cooling stage body by exploiting a linear motion pin located at the
terminal part of the cryostat (see figure 4.6b and 4.9). A wedge, fixed upon this
pin (figure 4.9c), is pushed forward in order to slide its sloped side on a bronze
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(a) (b)

(c)

(d) (e) (f)

Figure 4.9: The linear motion pin in the retracted (a) and
extended (b) position. The wedge that is mounted on the pin
(c) slides on the bronze cylinder, rolling inside the “bogie” (d),
and drags the U–shaped vice towards the sample (e-f), thus
pressing it against the cooling stage.

cylinder (figure 4.9d). The cylinder, that rolls inside a “bogie”, is thus dragged
downwards, pushed by the wedge moving forward, together with the “bogie”
itself. The latter is screwed onto four columns (figure 4.9e) that are fixed to a
U–shaped vice (figure 4.10) that presses the sample against the cooling stage.

To minimize the heating of the cooling stage by external thermal radiation,
the stage is partially surrounded with a glidcop shield, that is gold plated
exactly as the cooling stage. The terminal part of the shield also acts as a
mechanical support for the heating stage (see figure 4.10).

With concern to the performance that can be obtained, the described design
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Figure 4.10: The radiation shield that surrounds the cooling
stage and supports the heating stage.

allows to reach temperatures as low as 30 K when cooling the manipulator
cryostat with liquid helium. Moreover, below the sample stage, a Pyrolytic
Boron Nitride (PBN) heater allows mild counter heating at low temperatures.

4.3.2 The heating stage

The heating stage, shown in figure 4.7, contains two parts: one reception stage
where the samples can be heated, and a second one for the tip carriers where
STM tips can be sputtered. The body of the heating stage is entirely made
of molybdenum6 and, as previously stated, the major problem involved in
the design is the thermal decoupling of the sample heating stage from the
cryostat. This problem has been tackled by selecting sapphire as a spacer
material between the cold shield and the heating stage body and also on the
heated sample receiver in order to further decouple the heated parts from the
rest of the manipulator. Indeed, sapphire exhibits a very high temperature
resistance, high resistance to thermal shocks and thermal conductivity values
that decrease with increasing temperature7.

In the very first version of the heating stage, shown in figure 4.11, the heating
6See section 4.1
7Sapphire is a rhombohedral crystal allotrope of alumina, i.e. α − Al2O3, that melts

at about 2300 K. The thermal conductivity of sapphire attains a maximum of about
200 W/(m·K) at 66 K, quickly decreasing on both sides down to about 10 W/(m·K) at 10 K
and at 1270 K. See appendix A.3 for a comparison between the thermal conductivities of the
different materials employed in the construction of the manipulator.
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(a) (b)

(c) (d)

Figure 4.11: The manipulator sample heating stage: front
view (a), top view (b) and bottom view (c) where the PBN
heater is visible. (d) shows the hot PBN being tested in the
preparation chamber.

was performed by means of a PBN heater located below the molybdenum plate
where the sample holder slides (figure 4.11c). This plate acts as a reference
plane both for the sample insertion and for the heater that is mechanically held
by two screws used also as electrical contacts. The PBN type heater was chosen
because of its very low outgassing up to 1400 K at the heater and because
in principle it enabled to heat the samples up to intermediate temperatures
(≈ 600 K) without glowing, allowing, for example, to acquire LEED images
also at temperatures above RT.

However, we realized that in this first version, a big part of the heating power
was dissipated by irradiation behind the PBN heater as visible in figure 4.11d,
thus limiting the maximum temperature achievable at the sample to 800 K.
Therefore we implemented the following modifications: first of all, we enclosed
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Figure 4.12: The second version of the manipulator sample
heating stage: the PBN heater has been wrapped with two
tantalum foils to recollect the heat lost from behind the heater
both by conduction and by irradiation.

the PBN heater in two tantalum foils spot-welded to the molybdenum plate
that supported the sample (see figure 4.12), the first being perfectly adherent
to the heater while the second being slightly detached from it: the first foil
enables to collect by direct conduction the heat behind the PBN, while the
second collects and reflects the radiative heating; both foils carry the heat back
to the molybdenum plate. Secondly, we optimized the thermal decoupling with
the main body of the heating stage by suitably decreasing the contact surfaces
with the non-heated parts and by exchanging all previously used molybdenum
spacers with identical or smaller sapphire spacers. Interestingly, with these
improvements, we could gain more than 200 K thus reaching temperatures of
about 1100 K.

To reach such temperatures, however, the PBN heater was pushed at extreme
heating powers (i.e. about 70 W at 3.9 A for our PBN)8, compromising the
life expectancy of the graphite electrical contacts. Moreover, the molybdenum
plate slowly deformed upwards with time, because of the mechanical pressure
exerted by the screws on the heater9. Thus, after some months of operation,
one of the electrical contacts was open.

8Currents above 4 A are known to cause failure of the PBN.
9Most probably, the molybdenum deformed when under mechanical pressure at high

temperatures, where the plastic deformation becomes significant with respect to the elastic
deformation.
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In the final and presently used version, the manipulator sample heating was
therefore completely modified to a filament heating solution with the option
of using electron bombardment to allow for a wider temperature range: the
two contact supports for the PBN heater have been exchanged with two “L”s
that support three tungsten filaments. The molybdenum plate that supported
the sample has been opened for direct irradiation of the sample plate, and a
hole was created on the sample plates, in order accelerate the electrons emitted
from the filament on the sample itself. The filaments assembly is surrounded
by three tantalum foil shields, shown in figure 4.13, that have been designed in
order to reflect the radiation from the filaments back to the sample plate and
to prevent stray radiation/electrons from being emitted inside the chamber.
All shields are grounded together with the negative pole of the filament power
supply: the electrons emitted by the filaments are thus repelled by the shields.

Concerning the accessible temperature range, this final version of the heating
stage easily allows to reach 870 K just with radiative filament heating, whereas
by applying a high voltage to the sample (70 mA emission current at 320 V)
it is easily possible to reach 1300 K 10. Within the stated temperature range,
having degassed the manipulator and the sample plate, the pressure always
remains below 1× 10−8 mbar. In principle, the accessible temperature range,
apart from the properties of the sample under investigation, is limited either
by the maximum voltage that can be applied to the sample (i.e. max. 500 V),
either by the melting point of the type K thermocouple mounted on the sample
holder (max. 1620 K). Owing to the choice of the sapphire spacers that increase
their thermal conductivity when their temperature decreases, a good cooling
power can be obtained also on the heating stage: when cooling the manipulator
with LN2 it is possible to reach about 90 K at the sample.

The accessible heating rates, in principle, can be as high as 10 K·s−1 when
using the electron bombardment. However, it is advisable to limit the heating
rate because the thermal shocks might damage the ceramics that insulate
the thermocouple contacts on the sample holder. Moreover, sudden and
unpredictable pressure bursts might give rise to an arc discharge between the

10This is valid when the cryostat of the manipulator is at RT: the accessible temperature
range is otherwise reduced unless more heating power is applied.
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(a) (b)

(c) (d)

Figure 4.13: The manipulator sample heating stage in the
final, filament heating version. Yellow arrows in (a) indicate
the two Ls used as filament supports; (b) shows the shield (red
arrow) that reflects the radiation emitted from the filaments
back to the sample and the shield surrounding the filaments
(yellow arrow) that prevents heating of the main body of the hot
stage; (c) the three filaments mounted on the Ls; (d) bottom
view of the sample heating stage showing the large cylindrical
shield that encloses the whole filament assembly.
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filaments and the sample plate when using the high voltage.

4.3.3 The mass spectrometer setup

A strong limitation of the STM technique is the lack of chemical sensitivity, i.e.
a direct identification of the species adsorbed on the surface under investigation.
Therefore, any complementary analysis tool for chemical characterization of
the surface is of great importance, e.g. a well working setup for TDS measure-
ments. Since in the standard Omicron sample mounting the sample plate itself
contributes to the desorption signal and since the sample is heated by means of
irradiation from incandescent filaments, the contribution of the pure desorption
from the sample must be filtered out. To overcome this problem, the method of
choice is the so-called “Feulner cap”, a small aperture cone (i.e. 3 mm) mounted
on a back-pumped tube in which the quadrupole mass spectrometer (QMS) is
inserted [74]. The back-pumping is performed by simply connecting the QMS
tube to the preparation chamber via a bellow. The version we implemented for
our system is shown in figure 4.14 and figure 4.4a. As shown in figure 4.14c,
the terminal part of the cone has been gold plated to prevent relevant species
from reacting on the stainless steel surface.

The quality of the background trend and of the peaks in the TDS have
been tested by acquiring a spectra from a Pt(111) sample that was suspected
either of CO, NO or NH3 contamination since the latter species could have
been present in the chamber background from previous sample preparations.
Figure 4.15 shows the spectrum acquired from the platinum sample. Notice
that during the initial steps of the sample heating (i.e. when the filaments
are turned on), there was no contribution to mass 28 (CO), which indicates
that the cone at the terminal part of the setup efficiently shields unwanted
contributions of gases desorbing from heated components other than the sample.
Moreover, the trend of the background in all the traces is almost linear, which
enables to efficiently subtract it from the spectra allowing to recover the shape
of the peaks reliably. Concerning the information contained in spectra, it
clearly indicates that the contamination of the sample was only due to CO
adsorbing from a bad chamber background pressure, whereas no indications of
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(a) (b) (c)

Figure 4.14: (a) 3D model of the Feulner cup setup; (b) the
mounted setup; (c) view of the gold plated cone inserted in the
preparation chamber.

the presence of NO or NH3 species are visible.

4.4 Outlook
A number of improvements for the experimental system are presently under
consideration. For instance, a system for in situ gas dosing inside the STM
could be extremely useful to characterize very small doses of gases that are
difficult to adsorb on surfaces due to low sticking coefficients, or that can spoil
the chamber base pressure when dosed in the chamber background (e.g. NH3

or CO2). Secondly, the acquisition software for TDS measurements must still
be properly interfaced with the temperature control and the mass spectrometer,
in order to fully automatize and simplify the spectra acquisition process. Last
but not least, a quartz balance should be fitted on the system, in order to
enable deposition rate monitoring from evaporation sources.
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Figure 4.15: TDS spectrum of the Pt(111) measured with
temperature rate of 2 K·s−1. The spectrum clearly indicates
that the contaminant was CO. Notice that the background of
all the traces (plotted raw) has a linear trend, which is desirable
for optimum background correction.
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Part III

Investigating the properties of
single molecules and molecular
complexes at metal surfaces
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Chapter 5

Periodic order in the switching
behaviour of single molecules

One of today’s key technological challenges is the development of suitable
techniques for ultimate miniaturization of components in microprocessors. This
task is coming to a critical point, since the presently available Si-based MOS-
FETs will probably reach fundamental limits within two decades, concerning
both fabrication techniques and quantum mechanical effects interfering with
their functionality, occurring when the size of the junctions approaches the
atomic scale [75, 76].

This challenge strongly motivates the search for suitable alternatives to the
MOSFET technology. One of the pioneering research fields is molecular elec-
tronics, based on the evidence that a single molecule or assemblies of molecules
can perform the basic functions of digital electronics, such as rectification,
logical operations, information storage and switches [77–81].

In the search for suitable molecules for molecular electronics applications,
molecular switches have recently attracted the interest of many researchers. A
molecular switch consists of a molecule which undergoes a reversible transforma-
tion between at least two stable or metastable states, associated with different
properties (e.g. dipole moment or absorption spectrum), arising from a change
in molecular geometry and/or electronic states [81]. This transformation can
in principle be exploited either for the fabrication of nanoscale signal gates, or
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as a single information unit (i.e. a bit) in high density storage devices.

Within a three months collaboration with the group of Dr. Leonhard Grill at
the Freie Universität Berlin, the reversible switching behaviour of an azobenzene
derivative has been characterized by LT-STM. In particular we found that the
switching properties of the molecules can be spatially addressed by a specific
interaction with a substrate. Besides this scientific relevance, the collaboration
gave me the unique opportunity to learn and experience the LT-STM specific
characterization and manipulation techniques. All the measurements described
in this chapter have been performed in Berlin with a home-built Besocke type
LT-STM [82], at a temperature between 7 K and 8 K unless otherwise stated.
The results have been recently submitted for publication – see Dri et al. [83].

5.1 The TBA molecule as a molecular switch
Various switching molecules have been recently characterized on surfaces and
successful switching has been demonstrated [35, 58, 84–89]. Many of these
works have focused on azobenzene derivatives, which undergo characteristic
trans-cis isomerization by using light [84, 85], tunneling electrons [35, 86, 90]
from the STM tip as well as the electric field [58].

(a) (b)

Figure 5.1: The simple azobenzene molecule: (a) the nearly
planar trans isomer and (b) the 3D cis isomer. The central
blue atoms are the nitrogen atoms which form a double bond,
the grey ones are carbon atoms while the small, white ones are
hydrogens.

The azobenzene molecule (C6H5N−−NC6H5, figure 5.1a) is composed of two
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phenyl rings connected by an azo group, i.e. two nitrogen atoms, connected by
a double bond oriented 120° with respect to the N−C bond. In the electronic
ground state, the molecule can have two different conformations: an almost
planar trans state and a three dimensional cis state [91, 92]. The trans state is
0.6 eV more stable than the cis state and they are separated by a barrier of
about 1.6 eV (i.e. for the trans to cis isomerization) [93]. This marked energy
difference between the two isomers allows, at sufficient low temperatures, to
select the conformation of the molecule and prevent spontaneous trans ↔ cis
transitions.

The addition of bulky tert-butyl groups to the simple azobenzene molecule,
resulting in 3,3’,5,5’-tetra-tert-butylazobenzene (TBA) proved to be particularly
useful, since they weaken the interaction of the azobenzene core with the
substrate and at the same time they facilitate conformational analysis in STM
images due to an enhanced contrast [58, 84].

As substrate, Au(111) has been chosen due to its inert character. On this
surface Comstock et al. [84] proved that TBA molecules could be reversibly
isomerized by using light and tunneling electrons, whereas Alemani et al. [58]
showed that also the electric field alone could reversibly induce the isomerization
process: the molecules inside the self-assembled islands could isomerize also
when the tip was as far as 36 Å from the surface, where no detectable tunneling
current flows.

5.2 The M-TBA and diM-TBA molecules
This surprising role of the electric field in the isomerization process suggested
us that suitable modification the TBA molecules in order to induce a molecular
dipole moment could have a dramatic effect on the switching behaviour of
the molecules. To address this issue, the group of S. Hecht at the Humboldt
University in Berlin1 synthesized a TBA molecule with the addition of a methoxy
(−O−CH3) group at one end of the molecule, resulting in a 4-methoxy-3,3’,5,5’-
tetra-tert-butylazobenzene (M-TBA), shown in figure 5.2a and 5.2b. Since

1All the molecules in this work were synthesized by Maike V. Peters, Jutta Schwarz and
Stefan Hecht. For details on the synthesis, see Dri et al. [83].
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(a) (b)

(c) (d)

Figure 5.2: Models of the M-TBA molecule (a,b) and the
diM-TBA (c-d).

the methoxy group is an electron donor, negative charge is pushed towards
the center of the molecule, giving rise to a net molecular dipole moment.
Moreover, to further understand the role of the molecular symmetry, also
the symmetric 4,4’-dimethoxy-3,3’,5,5’-tetra-tert-butylazobenzene (diM-TBA),
shown in figure 5.2c and 5.2d was synthesized.

After the synthesis, it was verified by UV/vis absorption spectroscopy that
both M-TBA and diM-TBA could be successfully isomerized in cyclohexan
solution from trans to cis by UV irradiation, as well as back-switched either
thermally or photochemically [83].

5.3 The Au(111) surface

Gold is a fcc metal with a lattice constant of a = 4.08 Å. The (111) face is
the close-packed face of the Au crystal with a nearest neighbour distance of
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a/
√

2 = 2.88 Å and a step height of a/
√

3 = 2.36 Å.

(a) (b) (c)

Figure 5.3: The Au(111) surface: (a) atomic resolution image
where the higher areas correspond to the herringbone transi-
tion regions; (b) top view model of the herringbone surface
reconstruction. White circles indicate the atoms in the second
layer, black circles correspond to surface atoms in fcc sites, grey
ones to atoms in hcp site and the shaded atoms belong to the
transition regions between fcc and hcp regions. (c) Large scale
image showing the stripes of the herringbone reconstruction
turning by 120° at the elbows. STM image parameters: (a)
3.8 × 3.8 nm2, Vb = 20 mV, It = 5.2 nA; (b) 38.2 × 32.3 nm2,
Vb = 0.5 V, It = 0.5 nA.

The Au(111) surface exhibits a long range surface reconstruction with a
(22×

√
3) rectangular unit cell [94]. Along the [110] direction, 23 surface atoms

are compressed in order to sit within 22 bulk lattice sites: this contraction
leads to alternating regions of atoms lying in the fcc and hcp regions, whereas
in the boundary between them, atoms are pushed out of their position and
form two ridges per unit cell. These ridges, which turn out to be about
0.2 Å± 0.05 angstrom high with respect to the fcc and hcp regions, run parallel
to each other and at domain boundaries turn by 120°, giving rise to a zig-zag
pattern (the so-called herringbone reconstruction) [94].

5.4 Adsorption of M-TBA on Au(111)
M-TBA molecules were evaporated on the Au(111) surface by means of Knudsen
cell at a temperature of approximately 360 K. The deposition rates were
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(a) (b)

Figure 5.4: (a) STM image of two M-TBA molecules showing
the asymmetrical appearance, marked by arrows pointing to-
wards the pair of lobes with higher intensity. (b) height profile
of the molecule along the red line in (a). STM image parameters:
2.9 × 1.6 nm2, Vb = 1 V, It = 0.1 nA.

monitored with a quartz crystal microbalance. The sample was then cooled
down and inserted in the STM. Similarly to the simple TBA molecules, when
adsorbed at RT, the M-TBA molecules are mobile on the surface and can
cover step edges, bind at the elbows of the herringbone reconstruction as single
molecules or form self-assembled ordered islands. The molecules appear all
as four lobes arranged in a planar configuration, which by analogy with the
appearance of the TBA molecules can be assigned each of the four tert-butyl
groups of the molecule in the trans isomer [95]. In the case of M-TBA, owing
to the molecular asymmetry induced by the methoxy group, the two pairs of
lobes of the molecules exhibit slightly different heights of 2.7 Å ± 0.1 Å and
2.6 Å ± 0.1 Å: this difference allows to determine the relative orientation of
the molecules, as shown in figure 5.4. Notice that we do not know the actual
orientation of the dipole moment, but we believe it to be parallel or antiparallel
to the a

5.4.1 Island structures

In contrast to the TBA molecules that assemble in a single ordered structure,
M-TBA molecules are observed to form four different ordered structures, named
I–IV, which are shown in the STM images in figure 5.5a-d (top panels). Owing to
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Structure a1 [Å] a2 [Å] β [°] Density [molecules/nm2]
I 15.9±1.1 11.3±0.9 113.2±1.3 1.70±0.06
II 46.7±1.6 29.0±1.7 89.6±5.1 1.69±0.08
III 11.1±2.1 27.9±3.1 90.1±1.8 1.69±0.03
IV 33.3±0.8 20.1±0.8 91.5±2.2 1.67±0.02

Table 5.1: Characteristic sizes and angles of the unit cells
shown in the top panels in figure 5.5.

the described molecular asymmetry which allows assign a molecular orientation,
a model for each structure can be derived (figure 5.5a-d, bottom panels),
roughly describing the arrangement of the molecular dipoles in the island. More
specifically, in structure I, which resembles both the TBA and the diM-TBA
island structure (see Alemani et al. [58] and section 5.5 below), molecules are
oriented in parallel rows. Structure II and III are very similar to each other and
are always observed to coexist within adsorbate islands; structure II consists
of alternating domains (double rows) of structure II. Structure IV shows no
parallel dipoles in adjacent molecules. Figure 5.5 shows the STM images of
the structures together with the corresponding models which represent the
relative orientation of the molecules whereas the sizes and the characteristic
angles of the four structures are listed in table 5.1. It is to be noted that the
various structures exhibit symmetry directions due to the alignment of parallel
molecules (see white arrows in the top panels of figure 5.5).

Concerning the orientation of the structures with respect to the Au(111)
substrate, in structure I, II and III, the rows formed by parallel/antiparallel
molecules (in the direction indicated by the white arrows on the STM images in
figure 5.5a,b,c) run in an angle of ±(26°± 3°) with respect to the close-packed
substrate directions. Differently, in structure IV, the rows formed by the pairs
of antiparallel molecules (in the direction of the white arrow in figure 5.5d) are
aligned with the close-packed directions of the substrate. Moreover, structure
IV covers exclusively areas with only two herringbone orientations in the
underlying substrate (i.e. a third orientation is never found under the same
island); the characteristic rows of the structure are then oriented like the missing
herringbone direction.
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(a) I (b) II (c) III (d) IV

Figure 5.5: (a-d) STM images of the observed ordered struc-
tures, named I-IV, with the corresponding unit cells (see table 5.1
for the numerical values) where the [110] substrate direction
is oriented horizontally. The panel below each STM image
shows the corresponding model where the red/green arrows
indicate the orientation of the molecules (the two colors indicate
the different molecular orientations) STM image parameters:
all images 6.4 × 6.4 nm2, It = 0.1 nA; (a) Vb = 1.2 V; (b-d)
Vb = 1 V.

We hypothesize that the different ordered structures are related to the
different relative orientations of the molecular dipoles and thus to different
electrostatic dipole interaction structures. Consequently, we tried to exploit
their different stabilities in order to control the relative coverage of the various
structures.

To address this issue, we deposited the molecules at three different sur-
face temperatures, in order to measure their relative coverages2, as shown in
figure 5.6. From the plot it can be clearly seen that the relative coverage
dramatically changes, in particular for structure I and IV. This behaviour is

2The island coverage was evaluated on all the available images at the three different
temperatures (for a total of 0.23µm2), by measuring the area of a mask that covers the
various types of imaged islands. The error was then estimated by growing/shrinking the
mask within the reasonable range which fitted the perimeter of the island.
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Figure 5.6: Relative coverages of the different island structures
as a function of the surface temperature during deposition (the
sum of the three values is 1 for each temperature). Structures
II and III are plotted together, because their appearance in
STM images is very similar. The island coverages have been
measured for a total surface area of 0.23 µm2.

likely caused by the thermally activated surface diffusion, which determines the
growth mode of the molecules after adsorption [96]. According to the above
described reasoning, structure I appears to be the thermodynamically most
stable structure.

5.4.2 Structure-selective isomerization of M-TBA

isomerization from the trans to the cis state was induced by voltage pulses
above the isomerization threshold, which was measured to be 1.7 V± 0.1 V at
tip heights of about 5 Å (i.e. typical scanning tip heights). Similarly to TBA
molecules, the isomerization could be as well induced, by suitably increasing
the pulse voltage, also at very large tip-sample distances where no tunneling
current flows, i.e. at 12 Å, where the measured threshold voltage is ≈ 4.3 V,
indicating that the electric field alone can induce the switching [58].

Moreover, when scanning at a voltage above the isomerization threshold (i.e.
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1.7 V) one can induce the isomerization in a uniform fashion over the islands up
to a saturation coverage of cis isomers (for an estimate of this coverage and of
the switching yields see section 5.4.3). However, after reaching this saturation
coverage, some molecules also back-switch to the trans state.

Again, in close similarity to TBA, the cis M-TBA molecules can be easily
back-switched to the trans state by applying a voltage pulse above the molecule
at about 1.6 V, having approached the tip by 0.5 Å towards the surface. With
these parameters, a voltage pulse duration of 100µs is sufficient to achieve a
back-switching success rate of almost 100 %. An example of this back-switching
is shown in figure 5.7, where both the appearance of the cis isomers and the
ability to exactly restore the trans state of the molecule are shown.

It is to be noted that both the trans → cis and the cis → trans isomer-
izations can be induced also at large lateral distances from the location of
the tip pulse, i.e. beyond 40 nm. However, for motivations which are still
unclear, the cis → trans can be induced with greater yield on the cis molecule
located exactly below the tip, in close resemblance to the behaviour of TBA
molecules [58].

It appears from the STM images (figure 5.7), that in structure III, the bright
part of the molecule (i.e. the one carrying the methoxy group - see section 5.5)
is the one that is lifted out of plane during the isomerization process. This
preference, however, could not be confirmed in structure IV, where it was often
hard to obtain the necessary high resolution after inducing many switching
events.3.

As a first major result, it turns out that by applying voltage pulses over
surface areas covered with the various island structures, only the molecules
inside structure III and IV are able to isomerize to the cis conformation, while
structures I and II completely prevent the molecules from switching. This
selectivity is evident in figure 5.8: when applying a voltage pulse on a region

3Indeed, especially in structure IV, it is likely that cis molecules are picked up by the
tip when scanning at high voltage, as described in section 5.4.6, thus limiting the resolution.
Generally speaking, we observed that the achievable resolution was often decreasing after
many days of measurements: our hypothesis is that molecules were being picked up by the
tip (and probably hardly released from the tip, slowly covering the tip apex), owing to the
interaction of the electric field of the tip with the molecular dipoles.
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(a) (b)

(c)

Figure 5.7: Two successive STM images (a,b) demonstrating
perfect cis → trans back-switching. (a) shows two molecules
which have been previously isomerized to the cis state; after a
voltage pulse at 2 V close to the molecule (i.e. lateral distance
of 25 Å), image (b) shows that one of the two cis molecules have
been restored exactly to the trans state. (c) STM image of a
larger area with the preferential orientation of the cis isomers:
the holes located below the tail of the arrow (where the brighter
pair of butyl groups was located before isomerization) indicate
that preferentially the brighter part of the M-TBA is lifted
during the trans → cis conformational change. STM image
parameters: (a,b) 7.1 × 5.3 nm2, Vb = 1.0 V, It = 0.1 nA; (c)
21 × 18.7 nm2, Vb = 1.0 V, It = 0.1 nA.
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(a) (b)

Figure 5.8: (a) STM image of a surface area with structures
I, II and III, where the boundary between II and II is marked
by dashed lines. (b) STM image acquired after a voltage pulse
(V = 2 V, ∆t = 30 s) at the position marked in red on image
(a). It is clear that only the molecules belonging to structure III
can be isomerized to the cis conformation, while the molecules
in structures I and II remain in the trans conformation. STM
image parameters: 51.5 × 51.4 nm2, Vb = 1 V, It = 0.1 nA.

of the surface where structures I, II and III coexist, it turns out that the cis
isomers appear only within island type III. Indeed, in I and II, no isomerization
event was ever observed, even by increasing the pulse voltage up to values which
could induce either molecular dissociation or picking up the molecule with the
tip (i.e. around 2 V). This structure selective isomerization is in contrast to
TBA and diM-TBA, where a single ordered phase is formed and in the two
cases the switching is either allowed or prevented, respectively.

Hence, this unambiguously shows that the intermolecular interaction controls
the ability of the molecule to isomerize, i.e. the properties of the single molecule
steer the formation of different ordered structures that in turn control, via the
local environment, the switching behaviour of the single molecule.
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(a) (b)

Figure 5.9: (a) STM image of structure III where many cis
have been created. The cis isomers appear in a spatial periodic
order, forming a lattice marked by the grid. The isomerization
was induced by scanning at −1.7 V; (b) detail of a single unit
cell where the grey arrows indicate the trans unit cell with
the molecules labeled 1 to 6, while the black arrows denote
the periodicity of the rectangular cis lattice (the yellow arrow
indicates the Au(111) [110] direction). The size of the switching
lattice is b1 = 31.5 Å ± 3.2 Å and b2 = 27.9 Å ± 2.5 Å and the
angle between the two basis vectors is 89.4°± 2.9°. STM image
parameters: (a) 29.2 × 28.5 nm2, Vb = 0.1 V, It = 0.08 nA; (b)
7.1 × 5.8 nm2, Vb = 1 V, It = 0.1 nA.

5.4.3 Isomerization in structure III

STM images where many cis isomers have been created by scanning at volt-
ages above the isomerization threshold in structure III, clearly show that the
isomerization events do not occur randomly on the surface; a spatial periodic
distribution of the cis isomers is instead observed: figure 5.9a shows the rect-
angular superstructure formed by the molecules in the cis state. As visible in
figure 5.9b, the thereby created lattice of cis molecules exhibits a two dimen-
sional periodicity with characteristic distances: every second molecule switches
in the direction along the molecular rows (i.e. the rows formed by parallel
molecules), while in the other direction, within the same molecular row, only
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Figure 5.10: The probability of finding a cis isomer in the
various unit cell sites (evaluated on about 200 cis). The proba-
bility in site 1 is more than an order of magnitude higher than
the other sites.

every third molecule tends to isomerize.
To evaluate the selectivity with which the rectangular lattice is be formed,

we overlay this periodicity as a unit cell to structure III (see figure 5.9b). The
origin of the unit cell (i.e. molecule “1”) is centered on the corner molecules of
the rectangular switching lattice and each unit cell contains 6 molecules. By
averaging over about 200 cis molecules, we have calculated the fraction of cis
isomers in each unit cell site, shown in figure 5.10: with 86 % probability the
cis isomer is found in site 1, while only with less than 5 % probability in each
of the remaining sites. Hence, a very precise ordering of the cis isomers can be
obtained.

Concerning the yield of the isomerization process, it must be pointed out
that it strongly depends on the chosen switching technique, i.e. whether by
voltage pulses, or by scanning at high voltage. With the latter method, by
scanning for instance at −1.7 V a surface area of 29.2 × 28.5 nm2 in ≈ 38 s, it
is possible to isomerize about 60 % of the trans molecules to the cis state in
site 1, while less than 3 % in each of the other sites.4

4The scan speed is a relevant parameter since the number of isomerization events which
can be induced is related to residence time of the tip, at a voltage above the isomerization
threshold, over the molecular island.

86



5.4 Adsorption of M-TBA on Au(111)

The observed site preference could be in principle explained by two different
effects: as recently observed by Pace et al. [88], nearest neighbour interactions
can play a role in the ability of the molecules to switch. In the case of M-TBA
structure III, the dipole of a cis molecule could electrostatically hinder the
switching of the surrounding molecules within a certain radius, thus obtaining
a “cascade” effect where the first isomerized molecule dictates the minimum
distance for the next isomerization event. Alternatively, the preferential switch-
ing sites could be determined by the substrate, i.e. by a periodic matching
with characteristic sites of the Au(111) substrate.

To understand which of the two processes governs the cis patterning, we
performed the following experiment: by “erasing” the cis molecules with
controlled tip pulses, inducing cis → trans isomerization, a new cis pattern
can be created by re-switching the molecules from trans to cis. It turns
out, as shown in figure 5.11 on the following page, that precisely the same
molecules are isomerized in such cyclic “erase-write” experiments, reforming
the original switching lattice. Thus, if the preference would be governed by an
intermolecular interaction, this experiment would have shown a dependence
of the spatial phase of the cis lattice depending on the initially isomerized
molecule. Since this is not the case, the interaction of the molecules with the
substrate determines the observed behaviour.

The dimensions and the orientation of the cis lattice, however, do not
directly reflect any of the surface fingerprints, such as the Au(111) lattice or the
herringbone reconstruction. Since all the molecules are structurally equivalent,
the preferential sites for the trans to cis isomerization can only be explained in
terms of a commensurability between the molecular layer and the substrate.
Indeed, by considering a model of the Au(111) surface, along the directions
of the ~b1 and ~b2 vectors (see figure 5.9), the gold lattice exhibits a periodicity
of 30.3 Å and 27.5 Å, respectively, as shown in figure 5.12. These values are
in very good agreement with the observed distances between the cis isomers
(b1 = 31.5 Å± 3.2 Å, b2 = 27.9 Å± 2.5 Å).

Hence, it is clear that the commensurability of the two lattices, associated
with the two-dimensional molecular layer and the Au(111) surface, defines the
local switching abilities of the molecules on the surface.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.11: Series of STM images of precisely the same sur-
face area, showing an “erase & re-switch” experiment: between
the images, pulses were applied to erase the cis isomers back to
the trans state (e.g. between (a) and (b)), and to “re-switch”
some molecules back to the cis state (e.g. between (b) and
(c)). The pulses to induce the switching are between 1.6 V and
1.8 V for 30 s, while the molecules are individually “erased” as
described earlier in the text. The central part of the images is
not covered by the grid because a stripe of structure II is present,
where molecules can not isomerize. STM image parameters:
25.3 × 21.1 nm2, Vb = 0.5 V, It = 0.1 nA.
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(a) (b)

Figure 5.12: (a) STM image of structure III with all the
molecules in the trans state and (b) the same type of island
where cis isomers are created. The green and red circles mark
the centers of the M-TBA molecules, small yellow circles indicate
gold atoms and the green line the herringbone reconstruction of
the substrate surface. The gold lattice orientation and constants
are well known from STM images of the clean Au(111) surface.
Note that the exact atom position underneath the molecules,
which cannot be determined from an STM image of a molecular
layer, is not necessarily required for the proof of commensurabil-
ity. STM image parameters: all images Vb = 1 V, It = 0.1 nA,
(a) 7.8 × 6.8 nm2, (b) 9.4 × 6.5 nm2.

5.4.4 Isomerization in structure IV

When inducing many trans → cis switching events on structure IV, by scanning
at sufficiently elevated bias voltages, the resulting pattern of cis isomers exhibits
a completely different geometry, as visible in figure 5.13. Indeed, once more the
molecules are not distributed at random, but this time they appear to follow
the (22 ×

√
3) herringbone reconstruction of the Au(111) substrate, which

appears in the STM images as lines of brighter intensity that are not affected
by the molecular layer. The cis isomers are preferentially found close to the
transition region (that appears bright in the STM images) between the fcc
and hcp regions of the Au(111) surface at a typical minimum distance between
adjacent cis molecules of about 16 Å.
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(a) (b)

Figure 5.13: STM images of structure IV before (a) and after
(b) switching many molecules from the trans to the cis configu-
ration. The isomerized molecules are not randomly distributed,
but follow the herringbone reconstruction of the substrate (in-
dicated by the lines in (b)). The rectangles in (b) show the
two types of cis dimers. STM image parameters: 41 × 37 nm2,
It = 0.1 nA; (a) Vb = 1 V; (b) Vb = 1.4 V.

From careful analysis of STM images of the same area imaged in figure 5.13
it could be noticed that only the molecules with the long side almost orthogonal
to the underlying herringbone rows appear to isomerize. For instance, in
figure 5.14, only the yellow–highlighted molecules are able to isomerize: i.e. the
red molecules on the herringbone in the direction that is vertical in the image
and the green ones on the other herringbone direction. Consequently, only one
type of row can be isomerized within the same herringbone domain.

Owing to these constraints for the switching (i.e. only molecules on the
herringbone and only on one row on each herringbone direction), when many
molecules are switched the cis isomers typically form two types of dimers,
indicated in figure 5.13, where the corresponding trans isomers were arranged
in a tail-to-tail fashion.

The inhomogeneous surface structure of the (22 ×
√

3) Au(111) surface
reconstruction is well known. While the chemical structure of the molecules
adsorbed on the transition region of the herringbone reconstruction is not
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Figure 5.14: High resolution STM image of structure IV. The
white lines indicate the lines of the herringbone reconstruction
and the frames in the top left corner indicate the position of the
single molecules. The red/green arrows are placed over part of
the image to help the eye to recognize the structure, and yellow
arrows indicate the molecules which can be switched, i.e. the
ones with the long side almost orthogonal to the herringbone
direction. The hole on the left part of the image corresponds to
a single missing molecule.

different from other molecules, the strongly enhanced isomerization yield is
probably caused by the vertical corrugation of 0.2 Å± 0.05 Å in the transition
regions between fcc and hcp areas [94], that can cause steric and electronic
alterations of the molecules adsorbed on top of these regions. Due to the
strain present in these regions which modifies the adsorption geometry (causing,
for instance, a brighter appearance of the molecules in the STM images; see
figure 5.14), the potentially increased freedom of motion could reduce the
barrier for isomerization. Furthermore the electronic coupling of the molecules
to the substrate is likely to be modified in the vicinity of the transition regions.
For instance, selective adsorption of molecules on the Au(111) surface in fcc
packing regions, due to an increased binding energy, has recently been reported
[97]. Last but not least, the electronic potential is different for fcc and hcp
regions, causing a variation in the electron density [64], which could influence
the isomerization properties. For example, it is known for azobenzene molecules
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that the attachment of one electron facilitates the isomerization to the cis
configuration [98].

5.4.5 Electronic properties of the molecules

To get more insight in the switching preference in these structures, we also
investigated the electronic properties of the molecules. Indeed, in the case of
the simple TBA molecules, the LUMO of the trans and cis states could be
observed very clearly in dI/dV spectra. In particular, the cis → trans switching
was explained as a one electron process by considering the switching rates of
the molecules [58]. It was possible to identify the molecular state (i.e. the
LUMO) involved in the formation of a charged resonance state that induced the
back–switching by modifying the potential barrier for the isomerization [95, 99].

Since a similar process could allow the isomerization of the M-TBAmolecules,
we measured dI/dV spectra on the central part (i.e. the N−−N bond) of trans
isomers in all the various positions within the various islands where we expected
them to switch and not to switch. The result was that no feature (except the
Au(111) surface state) was ever observed between −1 V and +2 V.

This absence of spectral features is yet unclear. It is well known that the
addition of an electron donor (methoxy group) to a molecule modifies the
energy of the molecular states, precisely by shifting the HOMO towards the
LUMO, and leaving the latter almost unaffected or slightly pushed towards the
HOMO. However this observation cannot explain the absence of the LUMO
peak, which must clearly be located out of our accessible voltage range.

Conversely, the LUMO of the cis isomer could be clearly resolved: figure 5.15
shows the dI/dV spectra acquired over a cis isomers, where a clear feature at
≈ 1.35 V can be assigned to the LUMO, since no other features are present
at lower voltages. Thus, the isomerization mechanism for the cis → trans is
likely to be the same as for the simple TBA molecules; a complete proof of this
statement, however, would require an evaluation of the switching rates as a
function of the tunneling current.
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Figure 5.15: dI/dV spectra acquired over a cis isomer. The
feature at 1.35 V can be assigned to the LUMO of the molecule.
Notice that the characteristic increase in the conductance at
−0.5 V, due to the Au(111) surface state is not visible, since
the height of the tip above the cis isomer is too large to collect
signal from the surface state. The sudden signal drop at the
top of the peak is due to a cis → trans isomerization event
which occurred during the spectra. Parameters: νmod = 640 Hz,
Amod = 16 mVrms.

5.4.6 Unplugging of cis isomers

After the successful isomerization of molecules from the trans to the cis con-
figuration, when scanning at −1.7 V bias, molecules can be removed from the
surface (figure 5.16). Clearly, at the position of the cis isomer, which appears
bright in figure 5.16(a), a hole is generated after the removal. The molecule
is probably attached to the tip afterwards, because no additional feature is
observed in the surrounding area when imaging afterwards. Interestingly, it
turns out that exclusively cis isomers are pulled up from the surface in this
process, while no trans isomer was ever observed to be removed. This process
is likely related to the three-dimensional molecular cis configuration and the
corresponding dipole moment.

5.5 Adsorption of diM-TBA

When restoring the symmetry of the M-TBA molecule by adding a second
methoxy group in the 4’ position (figure 5.2), the resulting molecular structure
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(a) (b)

Figure 5.16: STM images before (a) and after (b) removing a
cis isomer from the molecular layer (structure IV) by scanning
at −1.7 V, STM image parameters: 6.5 × 6.4 nm2, It = 0.1 nA,
Vb = 1.5 V in (a), Vb = 1.4 V in (b).

of the diM-TBA leads to the formation of only one ordered structure, which is
shown in figure 5.17.

The molecules appear in STM images similarly to the TBA and M-TBA
molecules, i.e. a rhombic arrangement of four protrusions which can be assigned
to the bulky tert-butyl groups. However, while the two pairs of lobes (each of
them corresponding to two tert-butyl groups of the same phenyl ring) appear
at 2.8 Å ± 0.2 Å height for diM-TBA, they are lower (2.7 Å ± 0.1 Å) [58] for
pure TBA molecules. In agreement with this result, the two pairs of lobes of
M-TBA molecules appear at 2.7 Å± 0.1 Å and 2.6 Å± 0.1 Å. Form the latter
difference, it seems that the higher (i.e. brighter) part of the molecule is the
one which carries the methoxy, but since the differences are very small and
comparable with the errors, this conclusion is not completely reliable.

5.5.1 Isomerization of diM-TBA

While the diM-TBA molecules were observed to isomerize in solution, the
molecules were never observed to switch on the Au(111) surface, although the
voltage pulse parameters were varied over a wide range (up to 2.5 V and more
than 100 nA tunneling current at typical scanning tip heights and up to 4.6 V
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Figure 5.17: STM image of an island of diM-TBA molecules.
Note that the ordered structure resembles the TBA structure,
as well as structure I of the M-TBA. STM image parameters:
10 × 10 nm2, Vb = 0.5 V, It = 0.1 nA, measured at T = 70 K.

at tip heights of about 12 Å above the surface). The isomerization is probably
suppressed by the presence of the methoxy groups in the molecule, since also
the M-TBA molecules, which self-assemble in a very similar structure (i.e. I),
could not be isomerized. However, taking into account the fact that the TBA
molecules could be successfully switched in their very similar island structure,
the observed behaviour for M-TBA and diM-TBA is likely due to an interplay
between an unfavorable electronic structure or dipole moment, associated with
the methoxy substitution pattern, and the particular type of island structure.

One hypothesis of the underlying mechanism could be that the sides of
the molecules which carry the methoxy, for some reason, are weakly bound to
the surface compared to the part without the methoxy, in such a way that in
the extreme, diM-TBA case, the decoupling from the surface is so pronounced
that vibrational modes of the molecules can efficiently compete with the
isomerization process. This hypothesis would also account for the fact that
the bright side, carrying the methoxy, is the one which is preferentially lifted
during the isomerization process in structure III of M-TBA (see section 5.4.2).
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5.6 Conclusions, open questions and perspec-
tives

We found that the observed switching behaviour for the M-TBA molecules is
mediated by the interaction with the substrate and not by the intermolecular
interactions (although the self-assembly structure must allow for isomerization,
as shown in figure 5.8). In the case of structure III, the commensurability with
the atomic lattice of the substrate governs the spatial periodicity of the allowed
switching sites, while the behaviour in structure IV indicates that the substrate
reconstruction is transferred to the switching properties of the molecular layer.

Some points are unclear in the characterization of the molecular properties.
For instance, the position of the methoxy group is not yet completely clear,
and more precise measurements on the diM-TBA molecules would be required5.
Moreover, a more precise characterization of the switching mechanism, both
in the tunneling regime and at large distances, i.e. in the electric field regime,
could bring valuable information about the role of the dipole moment of the
molecule (by comparison with TBA) and possibly give access to new ways of
inducing the cis patterning with increased precision and yield. Furthermore,
the role of the substrate reconstruction will be further investigated by changing
the substrate to an unreconstructed one, such as Ag(111).

The observed properties for the switching point out to two interesting
perspectives. First of all, fine tuning the molecular properties should allow for
controlling the self-assembly process and consequently the switching behaviour,
as mediated by the interaction with the substrate. On the other side, by
modifying the surfaces with suitable features such as ordered step edges or
kinks, it could be possible to create cis patterns with chosen periodicity.

These perspectives are of extreme interest for future, high-density erasable
storage systems, since the reversibility of the molecular switch is associated with
a well defined spatial periodicity. On the other hand, the surprising behaviour
of the cis “unplugging” in structure IV opens the possibility of hole patterning,
i.e. pattern fixation by means of other chemical methods (e.g. thiol binding),

5Indeed, the measurements on the diM-TBAs were performed only at a temperature of
70 K due to experimental problems, thus limiting the stability/resolution of the measurements.
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in a molecular layer as a consequence of the periodic switching of the molecules.
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Chapter 6

Characterization of the
NH3-NO complex on Pt(111)

The reduction of nitric oxide (NO) to N2 from exhaust gases of combustion
processes continues to be an extremely important issue [100]. The emission
of NO can be cut either by reducing the combustion temperature (which is
often a difficult task), or by catalytic reduction of NO to form N2 after the
combustion process.

In power plants, for instance, the reduction of NO is accomplished by the
so called selective catalytic reduction (SCR), where the nitric oxide undergoes
the following reaction on a catalyst with the addition of ammonia (NH3):

6 NO + 4 NH3 −→ 5 N2 + 6 H2O

In this reaction, ammonia is the reductant of choice, since it is not significantly
consumed by the oxygen in the exhaust gases1 and hence selectively reduces
the NO. This high selectivity has been related to the formation of a surface
complex with NO, that is the focus of this study.

1The complete reaction is better described by

4 NO + 4 NH3 + O2 −−→ 5 N2 + 6 H2O.

It is to be noted that there is usually a large oxygen excess in the exhaust gases and this
formulation indicates that the presence of O2 is actually needed in order to activate the NH3
dissociation at lower temperatures [100].
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For the characterization of this complex, the Pt(111) surface has been often
used (see Marchini [101], and references therein) since on this substrate neither
NO nor NH3 dissociate in a significant fraction [102–105].

As will be discussed further below, this complex exhibits a geometry (i.e.
distances and angles), that allows for the formation of hydrogen bonds. We
can thus investigate, on a very simple model, how the properties of this bond
depend for instance on the coordination number or on the chemical species
involved as ligands.

It is to be noted that this system has been already partly investigated in a
work of some years ago, developed within our group by Marchini [101], where,
in particular, suitable preparation recipes for the complex were established.
However, a precise characterization of the complex was not possible since
spectroscopic techniques and molecular manipulation could not be performed
with the variable temperature STM, available at that time in our laboratory,
but required a low temperature instrument as the one which has been setup in
this work.

The results presented in this chapter are still preliminary: we will describe
the results we have obtained in the preparation and the characterization of
this complex on the Pt(111) surface, performed with the experimental system
which has been developed as described in part II. Furthermore, we will discuss
the next steps to be done: as will be pointed out, the LT-STM is an extremely
appropriate experimental tool in order to address the fundamental questions
arising in the characterization of this system.

6.1 The Pt(111) surface

Platinum is a transition metal with a cubic fcc packing with a lattice constant
of a = 3.92 Å. The (111) face is the close-packed face of the Pt crystal with a
nearest neighbour distance of a/

√
2 = 2.77 Å and a monoatomic step height

of a/
√

3 = 2.26 Å. The characteristic atomic resolution STM image of the
Pt(111) surface, together with the characteristic surface state visible in the
dI/dV spectra, are shown and discussed in section 3.5.4 on page 44.
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Figure 6.1: TDS spectra which indicate the formation of the
complex. Desorption spectrum of (a) NO from NO/Pt(111), (b)
NO from NO + NH3/Pt(111), (c) NH3 from NH3/Pt(111), (d)
NH3 from NO + NH3/Pt(111) [107].

6.2 The NH3-NO complex on Pt(111)

The NH3-NO complex has been extensively characterized on the Pt(111) sur-
face with various non–local techniques, such as EELS (Electron Energy Loss
Spectroscopy), TDS and NEXAFS (Near Edge X-ray Absorption Fine Struc-
ture) [106–108]. In particular, the TDS spectra of Burgess et al. [107] confirmed
a clear indication of the presence of a stable NH3-NO complex: as visible in
figure 6.1, a surface saturated with ammonia exhibits a broad desorption peak
between 170 K e 400 K, while a surface covered with NO exhibits a main peak at
325 K; when coadsorbing the two species, the NO shows two peaks at 300 K and
350 K and the ammonia desorbs with a main peak at 350 K. This observation
indicates that the interaction with ammonia has increased the stability of NO
on the surface and that the desorption peak at 350 K of both species is related
to the dissociation of the complex.
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Within our research group, Marchini [101] performed an STM characteriza-
tion of the complex. Within his work, he tried various recipes in order to prepare
well ordered NH3-NO carpets without dissociation of the species. Thus, the first
part of our work on this system has been devoted to the careful reproduction,
the fine-tuning of these preparation procedures and the characterization of
the intermediate steps to the complex formation with the new experimental
system. This preliminary investigation is necessary since, as will be clarified
further in the text, small discrepancies in the sample temperature reading or
in the measured gas exposures due to differences in the characteristics of the
experimental system (from the one used by Marchini) can have a dramatic
effect on the preparation procedures. Indeed, in order to prepare the complex
it is necessary to eliminate, by controlled heating of the surface, one out of two
coadsorbed NO species, that competes with the NH3 adsorption, and these two
species have very similar desorption temperatures and are mutually stabilized
by their opposite dipole moments (see below).

6.2.1 The α-NO layer

The NOmolecule adsorbs on the Pt(111) surface in three different configurations,
known as α, β and γ-NO, which sit on fcc–hollow, top, and hcp–hollow sites,
respectively, as shown in figure 6.2.

The assignment of the three NO species had already been clarified by Mar-
chini [101] and Matsumoto et al. [109]: when imaging the NO covered surface,
the brighter molecules in figure 6.2b, are the β-NO, which appear about 0.4 Å
higher than the lower ones that correspond to the α-NO. We could not observe
the γ-NO species, since our annealing temperatures were chosen in order to
form a carpet of α-NO(see below), well above the desorption onset of the γ
species.

As can be seen in figure 6.2b, there is a second species that adsorbs on top
of the Pt atoms, i.e. in a “clover leaves” configuration pointing downwards
with our sample orientation, which appears at a similar height as α-NO. Notice
that this species was not observed by Marchini. We tentatively explained it as
CO adsorbing from the background of the UHV chamber and to clarify this
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(a) (b)

Figure 6.2: Top view model (a) of the Pt(111) surface with
the adsorption sites for α, β and γ−NO. STM image (b) of the
Pt(111) surface with a homogeneous layer of α-NO (red circle),
which form a (2×2) ordered layer, and few β-NO species (green
circle). Notice the presence of the “clover leaves” with lower
height (white circle) that are always oriented in the same way
as the ones containing the β species, i.e. both species adsorb on
top sites. STM image parameters: 8 × 7.6 nm2, Vb = −0.5 V,
It = 0.5 nA, T = 4.2 K.

assignment, after preparing a surface as the one in figure 6.2b, we dosed CO at
1× 10−8 mbar for 5 s in the background of the chamber, and we observed that
the number of “clover leaves” with the lower height increased, thus supporting
the proposed assignment (e.g between figure 6.3a,b the lower “clover leaves”
increased by 21 %). This assignment is also corroborated by the observation
of Völkening and Wintterlin [110] that, upon coadsorption of CO and O, the
CO molecules adsorb indeed on top sites of the Pt(111) in the middle of a
triangle formed by the O atoms sitting in the fcc–hollow sites, thus in a similar
arrangement as the one of coadsorbed α-NO and CO. In another possible
interpretation, the species could also be H2O, since it is chemically very similar
to the ammonia molecule (in terms of steric and electronic structure), which
also adsorbs in the same top site (see below and [111, 112]).

The reason for which Marchini did not observe this species is yet unclear. A
possible explanation to this discrepancy could be the fact that in his experiments
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the gases were dosed through a doser positioned close to the sample surface,
allowing to dose in much shorter time and with a very small background
pressure increase. For instance, in his case, 180 s of NO dose with a background
pressure increase of 5× 10−10 mbar were sufficient to saturate the surface. In
our case, owing to the absence of a doser system, to reach a saturation coverage
the chamber must be filled with pNO = 1× 10−8 mbar for about 300 s. The
shorter exposure time and the small increase in the background pressure in the
preparation of Marchini could have greatly reduced the amount of CO or H2O
contamination of the sample.

Since NO has an unpaired electron in the 2π∗ molecular orbital, the molecule
can act as an electron donor or an acceptor, as predicted by the Blyholder
model [113]. Indeed, when NO is adsorbed in the α configuration, one electron
can be transferred by back–donation from the metal to the 2π∗ orbital and thus
the molecule gains a dipole moment with the positive pole directed towards
the metal surface. In the case of β, the dipole orientation is reversed, since the
donation prevails and an electron is transferred through the 5σ orbital to the
metal. A similar donation on the top site occurs with ammonia, where electrons
from the lone pair are transferred to the metal, inducing a dipole moment in the
molecule with the negative pole oriented towards the surface. Summarizing, the
dipole orientations are the same for β-NO and NH3, and opposite for α-NO and
NH3. The interaction between these dipoles explains the mutual stabilization
of the α-NO and NH3 species in the NH3-NO complex. In order to prepare
an extended layer of the complex it is necessary to adsorb ammonia on an
α-NO layer with as less β-NO as possible, since the latter species competes
with the adsorption sites of ammonia, preventing the formation of an ordered
layer. From these layers, single complex units can be prepared by annealing.
In this way, starting from a saturated layer, the dissociation of NO and NH3

can be in practice hindered.
Based on the previous results by Marchini, in order achieve such layer, we

have dosed 3 L of NO at ≈ 90 K, followed by a flash to 305 K± 5 K. The final
temperature of the flash has been found to be critical since a lower temperature
leaves a higher coverage of β-NO species, while a temperature overshoot initiates
the desorption of α-NO. In this preparation, the γ-NO species does not play a
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(a)

(b)

Figure 6.3: (a) STM image of a large area covered with α-NO.
The measured coverages are 0.23 ML, 0.01 ML, 0.068 ML for
α-NO, β-NO and the lower “clover leaves” species, respectively.
(b) Image of the surface, prepared with a recipe similar to (a),
after dosing CO: the coverages are now 0.22 ML, 0.002 ML,
0.083 ML, showing a clear increase of the “clover leaves” species,
supporting the assignment to CO. STM image parameters: all
images 20 × 20 nm2; (a) Vb = −0.5 V, It = 0.5 nA, T = 4.2 K;
(b) Vb = 0.3 V, It = 0.4 nA, T = 77 K.
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relevant role since it readily desorbs at 190 K. Figure 6.3a shows a large scale
STM image of a surface prepared with this procedure, where the measured
coverages are 0.23 ML, 0.01 ML, 0.07 ML for α-NO, β-NO and the “clover
leaves” species, respectively, proving that the β-NO can be greatly reduced by
annealing to the correct temperature. If the “clover leaves” are CO molecules,
the presence of their non-negligible coverage would be related to adsorption
from the chamber UHV background and could be further reduced by speeding
up the preparation process and quickly inserting the sample in the STM, where
the background pressure is more then two orders of magnitude lower than
in the preparation chamber, due to the very efficient cryo–pumping from the
LT-STM shields.

6.2.2 The NH3-NO complex

After preparing the α-NO layer, following the procedure reported in the litera-
ture, we dosed 2 L of NH3 at 90 K and observed the evolution of the surface
after different annealing temperatures between 333 K and 343 K. The result
is shown in figure 6.4. It has to be noted that slight differences the annealing
temperature produce dramatic changes in the coverage of the NH3 and NO
molecules, as can be judged from the STM images.

Since the NH3 molecules always adsorb only on top sites, the images with
high ammonia coverage (figure 6.4a,b) appear as a (2×2) arrangement of bright
protrusions. Within this ordered structure, two types of defects are present,
with decreasing apparent height: the species that are slightly lower than the
NH3 can be assigned to the β-NO species, since they are perfectly in registry
with the ammonia molecules and their coverage is comparable to the residual β
coverage on the α-NO layer; the lowest species (see figure 6.4a) is thus assigned
to the α-NO, since they are out of registry with respect to the ammonia. The
darker areas correspond to clean Pt(111) patches. From these observations, a
model of the NH3-NO complex can be derived, as shown in figure 6.5 [101].

By sequentially increasing the annealing temperature we observed that
the complexes form smaller islands (figure 6.4b,c,d), with a tendency to form
elongated chains, as the NH3 molecules prefer to minimize their lateral in-
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(a) (b)

(c) (d)

Figure 6.4: STM images of the surface after dosing 2 L of NH3
on the α-NO layer: without annealing (a), after annealing at
333 K (b), and (c,d) after two successive flashes at 338 K . The
green circle in (d) marks a single unit of the NH3-NO complex,
while the yellow box highlights a chain of complexes sharing
a NO molecule. STM image parameters: (a) 10 × 10 nm2,
Vb = −0.05 V, It = 3.5 nA, (b) 10 × 10 nm2, Vb = −0.05 V,
It = 1 nA, (c) 9.1 × 9.1 nm2, Vb = −0.2 V, It = 1 nA, (d)
5 × 4.8 nm2, Vb = −0.1 V, It = 1.5 nA; all images T = 77 K.
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Figure 6.5: Schematic model of the NH3-NO complex struc-
ture on Pt(111): an alternated (2× 2) arrangement of ammonia
and nitric oxide molecules.

teractions (i.e. the least possible nearest neighbouring ammonia molecules)
because of their strong dipole, while at the same time maximizing the number
of coordinated α-NO, since they have opposite dipole moment. This is in
agreement with the observed adsorption behaviour of pure ammonia, where
also elongated structures could be observed [101].

Eventually, by annealing to 340 K, is possible to obtain single isolated units
of the complex, as shown in figure 6.6.

The important result of this preliminary work is the acquisition of STM
images with higher resolution: this has been made possible by measuring at low
temperatures, where the interaction of the molecules with the tip is limited, i.e
the imaging conditions with the LT-STM are much more stable compared to the
previously performed experiments at 130 K [101]. The higher resolution allows
for instance to observe that often, when isolated assemblies of complexes form
on the surface (as in figure 6.4d) the α-NO molecules which are coordinated
with a single ammonia are the first ones to detach from the aggregates, while
the ones which are connected to two or three ammonia molecules appear to be
stabilized by the lateral interactions.

The observed adsorption geometry of the complex likely points to the
formation of hydrogen bonds: the presence of two electronegative elements
such as N and O connected by a hydrogen atom, the distances and the linearity
involved in the N−H···O configuration (3.20 Å (see figure 6.6c) are extremely
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(a) (b)

(c)

Figure 6.6: (a) STM image of the surface after flashing at
343 K, where single units of the complex are present. (b) Zoom
on a single unit of the complex, with enhanced color scale, show-
ing the characteristic orientation of the triangles, always pointing
downwards with our sample orientation. (c) Model of the sin-
gle complex where the sizes of the NH3 and the NO molecules
are taken from Ge and King [114] and García-Hernández et al.
[115]. STM image parameters: (a) 10 × 10 nm2, Vb = 0.03 V,
It = 0.8 nA, (b) 1.3 × 1.2 nm2.
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favourable for hydrogen bond formation, in analogy to systems such as water–
hydrazine solutions (N2H4 ·H2O) [116].

Summarizing, firstly we were able to reproduce the preparation procedures
for both the α-NO layer and the NH3-NO complex, and for the latter, we could
prepare either single complexes, complete monolayers, or also intermediate
structures such as chains or small elongated clusters of complexes, and secondly,
we could obtain STM images with higher spatial resolution with respect to the
previous works.

6.3 Characterization of the complex

The characterization tools provided by the LT-STM allow addressing a number
of questions concerning the properties of the bonds involved in the complex
formation. In the next sections we will present the outline of the various
experiments that will be performed in the immediate future.

6.3.1 Lateral manipulation

Lateral manipulation of networks of adsorbed molecules has recently been
exploited to assess the relative strength of intermolecular forces, i.e. by dragging
the molecular assembly with the STM tip and observing the stability of the
network upon this manipulation [117]. Indeed, the ability to create chains of
complexes can be exploited in this direction. For instance, the chain marked in
figure 6.4d is composed of ammonia molecules linked by NO molecules: such
a chain, as well as the single complexes, could be laterally manipulated and
information about the bond strength could be obtained, eventually also as a
function of the chain length (i.e which is the maximum chain length which that
be dragged?).
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6.3.2 Manipulation induced by inelastic tunneling elec-
trons

Many examples in the literature show how tunneling electrons from the STM
tip can be used to excite specific reaction paths of molecules through inelastic
tunneling (IET) as well as to identify and characterize the physical processes that
come into play [27, and references therein]. Two specific examples, that suggest
feasible experiments for gaining more insight in our system, are the works by
Pascual et al. [15] and by Stipe et al. [17]. In the first paper, it is demonstrated
how inelastic tunneling electrons can be tuned to selectively induce either the
translation or the desorption of individual ammonia molecules, by exciting
the stretching or the umbrella vibrational mode, respectively (see section 2.5.3
for more details on this work). In the second paper, a single O2 molecule on
Pt(111) was dissociated by means of inelastic tunneling electrons. In both
cases, the translation/desorpion/dissociation process could be characterized by
measuring the reaction rates as a function of the tunneling current, in particular
showing the existence of a one–, two– or three–electron process occurring in
order to climb the vibrational potential well in the desired reaction coordinate.

In the case of the NH3-NO complex, the same experimental procedure
will be used to investigate whether specific reaction paths, such as partial or
complete dissociation or desorption of the complex, or translational motion,
can be induced. The analysis of the reaction rates vs. tunneling current could
then provide information about the number of electrons necessary to overcome
the potential barrier for the reaction and thus allowing an estimation of the
barrier height itself. The latter information, for instance in a dissociation path,
could then be related to the energy of the bonds between NH3 and NO.

6.3.3 Inelastic tunneling spectroscopy

As shown in section 2.4, the LT-STM has proven to be a tool for imaging
at the atomic scale, but also allows single–bond vibrational sensitivity, thus
providing also an indirect tool for chemical identification of the molecules [26,
and references therein]. Since the ammonia can be found on our Pt(111)
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Figure 6.7: Calculated potential energy for the rotation of
the NH3 molecule adsorbed on top on the Pt(111) surface. The
minima correspond to the configuration where the hydrogens
are above the hcp-hollow sites [115].

surface bounded to a different number of NO molecules, we expect that IETS
on the ammonia should show clear peak shifts between differently coordinated
ammonia. For instance it could be possible to selectively detach one or more
NO molecules and then measure the variation of the stretching and the umbrella
mode of the ammonia.

6.3.4 Rotation of the ammonia molecule

García-Hernández et al. [115] have calculated the potential energy for the
rotation of a single NH3 molecule on the Pt(111) surface around the Pt−N
axis (figure 6.7), predicting that the molecule lies in the minimum energy
configuration when the hydrogens are above the hcp sites, but the barrier to
overcome for the rotation is as low as ≈ 9 meV (corresponding to a temperature
of ≈ 100 K).

Since the measurements by Marchini [101] on the single ammonia molecule
were performed at sample temperatures above 130 K, most likely the molecule
was always freely rotating. In principle, provided that the C3 symmetry of
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the ammonia could be resolved in STM images2, it should be possible to give
an estimate of the energy involved in the bonding with NO by measuring the
temperature at which the ammonia as a rotor is blocked by the hydrogen
bonding with one or more NO molecules. Supporting this hypothesis, Netzer
and Madey [118] observed that on the Ni(111) surface, H+ ESDIAD3 patterns
of sub-monolayer NH3 coverages exhibited a threefold symmetry (i.e. azimuthal
ordering of the ammonia) only when traces of oxygen were pre-dosed on the
surface, and their hypothesis was indeed that NH3 was stabilized by hydrogen
bonding with the O atoms.

In the case that the C3 symmetry of the molecule could not be visible in the
STM images, we propose two different approaches to the problem: one solution
could be simply to substitute one hydrogen atom with a methyl group (CH3),
thus obtaining methylamine (NH2CH3), in order to forcibly break the symmetry
of the molecule, which might allow to observe the molecule in the “blocked”
or “unblocked” rotational state. A second solution, more complex from an
experimental point of view, would be to use partially deuterated ammonia,
such as NH2D or NHD2, and to exploit the so–called CITS (see section 2.4),
where differences in the vibrational modes of the molecule can be laterally
resolved, thus providing a means to distinguish the deuterated arm from the
hydrogen arm of the ammonia. Indeed, as already discussed in section 2.4, it
has been demonstrated that IETS is sensitive to the substitution of a single
hydrogen/deuterium exchange inside a molecule, and that differences due to
small deuterated molecules can be imaged with CITS [10, 41].

6.4 Conclusions

We have shown how it is possible, with the experimental system described
in part II, to prepare well defined monolayers of NO on the Pt(111) surface,
as well as the NH3-NO complex in a size controlled fashion from elongated
clusters to single complex units. Moreover, we have proven that high resolution

2Up to now, no C3 symmetry of the ammonia molecule could be resolved, but this could
be due to the noise problems which are still being solved with the LT-STM.

3Electron Stimulated Desorption Ion Angular Distribution

113



Characterization of the NH3-NO complex on Pt(111)

STM images of the described structures can be acquired with our LT-STM.
Subsequently, reviewing some selected works from the literature, we have shown
how the LT-STM provides a number of investigation tools which are the best
choice for the study of the interactions that constitute the complex, since they
provide combined information on topography, electronic and vibrational states
with unprecedented, i.e. atomic resolution. The experiments which have been
outlined will allow for a deeper understanding of the nature of the hydrogen
bonding.
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Chapter 7

Conclusions and outlook

In this thesis work, the development from scratch of a UHV system hosting an
Omicron Low Temperature - Scanning Tunneling Microscope (LT-STM) has
been realized, and two examples of scientific applications are presented, demon-
strating how single molecules and molecular complexes can be manipulated
and characterized by means of the LT-STM technique.

The LT-STM experimental system has been developed by carefully taking
into account the demanding specifications required. The preparation chamber
that has been realized is compact, easily customizable and expandable by adding
new instruments; at the same time, it offers the essential tools to enable the
preparation and characterization of a wide variety of surfaces and adsorbates to
be investigated in the LT-STM. In order to allow prepare substrates which may
require very different annealing temperatures, an important issue which has
been successfully tackled is the accessible temperature range on the manipulator
sample receiver: the present design allows the samples to be cooled down to 30 K
and heated above 1300 K by means of electron bombardment. Furthermore,
since we want to perform a chemical characterization of the species adsorbed on
surfaces, we designed and installed a Thermal Desorption Spectroscopy (TDS)
system, which allows for the acquisition of mass spectra of the species desorbing
exclusively from the sample and with a well defined background signal.

Many changes have been introduced into the commercial LT-STM system,
both in the instrument itself and above all on the electronics and the control
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software. The instrument has been optimized by improving the vibration
damping system in order to reduce the noise level, while many modifications
have been implemented in the control software in collaboration with the manu-
facturing company, in order to improve its reliability and stability. Moreover
we collaborated with the software developers in order to implement the specific
LT-STM control features that are required for manipulation and spectroscopy
procedures. During this work we have remarkably lowered the overall noise
level, reducing it within a limit that is acceptable for the basic imaging, nanoma-
nipulation and conductivity spectroscopy measurements, as proven by the tests
which have been performed on well characterized substrates.

Within the framework of an ad hoc collaboration established at the Freie
Universität in Berlin,we characterized the M-TBA molecular switches on the
Au(111) surface revealing two remarkable effects of the molecule–molecule and
molecule–substrate interaction. Indeed, we observed that upon evaporation,
the molecules form four different ordered islands by self–assembly. Within
two of these structures, the switching of the molecules is completely hindered
while in the other two structures, the molecules that are allowed to switch
are distributed with well defined spatial periodicities. Hence, first of all we
could conclude that the molecular structure drives the self assembly of ordered
assemblies, where the switching abilities of the single molecules are governed
by their local environment. Secondly, the observed periodicity in the spatial
arrangement of the switching molecules has been explained in one case as due
to a commensurability of the molecular layer with the underlying substrate,
and on the other as originated by a modification of the molecular layer induced
by the substrate herringbone reconstruction. Thus, the observed effects suggest
that it is possible to design suitable molecules that can self–assemble into
structures with defined switching properties, mediated by the interaction with
the substrate. This opens up the possibility to create patters of switches with
well defined periodicity by suitably modifying the substrate properties, for
example with periodic step edges.

In the final part of the work, the LT-STM experimental system which has
been realized is used for the investigation of the properties of the NH3-NO
complex on the Pt(111) surface. We obtained preliminary results, showing
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that the complex can be successfully prepared in our apparatus, and that STM
images with high resolution and stability can be acquired at low temperatures.

Finally, few outlooks for the future development of the experimental system.
First of all, the LT-STM still exhibits a well defined noise problem, which is likely
to be related to one or more faulty components in the control unit/electronics
and is presently being diagnosed. Secondly, the preparation chamber is still
being further upgraded by automatizing the TDS acquisition and by installing
a quartz balance in order to monitor deposition rates from evaporation sources.

With concern to the characterization of the M-TBA molecules, we plan to
characterize the same molecules on a Ag(111) surface, in order to understand
the effect of the Au(111) substrate reconstruction. Moreover, the successful
collaboration established with the group of Dr. Leonhard Grill at FU in Berlin
has developed into further outlooks within the framework of the characterization
of functionalized molecules for nanoelectronics: with a variable temperature fast–
STM in our laboratory we will characterize the growth dynamics of covalently
bonded molecular networks which have been recently characterized at low
temperature by his group [117].

Presently we are tackling the characterization of the NH3-NO: the results of
a number of works in the literature indicate that the LT-STM technique allows
characterizing the nature of the bonds inside the complex, which have been
tentatively identified as hydrogen bonds, and investigate how the properties
of this bond can change by modifying the environment of the complex at the
molecular scale.
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Appendix

A.1 List of acronyms
STM Scanning Tunneling Microscope

LT-STM Low Temperature - Scanning Tunneling Microscope

UHV Ultra High Vacuum

RT room temperature

LN2 liquid nitrogen

LHe liquid helium

CF ConFlat® flanges

LDOS local density of states

DOS density of states

CU control unit

DAC digital-to-analog converter

LEED Low Energy Electron Diffraction

STS scanning tunneling spectroscopy

DPRF differentially pumped rotary feedthrough

TDS Thermal Desorption Spectroscopy

TPD Temperature Programmed Desorption

QMS quadrupole mass spectrometer
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PBN Pyrolytic Boron Nitride

MOSFET metal–oxide–semiconductor field-effect transistor

SCR selective catalytic reduction

IET inelastic tunneling

IETS inelastic tunneling spectroscopy

CITS continuous imaging tunneling spectroscopy
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A.2 Vapour pressure of selected elements

Figure 1: Vapour pressure of selected materials [119].
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A.3 Thermal conductivities of selected materials

A.3 Thermal conductivities of selected mate-
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Figure 2: Comparison of the thermal conductivities of molyb-
denum, stainless steel and sapphire.

A.4 Glidcop cleaning and gold plating proce-
dures

Since a clear documentation on the subject was not found in the literature, we
have developed and tested a procedure for successful cleaning and gold plating
of the Glidcop for UHV applications.

The glidcop component to be plated must be thoroughly cleaned before the
plating. Any whiskers, dirt traces or machining oil residues will prevent the
adhesion of the metals to be plated. To clean the object from rough machining
imperfections, it might be useful as a starting point to sandblast it or clean it
with fine-grained sandpaper (e.g. from grade 800 to 1200, depending on the
application). The piece must then be bright dipped in an acid solution prepared
by mixing one part of concentrated HNO3 and two parts of concentrated H2SO4.
The use of pure or slightly diluted HNO3 has shown to be violently nitrating
and induced strong N2 outgassing when the component was inserted in vacuum.
The cleaning solution must be prepared under fume hood, by slowly adding the
H2SO4 to the HNO3 and mixing them by using a magnetic stirrer. Moreover, it
should be prepared while immersed an ice bath in order to prevent the mixture
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from boiling due to the strongly exothermal reaction between the two acids.
The glidcop component can then be dipped for some seconds in the acid and
then quickly soaked in to large a large quantity of demineralized and deionized
water (possibly running from a tap), while minimizing the exposure to air to
prevent oxidation of the nude metal. This procedure should be repeated until
the component is free of dark stains and imperfections and appears of a bright,
pure copper color.

Before the gold plating, the component should be plated with a thin buffer
layer of Ni (i.e. less than 1 µm), in order to help the adhesion of the gold layer
and prevent alloying between gold and copper. The electroplating bath should
be an acid Watts nickel bath with very few impurities (especially Cr) with a pH
from 3.8 to 4.0. For details on the precise composition of the bath see reference
[72]. The gold electroplating bath we used for our components is characterized
by pH = 5.1 and gold concentration of 7 · 08 g/l.

Notice that in principle the current should be optimized in order to obtain
a growth rate which is comparable to the reference electrodes of the bath.
However, especially for plating baths where parameters are optimized for
plating parts that are much smaller than the component to be plated, the
current should not exceed a threshold that is usually is well known for each
bath: currents above this threshold might damage the solution (i.e. lead to
precipitation of the salts). Furthermore, an empirical indicator that the current
is too high, is the fact that the plating almost spontaneously strips off the
metal, which indicates that the growth rate has to be lowered in order to allow
for the plated layer to be deposited without accumulating internal strain.

A wealth of information on metal cleaning and plating procedures can be
found in reference [120].
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