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Abstract

In this thesis, structural, magnetic and electronic properties of different classes of tran-
sition metal complexes are studied by means of low-temperature scanning tunneling
microscopy (STM). Electrospray ionization (ESI) is used for the deposition of these
large molecules on metal surfaces. Four different experiments on organometallic com-
plexes on metal surfaces are briefly introduced in the following.

Magnetic sandwich complexes are of particular interest for molecular spintronics.
We evidence the successful ESI deposition of a trinuclear organometallic complex,
TCBB, composed of three connected magnetic sandwich units, on Cu(111). Scan-
ning tunneling spectra reveal two distinct spatial dependent narrow resonances close
to the Fermi level for the trimer molecules as well as for molecular fragments composed
of one and two magnetic units. With the help of density functional theory (DFT), these
resonances are interpreted as two Kondo resonances originating from two distinct non-
degenerate d-like orbitals. These Kondo resonances are found to have defined spatial
extents dictated by the hybridization of the involved orbitals with that of the ligands.

The investigation of interconnected magnetic sandwich molecules was extended by
changing the ligand of the metal center, the organic linker (naphthalene or benzene)
and the number of magnetic units. Although these molecules are composed of the
same magnetic cobaltocene unit, only one of these compounds shows a Kondo reso-
nance, whose amplitude varies from molecule to molecule. The amplitude variation and
its absence for the other investigated complexes are attributed to different molecule-
substrate coupling, which is strongly influenced by the linker. Parameters influencing
the molecule-substrate coupling and molecular properties are extracted from the ex-
perimental data.

Adding ligands to molecules can have drastic and unforeseen consequences for the
properties of metal-organic complexes. Little is known about the influence of axial
ligands on intermolecular interactions on surfaces. We show a surface cis effect where
an axial ligand at adsorbed transition metal complexes enables lateral bonding among
the molecules. In the absence of this ligand, FeTMTAA molecules remain isolated at
low coverages on Au(111). Exposure to CO leads to axial CO bonding and induces
reordering into extended clusters of chiral molecular trimers. The changed self-assembly
pattern is due to a CO-induced modification of the molecular structure, which impacts
the charge transfer between the molecule and the substrate. In turn, the different
charge transfer changes the lateral intermolecular forces.
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vi Abstract

Spin-crossover (SCO) compounds can be switched between two spin states and are
promising building blocks for spin-based applications. Understanding the conditions
for stability of SCO complexes on solid surfaces is therefore desirable. We report on the
ESI deposition of SCO iron terpyridine (tpy) complexes on Au(111). STM topographs
reveal a decomposition of the first complex into single tpy ligands. Three distinct
isomeric conformations of the tpy ligand are identified, which is corroborated by gas-
phase DFT calculations. In order to minimize the fragmentation on the surface, a
second SCO complex with additional carbon linkers was synthesized and investigated.
It turned out that this approach does not prevent surface-induced flattening of the
complex, but allows the observation of interconnected tpy dimers.



Kurzdarstellung

In dieser Arbeit werden strukturelle, magnetische und elektronische Eigenschaften von
unterschiedlichen Übergangsmetallkomplexen mittels Rastertunnelmikroskopie (STM)
bei tiefen Temperaturen untersucht. Für die Deposition dieser großen Moleküle wird
das Verfahren der Elektrospray-Ionisation (ESI) verwendet. Im Folgenden werden vier
unterschiedliche Experimente an metallorganischen Komplexen auf Metalloberflächen
vorgestellt:

Magnetische Sandwichmoleküle sind von besonderem Interesse hinsichtlich moleku-
larer Spintronik. Es wird die erfolgreiche ESI Deposition von einem metallorganischen
Komplex (TCBB), bestehend aus drei gekoppelten, magnetischen Sandwich-Einheiten,
auf Cu(111) gezeigt. Rastertunnelspektren zeigen zwei voneinander räumlich deutlich
getrennte, schmale Resonanzen nahe des Fermi-Levels für das Trimer-Molekül, sowie
für Molekülfragmente, die aus ein oder zwei magnetischen Einheiten bestehen. Mit der
Hilfe von Dichtefunktionaltheorie-Rechnungen (DFT-Rechnungen) werden diese Re-
sonanzen als zwei Kondo-Resonanzen interpretiert, die ihren Ursprung in zwei nicht
entarteten d-ähnlichen Orbitalen haben. Es zeigt sich, dass diese Kondo-Resonanzen
eine definierte räumliche Ausdehnung haben, die von der Hybridisierung der beteiligten
Orbitale mit denen der Liganden bestimmt wird.

Die Untersuchungen von gekoppelten, magnetischen Sandwichmolekülen wurden
auf Moleküle mit unterschiedlichen Liganden und organischen Verbindern (Naphthalin
oder Benzol), sowie zwei oder drei magnetischen Einheiten ausgeweitet. Obwohl diese
Moleküle aus den gleichen magnetischen Cobaltocen-Einheiten aufgebaut sind, zeigt
nur einer dieser Komplexe eine Kondo-Resonanz, deren Amplitude von Molekül zu
Molekül variiert. Die Änderung der Amplitude und das Ausbleiben der Kondo-Resonanz
für die anderen untersuchten Komplexe wird Unterschieden in der Bindung zum Sub-
strat zugeschrieben. Die Molekül−Substrat-Bindung ist stark durch den Verbinder
beeinflusst.

Das Hinzufügen von Liganden an Moleküle kann drastische und unvorhergesehene
Auswirkungen auf die Eigenschaften von metallorganischen Komplexen haben. Dabei
ist wenig über den Einfluss von axialen Liganden auf die intermolekularen Wechsel-
wirkungen auf Oberflächen bekannt. Ein Oberflächen-cis-Effekt wird gezeigt, bei dem
ein axialer Ligand an adsorbierten Übergangsmetallkomplexen eine laterale Bindung
zwischen den Molekülen ermöglicht. Ohne diesen Liganden bleiben FeTMTAA Mole-
küle bei niedriger Bedeckung auf Au(111) isoliert. Die Exposition mit CO führt zu einer
axialen CO-Bindung und induziert eine Umordnung der Moleküle hin zu ausgedehnten
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viii Kurzdarstellung

Clustern, bestehend aus chiralen Trimeren. Die geänderte Selbstorganisation ist durch
eine CO-induzierte Modifikation des Moleküs bedingt, welche den Landungstransfer
zwischen Molekül und Substrat verändert. Die Größe des Ladungstransfers bestimmt
die lateralen, intermolekularen Kräfte.

Spin-Crossover (SCO) Moleküle können zwischen zwei Spin-Zuständen geschaltet
werden und sind vielversprechende Bausteine für spin-basierte Anwendungen. Daher
ist es wünschenswert, die Bedingungen für stabile SCO Komplexe auf Festkörperober-
flächen zu verstehen. Es wird von der ESI Deposition von SCO Eisenterpyridin (tpy)
Komplexen auf Au(111) berichtet. STM Topographien enthüllen die Zersetzung eines
Komplexes in zwei einzelne tpy Liganden. Es werden drei unterschiedliche Isomere des
tpy Liganden indentifiziert, die mit DFT-Rechungen in der Gasphase übereinstimmen.
Um die Zersetzung auf der Oberfläche zu minimieren, wird ein mit zusätzlichen Kohlen-
stoffketten verstärkter SCO Komplex synthetisiert und untersucht. Es zeigt sich, dass
diese Herangehensweise zu einer Oberflächen-induzierten Verflachung der Komplexe
führt, die das Auffinden von gekoppelten tpy Dimeren ermöglicht.
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Introduction

Over the last decades top-down miniaturization of electronic devices was the main
driving force of technological progress. Beyond increasing the capability of computers,
novel applications in data storage, sensing, energy harvesting or medicine will benefit
from further miniaturization of numerous technologies. However, there is an inevitable
size limit to the miniaturization of nanoscale devices constructed with traditional top-
down approaches such as lithography based device design. A bottom-up approach
of molecular nanotechnology seem to promise an alternative route to overcome these
size limitations [1–8]. Molecular systems promise considerable advances on scalability,
component density, cost and power consumption criteria when weighed against solid-
state materials [9–11].

Stimulated by the idea of using single molecules as functional building block for
electronic devices, researchers around the world pushed the frontiers of both measure-
ment capabilities and fundamental understanding of various physical phenomena at
the single-molecule level. Recent experimental advances include the demonstration
of conductance [12–16] and magnetic state [17–20] switching, rectification of current
[21–23] or light emission [24–29].

For both fundamental and application perspectives, molecules may be attached
to electrodes (e. g., surfaces). Yet, the adsorption of molecules on metallic surfaces
can have unforeseen consequences and may considerably change the molecular prop-
erties. One therefore needs a better understanding of the physics that take place at
molecule−metal interfaces. Scanning tunneling microscopy (STM) performed in ul-
trahigh vacuum and at low temperatures allows to investigate electronic, magnetic,
and optical properties of nanostructures on surfaces at the atomic scale [30–35] and is
therefore ideally suited for the investigation of single molecules on metal surfaces.

The present thesis is devoted to the investigation of single organometallic mole-
cules on metal surfaces. Organometallic complexes represent an attractive family of
molecular material, which combines atomic-level control of organic structure afforded
by synthetic chemistry and the electronic and magnetic diversity offered by metallic
elements [10, 36]. The aim of this thesis is to contribute to the fundamental under-
standing of single organometallic molecules and their interaction with metal surfaces.

In particular, this thesis is organized as follows. Chapter 1 gives a short intro-
duction into the basic principles of STM-based molecular physics necessary for the
understanding of the results. Of particular interest is the Kondo effect, which can be
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2 Introduction

utilized as a readout channel of magnetic properties of adsorbed molecules. Since all
molecules investigated in this thesis were modeled by density functional theory, the
fundamentals of this method are given.

Chapter 2 gives details and characteristics of the experimental setup used for this
work.

Chapter 3 deals with the Kondo effect in cobalt-based complexes on metal surfaces.
Thanks to a particular hybridization of the metal and ligand orbitals, the Kondo reso-
nances can be independently studied by selecting adequate areas of investigation over
the molecule. This is in contrast to magnetic adatoms, where the orbitals at the origin
of Kondo resonances may be degenerate and spatially overlap.

Chapter 4 reports on the investigation of magnetic complexes composed of two or
three cobaltocene units deposited on metallic surfaces. It is shown that the nature of
the linker between the cobaltocene units strongly influences the adsorption geometry
and therefore the interaction between the magnetic subunits and the substrate.

In Chapter 5 the influence of axial ligands on adsorbed transition metal complexes
is studied. A surface cis effect is shown where axial CO bonding at iron complexes
enables lateral bonding among the molecules.

In Chapter 6 the adsorption of iron based spin crossover molecules on Au(111) is
investigated. STM topographs reveal a decomposition of the complexes into single
terpyridine (tpy) ligands. Three distinct isomeric conformations of the tpy ligand are
identified.

The following parts of this thesis have been published in peer-reviewed journals:

• Chapter 3:
Thomas Knaak, Manuel Gruber, Christoph Lindström, Marie-Laure Bocquet,
Jürgen Heck, and Richard Berndt.
Ligand-Induced Energy Shift and Localization of Kondo Resonances in Cobalt-
Based Complexes on Cu(111)
Nano Lett. 17, 7146 – 7151 (2017)

• Chapter 4
Thomas Knaak, Manuel Gruber, Sarah Puhl, Florian Benner, Alejandra Escribano,
Jürgen Heck, and Richard Berndt.
Interconnected Cobaltocene Complexes on Metal Surfaces
J. Phys. Chem. C 121, 26777 – 26784 (2017)

• Chapter 5:
Thomas Knaak, Thiruvancheril G. Gopakumar, Bettina Schwager, Felix Tuczek,
Roberto Robles, Nicolás Lorente, and Richardt Berndt.
Surface cis Effect: Influence of an Axial Ligand on Molecular Self-Assembly
J. Am. Chem. Soc. 138, 7544 – 7550 (2016)



1
Fundamentals

1.1 Scanning tunneling microscopy in molecular
science

Nowadays, the scanning tunneling microscope is one of the most important tools in
surface-based nanoscience [37]. The working principle of STM is to move a metallic
tip in close proximity over a surface of interest. If a bias voltage is applied, a tunnel-
ing current flows between the tip and the sample. Because the tunneling current is
exponentially dependent on the vacuum-barrier thickness, its analysis allows to mea-
sure various properties of the surface in real space with atomic resolution. A detailed
description of the fundamentals of STM is given in Section 1.2.

Figure 1.1: Schematic view of the STM
working principle.

3



4 Fundamentals

Soon after its invention in 1981 by Binnig and Rohrer1 [39, 40], the STM was utilized
to investigate molecules. Within a few years, the STM was successfully applied to the
imaging of individual molecules on surfaces [41, 42]. STM may be used in combination
with an atomic force microscope (AFM) [43, 44] which allows i.a. additional force
measurements. To date, the technical progress in scanning probe microscopy enabled
various applications in the field of molecular science:

• Molecule identification. The atomic resolution of STM/AFM can be employed
to verify the structure of synthesized molecules or to determine the organic struc-
ture of natural molecules [45–48]. Here, the key step to achieve atomic resolution
is the functionalization of the tip apex with a suitable, atomically well-defined
termination, such as a CO molecule [45, 49, 50].

• Electronic structure. STM is particularly suited to probe the electronic prop-
erties of single molecules. Spectroscopic measurements are used to determine
the energy of occupied and unoccupied molecular orbitals. Furthermore, the iso-
density of molecular orbitals can be inferred from particular topographic mea-
surements [51]. Recently, it was shown that quantum motion of molecules can
be probed at the femtosecond-scale [52].

• Magnetic properties. The spin state of individual molecules can be inferred
from spin-polarized STM (SP-STM) [53] or by taking advantage of the Kondo
effect (see Section 1.3) [54]. Moreover, the utilization of magnetic tips in SP-STM
allows spin-resolved imaging [55].

• On surface chemistry. STM is capable of manipulating objects, like single
atoms and molecules [56]. Tip-induced manipulation can be used to modify the
conformation of adsorbed molecules [57]. In addition, local chemical reactions
involving bond dissociation and formation are feasible [58–61].

Besides the above-mentioned fundamental applications further scanning probe meth-
ods address molecular vibration [62], electroluminescence [26–29, 63] or charge effects
[64]. Combining these methods STM is a key instrument for the investigation of mole-
cular systems ranging from diatomic molecules to artificial molecular machines [65, 66].

STM and AFM is still an active field and new concepts and measurements come
out every day. Certainly, very recent STM techniques like shot noise measurements
[67] or electron spin resonance STM [68, 69] will be applied to single molecules.

1In 1986 Binnig and Rohrer received the nobel prize in physics for the design of the STM [38].
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Figure 1.2: Schematic diagram of the tunneling barrier junction that applies to molecules
on a metal surface. At zero temperature the electronic states of tip and sample up to their
Fermi energy EF,T and EF,S are occupied. ΦT and ΦS denote the work functions of tip and
sample with respect to the vacuum energy level EVAC. With a positive voltage V applied
to the sample the electrons of occupied tip states can tunnel into unoccupied states of the
sample.

1.2 Scanning tunneling microscopy and spectroscopy

STM is based on the general principle of moving a probe tip across the surface of a
conductive sample to be examined. If the distance z between tip and sample is in
the range of a few ångströms, the electron wavefunctions of the tip overlap electron
wavefunctions of the sample surface. This allows electrons to tunnel from the tip to the
sample or vice-versa. Applying a voltage V between the tip and the sample leads to
a tunneling current I, i. e. electrons pass the vacuum barrier between tip and sample.
This tunneling current I depends in a first approximation exponentially on the distance
z. Thus, the measurement of I as imaging signal enables a precise measurement of
the tip−sample distance and therefore facilitates a mapping of the surface including
possible adsorbed molecules with atomic resolution.

Actually, I depends additionally on other factors and may be used to provide insight
into the electronic properties of the surface. Figure 1.2 shows a schematic diagram of
the tunneling barrier. Two metal electrodes, representing tip and sample, are separated
by a small tunneling gap. At a temperature of T = 0 K the electrons are filled up to the
Fermi energies of tip EF,T and sample EF,S. When a voltage is applied to the sample,
the Fermi energies are shifted by eV to each other. For positive sample voltages the
electrons of occupied tip states can tunnel into unoccupied states of the sample.



6 Fundamentals

The transmission probability, T (z, V, E), may be approximated by a one-dimensional
trapezoidal tunnel barrier [70, 71]. In the Wentzel-Kramers-Brillouin (WKB) approx-
imation [31, 72] T (z, V, E) reads [31, 73]:

T (z, V, E) ∝ exp
−αz

√
Φ + eV

2 − E
 , (1.1)

with α = 2
√

2m/~ (m: free electron mass; ~ Planck’s constant divided by 2π), Φ =
1
2(ΦS + ΦT ) is the averaged work function.
For low temperatures, i. e. T � eV/kB (kB: Boltzmann’s constant; −e: electron
charge), the tunneling current at a tip−sample distance z and a voltage V is then
expressed as [31]:

I(z, V ) ∝
∫ eV

0
ρS(E)ρT (E − eV )T (z, V, E)dE, (1.2)

where ρT and ρS are the local densities of states (LDOS) of tip and sample, respec-
tively. E denotes the energy of states participating in the tunneling process. Although
there are more theories of tunneling specifically applied to the STM [74–80], the one-
dimensional WKB tunneling theory is sufficient to describe the data in many cases
[31, 81].

In this thesis, molecules adsorbed on metal surfaces are investigated. If a molecule is
in the tunneling junction, the electrons can directly tunnel from the tip into unoccupied
molecular orbitals (MO) of the molecule (or from an occupied MO to the tip depending
on the sample voltage). The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are also shown in Figure 1.2. It is often
assumed that the states of an adsorbed molecule are pinned with respect to the chemical
potential of the substrate. If adsorbed molecules are decoupled from the metal substrate
by insulating layers or thanks to their particular structure, a double-barrier tunneling
junction has to be considered [24, 51, 82, 83].

For imaging, the tunneling current is usually kept constant using a feedback loop
circuit, which varies the tip−sample distance. The vertical displacement of the tip is
then used to generate a topography of the surface. Therefore, the STM image reflects
the geometry as well as the electronic structure of the surface. In the case of additional
adsorbates the interpretation of STM images is thus far from being straightforward. An
illustrative example is carbon monoxide on Cu(111). The diatomic molecule reduces
the conductance and leads to a depression in constant-current STM images over a range
of bias voltages [84, 85].
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Scanning tunnneling spectroscopy

It is possible to gain further information on the electronic density of states (DOS)
by performing local scanning tunneling spectroscopy (STS). Here, a voltage ramp is
applied to the tunneling junction while the tip is kept fixed at a selective position on
the sample. At the same time, the differential conductance (dI/dV ) is usually acquired
by lock-in technique. The spectral LDOS has to be obtained by normalization from
dI/dV spectra [78, 81, 86, 87]. At a constant distance (z = z0 = const) the differential
conductance can be approximated to [87]:

dI(z0, V )
dV

∝ eρS(eV )T (z0, V, eV )− eαz0√
Φ
I(V ). (1.3)

Here, the tip DOS is assumed to be constant, which is a reasonable approximation
if the tip is well prepared. Solving Eq. 1.3 for ρS, the LDOS is obtained from constant-
distance spectra. The apparent barrier height Φ and the tip−sample distance z0 may
be determined from experimental current-versus-distance data.

Covering a wide range of voltages requires a large dynamic range of current when
measuring at constant height. However, excessive currents during spectroscopy can
damage or alter molecules at surfaces. This can be avoided by recording spectra at con-
stant and low current, which implies a variation of the tip−sample distance. Therefore,
for the normalization a variation of the tip−sample distance z(V ) has to be considered.
Following Ref. [81] the LDOS can be determined from constant-current spectra via

ρS(eV ) = 1
eT (z(V ), V, eV )

{
dI(z(V ), V )

dV
+ eαz(V )√

Φ
I0

}
. (1.4)

I0 is the constant current set for the measurements. Because the absolute distance
z(V ) is not known in experiments, it is estimated by z = z0 + ∆z. The tip excursion
∆z(V ) can be measured simultaneously with recording dI(V )/dV . In Chapter 5 this
procedure was used for the normalization of dI/dV spectra of NiTMTAA molecules
on Au(111) .

In Chapter 3 and 4 sharp spectral features with a full-width at half-maximum
(FWHM) of approximately 30 meV are observed. Besides the intrinsic line width of
these features, some broadening may appear, which should be discussed. In general,
two broadening mechanisms are important, namely the thermal broadening and the
lock-in instrumental broadening.

The thermal broadening is due to the finite width of the involved Fermi levels.
It can be roughly estimated by ∆ET ≈ 3.5kBT , i. e. ∆ET ≈ 0.3 meV K−1 [88–90].
∆ET is the FWHM of a thermal-broadening function, which is convoluted with the
surface DOS. Most of the experiments presented in this thesis have been performed at
a temperature below 5 K, which corresponds to ∆ET ≈ 1.5 meV.
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The instrumental broadening depends on the AC modulation of amplitude Vmod

and is given by ∆Vlock−in ≈
√

3Vmod [89, 90]. An amplitude of 1 mVrms yields therefore
a width of ∆Vlock−in ≈ 2.5 mV (Vmod =

√
2Vrms).

As the estimated thermal and instrumental broadening is significantly smaller than
the width of the spectral features observed in this thesis, it may be neglected.

For a more detailed description of the working principle and measurement modes
of STM and STS, the reader is referred to the existing textbooks on this topic [30–35].

1.3 The Kondo effect
The magnetic properties of molecules on conductive surfaces are of great interest with
the prospect of future spintronic applications [91]. The so-called Kondo effect allows
the extraction of certain magnetic properties of molecules with non-magnetic tips and
surfaces. The Kondo effect results from the scattering of conduction electrons of a
host metal with the localized spin of magnetic impurities [92, 93]. First experimental
evidence for the Kondo effect was presented in the 1930s, where measurements on
different metals incorporating magnetic impurities showed a resistence minimum at
very low temperatures [94, 95]. This stands in contrast to the general finding that the
electrical resistance of a metal decreases with temperature as the number of scattering
events decreases. The temperature at which the increase of resistivity is observed was
termed Kondo temperature TK .

In STS measurements on magnetic atoms or molecules a Kondo resonance can
be detected as a narrow conductance peak- or dip-like feature close to EF (Fig. 1.3a).
Thus, evaluation of this Kondo resonance permits conclusions about the magnetic state
of the analyzed system.

Using STM, the first observations of the Kondo effect on single adatoms were re-
ported in 1998 [97, 98]. From the year 2005 on the Kondo effect was also utilized
to investigate the magnetism of metal-organic complexes [54, 99] and is nowadays a
widely studied effect [100, 101]. The Kondo effect can be also detected in fully organic
molecules, where the impurity spin arises from charge transfer processes [102–104].

Anderson model

TheAnderson single-impurity model is typically used to explain the Kondo phenomenon
[96, 105, 106]. It simplifies the full electronic structure of an adsorbate by assuming
only a single d-orbital state which can be filled with one, two or no electrons. The
singly occupied 3d orbital (d1) is located below the Fermi energy EF with a binding
energy ε. Adding a second electron to the very same orbital increases the energy by the
Coulomb repulsion U as sketched in Fig. 1.3. This orbital (d2) is therefore occupied
with opposite spins. Due to the hybridization between the d states and the continuum
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Figure 1.3: (a) Kondo resonance measured on a cobaltocene complex on Au(111). The
experimental data is taken from Chapter 4. (b) Schematic drawing of the energy-dependent
DOS of a single d orbital in interaction with a metal surface. The singly occupied state d1

is located at an energy ε below the Fermi level EF and at an energy U below the doubly
occupied state d2. Due to the interaction with the metallic host, the orbital levels have a
half-width at half-maximum of ∆. Adapted from Ref. [96].

of electronic states of the metal, the d states are broadened by ∆ = ρ0 |V |2. Here, ρ0
is the DOS of the metal at EF and V the hybridization matrix element that describes
the coupling between the d states and the metal conduction electrons [96].

To flip the spin in the singly occupied d state, a bulk electron of opposite spin
is needed. Two spin-flip processes are possible in which the d state is either doubly
occupied or empty in the intermediate step. Taking into account a multitude of these
processes, they modify the energy spectrum by generating a new many-body state close
to EF – the Kondo resonance.

In the Anderson model electrons originating from a STM tip have three possibili-
ties to tunnel into the sample (Fig. 1.4) [96, 107]: They can tunnel directly into empty
bulk states above EF of the substrate (1), into the Kondo resonance (2) or indirectly
into the localized state of the magnetic impurity (3). The tunneling current is de-
termined by the interference between spin-conserving channels 1 and 2. Both paths
are chosen by the tunneling electrons with probabilities given by the tunneling matrix
elements t1 and t2 for tunneling into bulk states and the Kondo resonance, respectively.
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Figure 1.4: Possible scattering channels for an electron tunneling from tip to metal
through a magnetic impurity adsorbed on a metal surface. Adapted from Refs. [96, 107].

Fitting of the Kondo resonance

To extract quantities from the Kondo resonance the line shape is usually fitted by an
appropriate function. In many Kondo studies done by STM/STS the fitting of the
Kondo resonance is performed with a Fano function [96, 108–116]:

dI

dV
≈ A · (q + ε)2

1 + ε2
+B, (1.5)

with the asymmetry parameter q, the elementary charge e, the sample voltage V ,
constants A,B and the energy dependent variable

ε = eV − EK

ΓL
. (1.6)

EK is the energy position of the resonance and ΓL the half-width at half-maximum
(HWHM) of the obtained curve. The Kondo temperature is then described as HWHM
at T = 0 K [96]:

ΓL(0K) = kBTK . (1.7)

The line shape of the resonance is linked to the ratio of the tunneling probabilities
t1 and t2 [96, 107]. In Equation 1.5 this is incorporated by the asymmetry factor q.
For electrons dominantly tunneling into the Kondo resonance (t2 � t1), the q factor is
large and the Fano function has the shape of a Lorentzian peak (Fig 1.5). For t2 � t1
q is close to zero and the Fano function has a dip shape. An asymmetric line shape
corresponds to intermediate q values.
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Figure 1.5: Set of curves calculated with the normalized Fano equation (Eq. 1.5) for
different q values. The curves are vertically shifted for clarity.

In recent works [83, 101, 104, 117–121] the Fano equation (Eq. 1.5) was exchanged
by a Frota function [118, 122] with a background:

∆dI
dV

= A Im
ieiΦ

√
iΓ

eV − ek + iΓ

+BV + C. (1.8)

The line shape parameter Φ results for even multiples of π in a dip and for odd mul-
tiples of π in a peak. The Kondo temperature can be extracted via TK(Frota) =
ΓFrota/(1.43 · kB) [118]. The Frota function closely reproduces the solution that can
be obtained with numerical-normalization group (NRG) theory [117, 123]. A compar-
ison between the Frota function, the Fano function and the resonance calculated with
the NRG theory are shown in Figure 1.6. However, some dI/dV spectra of Kondo
resonances are better approximated by a Fano function than a Frota function.

Independent of the choice of the fit function, the fit of resonance signals in STS
often results in different parameter sets depending on the assumed background and on
the energy window of the data taken into account for the fit.

Confirmation by external perturbations

The observation of a zero bias anomaly can have different origins. For example, some
features observed at the Fermi level are due to the excitation of low energy vibrations
[124–126]. One possibility to confirm the Kondo effect as origin of an observed zero-bias
conductance feature is the application of an external magnetic field. When external
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Figure 1.6: Comparison of the Kondo resonance calculated with the phenomenological
Frota form and Lorentzian. Adapted from Ref. [117].

magnetic fields which exceed the Kondo correlation energy, i. e. g0µBB > kBTK (g0 is
the Landé factor of a free electron and µB the Bohr magneton) are applied, the Kondo
resonance splits into two distinct parts [101]. The splitting of the resonance scales with
the Zeeman energy and depends strongly on the direction of the magnetic field [127].
Experimentally, a Kondo splitting was shown for single adatoms [127–129] as well as
for adsorbed molecules [104, 130, 131].

Since the Zeeman splitting as a function of the magnetic field is given by ∆ =
2g0µBB, large magnetic fields of several Tesla are required for a splitting of some meV.
Taking into account that spectra are thermally broadened by approximately 3.5kBT ,
i. e.≈ 0.3 meV K−1, temperatures in the low Kelvin range are an additional requirement
for the observation of the splitting. For the experiments presented in this thesis no
external magnetic field was available.

Another hallmark of the Kondo effect is a strong temperature-induced broadening
of the Kondo resonance. For increasing temperatures, the width of a Lorentzian Kondo
resonance broadens with [132]

ΓL(T ) =
√

(πkBT )2 + 2(kBTK)2. (1.9)

The match of Equation 1.9 with temperature dependent measurements of the
resonance width is often used to attribute zero-bias features to the Kondo effect
[54, 102, 115, 132]. It is worth mentioning that the thermal broadening of the Fermi
levels introduced by the tunneling mechanism by ∆ET ≈ 3.5kBT has to be considered
(see Sec. 1.2).
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Findings from the Kondo resonance

In the following, the information, which can be obtained by the analysis of Kondo
resonances, is presented in a non-exhaustive way:

• Localization of magnetic moments. The observation of a Kondo resonance
is the evidence of a magnetic moment. Furthermore, spatial resolved STS mea-
surements allow a localization of the involved orbitals.

• Identification. The line shape (width and symmetry) of the Kondo resonance
may be utilized as a fingerprint of adsorbates. Once the fingerprint is known, it
can be used to identify unknown adsorbates on the surface [133].

• Occupation number. The occupation number nd for the 3d states of a metal
atom can be estimated by the position EK and the width Γ of the Kondo reso-
nance [96, 112, 134]:

nd = 1− 2
π

tan−1
(
EK

kBTK

)
. (1.10)

The occupation number ranges between nd = 0 for an empty and nd = 2 for a
doubly occupied orbital. Therefore, the occupation of molecular orbitals with an
unpaired spin may be estimated.

• g-factor. The application of external magnetic fields enables the direct measure-
ment of g values of adsorbates [128].

1.4 Molecular interactions

For the investigation of complex molecules on metal surfaces it is important to un-
derstand adsorption and lateral interactions. Firstly, the knowledge of the involved
interactions is crucial for the interpretation of STM data of molecules. Secondly, a
precise understanding of the mechanisms behind self-assembly is needed to enable the
fabrication of well-definded molecular structures in a predictable manner. Therefore,
the basic molecular interactions on metal surfaces are shortly reviewed in the follow-
ing. Table 1.1 gives an overview of the basic molecular interaction types. Additionally,
significant STM experiments on metal complexes are discussed.
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Interaction type Energy range Distance

van der Waals Eas ≈ 0.02− 0.1 eV < 10 Å
Hydrogen bonding Eas ≈ 0.05− 0.7 eV ≈ 1.5− 3.5 Å
Electrostatic ionic Eas ≈ 0.05− 2.5 eV up to several nm

Metal−ligand interactions Eas ≈ 0.5− 2 eV ≈ 1.5− 2.5 Å

Table 1.1: Intermolecular interaction types with associated energies and typical distances.
Adapted from Refs. [137, 145].

Adsorption

Depending on the strength of the interaction between an adsorbate and the substrate,
adsorption is subdivided into the terms physisorption and chemisorption [135, 136].
Physisorbed adsorbates are bond to the substrate by weak van der Waals forces with
typical binding energies in the order of 10− 100 meV [135]. As the interaction is weak,
the electronic structure of the molecules is hardly perturbed upon adsorption [136]. To
exclude appreciable thermal desorption at room temperature, the adsorption energy
per molecule should exceed significantly the thermal energy kBT ≈ 25 meV [137].

In contrast, chemisorption corresponds to the case when a molecule forms strong
chemical bonds with the substrate atoms. These bonds can be either covalent (with
sharing of electrons) or ionic (involving electronic charge transfer [138]). Typical bind-
ing energies are in the order of 1 − 10 eV [135]. The strong interaction changes the
electronic structure of the molecules and can even cause their dissociation [139, 140].

For the interpretation of STM data it is therefore crucial to consider the influence of
the substrate. In STM experiments ultrathin insulating films can be used to disentangle
the electronic structure of adsorbed molecules from the influence of the substrate [51].
Furthermore, adsorption-induced charge transfer has to be taken into account in the
analysis of Kondo resonances [102].

In the case of adsorbed metal complexes, the chemical bond strength to the sub-
strate depends on the electronic structure of the metal center [60, 141]. It was shown
that the bonding interaction can be altered by dehydrogenation of the ligand [54], the
influence of an additional axial ligand [141, 142] or by increasing the coverage [143, 144].

Lateral interaction types

Lateral intermolecular interactions between adsorbed molecules have different origins.
Dipole forces may be related to permanent dipole moments of adsorbed molecules

or to the permanent dipoles formed by the adsorption bond due to a charge transfer.
This strong and long-range interaction can lead to the formation of highly dispersed
superstructures as shown for dipolar iridium complexes on Cu(111) [146]. Fernandez-
Torrente et al. reported on the formation of a superlattice of nonpolar molecules spaced
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several nanometers apart due to localized charges built up at the molecule-surface
interface by charge redistribution occurring upon chemisorption [147].

Hydrogen bonding is the electrostatic attraction between hydrogen atoms and highly
electronegative atoms such as nitrogen, oxygen or fluorine. The selectivity and direc-
tionality of hydrogen bonds offer excellent means for noncovalent synthesis on surfaces
[148].

The van der Waals attraction, which is due to correlated charge fluctuations, is
comparably weak and usually superimposed by stronger interactions, which dominate
the net interaction. For physisorbed inert gas atoms at low temperatures van der Waals
attraction is the only important force [136].

In addition to these direct intermolecular interactions, it is also possible that the
interaction between molecules is mediated by the substrate. An example for substrate-
mediated interaction is the oscillatory interaction induced by the two-dimensional elec-
tron gas of the surface state, which was proved for separations of up to 7 nm [149, 150].

Generally, the structure formation is governed by the balance between the inter-
molecular and molecule−substrate interactions. In this thesis, the self-assembly of
molecules was controlled by the choice of the substrate (Au, Ag, Cu) and the temper-
ature of the substrate during deposition.

1.5 Spin-Crossover
Coordination compounds of transition-metal ions may, under certain conditions, ex-
hibit a switching phenomenon, whereby the central metal ion changes its spin state
upon external perturbations, such as a change in temperature or excitation with light.
This phenomenon is known as spin-crossover (SCO) [151]. The occurrence of SCO
is governed by the relationship between the strength of the ligand (the electrostatic
field acting at the central metal ion) and the mean spin-pairing energy. Octahedral
complexes of d4−7 ions may be either in a magnetic high-spin (HS) or low-spin state
(LS), depending on whether the ligand field strength is weaker or stronger, respectively,
than the spin pairing energy. The change of spin state is accompanied by a markedly
change of the properties of the substance. Most noticeable is the reversible change of
magnetic behavior and color, which makes SCO complexes promising candidates for
the realization of molecule-based electronic and spintronic components, e. g. switching
or memory elements.

Chapter 6 reports on the investigation of Fe(II)bis(terpyridine) complexes. There-
fore, the thermal SCO of Fe2+ complexes with d6 electronic configuration will be ex-
plained in the following. Figure 1.7a is a simplified illustration of the d orbital con-
figuration in the presence of an octahedral ligand field. The octahedral symmetry of
six ligands breaks the degeneracy of the metal ion’s d orbitals and splits them into
two subsets with an energy difference ∆. If ∆ is larger than the spin pairing energy
P, the electrons will fill the lower energy orbitals completely leading to the LS state.
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Figure 1.7: Schematics of the spin-crossover transition in a 3d6 system. (a) If the ligand-
field splitting of the d states exceeds the spin pairing energy, a low-spin state with S = 0
is obtained. Otherwise the d states are filled according to Hund’s rules, resulting in four
unpaired electrons and a high-spin state with S = 2. Blue and red colors indicate that SCO
is mostly accompanied by a color change. Adapted from Ref. [152]. (b) Depletion of charge
in the antibonding orbitals during HS to LS transition shortens the metal-to-ligand bond
distances. Adapted from Ref. [153].

Conversely, a HS state occurs if the electrons populate the higher energy orbitals before
pairing with electrons in the lower lying orbitals (∆ < P).

Redistribution of charge during HS to LS transition shortens the metal-to-ligand
bond distance and reduces the molecular volume (Fig. 1.7b). The change of the bond
length is usually in the range 0.1 − 0.2 Å [151]. The condition to fulfill in order to
observe thermally induced SCO is ∆EHS ≈ kBT [153].

Thermal spin transition occurs nearly exclusively with coordination complexes of 3d
metal ions [153]. A SCO is not expected for 4d and 5d transition element compounds.
The strength of the ligand field increases notably relative to analogous 3d compounds
and is therefore generally much larger than the spin pairing energy.

Depending on the system, various stimuli can trigger the SCO:

• Temperature. Temperature is the historical SCO trigger and remains the most
common stimuli to induce SCO [151]. A typical transition temperature between
HS and LS state is 175 K, as reported for Fe(phen)2(NCS)2 in thin films [154].

• Pressure. An increase in pressure usually stabilizes the LS state, i. e. the tran-
sition temperature is increased [151]. This can be understood in terms of the
volume reduction, which accompanies the HS/LS transition, arising primarily
from the shorter metal−ligand bond length.

• Light. Light-induced switching of the spin state is triggered by optical excitation
with an adequate energy. After excitation the electronic state can relax either
to the LS ground state or to the HS state. At sufficiently low temperatures
the metastable HS state can have a lifetime of several hours. Thus, the SCO
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system can be trapped into the HS state (LIEEST: light-induced excited spin-
state trapping). For instance, the magnetic moment of Fe(bpz)2phen molecules
on HOPG was switched by illumination with green light (λ = 520 nm) [155].

• Electric field and current. SCO can be induced by electric field [156] or
the tunneling electrons of a STM tip [17, 19]. Those electrons can induce a
spin transition with a mechanism similar to the photo-excitation. However, it is
experimentally not always possible to unambiguously distinguish between electric
field- and current-induced transitions.

• Magnetic field. The application of an external magnetic field favors the HS
state of SCO molecules and decreases the transition temperature. Qi et al. ob-
served a shift of −0.1 K in the transition curve for Fe(phen)2(NCS)2 in an applied
magnetic field of 5.5 Tesla [157].

In bulk and in solution SCO has been extensively studied since the 60s [151]. Nowa-
days, technological advance of the past years enables the investigation of SCO com-
plexes on surfaces at the single-molecule level [158]. However, the interaction with a
surface acts on the metastable balance of the spin states and easily results in a quench-
ing of the SCO transition. Therefore, an important milestone is the reversible switching
of single SCO molecules in direct contact with the substrate by a STM [17]. The spin
state of the molecules could be determined by the presence (HS) or absence (LS) of a
Kondo resonance in the STS spectra.

1.6 Density functional theory
STM is ideally suited for the imaging and investigation of single molecules. However,
in many cases it is helpful to complement the experimental results with ab initio cal-
culations of the molecule. A basic example is the comparison of STM topographs with
the calculated structure of the molecule. A match of dimensions and shape of an im-
aged adsorbate with the expected molecular structure is already a big step towards
the successful identification. Whereas the geometric structure of a molecule can be
obtained by other experimental techniques like X-ray crystallography, ab initio calcu-
lations - ideally including the substrate - may answer further questions concerning the
electronic structure and energies of adsorbed molecules.

The ultimate goal of most quantum chemical approaches is the approximate solution
of the time-independent Schrödinger equation [159]:

ĤΨmol = EΨmol, (1.11)
where Ĥ is the Hamilton operator for a molecular system consisting of M nuclei and
N electrons. In the Born-Oppenheimer approximation the electronic Hamiltonian is
given by2 [159]:

2Atomic units are used.
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(1.12)

= T̂ + V̂ee + V̂Ne,

including the kinetic energy of the electrons T̂ , the Coulomb repulsion between electrons
V̂ee, and the Coulomb attraction between nuclei and electrons V̂Ne. Except for a few
cases, the Schrödinger equation with this Hamiltonian is too difficult to be solved
analytically [159, 160]. Also numerical solutions are too complex for most cases, since
the many-electron wave function for a N electron system contains 4N variables, three
spatial and one spin coordinate for each electron.

One successful way of solving the Schrödinger equation is the density functional
theory (DFT) [159, 160]. It is based on the fundamental idea of describing a system
through its electronic density n(r) instead of its complicated many-body wave function.
In the following, a very basic introduction to DFT will be given, followed by a discussion
of the exchange-correlation functionals and basis sets, which were used in this thesis.

Hohenberg and Kohn proved that the ground state electronic energy is completely
determined by the electron density n(r) [161]. n(r) is a function of only three variables
independent of the number of electrons and is therefore much easier to deal with. This
enables DFT to be applied to large systems with hundreds of atoms. The ground-state
energy can be written as a function of the electron density:

E0 [n0] = T [n0] + Vee [n0] + VNe [n0] . (1.13)

It is advantageous to separate the energy expression into those parts that depend on
the actual system, i. e. the potential energy due to the nuclei-electron attraction, and
those which are universally valid. Collecting the system independent parts into a new
quantity, the Hohenberg-Kohn functional FHK [n0] = T [n0] + Vee [n0], it is

E0 [n0] = FHK [n0] + VNe [n0] . (1.14)

Within the Kohn-Sham approach a non-interacting reference system built from a
set of orbitals, i. e. one electron functions, is introduced such that the major part
of the kinetic energy can be calculated to good accuracy [162]. The remainder is
merged with the non classical-contributions to the electron-electron repulsion, which
are also unknown but fairly small. By this method, as much information as possible
is computed exactly, leaving only a small part of the total energy to be determined by
an approximate functional. The energy expression in terms of this separation is:

E [n] = TS [n] + J [n] + Exc [n] + VNe [n] (1.15)
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where Exc is the so-called exchange-correlation energy. Exc contains not only the
non-classical effects of self-interaction correction, exchange and correlation, but also a
portion belonging to the kinetic energy, i. e. T 6= TS. The subscript S denotes that
it is the kinetic energy calculated from a Slater determinant. J [n] is the classical
electrostatic energy due to electron repulsion. The next step is to define an effective
single-particle potential

Veff = VNe(r) +
∫ n(r’)
|r− r’|

dr’ + Vxc(r), (1.16)

where Vxc(r) is the exchange-correlation potential as defined as:

Vxc(r) = δExc [n(r)]
δn(r) . (1.17)

This leads to the one-electron Schrödinger-like Kohn-Sham equations:[
−1

2∇
2 + Veff

]
Φi = εiΦi. (1.18)

Here, {Φi} are the Kohn-Sham one-electron orbitals with

n(r) =
N∑

i=1
|Φi|2 , (1.19)

The general strategy of DFT is to begin with an initial guess of the electron density,
construct Veff from Eq. 1.16 and then get the Kohn-Sham orbitals. Based on these
orbitals, a new density is obtained from Eq. 1.19. This procedure is repeated until
convergence is achieved. Finally, the total energy will be calculated from Eq. 1.15 with
the final electron density.

Exchange-Correlation Functionals

Because the exchange-correlation energy Exc is not known exactly, it is necessary to
approximate it. Since the beginnings of DFT different approximated functionals with
varying levels of accuracy has been developed [159, 163, 164]. The central goal of DFT
is to find better and better approximations to the exchange-correlation energy Exc and
the corresponding potential Vxc.

A useful way to categorize and improve the Exc functionals is known as ”Jacobs lad-
der” proposed by Perdew [165]. The strategy can be viewed as a ladder with five rungs,
leading from the Hartree approximation ”on earth” to the exact exchange-correlation
”heaven”. Thus, the functionals are grouped according to their complexity on the
rungs of the ladder. The first rung is the local density approximation (LDA), where
only the electron density at a point in the system is used for determining this point’s
contribution to the total exchange correlation energy of the system [160].
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Figure 1.8: Schematic diagram of the ”Jacob’s ladder” of exchange-correlation function-
als proposed by Perdew [165] with indication of the involved variables in each rung. The
functionals used in this thesis are assigned to the corresponding rung.

The next rung holds the generalized gradient approximation (GGA), where the
gradient of the density is included in order to account for the non-homogeneity of
the true electron density [160]. Prominent representatives are the implementations
of Perdew, Burke and Ernzerhof PBE [166] and BP86, a combination of Becke’s
exchange functional [167] with Perdew’s 1986 correlation functional [168].

The third generation of functionals comprise themeta-GGAmethods, which depend
on higher order derivatives of the electron density, with the Laplacian (∇2n) being the
second order term [160]. Alternatively, the functional can be taken to depend on the
new introduced orbital kinetic energy density τ .

The hybrid functionals of the fourth rung are based on the concept of adding ”exact
exchange” from Hartree-Fock theory to some conventional treatment of DFT exchange
and correlation [160]. Furthermore, the amount of exact exchange in the function-
als can be determined through additional, semi-empirical coefficients (”semi-empirical
functionals”). The most popular hybrid functional is known as B3LYP [169, 170]. For
example, the B3LYP exchange-correlation energy expression is

EB3LY P
xc = (1− a)ELSDA

x + aEHF
x + bEB88

x + cELY P
c + (1− c)EV W N

c . (1.20)

The coefficients a = 0.2, b = 0.72 and c = 0.81 are suggested by Becke based on
fitting to heats of formation of small molecules. The B3LYP functional demonstrated
good performances in many chemical applications and is widely used. An example for
a nonempirical hybrid functional is the TPSSh functional [171, 172]. This meta-GGA
functional has been augmented with ≈ 10% exact exchange.

At the fifth level of the Jacob’s ladder classification, the full information of the
Kohn-Sham orbitals is employed [160]. This means that not only the occupied but also
the virtual orbitals are included.
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BP86 Experiment Deviation

C1−C8 255.9 255.9 0
C1−C11 1.47 1.48 0,8
Co1−C11 2.22 2.17 1,9
Co1−Co2 6.82 6.74 1,3

C11−C1−C8−C21 32.6 29.7 9,8

Table 1.2: Selected interatomic distances [pm] and torsion angles [◦] of the NBC molecule
(see Sec. 4) with deviations from experiment [%]. Calculated geometries were obtained at
the BP86 def2TZVP level. Experimental values were determined by single-crystal X-ray
structure analysis (adapted from Ref. [173]).

In this thesis the well-known functionals B3LYP, BP86, PBE and TPSSh have
been used for the gas-phase calculations. These functionals offer a good compromise
of required accuracy and computational effort [159].

For the calculations performed in the scope of this thesis the reliability of the par-
ticular calculations was tested by two different approaches: (i) Calculations have been
performed with different functionals to compare the results of pure DFT and hybrid
methods. For example, gas-phase calculations of the SCBB molecule (see Chap. 3)
were performed with four different functionals (see Fig. A.9). Although the energies
of the orbitals vary with the functional, the sequence and the filling of the orbitals are
identical. In addition, the spatial distributions of the orbitals found with the different
functionals coincide. For the properties used in the analysis all functionals lead to
identical results.

(ii) Comparisons between DFT results and experimental observations were made. For
instance, Chapter 4 reports on different interconnected cobaltocene complexes. For
the smallest compound, NBC, an experimental structure analysis was available [173].
Table 1.2 shows selected interatomic distances and torsion angles of NBC molecules
obtained with DFT and single-crystal X-ray structure analysis. Although the Co−C
bonds are slightly overestimated, the BP86 functional yield a sufficient agreement with
experiment. As the larger compounds also consist of cobaltocene units as chemical
building block, it is assumed that their calculations with the same functional yield a
similar accuracy.

On-surface calculations of molecules are considerably more difficult and out of scope
of this experimental thesis. Therefore, some calculations have been performed by
collaborators specialized on DFT calculations. The description of these calculations
can be found at the corresponding passage in the thesis.
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Basis sets

All electronic structure methods rely on the expansion of the unknown wave functions,
i. e. molecular orbitals, by a finite set of basis functions. As a thumb rule, the number
of basis functions determines the accuracy of this approximation: The smaller the basis
set, the poorer the representation. In contrast, it is important for the computational
effort to make the basis set as small as possible. The computational effort scales at
least with number of basis functions Nbasis with N4

basis[160]. In this thesis, the DFT
calculations were performed on a NEC high performance system at the University
Computing Centre (CAU Kiel) [174] with a peak performance of 64 GFlops of each core.
For example, the structure optimization at the BP86/def2TZVP level of a trinuclear
cobalt complex with 91 atoms (see Chap. 4) has a job cpu time of 11 days on this
system.

Furthermore, the type of basis functions used also influences the performance of
the calculation. The better a single basis function is able to reproduce the unknown
function, the fewer basis functions are necessary for achieving a given level of accuracy.

The gas-phase calculations in this thesis have been performed using the Gaussian 09
package [175]. This program uses mainly a linear combination of Gaussian functions as
basis functions. The calculations in this thesis have been carried out with the Gaussian
basis set def2TZVP of triple zeta valence (TZV) quality [176, 177]. This basis consists
of three times as many functions as the minimum basis and is partially polarized (P).
Polarization functions have by definition more angular nodal planes than occupied
atomic orbitals and thus ensure that the orbitals can distort from their original atomic
symmetry and better adapt to the molecular environment [159].

The calculation of molecules including the substrate requires the consideration of
a much larger number of atoms. These on-surface calculations can be simplified by
a periodically treatment of a unit-cell. For the calculation of periodic systems plane
wave basis sets are the appropriate choice, because they implicitly involve the concept
of periodic boundary conditions.
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Experimental setup

In this chapter, the instruments used for the experiments are briefly described. The ma-
jority of data presented in this thesis has been acquired with a commercial STM/AFM
[178] (Sec. 2.1) connected to a home-built ESI setup (Sec. 2.2). The results of Chap-
ter 5, were partially obtained with another STM setup. For the description of this
home-built apparatus the reader is referred to Ref. [179].

2.1 Low-temperature STM

Figure 2.1 shows the main experimental setup used in this thesis. In total it consists of
three UHV chambers: A chamber housing the microscope, a preparation chamber and
a so-called load-lock. Additionally, a home-built ESI setup for the deposition of fragile
molecules is connected to the preparation chamber, which will be discussed in detail
in Section 2.2. All vacuum chambers are separated by pneumatic gate valves. The two
main chambers are pumped by turbomulecular, ion getter and titanium sublimation
pumps so pressures around 10−10 mbar are routinely achieved. The load-lock is a small
chamber pumped separately that allows introducing samples and tools to be transferred
without breaking the vacuum in the other chambers.

In the preparation chamber samples can be cleaned by sputtering and annealing.
For that purpose, the chamber is equipped with a sputter gun and a gas inlet. The sam-
ples can be heated by resistive button heater on the sample holder. The temperature
of the sample is directly monitored by a thermocouple.

23
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Figure 2.1: A combined low-temperature scanning tunneling and atomic force micro-
scope (LT-STM/AFM) consisting of three chambers. A home-built electrospray ion source
(grey) can be used for the in situ deposition of molecules. Adapted from Refs. [180, 181] by
permission of the authors.

The deposition of molecules can be performed either from a Knudsen cell or from the
electrospray ion source. A rotatable manipulator, which can be cooled to liquid nitrogen
temperature, is used during sample preparation and for the transfer to the microscope
chamber. A bath cryostat is mounted on the microscope chamber with a capacity of
4 l of liquid helium and 13 l of liquid nitrogen. It affords sample temperatures below
5 K during STM measurements.

To avoid vibrations during STM measurements, the complete instrument can be
lifted by a pneumatic damping system. What is more, the base plate of the STM is
attached to the helium cryostat via three springs.

The scanner of the STM is based on the Besocke beetle-type design [182, 183].
The microscope is controlled with electronics and software from Nanonis [184]. The
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tunneling current is amplified using a DLPCA-200 amplifier from FEMTO Messtech-
nik GmbH [185], which has a bandwidth of 1.1 kHz (7 kHz) at a gain of 109 V/A
(108 V/A). Differential conductance measurements are performed with a SR830 DSP
lock-in amplifier from Stanford Research Systems [186] while a sinusoidal modulation
is added to the sample voltage.

If not stated otherwise, all STM images shown throughout this thesis, were acquired
in constant current mode using a constant voltage applied to the sample electrode and
the tip on ground. After the acquisition all images were processed using WSxM [187].

2.2 Electrospray Ion Source
In this thesis the electrospray ion-beam deposition technique is applied for the deposi-
tion of large organometallic molecules. Therefore, an introduction to the ESI technique
is given in the following. Afterward, the home-built ESI setup used in this thesis is
presented.

For the investigation of single molecules with STM the first step is their deposition
onto a surface in a controllable and reproducible way. The most common method for
molecular deposition is thermal sublimation. However, this technique is restricted to
small and stable molecules. Such molecules can be rather easily deposited because high
vapor pressures can be reached before the molecules decompose.

Recent advances in synthetic molecular chemistry have resulted in complex organic
and inorganic compounds that provide special functionalities or properties. For in-
stance, large multinuclear transition-metal complexes [188–191], molecular magnetic
switches [192, 193] or platform based functional compounds [194–197] have been suc-
cessfully synthesized recently. Unfortunately, large molecules typically decompose be-
fore any sublimation occurs, because the vapor pressure usually decreases quickly with
increasing molecular size [198, 199].

Therefore, various alternative techniques have been developed for the deposition of
large molecules in UHV. These include ex situ techniques, such as the simple treat-
ment with a droplet of solution or Langmuir-Blodgett films [200]. These techniques
are able to deposit nonvolatile molecules to a surface, but the intermittent exposition
to air can lead to unwanted adsorbates on the surface. In situ techniques avoid this
contamination by performing all preparation steps under controlled UHV conditions.

Electrospray ionization was introduced by Fenn1 et al. for mass spectrometry [198].
ESI is a soft-ionization technique that accomplishes the transfer of molecules from
solution to gas phase. By now, ESI has become a prevalently used technique in mass-
spectrometry [202]. Adopted to the deposition on surfaces this methods retains the
capability of mass-filtering [203, 204]. Here, ESI deposition has an advantage over
other in situ techniques like pulse injection [205] or dry-imprinting [206], which have

1John B. Fenn was awarded with the Nobel prize in chemistry in 2002 [201].
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Figure 2.2: Schematic depiction of the electrospray ionization process. Adapted from
Ref. [208].

no mass-filter ability. In combination with scanning probe microscopy the ESI tech-
nique was first implemented in 2006 by Rauschenbach et al. [207].

Figure 2.2 shows a schematic representation of the ESI process. Initially, the mo-
lecules of interest are solved in a volatile solvent. The resulting solution is guided
through a needle facing a capillary for the gas inlet. A high voltage applied between
the needle and the capillary results in a strong electric field at the needle’s apex. This
electric field causes a charge separation in the liquid. If the field is strong enough, the
charged surface of the liquid forms a so-called Taylor cone [209], which ejects a fine
jet of liquid droplets from its apex towards the capillary. Since the charge density is
highest at the tip of the cone, the resulting droplets are charged. In the electric field
the droplets of the jet are accelerated towards the counter electrode. Simultaneously,
the droplets are driven away from each other due to their charge by Coulomb repulsion.

On their way to the gas inlet electrode the droplets shrink due to the evaporation
of neutral solvent molecules. In addition, the evaporation of the solvent is further
supported by a heated gas flow in counter direction. While the size of the droplets is
thereby reduced the charge density on their surface is continuously increased. As soon
as electrostatic repulsion exceeds the competing force of surface tension, disintegration
of the droplets into smaller sub-units occurs [210]. The point at which this critical size
of the charged droplets is reached is known as Rayleigh limit [211]. The iteration of
solvent evaporation and Coulomb fission finally results in desolvated molecular ions.
The final step to individual gas phase ions is surprisingly difficult and remains an ac-
tive area of research [202, 212]. At last the gas phase ions enter the capillary and are
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Figure 2.3: Electrospray ionization deposition setup. (a) Spray needle and desolva-
tion capillary for ambient pressure ESI. (b) Radio frequency ion funnel. (c) Electrostatic
quadrupole deflector for separation of charged particles. (d) Quadrupole mass filter. (e) Ion
deposition on the sample. Adapted from Ref. [180] by permission of the author.

available for analysis or deposition purposes.

The ions produced in the ESI process may be quasimolecular ions created by the
addition or removal of hydrogen ions [180, 202]. Ionic metal complexes are ionized by
the removal of their counter ions [213]. This is the case for the organometallic com-
plexes investigated in this thesis. Depending on the charge of the molecules, ESI is
operated with a different polarity of the applied voltages (positive/negative ion mode).
It is quite common for ESI to form multiple charged species. Advantageously, this
allows the detection of large analytes within a limited m/z range.

The home-built ESI apparatus (Fig 2.3) used in this thesis was designed and built
by Christian Hamann [180, 214]. After the actual ESI process the ions enter the system
trough the desolvation capillary (a). The system consists of five differentially pumped
vacuum chambers to bridge the pressure gap of 12 order in magnitude. In all vacuum
stages, guiding and focusing of the ion beam are done by electrostatic ion optical lenses.
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To increase the transmission through the setup the ions are first guided trough a
so-called ion funnel setup (b). It is composed of a series of ring electrodes to which both
radio frequency (RF) and direct current (DC) potentials are applied. The alternating
RF fields result in a repulsive so-called RF pseudopotential, which accelerates charged
particles towards the ion funnel axis, while the DC potentials drive the ions to the next
stage.

The focused ion beam is afterward redirected by a electrostatic quadrupole deflec-
tor (c). The deflection from the ion funnel axis by 90◦ prevents neutral contamination,
e. g. solvent molecules, from reaching the ultrahigh vacuum preparation chamber. Ad-
ditionally, the deflector acts as energy filter, which is used to control the mean impact
energy at the substrate.

A quadrupole mass spectrometer is used for the mass spectrometric analysis of
the ion beam (d). This allows the identification of all molecular species in the ion
beam. After this, the spectrometer can be set to a specific mass to charge ratio to
filter unwanted charged particles out of the beam.

Finally, the ion beam is conducted to the sample in the preparation chamber (e).
To prevent fragmentation on the substrate the impact energy of the ions can be further
reduced by a decelerating electric field.

The current of the ion beam can be measured at different locations of the setup
by a picoammeter. This way it is possible to characterize and optimize the produced
ion beam step by step. The measurement directly at the sample surface during the
deposition allows for estimating the achieved coverage. The ion current at the sample
is typically in the range of 10 − 50 pA. Dependending on the current a deposition
time of 30 min up to several hours is needed for useful coverages, e. g. 0.05 ML. Each
molecule deposition requires the optimization of the ion transmission by adjusting a
multitude of settings, e. g. the voltages for the optical lenses.

Since I started my thesis several parts of the setup were improved so that it differs
slightly from the description in Refs. [180, 214]. A new designed ion funnel was built
in [215] and the pumping of the last stage was improved by an additional cryo pump.

By now, this ESI setup was successfully used for the deposition of high mass
biomolecules like DNA [180, 214], metal complexes [216–218] and complicated organic
compounds [181, 215, 219, 220]. In this thesis, the setup was used for the first time for
the deposition of interconnected transition metal sandwich compounds.
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3.1 Introduction

Molecular spintronics is a fertile research field aiming to exploit the spin of electrons
within molecules [221, 222]. Considerable attention is focused at the interface between
molecules and metallic substrates as intriguing magnetic properties emerge [152, 223–
230]. Of particular interest is the Kondo effect, which is notably employed as a readout
channel of magnetic properties of adsorbed molecules [17, 54, 104, 139, 231–241]. The
Kondo effect results from the interaction between a localized magnetic moment (e. g., at
a magnetic adatom or molecule) and conduction electrons of a nonmagnetic substrate,
leading to a resonance in the excitation spectrum close to the Fermi energy [92, 112].
In scanning tunneling spectra, an approximate Fano line shape is observed close to
zero bias [97, 98, 108]. When the spin of the investigated magnetic object is 1/2 and
only one orbital is singly occupied, the broadening and the energy of the Kondo reso-
nance may be used to extract the Kondo temperature, which is related to the strength
of the interaction, and the electronic occupation of the involved orbital, respectively
[96]. A similar analysis is often performed for a single Kondo resonance appearing in
more complex magnetic systems that involve more than one partially occupied orbital
(S > 1/2). However, in these cases the extracted information may be inaccurate or
incomplete. Indeed, each partially occupied orbital can lead to a Kondo resonance
forming a Kondo channel and different Kondo channels may interfere. Such multi-
orbital Kondo systems would nevertheless represent an ideal playground for strongly
correlated physics provided that information from the different Kondo channels are
separately retrieved.

Despite numerous studies of the Kondo effect on molecular systems adsorbed on
metal surfaces [17, 54, 104, 115, 121, 130, 131, 139, 231–250], there is little experi-
mental evidence suggesting the involvement of more than one orbital in the Kondo
effect [251, 252]. The main difficulty in such systems is that the different Kondo
resonances almost always appear at the same spatial location and the same energy,
making it difficult to disentangle the contributions of different orbitals. To the best of
our knowledge, only the study by Pacchioni et al. [252] clearly evidence a two-orbital
Kondo system where each Kondo resonance is observed at different spatial locations.
However, the two resonances have similar energies and the magnetic atom of the metal-
organic complex is in direct contact to the substrate hindering possible engineering of
the Kondo-interaction strength.

Here, we report on low-temperature scanning tunneling microscopy investigation
of a trinuclear sandwich complex interconnected by a benzene unit, deposited on
Cu(111). It is substituted in the 1, 3, and 5 positions with the η6-borabenzene-
η5-cyclopentadienylcobalt complex (TCBB) forming an overall threefold symmetry
(Fig. 3.1a). TCBB molecules along with fragments composed of one and two mag-
netic centers are observed on the surface. Each of these three adsorbates exhibits
two distinct spatially-varying resonances close to the Fermi level. With the help of
density functional theory calculations, the resonances are interpreted as Kondo reso-
nances originating from two distinct partially-occupied d-like orbitals. These Kondo
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resonances are found to have defined spatial extents determined by the hybridization
of the “Kondo” orbital with ligand orbitals. Furthermore, the ligand field splits the
degeneracy of the partially occupied orbitals, so that the two Kondo resonances occur
at slightly different energies.

3.2 Methods

Synthesis of the molecules: TCBB molecules were synthesized according to Ref. 253
based on an earlier work on heterobimetallic complexes [254].

Tip and sample preparation: STM tips were electrochemically etched from tungsten
wire and further prepared in situ by indentation into the substrate. The Cu(111) single-
crystal surface was prepared by successive cycles of Ar+ sputtering and annealing to
500 ◦C. The molecules were deposited using an home-built electrospray ionization setup
with mass selection [214] (see Appendix A), which already demonstrated its potential
to deposit fragile magnetic molecules [217, 218]. During the deposition the pressure at
the sample stayed below 2× 10−9 mbar.

STM: The measurements were carried out with a STM operating in ultrahigh vac-
uum at 5 K (Createc, Berlin). Differential conductance spectra were acquired using a
lock-in amplifier (root-mean-square modulation voltage of 1.4 mV at 770 Hz) while the
feedback loop was open.

DFT (Gas Phase): We used the BP86 functional [167, 168] with the def2TZVP
basis set [176] using Gaussian 09 [175] (see Appendix A for comparison with other
functionals).

DFT (on Surface): Ab initio calculations were performed with the DFT + U ap-
proach, wherein the strong electron−electron Coulomb interactions that exist in the
open 3d shell of the 3d cobalt ion are captured by the supplemented Hubbard and ex-
change constants U and J . In the present calculations U and J were taken to be 4 and
1 eV, respectively. These values were previously shown to provide the correct spin state
for adsorbed cobalt porphyrins [255]. We employed the VASP full-potential planewave
code, in which pseudopotentials together within the projector augmented wave method
are used [256, 257]. A kinetic energy cutoff of 400 eV was employed for the plane waves.
For the DFT exchange-correlation functional the generalized gradient approximation
was used, in PBE parametrization [166]. The metallic surface was modeled through
four atomic Cu layers and a p(7 x 7)-Cu(111) unit cell at a single k-point (Gamma).
The atomic position of the two topmost layers and the molecule were relaxed until
forces were smaller than 0.05 eV/Å. An important tool is the projected density of
states of the adsorbed system onto a molecular orbital (MO), where MO is the free-
molecule state onto which the density of states is projected. The MO is calculated for
the free molecule distorted to its chemisorption geometry. The PDOS is informative
of the molecular character of the chemisorbed system and has been successfully used
a previous study of surface reactivity [258].
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Figure 3.1: (a) Top and side views of the calculated gas-phase structure of TCBB.
(b) Constant-current STM topograph (I = 200 pA, V = 0.1 V) of TCBB on Cu(111). (c)
Height profile of TCBB on Cu(111) along the line shown in (b). STM topographs (I = 200 pA,
V = 0.1 V) of (d) DCBB and (e) SCBB molecules. The dashed line in (e) indicates the
symmetry axis as defined in the main text.

3.3 Results and Discussion

TCBB molecules are composed of three η6-borabenzene-η5-cyclopentadienylcobalt
(CBB) units connected by a benzene ring (Fig. 3.1a). The CBB units consist of a
Co atom coordinated by cyclopentadienyl (Cp, C5H5) and borabenzene (BC5H5) lig-
ands. The connection of the CBB units to the benzene ring is realized through the B
atom of the borabenzene ligands. The base of the TCBB molecule, composed of three
borabenzene ligands connected to the benzene ring, has an overall triangular-like shape
(top view in Fig. 3.1a), where each side of the triangle has a length of 12 Å (side view
in Fig. 3.1b). The three CBB units extrude from the base of the molecule in the same
direction, leading to a molecular height of 3.5 Å. Since the CBB units are connected to
the benzene ring only through a B atom, the relative orientation of the CBB molecular
axis can vary. This is corroborated by gas-phase DFT calculations (see details below)
where the calculated TCBB molecule exhibits three CBB units tilted relative to each
other (side view in Fig. 3.1a). We note that the CBB units are similar to but different
from metallocene molecules, which are composed of a metal atom sandwiched by two
Cp rings [121, 259–262].
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Upon deposition of TCBB on Cu(111), isolated adsorbates with three ring-like
protrusions exhibiting an apparent height of up to 4 Å are observed (Figs. 3.1b,c).
The STM topograph of TCBB matches the calculated gas-phase structure in lateral
and vertical dimensions and symmetry (Fig. 3.1a,b). Indeed, the adsorbate exhibits a
threefold symmetric shape with a width of 17 Å compared to the 12 Å width of the cal-
culated structure (Fig. 3.1a,c). This apparent discrepancy is expected as the topograph
is related to the overlap of the molecular orbitals with those of the tip. Although the
experimental data cannot unambiguously prove that the CBB units remain connected
on the surface, the adsorbate observed in Fig. 3.1b will be considered as a single TCBB
molecule. From the arguments described below, we deduce that the TCBB molecule
is adsorbed through its base (containing the benzene ring) on the surface. The Cp
rings of the three CBB units are facing upward, each of them imaged as a ringlike
protrusion in topographs (Fig. 3.1b). Yet, the line profile over two CBB units exhibits
three peaks (Fig. 3.1c), the middle one being lower than the ones at the extremities.
As further discussed in Appendix A, this is a consequence of a tilt of the CBB units
toward the center of the TCBB molecule. The tilt of the CBB units is also reflected by
the fact that the depression (dark spot) corresponding to the center of the Cp ring is
not observed at the center of the ring structures. As shown in Appendix A, the tilt of
individual CBB units within TCBB may be modified upon tip-induced manipulation.
The link between the tilt of the sandwich molecules and the position of the depression
is discussed in Refs. 121, 260, and 261.

In addition to TCBB, smaller adsorbates with only two or one rings are observed
(Fig. 3.1d,e). These adsorbates are ascribed to molecules with two or one CBB units,
which will be referred to as double CBB (DCBB) and single CBB (SCBB), respectively.
Since the settings of the mass spectrometer (see Appendix A) only allowed transmis-
sion of intact TCBB molecules, SCBB and DCBB molecules presumably result from
the fragmentation of deposited TCBB molecules. Topographs of SCBB and DCBB
molecules reveal off-center depressions in the ringlike structures, indicating a tilt of the
CBB units (see Appendix A), similar to TCBB. To simplify the discussion below, we
define the symmetry axis (SA) of a CBB unit as the axis passing through the center
of the ring-like structure and the depression (e. g., dashed line in Fig. 3.1e).

To investigate the magnetic and electronic properties of the adsorbed molecules
differential conductance spectra dI/dV (V ) were measured. Since the observed spec-
troscopic features are independent of the number of CBB units per molecule (see below
and Appendix A), we first discuss the case of SCBB molecules. Figure 3.2a shows typi-
cal spectra acquired over two different positions on a SCBB molecule. The tip positions
during acquisition are marked in the inset of Fig. 3.2a. The spectrum measured atop
the lower-left part of the molecule (i. e., off the SA of the molecule; I) exhibits a narrow
resonance near the Fermi energy. Interestingly, atop a position along the SA (II), the
dI/dV spectrum shows a peak but with a different line shape. For completeness, a
spectrum acquired over the bare Cu(111) substrate (blue) is shown. This spectrum
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Figure 3.2: (a) dI/dV spectra of a SCBB molecule on Cu(111). The spectra were
acquired at two positions over SCBB (I, II) and over bare Cu(111) (blue). The feedback loop
was opened at V = 100 mV, I = 500 pA. The spectra are vertically shifted by 0, 5, and
8 nS, respectively. Fano fits of the Kondo resonance are shown as dashed red lines. The inset
shows the positions used for spectroscopy. (b) Calculated electronic structure of gas-phase
SCBB. Molecular orbitals are labeled according to their d-character. The Fermi level was
defined halfway between SOMO and LUMO.

does not exhibit any characteristic, tip-related features so that associated modification
of the molecular spectra is negligible.

The sharp resonances close to the Fermi energy suggest a Kondo resonance as
reported for single magnetic adatoms [97, 98, 109, 113] or organometallic molecules
[17, 54, 104, 115, 121, 130, 131, 139, 231–250] adsorbed on metallic substrates. Mole-
cular states can be excluded because additional measurements of SCBB molecules on
Au(111) reveal a broadening of the molecular states of about 1.3 eV (see Appendix
A), that is, much larger than the narrow resonances shown in Fig. 3.2a. Furthermore,
the molecule−substrate electronic coupling likely increases in going from a Au(111) to
a Cu(111) substrate. Therefore, we expect that the molecular states of SCBB mole-
cules on Cu(111) are broader than on Au(111). This is in agreement with the dI/dV
spectra of SCBB molecules on Cu(111) over a larger voltage range of 3 V (see Ap-
pendix A), where the molecular states are barely discernible due to their large widths.
Furthermore, since the Kondo temperature scales with the Kondo impurity−substrate
coupling [96, 112], the decrease of the electronic coupling on Au(111) compared to
that on Cu(111) is consistent with the nonobservation of a Kondo resonance at 5 K on
SCBB on Au(111).
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Considering the above arguments and DFT calculations (discussed below), we as-
cribe the origin of the narrow resonances presented in Fig. 3.2a to Kondo resonances.
Both resonances are fitted with a Fano function [96, 108, 112]:

dI

dV
≈ A · (q + ε)2

1 + ε2
+B, (3.1)

with the asymmetry parameter q, the elementary charge e, the sample voltage V ,
constants A, B and the energy-dependent variable

ε = eV − EK

Γ . (3.2)

EK is the energy position of the resonance and TK = Γ/kB stands for the Kondo
temperature. The Fano fits are superimposed on the experimental spectra in Fig. 3.2a.
The agreement is remarkable. A comparison to fits with a Frota function [118, 122] is
presented in Appendix A. It is worth mentioning the presence of an additional feature
at the right side of the resonance. This feature is compatible with a very broad d-like
orbital expected for II as discussed below and in Appendix A. Although this feature
was excluded from the fit range, it affects the accuracy of the fit parameters for II,
which therefore are provided for illustration only. The Fano fit on I (II) yields a Kondo
temperature TK of 201 K (320 K), q = 11 (85), and an energy shift of EK = 5.1 meV
(22.2 meV). We reproduced the measurements over a large number of SCBB molecules
with different tips. Small variations were observed between different spectra leading
to the following fit-parameter ranges: TK = 201 − 271 K (251 − 320 K), q = 5 − 100
(39− 265), and EK = 0− 7.2 meV (21.4− 24.9 meV) for I and II, respectively.

The Fano fits of spectrum I reveal Kondo temperatures (TK) and form factors (q)
in the same range as those for spectrum II. The main difference between spectra I and
II is the mean energy of the Kondo resonance EK of 4.1 and 23.0 meV, respectively.
This actually suggests that two different Kondo resonances are observed.

To check this hypothesis, we performed spin-resolved DFT calculations of SCBB
molecules in the gas phase and for the molecule adsorbed on Cu(111). We first describe
the results of the gas-phase calculations. Figure 3.2b presents the calculated electronic
configuration of the gas-phase SCBB molecule. The d orbitals of the cobalt atom are
strongly hybridized with the orbitals of the ligand rings. To simplify the discussion,
the molecular orbitals are nevertheless labeled according to their major Co d-character.
SCBB has a spin state S = 1/2 with an unpaired electron in the dyz orbital [253, 263].
It represents the singly occupied molecular orbital (SOMO) of the complex. The dxz

orbital is the lowest unoccupied molecular orbital (LUMO). As a Kondo resonance
requires a partially filled orbital [96, 112], we will consider the dyz and dxz orbitals in
the following. The possible involvement of the dyz orbital to the Kondo resonance is
obvious as the calculations reveal a single charge in the orbital. Separately, the dxz

orbital may also lead to a Kondo resonance, as the adsorption of the molecule leads to
a broadening of this orbital along with a possible shift in energy and a charge transfer.



36 Trinuclear Cobalt-Based Complexes

This is corroborated by DFT calculations of SCBB on Cu(111). Indeed, the LUMO
(dxz) becomes occupied by approximately one electron upon adsorption of the molecule.
The calculations therefore suggest two orbitals (dyz and dxz) to potentially be at the
origin of the observed Kondo resonances.

In order to test the involvement of the dyz and dxz orbitals, further information
is extracted from the fit parameters. Indeed, the average occupation of the Co d
state involved in the Kondo resonance, referred to as the occupation number nd, reads
[96, 112, 134]:

nd = 1− 2
π

tan−1
(
EK

Γ

)
. (3.3)

The occupation number ranges between nd = 0 for an empty and nd = 2 for a dou-
bly occupied orbital. The Fano fit parameters of resonance I (II) yield an average
occupation number nd ≈ 0.9 (0.5), validating our hypothesis. We nevertheless stress
that the estimates of nd are certainly not quantitative but are presented for qualitative
comparison. Considering that the occupation extracted from the Kondo resonance I is
larger than that of II, we suggest that the Kondo resonance I (II) originates from the
dyz (dxz) orbital. It should be mentioned that the occupation number of 0.9 found for
I corresponds to the typical Kondo regime (0.8 < nd < 1.2) [264], whereas II is at the
crossover between the Kondo and mixed-valence regimes [112]. At the crossover, the
Kondo resonance starts to merge with d state responsible for the resonance. In that
case the feature appearing for II at the right side of the resonance is compatible with
the expected very broad dxz state (see Appendix A).

As discussed above, the calculated electronic configuration of gas-phase SCBB is
compatible with the two Kondo resonances observed experimentally. More precisely,
the SOMO (dyz) and LUMO (dxz) orbitals presumably are responsible for the Kondo
resonances I and II (Fig. 3.2), respectively. Yet, there is a second requirement for
the Kondo effect, that is, the “Kondo” orbital must be electronically coupled to the
conduction electrons of the substrate [96, 112]. In the present case, such an electronic
coupling is related to the spatial extents of the “Kondo” orbitals, and more specifically
to their overlap with substrate states.

Figure 3.3a shows top and side views of calculated isosurfaces of the SOMO and the
LUMO. Both orbitals involve a Co d orbital that is strongly hybridized with ligand
π orbitals (side view in Fig. 3.3a). Because of the strong hybridization, the SOMO
and LUMO orbitals extend over the entire molecule. In particular, both orbitals are
spatially extended over the borabenzene ligand. This is a prerequisite for a strong hy-
bridization with the substrate which the borabenzene ligand is in direct contact with.
Furthermore, the density of states projected onto the SOMO and LUMO is strongly
affected upon adsorption of the molecule on Cu(111) (see Appendix A). This indepen-
dently indicates a strong coupling between the molecular orbitals and the substrate.
These observations further corroborate the involvement of the SOMO and the LUMO
in the experimentally observed Kondo resonances.
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Figure 3.3: (a) Top and side views of the calculated wave functions of the SCBB SOMO
and LUMO. The inset presents a top view of the SCBB molecule. Bright and dark colors
qualitatively indicate the areas where the SOMO and LUMO are dominating, respectively.
(b) Constant-current STM topograph of SCBB on Cu(111). (c) Spatial distribution of the
resonance position (EK) extracted from a grid of 16 × 16 spectra measured over the area
shown in (b).

Interestingly, while the SOMO and LUMO both extend over the entire molecule,
their spatial distributions remain different. Indeed, the SOMO exhibits a nodal plane,
which passes through the Co atom, the center of the borabenzene ligand and the B atom
(Fig. 3.3a). It is worth mentioning that the SA defined earlier is oriented along this
nodal plane. From the top, the SOMO appears as two elliptical shapes separated by the
nodal plane. The LUMO also presents a nodal plane, which, however, is perpendicular
to that of the SOMO. Owing to their hybridization with the ligands the “Kondo”
orbitals have particular spatial extents, which we address experimentally below. The
inset of Figure 3.3a shows a top view of the SCBB molecule, divided into bright and
dark areas. The shading indicates positions where the Kondo resonances I and II are
respectively expected to be dominating.
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To investigate the spatial distribution of both Kondo resonances over a SCBB mo-
lecule, a grid of 16× 16 spectra was measured in the area shown in Fig. 3.3b. As the
two Kondo resonances mainly differ by their positions EK , each spectrum was fitted
with a Fano function and the resulting peak positions (EK) are displayed in the color
map in Fig. 3.3c. Although some spectra exhibit two resonances (see Appendix A) just
one Fano function was used for the fit. Consequently, the map qualitatively shows the
spatial distribution of the two resonances. The map shows bright and dark areas, which
correspond to areas where resonances I and II are dominating, respectively. The com-
bination of the dark and bright areas, that is, locations where a resonance is observed
in the corresponding spectrum, has the form of a circle with the size of the SCBB
molecule (Fig. 3.3b,c). The dark areas extend along the SA, while the bright areas
cover the rest of the SCBB molecule. The experimental map (Fig. 3.3c) remarkably
matches the expectation from the DFT calculations (inset of Fig. 3.3a). A difference is
nevertheless noticeable, as the two dark areas have different sizes in the experimental
data. Indeed, the upper left dark area is smaller than the lower right area. This is due
to the tilt of the molecule toward the upper-left corner, which is not accounted for in
the calculated shape of the SOMO and LUMO.

Finally, we have demonstrated that (i) the occupation numbers extracted from the
Kondo line shape parameters are consistent with the calculated electronic structure of
SCBB, namely with the SOMO (dyz) and LUMO (dxz); (ii) both SOMO and LUMO
extend over the borabenzene ligand allowing a strong hybridization with the substrate
and (iii) the experimental spatial extents of the Kondo resonances I and II match those
of the calculated SOMO and LUMO. We therefore attribute the Kondo resonance I
(II) to the SOMO (LUMO).

STS measurements performed on the TCBB and DCBB molecules yield essentially
the same results as observed for SCBB (see Appendix A). Each CBB unit shows the
same Kondo features, independently of the total number of CBB units per molecule.
Therefore, we deduce that within our energy resolution the CBB units are magneti-
cally decoupled from each other. This observation is corroborated by our gas-phase
computational analysis. In a simple picture the molecular orbitals of TCBB close the
Fermi level reproduce SCBB molecular orbitals three times. We speculate that, by an
adequate chemical engineering of the central connecting ligand, it may be possible to
magnetically couple the CBB units.

In conclusion, we reported the ESI deposition of a trinuclear organometallic com-
plex, TCBB, on Cu(111). Differential conductance spectra of SCBB, DCBB and TCBB
molecules revealed two Kondo resonances with different spatial extents and different
energies. In contrast to magnetic adatoms, where the orbitals at the origin of Kondo
resonances may be degenerate and spatially overlap, here the strong ligand field lifts
the orbital degeneracy. Furthermore, thanks to a particular hybridization of the metal
and ligand orbitals, the Kondo resonances can be independently studied by selecting
adequate areas of investigation over the molecule. A related approach may provide
insights into complex Kondo systems with several “Kondo” orbitals.
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Figure 4.1: Schematic representation of the investigated complexes: (a) Naphthalene
bridged biscobaltocene (NBC) and (b) triscobaltocene (NTC). (c) Benzene bridged triscobal-
tocene (BTC).

4.1 Introduction

Organometallic complexes are promising candidates for molecular spintronics [17, 19,
91, 222–226, 230, 265–268]. These complexes may posses a spin whose interaction with
the substrate can lead to rich physics, such as the Kondo effect [17, 83, 121, 241, 249,
269–272]. Besides interaction of molecular spin centers with the substrate, it is desirable
to couple the spins of different molecular complexes. This may be realized through
particular interaction mediated by the substrate, e. g. RKKY interaction [228, 273], or
by connecting the magnetic centers using chemical groups [188–190, 205, 244, 249, 274,
275]. The latter approach offers the opportunity to tune the interaction between the
magnetic centers by a proper selection of chemical linkers.

Metallocenes are particularly interesting as building blocks of interconnected mag-
netic centers. These organometallic sandwich compounds consist of two cyclopentadi-
enyl rings (C5H5, Cp) bonded to a metal center [276]. A wide variety of metallocenes
with distinct magnetic properties may be realized by exchanging the metal center [277].
Furthermore, the Cp ring of the metallocene may be connected by organic groups in
order to couple the magnetic centers [274, 278–281]. Various classes of interconnec-
tion designs were reported, ranging from simple fused-ring ligands to complex mole-
cular switches [282, 283]. The coupling between the magnetic centers may be realized
through the linker or the linker imposes a particular molecular arrangement where the
π orbitals of one metallocene overlaps with that of the other metallocene [173, 284].
However, when the molecules are adsorbed on a surface, depending on the nature and
size of the linker, it may enforce particular adsorption geometries of the molecule on the
surface. In turn, different adsorption geometries can lead to different coupling to the
substrate and subsequently affect the magnetic properties of the adsorbed molecules.
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Figure 4.2: Synthesis of the trinuclear complex NTC(PF6)3; Reaction conditions: (a) 1)
nBuLi/Et2O, 2) [CoCp2]I/Et2O; (b) CpZnCl, CuI/thf; (c) 1) nBuLi/thf, 2) CoCl2, 3) H2O,
O2, NH4PF6.

Here, we report on a low-temperature scanning tunneling microscopy (STM) and
spectroscopy investigation of three oligocobaltocene complexes deposited on metallic
surfaces (Figure 4.1). The complexes, consisting of two or three cobaltocene (CoCp2)
units linked by naphthalene or benzene groups, were successfully deposited on metal
surfaces. The CoCp2 units linked by naphthalene (molecules a and b) are orientated
horizontally on the surface whereas the CoCp2 units linked by a benzene ring are ori-
ented vertically. Differential-conductance measurements reveal a dip, compatible with
a Kondo resonance, only for the smaller complex, naphthalene bridged biscobaltocene
(a, NBC). The amplitude of the resonance strongly changes between different CoCp2
units. The change of the resonance amplitude and its absence for the two other in-
vestigated complexes, are attributed to different molecule−substrate coupling, which
is strongly influenced by the linker.

4.2 Experimental and Theoretical Methods

Synthesis of the molecules

BTC(BF4)3 (Ref. 285) and NBC(BF4)2 (Ref. 286) were synthesized according to lit-
erature. For the synthesis of the trinuclear target compound NTC(PF6)3 (Figure 4.2)
1,8-diiodonaphthalene 1 acted as the starting material. By using one equivalent
n-butyllithium a mono iodine lithium exchange was performed, followed by a nucle-
ophilic attack at cobaltocenium iodide leading to the asymmetric cobalt(I)-complex
2. Subjected to a cross-coupling reaction with cyclopentadienyl zinc chloride in the
presents of copper(I) iodide the cyclopentadiene functionalized cobalt(I) complex 3 is
formed as a mixture of two isomers. No attempts were made to separate the isomers as
the cyclopentadiene substituent is deprotonated and allowed to react with cobalt(II)
chloride in the following step. Oxidation of the resulting central cobaltocene unit and
hydride abstraction at the two remaining cobalt(I)-complexes finally yields the trica-
tionic cobaltocenium complex NTC(PF6)3.
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Sample preparation

The Au(111) and Cu(111) single-crystal surfaces were prepared by successive cycles of
Ar+ sputtering and annealing to 500 ◦C. STM tips were electrochemically etched from
a tungsten wire and further prepared in situ by indentation into the substrate.

The deposition of the molecules on the metallic substrates was performed using
two different methods. NBC molecules were sublimed from a Ta crucible heated at
≈ 150 ◦C, while the larger NTC and BTC molecules were deposited using an home-
built electrospray ionization (ESI) setup with mass selection [214, 218, 272]. Stable
spray conditions were achieved with NTC(PF6)3 (BTC(BF4)3) molecules dissolved in
nitromethane. The deposition of NTC (BTC) molecules was performed by selecting a
mass-to-charge ratio of 271 u/e (213 u/e) at a relative kinetic energy of approximately
1 eV (9 eV). The spray voltage was 3.7 kV (3.4 kV). During deposition, the pressure
stayed below 2× 10−9 mbar and the substrates were kept at room temperature.

STM

The measurements were carried out with a STM operating in ultrahigh vacuum at 5 K
(Createc, Berlin). All STM topographs were acquired in the constant-current mode.
The differential conductance was measured using a lock-in amplifier with a voltage
modulation of 3.5 mV at a frequency of 1 kHz. The current feedback was turned off
for spectroscopy while the sample voltage was swept.

DFT

DFT calculations were carried out using the Gaussian 09 software using the BP86
functional and the def2TZVP basis set [167, 168, 175, 176].

4.2.1 Results and Discussion

Naphthalene bridged biscobaltocene
The molecular structure of 1,8-bis(cobaltocenyl) naphthalene is presented in Figure
4.1a. The complex consists of two CoCp2 units linked to a naphthalene at the position
1,8. Single-crystal X-ray structure analysis [286] indicate a head-to-head arrangement
of the two CoCp2 units (Figure 4.1a). The steric repulsion of the two cofacially arranged
Cp ligands induces a twist angle between the naphthalene and the Cp-ring planes of
approximately 47◦. Furthermore, the C−C bonds between the Cp ligands and the 1
and 8 positions of the naphthalene have a torsion angle of 25◦. The distance between
the two cobalt atoms is 6.4 Å.

Deposition of approximately 0.5 ML of NBC molecules on Au(111) leads to the
formation of molecular chains as well as disordered clusters (Fig. 4.3a,b). The length
of the chains ranges from a few nanometers to some tens. The orientation of the chains
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Figure 4.3: (a) STM topograph (I = 30 pA, V = 0.2 V) of a NBC molecular chain on
Au(111) with two superimposed scaled molecular models of NBC. The geometry of the model
is taken from Ref. 287. (b) Large-scale STM topograph (I = 30 pA, V = 0.1 V) revealing
relatively long NBC molecular chains and NBC molecular islands on Au(111). (c) Height
profiles over two flat-lying cobaltocene units (red) and a naphthalene linker (black) of NBC
on Au(111). The profiles are taken along the colored lines indicated in (a).

follows the herringbone reconstruction lines of the Au(111) surface (Fig. 4.3b). Every
chain is composed of two different alternating structures of distinct lengths (0.9 nm
and 1.2 nm; Fig. 4.3a). We propose that the longer (shorter) structure corresponds to
the two CoCp2 (naphthalene) of a NBC molecule with the long axis of the two CoCp2
units parallel to the surface.

To verify the above hypothesis, a scaled molecular model of NBC with the sug-
gested structure (see below) is superimposed on the STM topograph in Fig. 4.3a. The
agreement is relatively good. Indeed, the lateral extent of the model matches the
structure in the topograph. The naphthalenes exhibit a length of 9 Å compared to
the 7 Å of the calculated structure. The apparent height of around 1.7 Å (Fig. 4.3c)
is comparable to similar planar molecules with π orbitals pointing out of the surface
[288, 289]. The apparent height of CoCp2 (1.4 Å) is slightly lower despite the Cp ring
diameter of 4.4 Å. This apparent contradiction is not surprising as the measured ap-
parent heights drastically depend on the overlap between the molecule’s orbitals with
that of the tip. The apparent height of the horizontal CoCp2 is therefore considerably
lower than the 3 – 4 Å observed for upright metallocene molecules [260, 261, 272]. The
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Figure 4.4: (a) dI/dV spectra of a biscobaltocene molecule on Au(111). The spectra
were acquired over each CoCp2 and over the naphthalene. The feedback loop was opened
at V = −100 mV, I = 1 nA. The spectra are vertically shifted for clarity. A Fano fit of the
resonance is shown as a red line. (b) STM topograph (I = 30 pA, V = 0.2 V) indicating the
positions used for spectroscopy.

model used in Fig. 4.3a deviates from the structure inferred from X-ray diffraction data
of bulk crystals [173, 286]. The twist angle, i. e. the angle between the naphthalene
and the Cp planes, goes from ≈ 47◦ (bulk molecule) to ≈ 90◦ (model). This renders
the naphthalene plane parallel to the long axes through the two Co atoms.

It was previously shown that single metallocenes can adsorb vertically and horizon-
tally on metal surfaces, i. e. with the molecular axis perpendicular and parallel to the
surface, respectively [260, 261]. Here, no vertically adsorbed CoCp2 were observed and
are actually not expected. Indeed, the two CoCp2, which are connected to the 1 and
8 positions of the naphthalene, are so close that their molecular axes cannot be both
perpendicular to the naphthalene plane.

In previous studies, scanning tunneling spectroscopy measurements on single metal-
locene adsorbed vertically on metallic substrates revealed spin-flip excitations or Kondo
resonances [121, 262, 272]. The Kondo effect results from the interaction between a lo-
calized magnetic moment and the surrounding conduction electrons of a non-magnetic
substrate [92, 96–98, 112].

In the present case, each cobaltocene unit of the NBC molecule should have one
unpaired electron and hence a spin S = 1/2 [173]. The singly occupied molecular
orbitals consists of dyz cobalt orbitals, which are strongly hybridized with the orbitals
of the ligand rings. However, in contrast to the earlier observations of the Kondo effect
on metallocene molecules, the CoCp2 are adsorbed horizontally. It therefore is not
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clear a priori whether the electronic coupling of the CoCp2 to the substrate is sufficient
to give rise to a Kondo resonance.

Figure 4.4a shows typical differential-conductance spectra acquired over different
positions above a NBC molecule within a molecular chain. These tip positions are
marked in the STM topograph in Figure 4.4b. The spectra measured atop the expected
horizontally-adsorbed cobaltocene positions (I,II) show a narrow dip near the Fermi
energy. In contrast, the spectrum acquired over the naphthalene (III) does not exhibit
any characteristic features in the measured voltage range. The narrow dip observed for
the differential conductance over the CoCp2 is fitted with a Fano line shape [96, 108,
112] (Fig. 4.4a). The Fano fit yields a Kondo temperature TK of 190 K, a form factor q
of 0.1, and energy shift of the Kondo resonance of 3.3 meV. Note that a similar Kondo
temperature (TK of 114 K) was observed for a Co-Ferrocene complex [121]. Considering
the expected spin 1/2 of CoCp2 and the good agreement between the Fano fit and the
experimental differential conductance, the narrow dip is assumed to originate from the
Kondo effect (further justifications below).

Interestingly, the amplitude of the differential-conductance spectrum acquired over
the lower CoCp2 unit (position II) is considerably smaller (approximately half the
amplitude in Fig. 4.4a) than that acquired over the upper CoCp2 unit (position I). The
two CoCp2 units of NBC therefore exhibit different resonances. This is not a singular
case, rather different resonance amplitudes for the two CoCp2 subunits were observed
for most of the NBC molecules. It may reflect magnetic interaction between the two
CoCp2 units of a NBC molecule.

However, as the difference in the Kondo-resonance amplitude between the two
CoCp2 units varies from molecule to molecule, we suppose that it dominantly arises
from different coupling to the Au(111) substrate. As the molecule is rather symmetric
in the gas phase, we propose that different CoCp2−surface couplings originate from dif-
ferent adsorption geometry of the two subunits [114, 290]. Indeed, the adsorption sites
of the Co atoms within a NBC molecules should be different, as the distance between
the two Co atoms (6.4 Å) imposed by the naphthalene linker is incommensurate with
the Au(111) substrate. Furthermore, the distance between two Co atoms belonging
to two neighboring NBC molecules may be such that it is also incommensurate with
the Au(111) substrate. In that case, the CoCp2−substrate coupling and henceforth
the Kondo resonance of every CoCp2 units is expected to vary, in agreement with the
experimental evidence (see Appendix B for additional spectra). Note that, for simplic-
ity, only differences in the Co adsorption site are discussed. However, the molecular
orbital responsible for the Kondo effect most probably extends over the entire mole-
cule (Ref. 272) such that the position of each atom of the CoCp2 unit relative to the
Au(111) substrate can be of importance.

We have seen that the amplitude of the dips in the differential conductance differs
for every CoCp2 unit. This difference is tentatively attributed to different adsorption
sites of the CoCp2 units imposed by (i) the naphthalene and (ii) the distance between
neighboring NBC molecules within a molecular chain. Furthermore, we recall that
without a change of the gas-phase structure of the NBC molecule, the naphthalene
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group and the two CoCp2 units would not all together be able to adsorb flat onto
Au(111). These findings suggest that an additional naphthalene-bridged CoCp2 unit
may reduce the flexibility of the molecule rendering the issue of commensurate distances
even more complex. May the new molecule adsorb in such a way that, any of the CoCp2
unit exhibits a Kondo resonance?

Naphthalene bridged triscobaltocene
The molecular structure of NTC was determined by gas-phase DFT calculations
(Fig. 4.5a). Similar to the NBC molecule, the three CoCp2 units of NTC are arranged
in an head-to-head stacking. However, the head-to-head Cp rings are not exactly par-
allel but tilted by approximately 20 − 30◦. Therefore the three CoCp2 units are not
parallel but form an arch (Fig. 4.5a). The two naphthalene units are parallel but titled
by ≈ 40◦ to the plane defined by the Co atoms. This leads to an asymmetry of the
NTC molecule. We emphasize that, in contrast to NBC, the two naphthalene groups
of NTC cannot be parallel to the CoCp2 units due to geometric constraints. Indeed,
the limited length of the middle CoCp2 unit prevents a planar arrangement of the two
naphthalene units. Based on this consideration, we expect the adsorption of NTC on
Au(111) to be different from the case of NBC on Au(111).

Since long molecules are generally incompatible with sublimation, we employed the
soft-landing deposition capability of ESI (see methods) to deposit NTC onto Au(111).
Prior to deposition, the NTC ion beam was analyzed by an in-line quadrupole mass
spectrometer. Figure 4.5b shows a typical mass spectrum. A single well-pronounced
peak is observed corresponding to intact, triply charged NTC molecules (271 u/e).
This m/z value was used to deposit the mass-selected NTC molecules on the surface.

A typical large-scale STM topograph is shown in Figure 4.5c. The herringbone
reconstruction of the clean Au(111) surface is clearly discernible as bright lines on a
darker background. Several isolated adsorbates with a similar, elongated shape are
observed. These adsorbates are assigned to intact NTC molecules. Despite gentle
tunneling parameters (I = 10 pA, V = −0.5 V) used for imaging, two molecules were
subject to tip-induced displacements (e. g. molecule encircled in Fig. 4.5c). Such tip-
induced displacements were not observed for NBC on Au(111) with similar tunneling
parameters and indicate a weaker coupling between NTC and Au(111). As discussed
below, this has consequences for the Kondo effect.

Figure 4.5d shows a zoomed STM topograph of the molecular asorbate. The mole-
cular structure of NTC obtained from gas-phase DTF calculations (Fig. 4.5a) is scaled
and superimposed on the STM topograph (Fig. 4.5d). The agreement in shape and
lateral dimensions is rather good. Indeed, the adsorbate has a length (width) of 2.4 nm
(1.7 nm) relative to 1.8 nm (0.9 nm) of the molecular model. Interestingly, the line
profile along the longitudinal axis of the molecule exhibits two peaks (Fig. 4.5e). Their
lateral positions match the inferred positions of the naphthalene groups pointing up-
wards into vacuum. In other words, the naphthalene groups are standing upright (side



4.2 Experimental and Theoretical Methods 47

1.8 nm

a

500

IN
T
E
N

S
IT

Y
 (

a
rb

.u
.)

MASS TO CHARGE RATIO (u/e)

100 1000

10 nm

c

LATERAL POSITION (nm)

f

3 nm

R

S

d

1 nm

0

1

2

3

0 1 2 3 4 5
0

1

2

3

4

H
E
IG

H
T
 (

Å
)

e

b

4
.2

 Å
0
 Å

Figure 4.5: (a) Top and side views of the calculated gas-phase structure of NTC. (b)
Typical mass spectrum of electrosprayed NTC ions. (c) STM topograph of NTC on Au(111)
exhibiting several similar, longish adsorbates. Two single molecules moved during scanning
(e. g. encircled molecule). (d) STM topograph of a single NTC molecule on Au(111) with a
superimposed scaled molecular model. (e) Height profile of NTC on Au(111) along the long
axis of a NTC molecule. (f) STM topograph of two molecules illustrating the chirality of
NTC on the surface. Tunneling parameters: I = 10 pA, V = −0.5 V.

view presented in Fig. 4.5a). The upper part of the naphthalene groups leads to peaks
in the line profile.

The line profile reflects the asymmetry of the molecular geometry which was dis-
cussed above. Actually, the direction of the naphthalenes rotation which respect to
the curvature of the CoCp2 units induces a chirality. Indeed, different enantiomers are
obtained with the tilted naphthalenes pointing to the upper left (S) or right (R) side
of the molecular model (Fig. 4.5a, side view). Both mirror symmetric enantiomers can
be distinguished in the STM topograph (Fig. 4.5f). As expected, R and S enantiomers
may not be simply interconverted by on-surface rotation.

Each CoCp2 unit of NTC should bear a spin 1/2. However, in contrast to the STS
measurements on NBC/Au(111) we could not observe any zero bias feature related to
the Kondo effect on NTC/Au(111). We speculate that the absence of a Kondo reso-
nance is due to a limited coupling between the CoCp2 units and the Au(111) substrate.
Presumably, the adsorption geometry adopted by the molecule is such that none of the
CoCp2 adsorption sites are compatible with a Kondo resonance. Additionally, it is con-
ceivable that the geometrical constraints imposed by the naphthalene groups lead to
different Co−Au(111) distances of the CoCp2 units. Therefore, we have a system pos-
sessing magnetic centers, but due to limited coupling to the substrate, show no Kondo
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resonance. This calls for a different strategy to interconnect the magnetic centers, e. g.
by using linkers that enable an upright orientation of the CoCp2 units.

Benzene bridged triscobaltocene

Figure 4.6a shows the molecular structure of the benzene bridged triscobaltocene
BTC. The complex consists of three CoCp2 units linked to a benzene ring at posi-
tions 1, 3 and 5. All three CoCp2 units extrude in the same direction, perpendicular
to the benzene ring (Fig. 4.6a). A very similar molecule was recently investigated
[272] (Chap. 3), namely 1,3,5-tris-(η6-borabenzene-η5-cyclopentadienylcobalt) benzene
(TCBB), composed of three η6-borabenzene-η5-cyclopentadienylcobalt (CBB) instead
of three CoCp2 units for BTC. In other words, one of the two CBB ring has an extra
boron atom compared to CoCp2. TCBB molecules were deposited on Au(111) and
Cu(111). STM topographs revealed intact molecules with the CBB units oriented ver-
tically. The benzene and borabenzene rings of TCBB face towards the surface. At
5 K, Kondo resonances were observed, but only when the TCBB complex is adsorbed
on Cu(111) (not on Au(111)). As the coupling between TCBB and Au(111) is too low
for the observation of a Kondo resonance, we speculate that it is also too low for BTC
on Au(111) and therefore investigate BTC molecules deposited on Cu(111).

Similar to NTC molecules, the BTC molecules were deposited on Cu(111) using
ESI (see methods and Appendix B). Figure 4.6b shows a STM topograph, upon de-
position of BTC on Cu(111), exhibiting two adsorbates. Three lobes are discernible
for each adsorbate, which have an overall three-fold symmetry (Fig. 4.6b). A scaled
molecular model, resulting from gas-phase DFT calculations, is superimposed on the
STM topograph (Fig. 4.6b). The good agreement of symmetry and lateral dimensions
indicates that the CoCp2 units are standing upright. This is corroborated by the larger
apparent heights of the BTC lobes (between 4.4 and 4.7 Å) compared to that of the
horizontally adsorbed CoCp2 units of NBC (≈ 1.5 Å (Fig. 4.3c)). The benzene ring
is presumably in contact with the substrate as it was the case for TCBB on Cu(111)
(Ref. 272). In contrast to TCBB on Cu(111) where only isolated molecules were im-
aged, Figure 4.6b shows two neighboring BTC molecules on Cu(111). It indicates
that the diffusion of the BTC molecules was possible at room temperature, in turn
suggesting a low molecule−substrate coupling.

No Kondo resonance was observed in scanning tunneling spectra acquired at differ-
ent positions over BTC/Cu(111). At first glance, this is surprising, as TCBB, which is
very similar to BTC, exhibits two Kondo resonances [272]. The difference between the
two systems may again be different molecule−substrate couplings. We propose that
the insufficient coupling of the CoCp2 units within BTC on Cu(111) for the observation
of a Kondo resonance originates from a tilt of the CoCp2 units relative to the surface.
Indeed, this tilt determines to which extent the π orbitals of the Cp rings overlap with
that of the substrate.
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Figure 4.6: (a) Top and side views of the calculated gas-phase structure of BTC. (b) STM
topograph (I = 20 pA, V = 0.1 V) of two BTC molecules on Cu(111) with a superimposed
scaled molecular model.

Standing metallocene molecules adsorbed on metal surfaces are usually imaged as
ring-like protrusions with a depression corresponding to the center of the upper Cp ring
[121, 260–262, 272]. By analyzing the depressions’ lateral position and with the help
of DFT calculations, tilt angles of up to 9◦ were found. Interestingly, in the present
case, the Cp rings of BTC on Cu(111) do not exhibit any depression in their center
(Fig. 4.6b), suggesting a large tilt angle. From the absence of a depression, we infer
a tilt angle exceeding 10◦. The large tilt likely decouples the CoCp2 units from the
Cu(111) substrate, which in turn prevent a Kondo effect. The tilt may originate from
an attractive interaction between the CoCp2 units (metallocene units have a tendency
to form dense layer [260, 261, 291]). However, in the present case, the benzene ring of
the BTC molecules imposes a fixed distance between the CoCp2 units at the surface,
while no particular distance between the CoCp2 units is expected in the upper part of
the molecule.

Apparently the boron within TCBB does not only tune the electronic properties
of the molecules but also adds rigidity to the molecule. The increased rigidity lim-
its the tilting of the CoCp2 units allowing the observation of the Kondo effect on
TCBB/Cu(111). Considering the outcome of the investigation of NBC and NTC mo-
lecules on Au(111) and BTC molecules on Cu(111), it appears that the magnetic prop-
erties of interconnected magnetic centers on metal surfaces depend on (i) the coupling
between the magnetic units, (ii) the distance between the units, i. e. commensurate
with the underlying substrate lattice and (iii) the rigidity and overall geometry of the
molecule. Such considerations should be taken into account for the development of
new strategies to interconnect magnetic centers.
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4.3 Conclusions
In conclusion, we demonstrated the deposition of three molecules, composed of inter-
connected CoCp2 magnetic centers, on metallic substrates. Surprisingly, a dip in the
differential conductance, assumed to originate from the Kondo effect, is observed for
one complex only (NBC). Furthermore, the resonance amplitude strongly varies be-
tween CoCp2 units. The different Kondo-resonance amplitudes of NBC on Au(111),
and the absence of a Kondo resonance for NTC and BTC on Au(111) and Cu(111),
respectively, are attributed to particular coupling of the CoCp2 units to the substrate.
By comparing the different cases, factors influencing the coupling are identified: (i) the
linker imposes a distance between the magnetic centers, which may not be commensu-
rate with the underlying substrate lattice; (ii) particular structures of the investigated
molecule are geometrically hindered by the linker, in turn impacting the adsorption
geometry of the magnetic units; (iii) the molecule will adopt a conformation dictated
by the interaction between the magnetic units (and the substrate) compatible with the
constraints (notably the bond rigidity) imposed by the linker. For future molecular-
spintronics applications, it appears fundamental to take these factors into account in
the design of new molecules composed of interconnected magnetic centers.
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The results presented in this chapter were published in 2016 in the Journal of
the American Chemical Society [292]. The coauthers are Thiruvancheril G. Gopaku-
mar, Bettina Schwager, Felix Tuczek, Roberto Robles, Nicolás Lorente, and Richardt
Berndt. In this publication, STM data on NiTMTAA measured by Thiruvancheril G.
Gopakumar and STM data on FeTMTAA measured during the work for my diploma
thesis [293] are compared. I performed additional STS measurements, gas-phase DFT
calculations and further data analysis to show the surface cis effect, which is presented
in the following.

5.1 Introduction
The properties of metal-organic complexes may be controlled through the number and
type of ligands attached to the metal center. This concept from solution chemistry
[294–298] has been extended to complexes adsorbed on metal surfaces. Both electronic
and magnetic properties have been shown to respond to the addition or removal of a
ligand [18, 141, 142, 192, 299–309].

Little is known about the influence of axial ligands on intermolecular interactions
at surfaces. For planar metal complexes on surfaces, the ligands naturally occupy
the axial position on the metal atom of the complex, conferring the metal atom with
an octahedral-like ligand field, which changes the otherwise square-planar ligand field
with consequences regarding the electronic and magnetic properties of the complex.
Phthalocyanines, porphyrins and similar molecules belong to this class of metal-organic
complexes with promise for ligand-induced modifications [58, 60, 310–312].

The trans effect in coordination chemistry is the weakening of a ligand on the metal
center by the attachment of an additional ligand at a trans position. A closely related
surface trans effect has recently been reported from NO bonding to metal tetraphenyl
porphyrins on Ag(111) [141]. An overview of the surface trans effect and the closely
related surface spin trans effect is available in a recent review [60]. As to intermolecular
interactions, coadsorption of NO and largish molecules [313–318] has been reported to
affect the molecular arrangements on a surface. In these cases, the transition-metal
complex and the second species was coadsorbed side-by-side on the metal substrate
and did not bind to the metal center as an additional ligand.

Here, we report on the formation of supramolecular bonds on a surface induced by
the addition of an axial ligand to the metal center of a complex. We reveal this ef-
fect using CO ligands on Fe-tetramethyl-tetraazaannulene (FeTMTAA, Fig. 5.1a,b) on
Au(111). While pristine FeTMTAA molecules on Au maximize their mutual distances
at low coverages, the attachment of CO leads to a drastic rearrangement. CO causes
the molecules to aggregate into ordered clusters. We discuss this striking observation in
terms of the structure of the molecule, electrostatic intermolecular interactions and ef-
fect of CO on the charge transfer between FeTMTAA and the substrate. Moreover, we
compare the results with equivalent measurements on Ni-tetramethyl-tetraazaannulene
(NiTMTAA) [319] and DFT calculations. It turns out that CO attaches axially to
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FeTMTAA, which lies flat on the substrate. As a result the interaction of the complex
with its neighbors is changed from repulsive to attractive, which may be viewed as a
surface cis effect.

5.2 Methodology

Experiment

Experiments were performed with a home-built STM operated in ultrahigh vacuum
(UHV) at 5 K and 11 K. FeTMTAA was synthesized according to Ref. [320] and
deposited onto clean Au(111) surfaces at room temperature by sublimation from a
Ta crucible. Prior to sublimation, the material was repeatedly degassed close to its
sublimation temperature of ≈ 200◦C in UHV. Exposure to CO was performed at
300 K and a CO pressure of ≈ 4 × 10−5 mbar for 30 – 40 min. Prepared samples
were transferred to the cold STM. Tips were electrochemically etched from tungsten
wire and further prepared in situ by indentation into the substrate. A sinusoidal
modulation (10 mVrms, 7 kHz) was added to the sample voltage V to record spectra of
the differential conductance.

Theory

We applied DFT as implemented in the VASP code [321] using the generalized gra-
dient approximation proposed by Perdew, Burke, and Ernzerhof (PBE) [166] to treat
electronic exchange and correlation. Dispersion-corrections are included through the
scheme proposed by Tkatchenko and Scheffler [322]. We have used a plane wave basis
set and the projected augmented wave (PAW) method [323] implemented in VASP
with an energy cutoff of 280 eV. The surface was represented by a five-layer slab and
in all calculations we allowed the relaxation of the substrate atoms in the two top-
most metal layers as well as all the atoms of the adsorbates. The substrate atoms
in the three bottom layers were kept fixed to their bulk equilibrium positions. All
geometry optimizations were carried out until the forces on mobile atoms were smaller
than 0.02 eV/Å. The molecules were arranged in a periodic pattern formed by lozenges
of 25 Au atoms following the ideal surface of Au(111). The k-point sampling corre-
sponds to a Monkhorst and Pack mesh of 3× 3× 1. DFT is known to underestimate
the exchange splitting of localized orbitals, leading to an underestimation of magnetic
moments. In order to correct for this, we have included an intra-atomic correlation
correction U − J = 3 eV, where U corresponds to the Coulomb interaction and J to
the exchange coupling, using the scheme by Dudarev et al. [324].
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Figure 5.1: (a) Top view of the calculated gas-phase structure of FeTMTAA. Dark red,
violet, dark gray, and light gray spheres indicate Fe, N, C, and H atoms, respectively. The
model resembles an elongated hexagon (line), which is used to indicate the molecules and
their orientations in STM images. (b) STM topograph (I = 50 pA, V = 0.1 V) of 0.2 ML
of FeTMTAA on Au(111) along with a side view of the gas-phase structure of FeTMTAA.
(c) The same coverage of FeTMTAA imaged after exposure to CO. I = 50 pA, V = 0.2 V.
A side view of the structure of CO-FeTMTAA is also shown (light red indicating O). The
molecular pattern has drastically changed with many molecules assembled into trimers and
chains. Monomers in hcp areas appear fuzzy because they move during scanning. At low
voltages, many monomers are more stable and are identified as pristine FeTMTAA molecules.
(d) STM topograph of 0.2 ML of NiTMTAA (I = 100 pA, V = 0.5 V). The pattern is closely
related to that of CO-FeTMTAA. A side view of the calculated structure is shown for each
molecule.

5.3 Results

FeTMTAA adsorption on Au(111)
The macrocyclic ligand of FeTMTAA exhibits a pronounced saddle shape (Fig. 5.1a,b)
owing to the steric interaction of the four methyl groups with the phenyl rings [325].
Figure 5.1b shows a STM topograph of 0.2 monolayer1 (ML) FeTMTAA on Au(111).
Single molecules are clearly resolved as oval protrusions. Some examples are indicated
by elongated hexagons in Figure 5.1. The molecules form a fairly regular hexagonal
pattern with an intermolecular distance of ≈ 1.9 nm. Molecules are aligned with their
long axis along one of the three compact directions of Au(111). The reconstruction of
the Au substrate causes small height variations [326, 327]. In particular, the transition
region between fcc and hcp stacked areas of Au is elevated by ∼ 15 ± 4 pm and this
height difference is also found on the molecules (∼ 20 pm in our data).

1We define 1 ML as a coverage of 1 molecule per nm2, the most dense structure we observed (see
Appendix C).
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Figure 5.2: STM topographs of FeTMTAA and CO-FeTMTAA on Au(111). Detailed
images (a,b) of 0.2 ML and (c,d) 0.5 ML. (e,f) Detailed images of chains of FeTMTAA
and CO-FeTMTAA at 0.5 ML coverage. The color palette from Figure 5.1 is used, with
some contrast enhancement in panels c and d. Tunneling parameters: I = 50 pA and
V = 0.1, 0.2,−0.25,−0.5,−0.06, and −0.5 V in (panels a–f), respectively.

Intramolecular contrast is demonstrated in Figure 5.2a, which reveals that the mo-
lecules appear higher along the short axis. The STM image therefore indicates that
FeTMTAA adsorbs with its phenyl rings pointing toward the substrate. While this ge-
ometric interpretation of the image contrast is a simplification, it is important to note
that the STM image of FeTMTAA varies little over a range of sample voltages. This
observation is consistent with spectra of the differential conductance (dI/dV ) acquired
above the center of FeTMTAA, which do not exhibit specific molecular states over a
bias range of 3 V (Fig. 5.3).

Our calculations corroborate the above findings. An energy minimum was found
for the molecule horizontally adsorbed on the surface with the methyl groups pointing
into vacuum. This enables a strong bonding of the Fe center to the substrate. There
is a weak preference for placing the Fe atom on top of a surface Au atom, with a
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Figure 5.3: dI/dV spectra acquired above the centers of FeTMTAA, CO-FeTMTAA, and
NiTMTAA molecules recorded at coverages of 0.8, 0.5, and 0.5 ML, respectively. Current
feedback was opened at V = 1.5 V, I = 100 pA and V = −1.5 V, I = 200 pA for FeTMTAA
and CO-FeTMTAA, respectively. The NiTMTAA data were recorded at a constant current
of I = 1 nA and converted to an approximate constant-height spectrum using the procedure
of Ref. [81]. Because the tip-sample distance is unknown, the calculated conductance is
arbitrarily scaled for NiTMTAA. The CO-FeTMTAA data were multiplied by a factor of 5.
The CO-FeTMTAA and NiTMTAA spectra have been shifted by 1 and 1.5 nS, respectively.

chemisorption energy of −2.35 eV (−54.2 kcal/mol). Adsorption at the fcc hollow and
at bridge sites are less favorable by 80 and 800 meV, respectively. The small energy
difference between the fcc and top adsorption sites suggests that molecules may be
found to occupy different sites. The van der Waals interaction leads to a considerably
flattening of the adsorbed molecule reducing the saddle-shape of the gas-phase molecule
as can be seen in the calculated geometrical structure of Figure 5.4.

The optimized geometry of the molecule is actually affected by the molecular mag-
netic moment. On the top site, we find that the FeTMTAA molecule presents two
possible spin values, high-spin 4.3 µB and low-spin 2.6 µB, with an energy difference
of 23 meV. In the high-spin configuration the Fe ion is 2.7 Å away from the Au(111)
surface, while the entire molecule is lifted by approximately 0.1 Å for the low-spin
configuration. The hollow-site configuration, which is very close in energy (20 meV
higher than the top-site configuration), pushes the Fe ion further to 2.9 Å. The charge
transfer involving the Fe ion confers the molecule with its main properties. Indeed,
this is corroborated by a more profound inspection of the STM images of FeTMTAA
that reveals a central protrusion.
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a b

Figure 5.4: Electronic density induced by the molecule−substrate interaction. The
isosurfaces correspond to a value of ± 0.0035 e/Å. The positive (negative) value indicates
excess (defect) of induced electrons plotted in yellow (blue). Goldish, light gray, dark gray,
and violet spheres indicate Au, H, C, and N atoms, respectively. The interaction between the
molecule and the gold surface (after due atomic relaxation) leads to a transfer of approxi-
mately 0.14 electrons from the molecule to the substrate following our Bader charge analysis.

A Bader charge analysis of the adsorbed system reveals a net electron donation from
the molecule to the substrate. The Fe atom loses 0.2 electrons whereas the N atoms
acquire 0.08 electrons. The C atoms remain largely unaffected. Figure 5.4 displays the
differences of electronic density due to the formation of the molecule−substrate bond.
This induced charge is computed using the expression:

δρ = ρall − ρmolecule − ρsubstrate, (5.1)

where ρall is the density of electrons of the full system, ρmolecule is the density of electrons
for the molecule in exactly the same geometry as the adsorbed molecule and ρsubstrate
is the corresponding density of the surface also with the adsorption geometry.

In the experiments, most of the isolated FeTMTAA molecules could only be stably
imaged at low bias |V | < 0.2 V. When the voltage exceeded this value the molecules
moved and the tunneling current became unstable. This fact agrees with the picture
emerging from the calculations. The adsorbed molecules have acquired a positive
charge and therefore interact with the strong and inhomogeneous electrical field under
the STM tip. The charge analysis together with the computed energy landscape of the
molecule on the surface provide a distinct picture of the molecular arrangement on the
surface. Namely, the positive charge along with the corresponding image charge lead
to repulsion via dipole−dipole interactions on a potential energy surface with little
corrugation. The result, in equilibrium, is an array of equidistant single molecules.

A projection of the density of states (PDOS) on the d orbitals of the Fe ion pro-
vides further information on the electronic and magnetic properties of the molecule.
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Figure 5.5: Density of states projected (PDOS) on the Fe d-manifold for (a) the high-
spin configuration (4.3 µB) and (b) the low-spin one (2.6 µB). The black curve in panel a
corresponds to the free-molecule configuration with a magnetic moment of 2.0 µB (S = 1).
The adsorbed high-spin configuration (red in panel a) corresponds to a full d-shell for the
majority spin (↓) and approximately only one electron in the minority spin (↑) leading to
four unpaired spins or a total spin S = 2. This is in contrast with the free case (black)
that displays two electrons from the minority spin but only four electrons for the majority
spin, leading to a total spin S = 1. The low-spin configuration is closer to the free-molecule
configuration although it displays some energy shifts similar to the high-spin one leading
to a smaller occupation of the minority spin. As a consequence the low-spin configuration
approximately corresponds to a total spin S = 1.

Figure 5.5 shows the PDOS for the free molecule as well as for the high- and low-spin
configurations of the adsorbed molecule. Compared with the PDOS of the free mole-
cule (black and dashed) the minority-spin components indeed carry less charge for the
adsorbed species, in agreement with the donation of charge from the molecule. For the
low-spin case, Figure 5.5, we see that charge transfer mainly affects the minority spin,
reducing the magnetic moment of the molecule. Nevertheless, the low-spin molecule
approximately maintains the magnetic moment of the free molecule, corresponding to
a total spin S = 1. In the high-spin case, the donation from the minority channel is
partially compensated from back-donation into the majority-spin d-states, which ex-
plains the larger magnetic moment of this configuration. The high-spin molecule rather
corresponds to a total spin S = 2.

The electronic systems described above may be described as approximate d6 config-
urations of the Fe ion, where only the actual filling of the different d-shells changes. In
the case of the free molecule, the Fe ion is in a d6 configuration, leading to S = 1 and
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to an Fe(II) valence. Both high- and low-spin states involve a small reduction of the
d-shell occupation, well below the transfer of one electron, and hence they remain in
an approximate d6 configuration corresponding to an Fe(II) oxidation state. The spin
configurations that we find (S = 2 and S = 1) are indeed compatible with the Fe(II)
oxidation state [328].

Adsorption of CO on FeTMTAA on Au(111)
FeTMTAA-covered surfaces were exposed to CO at ambient temperature. Because CO
desorbs from gold below ambient temperature [329] no CO remains on the Au substrate.
Subsequent imaging at low temperature revealed drastic changes. Figure 5.1c was
recorded at 0.2 ML coverage and may be directly compared with Figure 5.1b with
the same coverage but without CO. FeTMTAA molecules in fcc areas are no longer
isolated but have aggregated into small supramolecular assemblies, the main building
block being a chiral trimer [288, 330–332]. In addition, the intramolecular contrast
is modified (Fig. 5.2b). The CO-exposed molecules (denoted CO-FeTMTAA) exhibit
a depression at their center. The images of CO-FeTMTAA are voltage dependent in
contrast to those of FeTMTAA. The conductance spectrum acquired at the center of
the molecules reveals states at −0.9 and −1.3 V, which are close to those of NiTMTAA
(Fig. 5.3).

The observed CO-induced changes in STM images and dI/dV spectra strongly
suggest that CO is binding to FeTMTAA on Au(111). Below, we argue that CO
attaches axially to the Fe center on the vacuum (rather than substrate) side of the
molecule. The additional ligand apparently modifies the intermolecular interaction
from repulsive in the FeTMTAA case to attractive for CO-FeTMTAA.

The influence of the CO ligand on the intermolecular interactions is also obvious
on a larger scale and at higher coverages. Figures 5.2c–f present images of FeTMTAA
and CO-FeTMTAA, each at 0.5 ML coverage. The favorable fcc areas are almost en-
tirely covered with molecules. Pristine FeTMTAA forms double rows with neighboring
molecules rotated by 60◦ with respect to each other (Fig. 5.2c,e). CO-FeTMTAA,
by contrast, forms zigzag chains (Fig. 5.2d,f), whose building blocks again are trimers
(Fig. 5.2b). The zigzag chains are in fact porous, honeycomb-like networks [333], which
closely resemble the pattern observed from NiTMTAA [319] (Fig. 5.1d).

Our DFT calculations for CO-FeTMTAA in gas phase led to an optimized geometry
where CO binds axially to FeTMTAA (Fig. 5.1c). CO-FeTMTAA being a closed-
shell system, this result is reproduced in calculations for CO-FeTMTAA on the inert
Au(111) surface. Moreover, an axial coordination of CO to FeTMTAA in crystals was
previously found with X-ray diffraction [334]. A slight displacement of the Fe atom
from the plane of the N atoms leads to nonequivalent axial ligand sites and a preference
for coordination at the side of the phenyl benzenoid rings [325, 335]. Because of the
orientation of FeTMTAA on Au(111), however, this site is located at the substrate
side of the molecule, which is not favorable energetically due to the steric hindrance
between surface and molecule.
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Figure 5.6: (a) Induced density between a CO-FeTMTAA molecule and the Au(111)
substrate. Goldish, light gray, dark gray, violet, dark red and light red spheres indicate Au,
H, C, N, Fe, and O atoms, respectively. The isosurfaces are taken for the same values as in
Figure 5.4, showing the large difference in charge transfer between molecule and substrate
depending on adding an extra carbon monoxide molecule. (b) Planar average of the induced
charge for the CO-FeTMTAA complex (black) and the FeTMTAA molecule (red). The Fe
atom of the molecule is the origin of coordinates. Positive values of z correspond to the
vacuum side. This graph reveals the surface dipole of the rearranged charges due to the
interaction between molecular complex and substrate. At the isovalue of panel a, the planar
average shows zero induced density for the CO-FeTMTAA molecule, in agreement with the
very localized distribution of panel a.

Carbon monoxide easily binds to the free FeTMTAA molecule. As for the heme
group of porphyrin molecules, the adsorption of CO is made possible by a charge
transfer into the 2π-orbital of carbon monoxide. The adsorption of CO on FeTMTAA
molecules is qualitatively similar to the adsorption of CO on porphyrins although the
amount of charge transfer to the CO molecule is larger signaling more chemical activity
from the FeTMTAA molecule than from porphyrins [336].

When the combined CO-FeTMTAA molecule is adsorbed on Au(111) no charge
transfer from Fe to the Au substrate takes place, in contrast to the case of pristine
FeTMTAA. This is clearly seen in the almost identical Bader charge distributions be-
fore and after CO-FeTMTAA adsorption on Au(111). Figure 5.6a shows the value
of the induced electron density (Eq. 5.1) for the same isovalue as Figure 5.4. The
charge is very reduced, showing the small transfer of charge between molecular com-
plex and surface. Figure 5.6b is the induced charge averaged over planes parallel to
the surface in the unit cell of the calculation. The Fe atom loses up to 5 electrons
per nm3 due to the adsorption of FeTMTAA on Au (111), while this value is reduced
to 2 electrons per nm3 when CO-FeTMTAA is considered. This leads to a smaller
overall induced dipole when CO is adsorbed on FeTMTAA. From these results, we
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conclude that while FeTMTAA becomes positively charged on the Au(111) surface,
CO-FeTMTAA is largely neutral. This is further corroborated by the experimental
observation that isolated CO-FeTMTAA molecules on the surface were stable at ele-
vated sample voltages. Otherwise, the electrical field from the tip would have likely
influenced the molecule.

The magnetic moment of the new system is zero. This is due to the rearrangement
of the d-shell of the Fe(II) ion. Indeed, the valency Fe(II) is compatible [328] with
molecular spins of 0, 1, and 2, as we have found here.

Adsorption to the fcc site is 110 meV more stable than the bridge configuration and
1.7 eV more stable than the top site adsorption. The adsorption of CO-FeTMTAA is
qualitatively different from the case of FeTMTAA. This is due to the partial passivation
of the Fe center when CO is directly attached to it. The adsorption of CO-FeTMTAA
is directed by the interaction of the nitrogen atoms with the substrate. The hollow site
enables a close interaction of two nitrogen atoms with two gold atoms, stabilizing the
molecule. In the absence of CO, the Fe ion binding activity increases, changing the
adsorption site preference. Nevertheless, the chemisorption energies of CO-FeTMTAA
(−2.83 eV) and FeTMTAA (−2.35 eV) are of similar magnitude despite the qualitative
differences in the bonding.

The diminished reactivity of the Fe ion leads to an increased Fe−surface distance.
For the fcc adsorption site, this distance is 3.5 Å, i. e. 0.6 Å more than for the FeTMTAA
molecule. At first glance it may seem surprising that the CO-FeTMTAA molecule
appears lower than FeTMTAA in STM images because some small ligands at transition
metal complexes were previously imaged as protrusions [18, 308, 309]. However, from
our calculations, we find that the low apparent height of CO-FeTMTAA is due to an
electronic effect. A distant metallic tip will image the nodal plane of the CO 2π∗
orbital as a depression. This is similar to CO on Cu(111) where the molecule reduces
the conductance and leads to a depression in constant-current STM images over a
range of bias voltages [84, 85]. Similarly, bonding of H to the Mn center of MnPc was
observed to cause a depression in experimental and calculated STM images [20].

5.4 Discussion

The addition of a small molecule as an axial ligand to an adsorbed molecule can
destabilize the molecular bond to the surface. Hieringer et al. demonstrated this surface
trans effect for metal-tetraphenylporphyrins and their nitrosyl complexes on a Ag(111)
surface [141]. Our observations of CO-induced reorganization of FeTMTAA show that
the addition or removal of an axial ligand may additionally modify the interactions
with nearest-neighbor molecules in the surface plane. Because these molecules are
necessarily located in a cis position relative to their CO ligands this change may be
viewed as a new form of cis effect that occurs on surfaces.
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A priori, several factors can be at the origin of the surface cis effect. The Au(111)
substrate with its herringbone reconstruction may play a role as well as the electronic
surface state, which is known to mediate an oscillatory long-range interaction [146, 149,
150, 337–340]. None of these factors, however, is significantly different for FeTMTAA
and NiTMTAA, in contrast to the patterns they form. Consequently, the differences
between FeTMTAA and NiTMTAA and the similarities between CO-FeTMTAA and
NiTMTAA are linked to the molecules themselves and their bonds to the substrate.
The effect of CO is threefold as deduced from the above experimental and theoretical
analysis.

First, CO changes the geometrical structure of the FeTMTAA molecule. According
to our DFT calculations of free molecules, the distance between the outermost C atoms
along the long axis of the FeTMTAA molecule (Fig. 5.1a) (963 and 971 pm in spin 0
and 1 states, respectively) is reduced in CO-FeTMTAA (950 pm). The latter value is
identical to the distance calculated for NiTMTAA. In other words, the reaction with
CO geometrically converts FeTMTAA to NiTMTAA. The same trend is calculated for
the adsorbed molecules.

Second, a similar conversion is found at the electronic level, where we see that the
adsorbed NiTMTAA presents the same features as the adsorbed CO-FeTMTAA (see
Appendix C). In agreement with the calculated results, the experimental spectra of
CO-FeTMTAA and NiTMTAA exhibit nearly identical peaks.

Finally, bonding of CO to the Fe center weakens the Fe−Au bond and thus dimin-
ishes the charge transfer. As a result, the electrostatic interaction between FeTMTAA
molecules is affected. FeTMTAA is positively charged, while CO-FeTMTAA is not
leading to net repulsion among FeTMTAA molecules that is absent for CO-FeTMTAA.
This affects the actual molecular arrangement. FeTMTAA molecules mutually repel
owing to their charge state and tend to form a Wigner crystal. CO-FeTMTAA mo-
lecules on the other hand tend to form clusters. Their charge state is modified, the
electrostatic interaction is reduced, and consequently their arrangement is dictated by
the threefold symmetry of the substrate, the intermolecular van der Waals attraction
and the steric forces of the ligand groups. The similarity of the CO-FeTMTAA pat-
terns with those of NiTMTAA indicates that CO substantially reduces the electrostatic
repulsion, which is consistent with the results of our DFT calculations.

At large coverages FeTMTAA molecules in fcc areas aggregate. A related observa-
tion was reported from the molecular donor tetrathiafulvalene on Au(111) [147, 341].
While it forms a Wigner crystal at low coverage, its charge transfer to the surface is re-
duced at higher coverages and aggregation occurs. Reduced coupling at high coverage
was also found for FePc on Ag(111) [143].

5.5 Conclusions
In summary, low-temperature STM data from FeTMTAA on Au(111) show that expo-
sure to CO drastically changes the molecular pattern. A combined experimental and



5.5 Conclusions 63

theoretical study shows that the CO coordination to the Fe center leads to a modified
binding to the substrate. Beyond weakening the Fe−substrate bond, which is typical
of a trans effect, the CO ligand modifies the lateral interaction between molecules.
While the trans effect relies on orbital-mediated interaction of ligands, the surface cis
effect reported here involves a ligand-induced charge redistribution between the mo-
lecule and its substrate. The presence of CO axial ligands permits the creation of a
supramolecular structure while the absence of the ligands leads to the repulsion of the
FeTMTAA molecules on Au(111).
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6
Iron terpyridine complexes on Au(111):

Toward robust spin-crossover compounds

6.1 Introduction

Single molecule switches, triggered by different stimuli [14], are of great fundamental
interest and may play a pivotal role in the design of future molecular electronics [7, 8,
91, 268, 342–345]. A promising molecular class for future applications are metal-organic
complexes showing spin-crossover (SCO) [151]. SCO complexes contain a transition
metal ion that can be switched between a low-spin (LS) and a high-spin (HS) state
upon application of external stimuli such as temperature, pressure, magnetic or electric
fields or charge flow [151]. A detailed description of SCO is given in Sec. 1.5. Current
research of SCO is focused on the synthesis and analysis of new SCO compounds,
ideally with full control on the magnetic switchability [17, 155, 158, 346–349].

For application, SCO complexes may be attached to surfaces or electrodes. How-
ever, this can lead to complete loss of the switching behaviour [350] or fragmentation
of the SCO compound [19, 139, 140]. Therefore, the structural stability of SCO com-
pounds on metal surfaces is of crucial importance. In contrast, the SCO functionality
requires a certain degree of flexibility considering that the transition between the LS
and the HS state is accompanied by a change of the molecular geometry.

Within this context, bis-terpyridine (tpy) complexes are particularly attractive. In
these compounds a metal ion (M) resides in an environment of approximate octahedral
symmetry, through its coordination to six N atoms on the two tpy ligands (Fig. 6.1).
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FeFe Fe

1 2

Figure 6.1: Schematic representation of the investigated Fe(tpy)2 complexes 1 and 2.

The presence of two chelate rings1 per ligand makes the M(tpy)2 motif more stable than
the corresponding species with three bipyridine ligands M(bpy)3 [351]. The properties
of M(tpy)2 compounds can be tuned by the choice of suitable substituents at the tpy
ligands [352]. A distortion of the octahedral coordination environment of the complex
is accompanied by a LS−HS transition. The elongation of the Fe−N bonds causes a
weakening of the ligand field strength, in turn favoring the HS state (for theoretical
details see Section 1.5).

(tpy)2 SCO complexes have been investigated using mechanically controlled break
junction (MCBJ) set-ups. Harzmann and co-workers interpreted MCBJ experiments
on polar heteroleptic2 Fe(tpy)2 complexes as electric field induced switching [353].
Moreover, the conductance switching of an homoleptic Fe(tpy)2 complex by mechanical
stretching was reported [16]. Tpy ligands were functionalized with anchor groups to
ease the contact to the electrodes [16, 353–356]. In other experiments hybrid materials
like inorganic-organic radical bifunctional complexes were investigated [357].

Despite the great potential for fundamental SCO research there are only STM
investigations on vertically stacked (tpy)2 complex oligomers [358, 359]. STM and
atomic force microscopy (AFM) [43, 44] allow a controlled investigation at the single-
molecule level. Both methods (alone or combined) may allow to gain further insights
into the SCO of single (tpy)2 complexes by measurements of conductance, differential
conductance or force [44].

In this chapter, we report on a low-temperature scanning tunneling microscopy
and spectroscopy investigation of SCO Fe(tpy)2 complexes deposited on Au(111) by
ESI. STM topographs reveal a decomposition of the complexes into single tpy ligands.
Three distinct isomeric conformations of the tpy ligand are identified with the help of
gas-phase DFT calculations. In order to prevent the fragmentation on the surface, a

1A ring-like ligand with two or more separate binding sites to a single central atom is called chelate
ring.

2A homoleptic chemical compound is a metal compound with all ligands identical. Any metal
species which has more than one type of ligand is called heteroleptic.
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second SCO complex with additional carbon linkers was synthesized and investigated.
It turned out that this approach does not prevent the flattening of the complex, but
leads to the formation of interconnected tpy dimers.

6.2 Methods
Experiments were performed with a STM operating in ultrahigh vacuum at 5 K (Chap-
ter 2). Clean Au(111) surfaces were prepared by cycles of Ar+ sputtering at 1.3 kV and
annealing to 500 ◦C. STM tips were electrochemically etched from a tungsten wire and
further prepared in situ by indentation into the substrate. Fe(tpy)2(PF6)2 molecules
were synthesized by Gero D. Harzmann and Thomas Brandl in the group of Marcel
Mayor (University of Basel, Switzerland) following Ref. [352, 360]. The molecules were
deposited using the home-built electrospray ionization setup presented in Section 2.2.
Stable spray conditions were achieved with Fe(tpy)2(PF6)2 molecules solved in ace-
tonitrile. The deposition of Fe(tpy)2 complexes 1 (2) was performed by selecting a
mass-to-charge ratio of 515 u/e (459 u/e) at a relative kinetic energy of approximately
3 eV (10 eV). The spray voltage was 3.8 kV. During deposition, the pressure in the
preparation chamber stayed below 2×10−9 mbar and the substrates were kept at room
temperature.

Differential conductance spectra were acquired using a lock-in amplifier (sinusoidal
modulation voltage of ∼ 14 mVrms at 1 kHz.) while the feedback loop was open. All
STM topographs were acquired in the constant-current mode.

DFT calculations were carried out using the software Gaussian 09 using the B3LYP
functional and the def2TZVP basis set [169, 170, 175, 176].

6.3 Results and Discussion
The molecular structure of Fe(tpy)2 complex 1 is presented in Figure 6.1. Two
2,2′:6′,2′′-terpyridine ligands are connected to a central iron atom. The ligands are
asymmetric with two different substituents, namely 4-(trifluoromethyl)phenyl and 4-
N,N-dimethylaniline. The choice of the different substituents leads to dipolar tpy
ligands, which should ease voltage-triggered switching [352, 361].

The gas-phase structure of Fe(tpy)2 1 was obtained by DFT calculations (Fig. 6.2).
The complex has a cruciform appearance with two almost orthogonal near-plane tpy
ligands, resulting in a nearly perfect octahedral ligand sphere. The distance between
the central iron atom and the nitrogen atoms is in the range 1.9 − 2.0 Å. The calcu-
lated angles and bond length are comparable to that commonly reported for M(tpy)2
complexes [351, 362]. The phenyl groups of the substituents are rotated by 25 − 30◦
with respect to the pyridine units. The length of a single ligand from one substituent
to the other is ∼ 23 Å.
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Figure 6.3: (a) Typical mass spectrum of electrosprayed Fe(tpy)2 1 ions. A well-
pronounced peak is observed corresponding to intact, doubly charged Fe(tpy)2 1 molecules
(524 u/e). (b) Large-scale STM topograph (V = 0.1 V, I = 75 pA) upon ESI deposition of
Fe(tpy)2 1 onto Au(111).
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Figure 6.4: (a) STM topograph (V = −0.1 V, I = 10 pA) of tpy ligands on Au(111) with
superimposed scaled molecular models. A red circle indicates the position of an iron atom.
(b) STM topograph (V = 0.1 V, I = 20 pA) of a tpy ligand in the cis-cis configuration. (c)
Height profile along the long axis of a tpy ligand.

The Fe(tpy)2 complex 1 was deposited on Au(111) using ESI (see Section 2.2). Prior
to deposition, the molecular ion beam was analyzed by an in-line quadrupole mass
spectrometer. Figure 6.3a shows a typical mass spectrum. A well-pronounced peak is
observed corresponding to intact, doubly charged Fe(tpy)2 1 molecules (524 u/e). The
m/z value of this peak was used to deposit the mass-selected Fe(tpy)2 1 molecules on
the surface. An additional small peak may be assigned to single, singly charged tpy
ligands attached to an Fe atom (552 u/e). This indicates that a small amount of the
complexes (< 10 %) dissociates during the spray process. Since the same resolution
setting was used for spectroscopic measurements and mass-filtering during deposition,
the ion beam reaching the surface may consist of ions of the left peak mainly. Therefore,
most of the molecules are considered to be intact when they reach the surface.

Figure 6.3b shows a typical large-scale STM topograph of a Au(111) sample after the
ESI deposition of the Fe(tpy)2 complex 1. The herringbone reconstruction of the clean
Au(111) surface is clearly discernible as bright lines on a blue background. Disordered
clusters consisting of different molecular structures are observed. The most common
structure has an elongated shape with a length of approximately 3 nm. Structures of
different appearance will be addressed later.

In the zoomed STM topograph of Figure 6.4a, we superimposed molecular models
of single tpy ligands resulting from gas-phase DFT calculations (Fig. 6.2c). The match
between the model ligands and the STM topograph suggests that these longish struc-
tures are single, uncoordinated tpy ligands (Fig. 6.4b). Three of the five tpy ligands
in the cluster exhibit an additional protrusion at the side. These protrusions may be
attributed to single Fe atoms resulting from the fragmentation of the Fe(tpy)2 com-
plex. Further justifications for these attributions will be given below. The tpy ligands
have an apparent height of ∼ 1.5 Å at +1.0 V. This apparent height is comparable to



70 Iron terpyridine complexes

the height of similar molecules with π orbitals pointing out of the surface [288, 289].
Therefore, we propose a planar adsorption geometry with the cyclic subunits lying flat
on the surface.

Figure 6.4b shows a topograph of an isolated tpy ligand (without an Fe atom)
recorded at 100 mV. The topograph of the ligand has a bright lobe with an higher
apparent height, being located at the right end of the ligand. The line profile along the
longitudinal axis reflects this asymmetry (Fig. 6.4c). This is consistent with the fact
that the tpy ligand has two different substituents, namely CF3 and Me2N.

In the following, the substituents will be identified by a combination of voltage
dependent STM topographs, STS and DFT calculations. Figure 6.5a (b) shows a STM
topograph of a tpy dimer recorded at −1.4 V (+1.0 V). While at −1.4 V there are two
bright lobes cleary discernible, at +1.0 V the ligands have the same apparent height
at both ends. This height difference is illustrated by two line profiles recorded at both
voltages (Fig. 6.5c).

In addition, STS was performed at both ends of the tpy ligand (Fig. 6.5d). The
tip positions during acquisition are marked in the inset of Fig. 6.5d. The spectrum
measured at the right end of the ligand (black) does not exhibit any characteristic
molecule-related features and resemble spectra acquired over the bare Au(111). dI/dV
spectra recorded at the left end of the ligand (grey) show the onset of an intense
resonance at sample voltages below −1 V. We attribute this resonance to the highest
occupied molecular orbital (HOMO) of the ligand. To assign the position of the HOMO
to one of the two substituents, we use gas-phase DFT calculations of a single tpy ligand.
To model the ligands of Fe(tpy)2 1 adsorbed on an Au(111) substrate, the carbon rings
of the tpy ligands were forced to adopt a planar geometry. Figure 6.5e shows top
views of calculated isosurfaces of the HOMO and the LUMO. The HOMO is mainly
located at the dimethylaniline group and the adjacent pyridine ring. In contrast, the
LUMO is spatially extended over the side of the ligand with the CF3 group. This spatial
distribution of HOMO and LUMO is qualitatively the same for the unrestricted ligand.
Summarizing the above findings, we can ascribe the bright lobe in STM topographs at
voltages below −1 V to the dimethyl group of the tpy ligand.

The protrusions lateral to the tpy ligands (Figs. 6.4a and 6.5a,b) are attributed
to Fe atoms considering that (i) the protrusions have an apparent height between
1.3 and 1.6 Å at V = 100 mV. A similar height was reported for single Fe atoms,
which were deposited on Au(111) using electron beam evaporation [67]; (ii) STS
on the Fe atoms show no Kondo feature, as expected from previous investigations.
Indeed, some transition-metals (e. g., Ti, Co and Ni) adsorbed on Au(111) can be
identified by characteristic Kondo features near the Fermi energy [97, 133]. Other
elements (V, Cr, Mn and most notably Fe) display a featureless electronic structure
in this range [133]; (iii) a statistical evaluation of Fe atoms and tpy ligands yields
a ratio of 1:2.04. This is very close to the expected ratio of 1:2, assuming that the
adsorption leads to the dissociation of the complex into one Fe atom and two tpy
ligands. The Fe atoms lie close to the coordination site of the three nitrogen atoms
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Figure 6.5: (a,b) STM topographs of two tpy ligands each on Au(111) with a superim-
posed scaled molecular model. Tunneling parameters: I = 100 pA, (a) V = −1.4 V, (b)
V = +1.0 V. (c) Height profiles of a tpy ligand. The profiles are taken along the dashed line
indicated in (b). (d) dI/dV spectra of a tpy ligand on Au(111). The spectra were acquired
at both ends of the ligand and on bare Au(111). The spectra are vertically shifted for clarity.
The feedback loop was opened at V = 1 V, I = 100 pA. The inset (V = 0.1 V, I = 20 pA)
shows the positions used for spectroscopy. (e) Calculated wave functions of the tpy ligand
HOMO and LUMO (isocontour representation).

of the tpy ligand. The separation of central nitrogen atom and the iron atom is in
the order of 5 Å and therefore significantly larger than expected for a coordinative bond.

In the following different conformations of the tpy ligand will be discussed. Uncoor-
dinated tpy ligands are found in a conformation with the two NC−CN rotamers of the
adjacent pyridine units in the N,N-transoid form (Fig. 6.6a) both in solvents and solid
state [352]. To simplify the discussion below, we introduce the angle α (β). For α = 0
(β = 0) the left (right) bipyridine is in the cisoid orientation, for α = 180 (β = 180)
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Figure 6.6: (a) Conformation of a tpy ligand with both NC−CN rotamers in trans form.
NC−CN rotamers of the pyridine units are highlighted in red. (b) A tpy ligand in the cisoid
conformation.

the left (right) bipyridine is in the transoid orientation. A detailed definition of α (β)
can be found in Appendix D. The coordination to Fe imposes a cisoid orientation of
the NC−CN rotamers of the ligand (Fig. 6.6b). Thus, being part of the iron complex
both ligands are in full cisoid orientation. As we have seen above, the fragmentation
of the iron complex during the adsorption creates coordinated and uncoordinated tpy
ligands. Consequentially, the uncoordinated tpy ligands may be expected to present
different conformational isomers on the Au(111) surface.

Indeed, two other structural isomers can be observed besides the cis-cis conformer
(denoted CC below, Fig. 6.7a). Figure 6.7b shows an asymmetric pattern which
matches the structural model of a tpy ligand after the rotation of the right NC−CN
rotamers (Fig. 6.7e). This cis-trans conformation (CMTF, M and F denote the dif-
ferent substituents Me2N and CF3, respectively) is unsuited to metal coordination.
The trans-trans form (TT, Fig. 6.7f) results in the conformer of Figure 6.7c. In this
conformation the opposite substituents appear close to each other forming a ring-like
structure. The Me2N group is clearly discernible for all conformations.

The abundance of the different conformers has been obtained by evaluating large-
scale STM images with a total of 1021 ligands (Fig. 6.7g). For the uncoordinated tpy
ligands the CC conformation is most abundant (32%). The proportion of CMTF and
TT conformers is considerably lower (15% and 4%, respectively). Interestingly, tpy
ligands in the trans-cis conformation TMCF were not observed.

In the following, this distribution is compared to DFT calculations of the different
isomers. In Table 6.1 the gas-phase total energies of the tpy ligand isomers are given
with respect to the energy of the CC conformer. The sequence of stability (from most
stable to less stable) is TT > TMCF > CMTF > CC. The total energy of TT is lowest
because in this configuration the repulsion between the lone pairs on the N atoms of
the adjacent pyridine units is avoided [363]. In the gas-phase, the pyridine ligands of
all conformers are slightly rotated by up to 43◦ with respect to the central pyridine
unit. To model the geometry on the Au(111) surface, additional calculations have been
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Figure 6.7: (a-c) STM images of three distinct conformers of the tpy ligand on Au(111).
Tunneling parameters: I = 20 pA, (a,b) V = 0.1 V, (c) V = 0.3 V. The scale bar is valid for
all images. (d-f) Structural models of the tpy ligand in different isomeric forms. (g) Number
of ligands in the different conformations on Au(111).

performed with all conformers forced to adopt a planar geometry (Tab. 6.1). This does
not change the order of stability.

The abundance of each conformer does not necessarily retrace the stability of the
conformers. For instance, the reaction to the most stable conformer may be hindered
by a substantial energy barrier. To estimate the energy barrier between the conformers,
one-dimensional potential energy surface (PES) scans connecting the different confor-
mations have been performed at the B3LYP/def2SVP level (Fig. 6.8). Consecutively, β
and α were stepwise modified starting from the CC isomer in a flat conformation. This
corresponds to a rotation of the right and the left NC−CN rotamer. The scans were
performed with 10◦ increments of the dihedral angle in 21 and 26 steps, respectively.
All other parameters were optimized to their most favorable values. The resulting
potential energy profile shows three local minima corresponding to the conformations
CC, CMTF and TT. If first α and subsequently β are modified, the TMCF conformer
is included in the energy profile (red line). In contrast, the energy profile includes
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CC TMCF CMTF TT
∆E (meV) 0 −299 −315 −526

∆Eflat (meV) 0 −399 −431 −662

Table 6.1: Gas-phase total energies of the tpy ligand isomers in a free and a flat geometry
with respect to the energy of the CC conformer. Calculations have been performed at the
B3LYP/def2TZVP level.

the CMTF conformer, if first β and then α are swept (black/grey line). Both energy
profiles do not significantly differ from each other. In both cases the highest energy
barriers in the energy profile between the CC conformer and the TT conformer in
the gas-phase are of the order of 100 meV. Also the energy barriers between CC and
CMTF and CC and TMCF are very similar. Typical adsorption energies are con-
siderably larger (e. g., benzene on Au(111): 0.64 eV [364]). Therefore, the gas-phase
calculations are not sufficient to (i) explain the relative abundance of the conformers
nor (ii) the apparent absence of the TMCF conformer.

The low abundance of the TT conformer may therefore be explained by the influ-
ence of the surface. In this context, two possibilities has to be considered: (i) Intact
complexes arriving at the surface comprise tpy ligands in theCC configuration. During
the adsorption, the surface may hinder the rotation of the rotamers. The statistical
distribution found on the surface (Fig. 6.7g) may thus reflect that the formation of
the TT conformer requires rotation of two rotamers while the CMTF conformer is ob-
tained by the rotation of a single rotamer only. (ii) The relative energy of the different
conformers on the surface may be totally different than in the gas-phase. This scenario
seems possible as the distances between the four nitrogen atoms in conformers CMTF
and TMCF are different and must adopt different adsorption sites (see Appendix D
for details). DFT calculations of the molecule on Au(111) would allow a comparison
of the adsorption energies and may clarify the abundance of the conformers.

These results may be compared to a study by Karan et al. [289]. A tetranuclear
Co-grid complex incorporating (tpy)2 ligands was electrosprayed onto a Au substrate.
Fragmentation of the complex led to (tpy)2 ligands in four different conformations.
However, the most abundant conformer was not in the configuration that it has in the
intact complex. Furthermore, no cobalt ions of the grid complex were found on the
surface. In contrast, we observed the iron atoms of the dissociated Fe(tpy)2 complexes
trapped at half of the ligands. This may be due to a different fragmentation mecha-
nism as a result of the more convoluted, grid-type architecture of the Co complex. In
contrast, the structure of the Fe complex may allow a direct trapping of the Fe atoms.

Intact SCO complexes were not observed on the surface. The reason for the frag-
mentation may be the affinity of aromatic cycles to metal substrates [143, 289, 365].
Recent work on [Fe(bpz)2(phen)] 3 shows that this complex dissociates into [Fe(bpz)2]

3bpz=dihydrobis(pyrazolyl)borate, phen = 1,10-phenanthroline.
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Figure 6.8: Relaxed potential energy scan connecting conformers CC, CMTF and TT,
calculated at the B3LYP/def2SVP level, as function of the dihedral angles β (black) and α
(grey). The relative energy is given with respect to the energy of the flat CC conformer.
For comparison the energy profile connecting conformers CC, TMCF and TT is shown as a
red dashed line. Note that the energies of the conformers should not be compared to that of
Table 6.1 as different basis sets were used.

and phen on Au(111) [139]. Phen ligands were found to lie flat on the surface. A disso-
ciation on Au(111) was also reported for the SCO complex [Fe(H2B(pz)2)2(phenme4)]
[140].

Reinforced iron terpyridine complex
The fragmentation of the Fe(tpy)2 SCO complex 1 into single ligands calls for a rein-
forcement to avoid the dissociation on the surface. The calculated gas-phase structure
of the reinforced Fe(tpy)2 complex 2 is shown in Figure 6.9a. In contrast to complex 1,
there are no additional substituents except for the phenyl groups. For reinforcement,
the ligands of complex 2 are connected by two additional carbon chains between the
outer phenyl rings. Hence, the rotation angle of the phenyl rings with respect to the
pyridine units is increased to approximately 55 and 85◦, respectively. The octahedral
ligand sphere of the iron center and the N atoms is preserved.

The reinforced Fe(tpy)2 complex was deposited on Au(111) using ESI. The mole-
cular ion beam was analyzed by a quadrupole mass spectrometer prior to deposition.
Typical mass spectra (Fig. 6.9b) show a clear peak, attributed to intact Fe(tpy)2 2
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Figure 6.9: (a) Calculated gas-phase structure of the Fe(tpy)2 complex 2. The rein-
forcement is highlighted in red. (b) Typical mass spectrum of electrosprayed Fe(tpy)2 2
ions.

molecules (459 u/e). In contrast to the mass spectra of complex 1 (Fig. 6.3a), there is
no second peak in the spectra.

Figure 6.10a shows a STM topograph, upon deposition of complex 2, exhibiting
three adsorbates. Each adsorbate consists of two ligands in the cis-cis configuration.
In contrast to the observations on complex 1, each ligand has a symmetric shape. This
is consistent with the absence of the substituents CF3 and NMe2. Similar to complex
1, tpy ligands take a flat geometry on the Au(111) surface. The calculated geometry
of the intact complex 2 would lead to tilted ligands with one or two phenyl groups
pointing into vacuum. Therefore, the adsorption of the molecule on the surface might
distort the molecule.

Tpy ligands are exclusively observed as dimers in contrast to the observation of
individual ligands upon deposition of complex 1. No other conformers than the cis-cis
configuration are observed. This indicates that complex 2 does not dissociate com-
pletely into two ligands. However, the complex adopt a planar conformation, different
from the gas-phase conformation. In the present case, the carbon linker seem to have
a double function: They prevent (i) a rotation of the phenyl groups, which would
lead to different conformers, and (ii) a desintegration of the dimer structure. Actually,
the STM topograph of a dimer matches the molecular model of complex 2 in a flat
geometry without the iron atom (Fig. 6.10b). All adsorbates exhibit the same dimer
structure. Beyond that, the appearance of the dimers varies especially regarding the
center. While the dimer shown in Fig. 6.10b exhibits a depression in the middle, other
dimer feature a protrusion at different positions. This may be explained by a loss of
the Fe atom during adsorption. In a flat geometry the distance of a possible central
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Figure 6.10: (a) STM topograph (I = 100 pA, V = 0.1 V) of complex 2 on Au(111). (b)
STM topograph (I = 200 pA, V = 0.1 V) of a dimer of tpy ligands. A scaled molecular
model in a flat geometry is superimposed.

iron atom to the six N atoms is larger than 3.5 Å and therefore incompatible with
coordinative bonds.

6.4 Conclusion

In summary, we reported on the ESI deposition of two Fe(tpy)2 SCO complexes on
Au(111). STM investigations show that the Fe(tpy)2 complex 1 dissociates into tpy
ligands, which lie flat on the surface. Different substituents of the tpy ligands could be
identified. Iron atoms are observed adjacent to half of the tpy ligands. The remaining
tpy ligands are found in three different conformations. Mass spectrometric detection
indicates that Fe(tpy)2 1 is intact in the gas-phase. This suggests a surface-induced
ligand-dissociation process. Interestingly, DFT calculations show that the most abun-
dant conformer on the Au surface is not energetically favored in gas-phase. Rather, this
configuration conforms to the configuration of the ligands in the intact complex. This
also supports that the complex dissociates due to the adsorption on the gold surface.

These results may be important for the interpretation of future MCBJ experiments.
Molecules are usually deposited from solution on the MCBJ sample, while we used
the ESI technique. Nevertheless, it should be considered that fragile molecules may
dissociate upon adsorption at the gold electrodes.



78 Iron terpyridine complexes

To limit the dissociation on Au(111) two carbon linkers were introduced between
the tpy ligands. The new complex 2 is found to form interconnected dimers upon
deposition on the gold substrate. Apparently, this modification cannot suppress the
flattening of this type of SCO complex on Au(111). Nevertheless, the new design
prevents the complete dissociation into single ligands.

While the deposition of intact molecules was not successful, the fragmentation al-
lowed investigation and identification of substituents and conformations of the tpy lig-
and molecules. In contrast, the three dimensional structure of intact SCO complexes
makes the correct identification very difficult [19, 139, 366].

The design of robust SCO complexes on metal surfaces remains challenging. How-
ever, our observations may be fundamental for the design of new, robust SCO complexes
composed of Fe(tpy)2.



Conclusion

In conclusion, this thesis contributes to the fundamental understanding of various
physical phenomena at the molecule−metal interface. Different classes of transition
metal complexes have been investigated by low-temperature scanning tunneling
microscopy at the single-molecule level.

In many studies the Kondo effect is employed as a readout channel of magnetic
properties of adsorbed molecules. In this thesis, the spatial extent of Kondo resonances
in magnetic sandwich complexes was investigated. We reported the ESI deposition
of a trinuclear organometallic complex on Cu(111). Differential conductance spectra
revealed two Kondo resonances with different spatial extents and different energies. In
contrast to magnetic adatoms, where the orbitals at the origin of Kondo resonances
may be degenerate and spatially overlap, here the strong ligand field lifts the orbital
degeneracy. Furthermore, thanks to a particular hybridization of the metal and ligand
orbitals, the Kondo resonances can be independently studied by selecting adequate
areas of investigation over the molecule. These results open promising perspectives for
investigating complex Kondo systems composed of several Kondo orbitals.

Sandwich molecules turned out to be an ideal playground for Kondo studies. As
a perspective of this work, the impact of different magnetic ions within sandwich
molecules on the Kondo physics can be investigated. Moreover, sandwich molecules
with a larger size of the aromatic ligands might show interesting effects [367–370].

Interconnected molecular magnetic centers on metallic surfaces present an excellent
playground for studying fundamental aspects of magnetic sytems. We demonstrated
the deposition of three molecules, NBC, NTC, and BTC, composed of interconnected
cobaltocene magnetic centers, on metallic substrates. Although the molecules are com-
posed of the same magnetic center, a Kondo resonance is observed for one complex only,
with varying amplitude from molecule to molecule. Different Kondo resonance ampli-
tudes of NBC on Au(111), and the absence of a Kondo resonance for NTC and BTC on
Au(111) and Cu(111), respectively, are attributed to particular coupling of the cobal-
tocene units to the substrate. By comparing the different cases and linkers, factors
influencing the coupling are identified. For future molecular-spintronics applications,
it appears fundamental to take these factors into account in the design of new molecules
composed of interconnected magnetic centers.

79
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As a perspective, it would be interesting to further investigate the influence of
different linkers between cobaltocene units. I have already carried out first STM
investigations on a 1,3,5-substituted tricationic cobaltocenium benzene complex with
elongated linkers between the cobaltocene units and the central benzene ring [190].
Further investigations are necessary to ensure that the molecules are intact on the
surface.

Furthermore, the influence of axial ligands on intermolecular interactions on sur-
faces has been investigated. Low-temperature STM data from FeTMTAA on Au(111)
show that exposure to CO drastically changes the molecular pattern. A combined
experimental and theoretical study shows that the CO coordination to the Fe center
leads to a modified binding to the substrate. Beyond weakening the Fe−substrate
bond, which is typical of a trans effect, the CO ligand modifies the lateral interaction
between molecules. While the trans effect relies on orbital-mediated interaction of lig-
ands, the surface cis effect reported here involves a ligand-induced charge redistribution
between the molecule and its substrate. The presence of CO axial ligands permits the
creation of a supramolecular structure, while the absence of the ligands leads to the
repulsion of the FeTMTAA molecules on Au(111).

Our findings illustrate how the self-assembly of adsorbed, complexed metal centers
results from the interplay between the influences of the surface and the coordinated
ligand on this metal center. These results could be taken into account for the
development of sensor and catalysis technology using metal complexes.

Dissociation of spin crossover (SCO) molecules on metal surfaces is a serious prob-
lem. We carried out a study on the adsorption of two iron terpyridine (tpy) SCO
complexes on Au(111). STM topographs show that the first complex dissociates into
tpy ligands, which lie flat on the surface. Iron atoms are observed adjacent to half of
the tpy ligands. The remaining tpy ligands are found in three different conformations.
Interestingly, DFT calculations show that the most abundant conformer on the sur-
face is not energetically favored in gas-phase. Therefore, we assume a surface-induced
dissociation process. To suppress the dissociation on Au(111), two carbon linkers were
introduced between the tpy ligands. This second complex is found to form intercon-
nected dimers upon deposition to the gold substrate.

The design of robust SCO complexes on metal surfaces remain challenging.
On-surface DFT calculations may provide deeper insight into the dissociation process.
This may be fundamental for the design of new, robust SCO complexes composed of
tpy ligands.
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Deposition and mass spectra of TCBB molecules

TCBB molecules (calculated mass of 674 u) are triply charged and are therefore elec-
trically stabilized in bulk form by three hexafluorphosphate anions (PF−6 , calculated
mass of 145 u) per molecule (Fig. A.1b) [253]. A powder composed of TCBB molecules
and hexafluorphosphate counter ions was dissolved in nitromethane for deposition on
Cu(111) using a home-built in situ ultrahigh-vacuum electrospray ionization setup with
mass selection [214].

Prior to deposition, the TCBB ion beam was analyzed by an in-line quadrupole
mass spectrometer. Figure A.1a shows a typical mass spectrum. A single peak is
observed at ≈ 218 u/e corresponding to a triply charged TCBB molecule (225 u/e)
without the counter ion (PF−6 ). The mass spectrum indicates that these anions are
lost during the spraying process. We note that neither SCBB nor DCBB molecules are
observed in the mass spectrum. Therefore, the SCBB and DCBB molecules imaged on
the Cu(111) surface most likely result from fragmentation of TCBB upon adsorption.
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Figure A.1: (a) Typical mass spectrum of electrosprayed TCBB ions. (b) Schematic
structure of TCBB.

The deposition of TCBB molecules on Cu(111) was performed by selecting a mass-
to-charge ratio of 220 u/e at a kinetic energy of 8 eV. During the deposition onto a
Cu(111) sample held at room temperature the pressure in the preparation chamber
was kept below 2× 10−9 mbar.

Estimate of the tilt angle of SCBB on Cu(111)
Topographs of SCBB exhibit a depression that is not centered to the image of the
molecule, suggesting that the SCBB molecules are tilted. Figure A.2a shows a STM
topograph of a SCBB molecule on Cu(111). Its cross-sectional profile (b) exhibits two
maxima separated by 4.5 Å with an apparent height difference of 0.6 Å. For a simple
estimate, we assume that the height difference is of purely geometrical origin, namely
a tilt of the molecule relative to the substrate normal. From the profile we thus infer
a tilt angle θ = 8◦ (tan θ = 0.6 Å / 4.5 Å). The resulting geometry is presented in
Figure A.2c. Interestingly, our estimated value is very close to the tilt angle of 9◦
found from DFT calculations (discussed below).
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Figure A.2: (a) Constant-current STM topograph (I = 200 pA, V = 0.1 V) of a SCBB
molecule on Cu(111). (b) Cross-sectional profile along the blue line in (a). (c) Side view of a
SCBB molecule illustrating the tilt. Solid and dashed lines show the molecular axis and the
substrate normal, respectively.

Tip-induced manipulation of TCBB on Au(111)
Figure A.3 shows a sequence of three topographs illustrating the tip-induced displace-
ment of a TCBB molecule on Au(111). While scanning over the molecule of interest,
for given tunneling parameters, a “dislocation” line can appear in the topograph. This
is shown in Figure A.3b where such an horizontal line is visible while scanning over the
lower CBB unit. As shown in Figure A.3c, this resulted in the displacement/rotation
of the entire TCBB molecule. This manipulation indicates that STM images most
likely show molecules that are chemically bonded rather than three CBB units that
happened to arrange themselves in a triangular pattern.

As discussed in the previous section, CBB units exhibit an off-center depression,
whose lateral position depends on the tilt of the unit relative to the surface. For a
TCBB molecule, the depression of the three CBB units are initially toward the middle
(e. g., Fig. A.4a). This indicates a tilt of the CBB units towards the center, i. e. the
distance between the CBB units is fixed at the surface (by the benzene group) and the
distance is reduced at the apex of the molecule. Figure A.4 shows a voltage-induced
manipulation of the tilt of the lower CBB unit.
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a b c

Figure A.3: Topographs of a TCBB molecule on Au(111) (a) before, (b) during and (c)
after tip-induced manipulation. The initial position of the molecule is indicated by a dashed
contour. The scans started at the top-left edge and ended at the bottom-right edge of the
topographs. The tunneling parameters are I = 100 pA and (a) V = 0.2 V, (b) V = 1.4 V
and (c) V = 0.1 V.

Scanning Tunneling Spectra
dI/dV spectra of TCBB on Cu(111) and on Au(111) over a bias range of 3 V are
displayed in Figure A.5. The dI/dV spectrum acquired on TCBB/Cu(111) shows a
sharp Kondo resonance close to the Fermi level along with a very broad feature at
its right side. This broad feature may possibly correspond to the dxz state expected
for TCBB on Cu(111). For TCBB on Au(111) no spectroscopic features are observed
around zero bias but a clear and broad resonance at ≈ 0.9 eV with a broadening of
≈ 1.3 eV.

Figure A.6a shows six typical dI/dV spectra of TCBB on Cu(111). The tip posi-
tions for data acquisition are marked in the constant-height STM topograph shown in
Figure A.6b. Two spectra are displayed for each CBB subunit. On SCBB, two Kondo
resonances at different energies were observed in and off the symmetry axis of the mo-
lecule. In Figure A.6a, we find that the spectra measured at positions I, II and III
(and separately at positions IV, V and VI) are equivalent. Like in the case of SCBB,
the energy of the Kondo resonance is lower (higher) for the spectra acquired off (on)
the symmetry axes of the CBB subunits.

The two Kondo resonances are localized to different areas of the molecules. At their
boundaries the resonances overlap. Figure A.7a illustrates this effect. dI/dV spectra
acquired at I and III exhibit the typical line shapes discussed in the article. The line
shape at position II is different. The red dashed line in Figure A.7a shows a linear
combination of spectra I and III (0.4·I + 0.63·III). It matches well with the data from
position II.
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Figure A.4: Tilt change of a CBB unit in a single TCBB molecule on Au(111) (a) before
and (b) after the corresponding manipulation. The tilt of the CBB unit is inferred from the
lateral position of the depression. The manipulation was performed by sweeping the sample
voltage from 2 V to −1.5 V (feedback turned off at 2 V and 100 pA).
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Figure A.5: dI/dV spectra of TCBB on Cu(111) and TCBB on Au(111). The spectra
were acquired above the center of one of the three CBB units using a modulation voltage
of 7 mV and 14 mV, respectively. Constant current feedback was opened at V = 1.5 V,
I = 100 pA on Cu(111) and V = 2.5 V, I = 100 pA on Au(111). The spectra have been
vertically shifted by 0.01 and 0.06 nS, respectively.



86 Appendix: Trinuclear Cobalt-Based Complexes

5

10

15

d
I/

d
V
 (

n
S
)

-100 0 100

SAMPLE VOLTAGE (mV)

1 nm

2
1
6
 p

A
0
 p

A

I

II

III

IV

V

VI

I

II
III

IV

V

VI

a
b

Figure A.6: (a) dI/dV spectra of a TCBB molecule on Cu(111) acquired over the TCBB
at positions I – VI. Positions IV – VI lie on the symmetry axis of the CBB subunits. Current
feedback was disabled at V = 100 mV, I = 400 pA. The spectra are vertically shifted for clar-
ity. (b) Constant-height STM topograph showing positions of spectroscopic measurements.
The topograph was acquired at V = 100 mV.

In Chapter 3, the fitting of the Kondo resonance is performed with a Fano function.
However, in some cases, a better fit to the experimental data may be realized using a
Frota function [118, 122], which has the following expression:

dI

dV
≈ A · Im

ieiΦ

√
iΓ

eV − EK + iΓ

+B. (A.1)

Figure A.8 shows differential-conductance spectra acquired along and off the sym-
metry axis of a CBB unit, together with fits of Fano and Frota functions. In the present
case, the fits of the dI/dV spectra to a Fano function appear qualitatively better than
to a Frota function.
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Figure A.7: (a) dI/dV spectra over DCBB on Cu(111). The spectra were acquired at
three positions over the DCBB (I, II, III). They are vertically shifted for clarity. A linear
combination of I and III is shown as a dashed red line. (b) Constant-height STM topograph
of a DCBB molecule showing the positions where spectra were recorded. The STM current
feedback was disabled at V = 100 mV, I = 300 pA.

Gas-phase DFT calculations

The gas-phase calculations of TCBB and SCBB molecules were performed using DFT
as implemented in Gaussian 09 [175]. Various functionals and the def2TZVP basis
set [176] were used and compared. Figure A.9 shows the electronic structure of gas-
phase SCBB calculated with four different functionals, namely BP86 [167, 168], B3LYP,
[169, 170], PBE [166], and TPSSh [171, 172]. Although the orbital energies vary with
the functional, their sequence and their filling are identical for all functionals. In
addition, the spatial distributions of the orbitals found with the different functionals
coincide. In other words, the functionals lead to identical results for the properties
used in our analysis.

Figure A.10a shows the spin-resolved electronic structure of the gas-phase TCBB.
There are three degenerate singly-occupied molecular orbitals with a dyz contribution
and three degenerate unoccupied orbitals with dxz contribution. The frontier orbitals of
TCBB essentially reproduce the orbitals of SCBB three times. This picture is supported
by the spatial extension of these orbitals: Figures A.10b and c show top and side views
of the calculated isosurfaces of the SOMO and the LUMO, respectively. These orbitals
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Figure A.8: Differential-conductance spectra acquired off (upper curve) and along (lower
curve) the symmetry axis of a CBB unit. The red curve corresponds to the best fit using a
(a) Fano and (b) Frota function. The resulting fit parameters for the upper (lower) curve
are: (a) TK = 201 K (TK = 320 K), EK = 5.1 meV (EK = 22.2 meV), q = 11 (q = 85) and
(b) Γ = 9.4 meV (Γ = 17.0 meV), EK = 3.8 meV (EK = 17.5 meV), Φ = 0.9 (Φ = 0.9).
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Figure A.9: Electronic structure of gas-phase SCBB calculated with four different func-
tionals.
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Figure A.10: (a) Calculated electronic structure of gas-phase TCBB. Molecular orbitals
are labeled according to their d-character. (b,c) Top and side view of the calculated wave-
function extension of TCBB SOMO and LUMO.

are localized to the CBB units and resemble those calculated for SCBB. Interestingly,
the orbitals of the central benzene ring do not contribute to the frontier orbitals of
TCBB. This is in line with the picture of TCBB consisting of three decoupled CBB
units.
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Figure A.11: (a) Relaxed geometry of SCBB on Cu(111) obtained from DFT+U calcula-
tions. (b) Top and side view of the SOMO and LUMO resulting from gas-phase calculations
of the geometry shown in (a).

DFT calculations of SCBB on Cu(111)

DFT + U calculations were performed on SCBB/Cu(111). Two configurations were
initially considered: with the borabenzene towards or away from the surface. The
configuration with the borabenzene towards the surface (Fig. A.11a) is more stable by
approximately 0.2 eV. Therefore, in the following, only this configuration is considered.

The calculations reveal a molecule that is slightly distorted upon adsorption
(Fig. A.11a), hereafter referred to as the relaxed molecule, relative to the gas-phase
molecule. Interestingly, the upper ring is titled by about 9◦ relative to the Cu(111) sur-
face, very close to the 8◦ deduced from the STM topograph. The electronic structure
resulting from the calculations extends over the entire system and is rather complex. To
extract relevant information from the electronic structure, we project it onto molecular
orbitals, in particular to the SOMO and LUMO. However, as a change of geometry
may affect the electronic structure, it is important to consider the SOMO and LUMO
of the relaxed structure rather than the gas-phase geometry. For this purpose, the re-
laxed geometry of the molecule (Fig. A.11a) is used as an input geometry of gas-phase
calculations, which in turn lead to the SOMO and LUMO presented in Fig. A.11b.
The SOMO and LUMO of the relaxed SCBB molecule are very similar to those of the
gas-phase SCBB molecule (Fig. 3.3a). In particular, the nodal planes of the orbitals
are preserved.

In order to capture the impact of the molecule’s adsorption on Cu(111) on the
SOMO and LUMO, the electronic structure of SCBB/Cu(111) is separately projected
onto the SOMO and LUMO (Fig. A.12). Three main outcomes result from these
PDOS. First, upon adsorption, the SOMO and LUMO are spread over a large energy
range. This indicates a strong hybridization of the molecular orbitals with those of the
substrate. Second, the LUMO, initially unoccupied in the gas-phase, becomes occupied
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Figure A.12: Density of states of SCBB/Cu(111) projected onto the (a) SOMO and (b)
LUMO. In addition to the projection, the curves are convoluted with a gaussian function
with a width of 0.3 eV.

by approximately one electron. Third, the SOMO and LUMO are both magnetic. In
summary, the calculations of SCBB/Cu(111) are consistent with the observation of two
Kondo resonances as described in Chapter 3.
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metal surfaces

Structure of 1,8-bis(cobaltocenyl)naphthalene
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Co
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Figure B.1: (a) Different views of the calculated gas-phase structure of NBC. (b) Side
view of NBC adsorbed on Au(111). The planar adsorption of the naphthalene induces an
horizontal orientation of the cobaltocene units.
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Figure B.2: (a–c) dI/dV spectra of three NBC molecules on Au(111). Each panel shows
two spectra acquired over the two cobaltocene units of a single NBC molecule. The STM
current feedback was disabled at V = −100 mV and I = 1 nA. The spectra are vertically
shifted for clarity.

Figure B.1a shows the gas-phase structure of 1,8-bis(cobaltocenyl)naphthalene
(NBC) calculated within DFT. NBC molecules are composed of two cobaltocene units
connected by a naphthalene clamp. The naphthalene causes a head-to-head arrange-
ment of the metallocene subunits. The calculations reproduce the molecular structure
inferred from X-ray diffraction data [173, 286].

According to our scanning tunneling microscopy data, the NBC molecules adopt
a different structure on Au(111). The naphthalene plane appears to be parallel to
the surface, and in turn parallel to the cobaltocene units. Figure B.1b illustrates this
geometry by a schematic side view of NBC on Au(111).

Scanning tunneling spectra of NBC on Au(111)
Figure B.2 shows typical differential-conductance spectra of three NBC molecules
within a molecular chain. The spectra were acquired atop the expected cobaltocene
positions. The two cobaltocene units belonging to the same NBC molecule exhibit dips
(pressumed to be Kondo resonances) with different amplitudes.

Deposition and mass spectra of 1,3,5-tris(cobaltocenyl)benzene
For the deposition of 1,3,5-tris(cobaltocenyl)benzene (BTC) molecules (calculated mass
639 u, Fig. B.3a) on Cu(111) an in situ ultrahigh-vacuum electrospray ionization
setup with mass selection was used [214]. Stable spray conditions were achieved with
BTC(BF4)3 molecules dissolved in nitromethane. Prior to deposition, the BTC ion
beam was analyzed by an in-line quadrupole mass spectrometer. Figure B.3b shows
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Figure B.3: (a) Schematic structure of BTC. (b) Mass spectrum of electrosprayed BTC
ions.

a typical mass spectrum. A single peak corresponding to intact triply charged BTC
molecules (213 u/e) is observed. The deposition of BTC molecules on Cu(111) was
performed by selecting a mass-to-charge ratio of 213 u/e at a kinetic energy of 9 eV.
The ion current at the sample was used to monitor the deposited amount of BTC.
During the deposition onto a Cu(111) surface held at room temperature the pressure
was kept below 2× 10−9 mbar.
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Molecular orbitals
Figure B.4 shows the structure, HOMO, and LUMO of the NBC, NTC and BTC
complexes. The HOMO and LUMO are mostly localized on the cobaltocene units.

HOMO LUMOSTRUCTURE

c

b

a

Figure B.4: (a) Schematic structure, HOMO and LUMO of the (a) NBC, (b) NTC and
(c) BTC complexes.
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Figure C.1: Model of FeTMTAA chain.

Model of FeTMTAA chain at elevated coverage
From an analysis of many STM images, the following geometrical parameters were
determined: Intermolecular distances a = 12.3 ± 0.5 Å, b = 10.9 ± 0.5 Å, and
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c = 12.2 ± 0.5 Å; the angle φ = 6 ± 1° between the chain direction and 〈112〉
directions of the substrate; the alignment of the long axis of the molecules along 〈110〉
directions of the Au(111) surface. In Figure C.1, we propose a model of the observed
pattern that takes these parameters into account. In the model, we find a = 12.6 Å,
b = 10.9 Å, c = 12.0 Å, and φ = 6.5°.

Model of CO-FeTMTAA chain at elevated coverage
From an analysis of many STM images, the following geometrical parameters were
determined: Intermolecular distance a = 11.0 ± 0.5 Å; the angle φ = 4 ± 1°
between the chain direction and 〈112〉 directions; the alignment of the long axis of the
molecules along 〈110〉 directions of the Au(111) surface. In Figure C.2, we propose a
model of the observed pattern that takes these parameters into account. In the model,
we find a = 11.3 Å, and φ = 3.6°. In this arrangement, steric repulsion is reduced by
maximizing the distance between hydrogen atoms of methyl and phenyl functionalities.

[ 12]1

[
]

11
0

3.6°

Figure C.2: Model of CO-FeTMTAA chain.
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STM image of complete monolayer of FeTMTAA
Figure C.3 shows a constant-current image of the highest density structure of a
FeTMTAA monolayer we observed. Single molecules are indicated by elongated
hexagons. We use this structure to define 1 monolayer as a density of 1 nm−2.

4 nm

Figure C.3: Complete monolayer of FeTMTAA.

Calculated frontier orbitals in the gas-phase
Figure C.4 shows the spin-resolved electronic structure of FeTMTAA, NiTMTAA, and
CO-FeTMTAA. The d-orbitals of the metal centers mix with the frontier orbitals of the
ligands. We nevertheless labelled five molecular orbitals with large d-character. The
FeTMTAA molecule has a spin state S = 1 with unpaired electrons in the dz2 and dyz

orbitals. These half-filled orbitals are expected to mediate bonding to the Au surface.
Upon coordination with CO the dz2 orbital is pushed higher in energy and becomes
unoccupied. Because the dyz orbital is twofold occupied, CO-FeTMTAA is in a S = 0
spin state, similar to NiTMTAA.

The results shown were obtained using Gaussian 09 using a BP86 functional and
a def2TZVP basis set. However, qualitatively similar results were obtained with a
range of functionals, namely B3LYP, TPSSh, and PBE, which cover varying degrees
of Hartree-Fock exchange. In particular, all calculations predict the same occupancies
of d-orbitals.
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Figure C.4: Calculated electronic structure of gas-phase FeTMTAA, NiTMTAA, and
CO-FeTMTAA.

Density of states of CO-FeTMTAA

PDOS on the d-manifold of Fe in the CO-FeTMTAA molecules is depicted in Fig-
ure C.5a. The d-manifold of Fe plays an important role in the frontier-orbital compo-
sition. By studying the electronic structure projected on the d-orbitals of Fe, direct
information on the adsorption of the molecule can be obtained. Upon adsorption of a
CO molecule, the spin of the molecule disappears and no difference between the elec-
tronic structure for both spins is found. The adsorption on the surface leads to some
broadening of the density of states as can be seen in the figure by comparing the PDOS
on the gas-phase molecule (free) and the adsorbed one. The addition of CO shifts the
occupied levels to the Fermi energy, in good agreement with the measured shift of the
negative-energy electronic structure in the dI/dV spectra of Figure 5.3.

Electronic structure of NiTMTAA

Ni(II) in NiTMTAA has no spin due to its d8 configuration in the ligand field of
the molecule (Fig. C.5b). The density of states projected on the d-manifold of Ni
shows clearly this because there is no difference between both spins in the electronic
structure. Most astonishing is the resemblance of the PDOS of NiTMTAA adsorbed on
Au(111) with the one obtained for CO-FeTMTAA, as displayed in Fig. C.5a. At first
sight the electronic structures are very much similar, showing that the correspondence
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Figure C.5: (a) Projected DOS on the d-manifold of Fe in the CO-FeTMTAA. (b) Pro-
jected density of states on the d-manifold of Ni in NiTMTAA.

between both molecules is not fortuitous and in good agreement with the experimental
measurements of Figure 5.3.
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Figure D.1: The rotation angles between the adjacent pyridine units, α and β, are defined
as the dihedral angles of the carbon atoms 11, 13, 15, 17 and 10, 12, 14, 16, respectively.
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Figure D.2: Possible adsorption geometries of tpy ligands in different conformations on
Au(111). For this arrangement, calculated gas-phase structures of the tpy ligand were placed
on a model of the Au(111) surface.
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BPY . . . . . . . . . . . . . Bipyridine
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LUMO . . . . . . . . . . . Lowest Occupied Molecular Orbital
MCBJ . . . . . . . . . . . Mechanically Controlled Break Junction
ML . . . . . . . . . . . . . . Monolayer
NRG . . . . . . . . . . . . . Numerical-Normalization Group
PAW . . . . . . . . . . . . Projected Augmented Wave
PDOS . . . . . . . . . . . Projected Density of States
PES . . . . . . . . . . . . . Potential Energy Surface
PHEN . . . . . . . . . . . 1,10-phenanthroline
RF . . . . . . . . . . . . . . Radio Frequency
RT . . . . . . . . . . . . . . Room Temperature
SCO . . . . . . . . . . . . . Spin-Crossover
SOMO . . . . . . . . . . . Singly Occupied Molecular Orbital
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SP . . . . . . . . . . . . . . . Spin-Polarized
STM . . . . . . . . . . . . . Scanning Tunneling Microscope / Microscopy
STS . . . . . . . . . . . . . Scanning Tunneling Spectroscopy
TMTAA . . . . . . . . . Tetramethyl-Tetraazaannulene
TPY . . . . . . . . . . . . . Terpyridine
UHV . . . . . . . . . . . . Ultrahigh Vacuum
WKB . . . . . . . . . . . . Wentzel-Kramers-Brillouin
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