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Abstract

This thesis presents the study of phythalocyanine-complexes on one atom thick hexago-
nal boron nitride (hBN) templates on metal surfaces with respect to their electronic and
structural properties. These properties are key to get an understanding of the charge state
or the catalytic nature of the molecules. The experiments were performed by scanning
probe microscopy and X-ray photoelectron spectroscopy and are supported by calcula-
tions and simulations using density functional theory. These experiments reveal, that
the charge state control of FisCoPc on hBN/Cu(111) is mainly determined by three
parameters. The adsorption of the molecule on ABN/Cu(111) will be compared with
the adsorption on hBN/Ir(111). In another project the array formation of CePcy dou-
bledecker molecules along the moiré structure of ABN/Ir(111) was investigated and the
appearance of the molecules was compared with theoretical simulations. As a byproduct
of the CePcy doubledeckers, smaller molecules — identified as diiminoisoindolines — adsorb
on the hBN/Ir(111) surface and can functionalize the hBN layer. The appearance and
dimerization of these molecules will be described and compared with theoretical calcula-
tions. By simulating the appearance of different dimers, molecular models will be assigned
to the observed molecules. As the last project of this thesis, different multidecker systems
were theoretically calculated by density functional theory and will be compared with the

experimentally available data.






Zusammenfassung

In dieser Dissertation werden Phthalocyanine-Komplexe auf ein Atom dicken Templaten
von hexagonalen Bornitrids (hBN) auf Metalloberflichen im Hinblick auf ihre elektro-
nischen und strukturellen Eigenschaften untersucht. Diese Eigenschaften sind entschei-
dend, um ein Verstandis vom Ladungszustand und der katalytischen Natur der Molekiile
zu bekommen. Die Untersuchungen werden mit Hilfe von Rastertunnel- und Rasterkraft-
mikroskopie und Réntgenphotoelektronenspektroskopie durchgefiihrt und von Berechnun-
gen und Simulationen mittels Dichtefunktionaltheorie unterstiitzt. Es wird gezeigt, dass
die Kontrolle des Ladungszustandes von FisCoPc auf hBN/Cu(111) wesentlich durch
drei Parameter bestimmt wird. Die Adsorption des Molekiils auf hBN/Cu(111) wird
mit der auf hBN/Ir(111) verglichen. In einem weiteren Projekt wurde die Anordnung
von CePcy Doppeldecker-Molekiilen entlang der Moiré-Struktur von hBN/Ir(111) unter-
sucht. Die Erscheinung der Molekiile wurde mit theoretischen Simulationen verglichen.
Als Nebenprodukt der CePco-Doppeldecker adsorbieren auch kleinere Molekiile, welche
als Diiminoisoindoline identifiziert werden, auf der ABN/Ir(111) Oberfliche und kénnen
die hBN Lage funktionalisieren. Die Erscheinung und Dimerisierung dieser Molekiile wird
beschrieben und mit theoretischen Rechnungen verglichen. Durch Simulationen der Er-
scheinungen verschiedener Dimere werden Molekiilmodelle den beobachteten Molekiilen
zugeordnet. Als letztes Projekt dieser Dissertation werden verschiedene Multidecker-
Systeme mithilfe von Dichtefuntionaltheorie theoretisch berechnet und mit den experi-

mentell vorhandenen Daten verglichen.
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Part 1.

Introduction

The technological progress of the last century was significantly influenced by the devel-
opment of faster and more powerful computers, whose miniaturization were portrayed in
the past by Moore’s law [1]. This law presently reached its fundamental physical limits.
Therefore, the idea of Richard Feynman “There’s plenty of room at the bottom” becomes
more and more relevant. The field of nanotechnology [2], which describes the fabrication,
manipulation and use of atoms and molecules for nanostructures with a size of 0.1 - 100 nm
[3], offers the possibility to produce new materials, used in different technical fields, such
as energy harvesting [4-6], data storage [7-10] or quantum computing [11-13] — just to
name a few. Organic molecules and materials play an important role in this process, as
sustainability becomes more and more important and current devices are usually based on
silicon, (rare earth) metals or materials, mined and processed in complex and expensive
procedures [14-16].

A promising class of molecules, which could be used to build such devices, based on or-
ganic molcules, is the family of the porphyrins [17-19]. Tetrapyrrole-based molecules like
phthalocyanines (Pc) or tetraphenylporphyrins (TPP), found in natural and also artifi-
cial systems, exhibit a large m-electron system and are often photoreactive, making them
suitable candidates for light harvesting materials [4, 6, 20]. Another advantage of these
molecules is their functionalizability. On one hand the molecular structure can be mod-
ified /extended chemically by replacing/adding subgroups of/to the molecule [21] but on
the other hand metal atoms can be incorporated into the organic macrocycle (metalation)
[22-26] and therefore change the electronic and magnetic properties of the molecule. Due
to this variety of possibilities, they can also be used for applications, such as data storage
[13, 27-30] or quantum computing [31].

With the invention of scanning probe microscopy (SPM) in the 1980s [32, 33|, atoms and

small molecules could be investigated for the first time experimentally on a wide vari-



1. Introduction

ety of surfaces. Since then, the invention and application of new materials was driven
by science and many breakthroughs could be achieved, like the manipulation of single
atoms [34, 35|, the growth of ultra-thin layers [36-39] or the fabrication of self-assembled
molecular structures [19, 40]. The properties of molecules, adsorbed on metal surfaces
depend strongly on the supporting material, since molecular orbitals can hybridize with
the electronic bands of the metal [41]. Hence, the molecular properties like the electronic
gap, the geometry or the magnetism are influenced [41, 42|. To preserve the intrinsic
molecular properties and still be able to investigate them by SPM, a decoupling from the
substrate by thin insulating layers is advantageous [38, 43-46].

One example for a thin layer is hexagonal boron nitride (ABN). This one atom thick
layer of the insulating bulk material hexagonal boron nitride is isoelectronic and isostruc-
tural to graphene but exhibits a large bandgap of about 6eV [38, 47-49|. In contrast to
graphene, which only consists of carbon atoms, in ABN boron and nitrogen atoms sit on
the two different sublattices of the honeycomb lattice. Commonly, this layer is grown on
(transition) metal surfaces by chemical vapor deposition (CVD) of the precursor borazine
on the hot metal surface [38, 50-52]. This growth process is self-limiting to one mono-
layer since the catalytic properties of hBN are strongly decreased in comparison to the
supporting metal surface. Due to its large bandgap the electronic influence of the metal
substrates on adsorbates on the ABN is significantly reduced |29, 38, 53-57|. Beside its
decoupling properties, hBN on metal substrates can also be an interesting template for
adsorbates, a result of the moiré superstructure, arising for most metal surfaces from the
lattice mismatch between the metal and the ABN [38, 55-63|. This lattice mismatch can

lead to a geometric and electronic corrugation of the hBN layer.

In this thesis the adsorption of different tetrapyrrole-based molecules on ABN/metal sur-
faces will be analyzed. To get insights into the molecular properties, like the charge state,
the structure or the molecular interaction with the metal-insulator-interface, different as-
pects and consequences of this adsorption will be portrayed. The understanding of these
properties is important for the usage of these molecule-insulator-metal-interfaces for fu-
ture applications.

The main techniques, used for the investigations, are scanning tunneling microscopy
(STM), non-contact atomic force microscopy (nc-AFM), density functional theory (DFT)
and X-ray photoelectron spectroscopy (XPS). The theoretic background of these tech-
niques will be explained in part II and the setup as well as the used materials will be

introduced in part III.



In the first experiment in part IV, it will be revealed, that the charge state of F15CoPc
on hBN/Cu(111) can be controlled by three different parameters, i.e., template induced
gating, tip induced gating and screening (section 7). These three effects can shift the
molecular level of the molecule in a way, that a change of the charge state is possible.
This process will also be examined for the adsorption of F14CoPc on hBN /Ir(111).

In section 8 the growth and structure of Ce-based multideckers on hBN/Ir(111) will be
investigated. Two different approaches for the growth will be used, i.e., the deposition
of pre-synthesized CePcy doubledeckers and the in-situ growth due to the temperature
induced formation of multideckers by metalation of a 2H-Pc multilayer [64, 65]. DFT-
based STM image simulations corroborate the appearances of the CePcy doubledeckers on
hBN/Ir(111). The DFT modeling provides additional insights into magnetic properties,
adsorption energies and structural details.

As a byproduct of the evaporation of pre-synthesized CePcy doubledeckers, Pc-fragments,
identified as diiminoisoindoline (2III) [66], were found on the hBN/Ir(111) surface. The
analysis of the adsorption of this small molecule will be reported in section 9. In addition
to the characterization with STM, the functionalization of the ABN layer by 2III will
be studied with XPS. 21T were observed on the ABN/Ir(111) surface even after heating
to high temperatures, indicating a strong interaction. Furthermore, the heating induced
dimerization of the molecules will be demonstrated. The experimental results will be
corroborated by DFT calculations, i.e., STM simulations of adsorbed molecules as well
as calculations of formation and adsorption energies.

Two additional projects of tetrapyrrole-multidecker systems will be studied by DFT in
section 10 to rationalize recent findings results from other projects in the group. First, the
structures of gas phase Gd,_;Pc, will be investigated, focusing on the rotational align-
ment of the Pc units consisting the multideckers, as well as on the formation energies. The
second project will address the structure, energy and magnetism of ThTPP, on Ag(111).
Additionally, STM images were simulated for comparison to experimental results.

A summary and outlook of the thesis will be provided in Part V.
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II. Theory and concepts

1. Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is a surface sensitive technique that was invented
by Binnig and Rohrer in 1983 [32], for which they were awarded the nobel prize in 1986
[67]. As the name indicates, the surface is scanned to measure its properties. For this
purpose, the probe — a sharp, conducting tip, shown in Fig.1.1 — needs to be very close
to the surface. By applying a bias voltage, a current is created, based on the tunneling
effect. This current depends sensitively on the tip-surface distance and thus can yield

information on the surface topography.

Scan piezo

Figure 1.1: Principle of STM. In STM a piezo-tube with a tip attached is scanning
over a sample. In the zoom-in, the tip is close to the surface, resulting in a tunneling
current.

1.1. Electron tunneling

The tunneling effect is a quantum mechanical phenomen, first observed in the early 20"
century [68]. Classically, an electron can’t propagate through a potential barrier higher
than it’s own kinetic energy. This problem will be discussed briefly in the following. A
detailed desccription can be found in the literature [69-72].

In the classical picture an electron can not overcome a potential barrier if its energy F is
smaller than the given potential in this area: £ < V(7).

In quantum mechanics an electron can be treated as a wave and its wave function W(r,t)

is described by the Schrodinger equation

—;—mv2lll(r,t) +V(r,)¥(r,t) = %\I/(T,t), (1.1)



1. Scanning tunneling microscopy

where £ is the reduced Planck constant h/27. For the restriction to a time-independent
and one-dimensional case the Schrodinger equation reduces to

h? d2
A potential landscape with an electron propagating in positive z direction, as shown in
Fig. 1.2 (a), leads to the solution of Eq. (1.2)
2m(E — Vp)

4+
1 2 z

\IJLIH(Z) = \I/[) exXp (13)

in region I and III, where the electron energy is higher than the potential. This means that
the electron can propagate back and forth in region I and has a non-vanishing probability
to be observed in region III.

Quantum mechanically a solution of the Schrédinger equation can also be found in region
IT due to the continuity of the functions itself and its first derivative (c.f. Fig. 1.2 (b)).

The wave function is given by

2m(Vi — B
Up(z) = Upexp [— m(hl >z

(1.4)

Based on these equation, the transmissivity of an electron through a barrier with a height

V1 and a width zy can be calculated via

2m(V1 — F)
h

T = | Wy (20)]* = [Wo|* exp [—220 (1.5)

In order to create a connection to STM, region I and III have to be identified with tip and
sample, whereas region II represents the vacuum barrier between tip and sample. This
is shown in Fig. 1.2 (¢). Without an applied bias voltage, the electrons can tunnel from
the tip into the sample and vice versa due to thermal activation. By applying a small
bias voltage el < ¢, much smaller than the work-function ¢,! electrons with energies

ES — eU < E < Ef can contribute to a net tunneling current

(1.6)

I ~ Iyexp [—220 5

1 As an simplification, the work-function of tip and sample are assumed to be equal ¢ = ¢T = ¢5.
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Figure 1.2: Schematics of an electron tunneling through a potential barrier. The
barrier is shown in (a) and the wave function with its exponential decay can be seen
in (b). In (c) the case for electron tunneling in a STM with an applied bias voltage
U is portrayed. In the limit of zero temperature and small voltages only electrons
with the Fermi energy contribute to the tunneling current.



1. Scanning tunneling microscopy

In order to develop a better understanding of the quantity I, the tunneling junction
should be treated as in Bardeen’s approach [69] with restrictions according to Tersoff |70].
The wave function of an electron in the tip and in the sample are called W1 and Vg,

respectively. The transition probability 7" is given by Fermi’s Golden Rule
2 2
T = E|MST| d(Es — E7), (1.7)
where the matrix element is for an Hamiltonian H given by Msr = (VUg| H [Ur). The
tunneling current is therefore given by

27;;2UZ F(E)[1 — f(Bs + eU)] |Msr|? 6(Er — Es). (1.8)

T,8

I =

The terms f(Er) and [1 — f(Es — eU)], including the Fermi function f(E), reveal that
the summation includes just electrons, tunneling out of occupied states of the tip and into
unoccupied states of the sample. This should be taken into consideration regarding the
terms of the exclusion principle. For energy conservation (elastic tunneling), the d-function
includes only states with the same energy. For small voltages and low temperatures the

Fermi function becomes step-like, resulting in a tunneling current

2me?

I =
h

U |Msr|*6(Er — Er)6(Es — Ey). (1.9)
TS

The d-functions imply that only electrons with the Fermi energy contribute to the tun-

neling current. Assuming now that the tip apex is spherical with a radius R, a center

ro and s-shaped tip wave functions, the matrix element can be calculated, creating the

following result
I =327°h7'*U¢* R?k ™ exp[2kR|pr(Er) Y [Ws(ro)|” 6(Es — E), (1.10)
s
with k& = —W For the assumption that the tip parameters, i.e., the radius R, the

work function ¢ and the tip density of states (DOS) pr(Er) are constant, the current

shows the proportionality

IocU-pg(ro, Bp) =U - > [Ws(ro)|* 6(Es — Ep), (1.11)
S
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2
|”

i.e., the same exponential proportionality as above with the wave function |Wg(r)
exp[—229y/2m¢/h]. This concludes that the current depends strongly on the distance
between tip and surface as well as on the local density of states (LDOS) of the sample.
Therefore, STM is a suitable technique to measure the electronic as well as the topographic
properties of the surface on the atomic scale, as the decay constant is for metals typically
in the order of 1A~! [72]. Therefore, the tunneling current changes by one order of

magnitude for changing the tip-sample-distance by 1 A.

1.2. Scanning tunneling spectroscopy

In addition to microscopy, spectroscopy can also be performed by STM. This method is
called scanning tunneling spectroscopy (STS) and is able to probe the LDOS of the sample
with a high spatial and energetic resolution. Two modes of STS are often applied, i.e.,
the voltage dependent point spectra g—{](U, x = const.,y = const.) with disabled feedback
or constant voltage maps %(U = const., z,y). STS was first implemented experimentally
by Selloni et al. [73] as well as Binnig et al. [33] and theoretically by Hamers [74]. In the
Wentzel-Kramer-Brillouin approximation, the tunneling current is the continuous integral

over all states with energies Ef < E < EP + eU of the sample and can be written as

EF+6U
I x / ps(ro, E)pr(ro, E — eU)T(r, E,eU)dE, (1.12)

Ep

where pg and pr are the LDOS of sample and tip at given energies. The averaged transition
probability at low temperatures is given by T(r, E,eU) = (Mgr). A differentiation of
Eq.(1.12) with respect to the applied bias voltage U yields the differential conductance

EF+6U
dl dT(r, E,eU
AL ps(ro, eU)pr(r, O)T (ro, €U + / ps(ro, B)pr(ro, B — et7) LT 22¢U)
dU dU
Ep
(1.13)

For a voltage-independent transition probability [72] and a constant tip LDOS the differ-

ential conductance reveals its important proportionality to the LDOS of the sample

df
KTl ps(ro, el). (1.14)

10



1. Scanning tunneling microscopy

As a result of the high resolution and the precise positioning of the tip, STS can resolve
sub-molecular features in the d7/dV-signal? [76].

Experimentally the STS measurement were acquired by using the lock-in technique. In
this method the DC bias voltage is superimposed with a small sinusoidal signal with
modulation amplitude U,,,q and modulation frequency f.oq. In the first step the super-
imposed measurement current signal is intermixed (multiplied) with another modulated
signal with the same frequency fuoq. Subsequently, the signal is forwarded to a low-pass
filter with a cut-off frequency feui—of < fmoa. The signal, passing this filter, is propor-
tional to dI/dU [77]. Typical values are fyoq = 0.2 — 2.5 kHz and Uyeq = 5 — 50 mV.

1.3. STM operation modes

constant current

(a) current [

current [

- tip height z

Figure 1.3: STM modes. In (a) the constant-current mode with varying tip height
is portrayed, whereas in the constant-height mode in (b) the current is the mea-
surement signal.

2Instead of dI/dU the term dI/dV is also often used, since the letter “U” is only used in Germany for the
voltage. Generally, the letter “V” is recommended for the voltage, hence the differential conductance
is most of the time called dI/dV [75].

11



II. Theory and concepts

STM can be measured in two different operation modes. The most common one is the
constant-current mode, where the tunneling current is kept constant with a feedback
loop. Within a measurement, the current is measured continuously and compared to the
setpoint value. By amplifying and converting the difference between current and setpoint
to a voltage, the z-piezo is driven to the correct height of the tip in a way that it retracts
the tip, if the measured current is larger than the setpoint and vice versa. Therefore,
the tip follows the surface corrugation — shown in Fig. 1.3 (a) — and gives the imaging
information depending on the topography as well as on the LDOS of the sample.

In the constant height measurement the tip height remains constant (see Fig.1.3 (b)),
where the current is the measurement signal, due to its distance dependency. This mode is
less often used because it requires flat surfaces, no thermal drift and very good vibrational

damping.

1.4. Manipulation modes

In addition to the mentioned surface measurement modes, a STM can also manipulate
adsorbates on the surface. This manipulation was pioneered by Eigler et al. in 1990,
where they positioned Xenon atoms on Ni(111) to write the letters “IBM” on the surface
[35]. Later, in 1993, Crommie et al. used this technique to position 48 iron atoms in a
circular corral on Cu(111) to demonstrate impressively the wave nature of confined surface
state electrons [34].

A lateral manipulation (LM) [78] is achieved by the following procedure: The tip is
moved closely to the atom or molecule, which should be manipulated. Subsequently, the
distance between tip and object is lowered in order to enhance the interaction, which can
be attractive as well as repulsive. For attractive interaction the atom/molecule can be
pulled by the tip and follows the movements of the tip. Is the interaction repulsive, the
object can be pushed over the surface by the tip. By a simple tip retraction the interaction
between tip and sample can be reduced.

In addition to the LM, a vertical manipulation (VM) is also possible, where the interaction
between tip and surface at the manipulation position is changed either due to a distance
of the STM tip to the sample or due to a change the bias voltage, i.e., a change in the
electric field. Therefore, atoms or molecules can be picked up or be positioned at the

surface.

12



2. Non-contact atomic force microscopy

2. Non-contact atomic force microscopy

Beside STM, there is a second type of scanning probe microscopy (SPM), the atomic
force microscopy (AFM). In contrast to STM, where the interaction is measured via the
tunneling current, the force between tip and sample is the important quantity in AFM.
As a result not only electrically conductive samples can be measured, but also insulating
materials.

In a frequency-modulated AFM, the tip is attached at the end of an oscillating cantilever,
which is vibrating close to its eigenfrequency. As the name of the method already suggests,
in non-contact AFM (nc-AFM) the tip and the sample are not in contact®, shown in
Fig. 2.1 (a). Another type of AFM is contact AFM, where the tip either scratches over
the surface or taps in the sample. These types of contact AFM will not be discussed here.
In nc-AFM the tip-sample-distance varies and therefore, the force between tip and sample
is also oscillating. In this section a brief introduction into the topic of nc-AFM will be

provided and an advanced discussion can be found in literature [79-83].

2.1. Theoretic model of nc-AFM

The oscillating tip — represented by an effective mass m* — can be modeled in nc-AFM by

a spring, shown in Fig. 2.1 (b). Without any interaction with the sample, the tip oscillates

1 [k
2 m* "’

By approaching the surface the oscillation frequency of the tip is not only determined

with a frequency fo =

by the cantilever but also depends on the interaction with the surface of the sample.
The acting force can be modeled by a spring as well with a spring-constant krs (c.f.
Fig.2.1(b)). This model assumes that the spring-constant is constant over a full range of
oscillation, i.e., the tip-sample force is proportional to the deflection.

Including now both “springs”, the resulting spring-constant is according to Hooke’s law of

small amplitudes ks = ko + ks, leading to a resulting frequency

1 Jkwes 1 [ko+krs 1 [ko [, Frs
res — ~ - = —_— = 1 —_—. 2.1
/ 27V m* 27 m* 2V m* + ko (2.1)

By comparing the two spring-constants, ks << kg is to be observed. A spring-constant

for atomic bonds in molecules or crystals, i.e., for atomic interactions is typically in the

order of krs = 10N /m [84], while the spring-constant of the cantilever of a qPlus sensor

3The term “no contact” means, that the sample is not changed due to the approaching and retracting
tip.

13



II. Theory and concepts

is ko = 1800N/m [82]. Resulting from this difference, the square root in Eq.2.1 can
be Taylor-approximated as /1 + k,;f—os ~ 14 %kklos The definition of the spring-constant
is usually given by the second derivative of the spring-potential or the negative first
derivative of the spring-force. With this definition, the frequency shift, compared to the
free cantilever oscillation, results in the proportionality to the force gradient between tip
and sample

Jo

A = Jres — = ks = S~ - :
f(Z) f fO 2]{50 B 2]{30 622 2]{?0 0z

fo ®Vas  fo OFrs

(2.2)

Figure 2.1: Model of the forces acting in AFM. In (a) the tip and the sample
are shown with an acting force Frg. (b) shows the simplified model, where the
oscillation of the tip has a spring-constant kq. The effective mass of the tip is given
by m*. The force between tip and sample is also modeled by a spring with a spring
constant krg.

2.2. Tip sample forces

As the experimentally observable frequency shift depends on the force gradient, more
knowledge, regarding the interactions between tip and sample, is needed. The main

forces, which need to be considered are
e Chemical forces
e Electrostatic forces
e Van-der-Waals forces
e Magnetic forces

In this thesis no magnetic tips were used, thus magnetic forces will not be discussed here.
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2. Non-contact atomic force microscopy

Van der Waals forces

Van der Waals (vdW) forces are the attractive electrostatic forces between induced fluctu-
ating dipoles [85]. These dipoles can stem from the electron cloud of atoms or molecules.
As a result, even neutral atoms feel an attractive force between each other at small dis-
tances (nanometers). The distance-dependence of the potential of this attractive vdW-

force between two particles is given by [85, 86|

1
Viaw X ——. (2.3)

6

As we are not dealing with point-like particles in AFM but with a tip and a sample, one
must differentiate the assumptions regarding this matter. By approximating the tip by a
sphere with radius R and the sample by a flat surface, the force between tip and sample

can be rewritten as it was done by Hamaker [87]

AuR

deW:_

where Ay is the material-dependent Hamaker constant. For noble metals like Au or Ag
it has a value of Ay ~4-1071J ~2.5¢eV [88].

Chemical forces

The chemical force is present if two atoms approach each other and their wave functions
start to overlap as in STM/AFM measurements (see section 1). An empirical description
of this scenario is given by the Lennard-Jones (LJ) force [79], where the repulsive term,

covering the Pauli repulsion, has a distance dependency of z7'3.

The attractive term,
originating from the above mentioned vdW force acts with a distance dependency of z=7.

In combination, the force has the form of

By = 1ofbond {(ﬁ)lg _ (ﬁﬂ , (2.5)

2 z z

where Flong is the bonding energy and z, is the separation in equilibrium.

Electrostatic forces

Electrostatic forces can act between tip and sample and can depend on the applied bias

voltage U. This scenario can be modeled macroscopically as an capacitor with capacity
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II. Theory and concepts

C'. This gives an attractive force of the form [81]

_1dC 9
Frg = L (U + A¢)”, (2.6)

where A¢ is the contact potential difference. By varying the bias voltage, as it is usually
done in STS (c.f. section 1.2), the measurement of this local contact potential difference
(LCPD) is possible [81, 89, 90|. This can be done either by point spectra or by mapping
the surface. This method is called Kelvin Probe Force Microscopy (KPFM).

Eq. 2.6 yields that no bias voltage is needed to introduce an electrostatic force. A single
layer of hexagonal boron nitride on different metal substrate exhibits a moiré structure,
not only geometrically but also electronically corrugated (c.f. section 6.2) [38, 55, 61].
This corrugation leads to a lateral difference in the work function and therefore in the
LCPD.

Effective tip-sample forces

In AFM measurements with a bias voltage of U = 0, the potential between tip and sample
is the sum of the LJ potential and the approximated vdW potential, shown in Fig. 2.2 (a),

and is given by

o= - [(2)- (2] - @

The values used in Fig. 2.2 for the LJ potential are a minimal bonding energy of Eyonq =

—16V, an equilibrium distance between tip and sample of zy = 2 A, an Hamaker constant

V-
- azs )

are shown in (b). In (c) the total potential, the total force and the resulting frequency

of A = 2.5¢eV and a tip radius of R = 1nm. The corresponding forces (Frs =

shift are shown. All curves are normalized to have their minimum at V = —1, FF = —1 or
Af = —1, respectively. For distances z > z; the frequency shift is in the attractive vdW
regime, where the LJ force has nearly no contributions. The distance for imaging with
the best resolution is in the repulsive region zp < z < min(Af) [91]. Coming even closer
to the sample into the region of bonding distances, the Pauli repulsion is dominating the

force, leading to unstable imaging conditions at very short distances.
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2. Non-contact atomic force microscopy
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Figure 2.2: Distance dependencies of the potentials and forces acting in AFM.
In (a) the LJ potential (dark blue), the vdW potential (dark red) and the total
potential (dark green) are plotted against the normalized tip-sample distance z/z.
(b) shows the corresponding forces (LJ: blue, vdW: red, total force: green). The
connection between the total potential (dark green), the total force (green) and the
frequency shift (light green) is shown in (c). All curves were normalized to have

their minimum at -1.

For large distances compared to the equilibrium distance

20, i.e., the distance, where the total potential has its minimum, the frequency
shift is in the attractive regime, otherwise it’s in the repulsive regime. Parameters:
Epona = —1€V, 29 =2A, Ay =256V, R = 1nm.
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3. Density functional theory

3. Density functional theory

In addition to the experimental approach, physical properties of materials can also be
simulated and calculated. A common method to compute properties such as ground state
energies, geometric structures or magnetism is the density functional theory (DFT). The
basic idea of this theory is to approach many-electron problems by dealing not with single
electrons but with the electron density n(r), as in the Thomas-Fermi model [92].

Considering this density, the ground state energy of a many electron system in a potential

V(r) is according to the Hohenberg-Kohn theorem [93] given by

Eln(r)] = / V(r)n(r)dr + Fln(r)], (3.1)

where E[n| and F[n(r)] are not ordinary vector functions but functionals of the electron
density. The functional F[n(r)] includes the kinetic energy of the electrons as well as
the energy of electron-electron interactions. The electron-electron interactions are often
approximated. Prominent approximations are the general gradient approximation (GGA)
[94] or the local density approximation (LDA) [95].

A schematic picture of the reduction of dimensions is shown in Fig. 3.1. The dimension of
this N-electron problem is now reduced from 3N to 3, i.e., the spatial coordinates. This
reduction becomes more important for larger systems like molecules or complex crystals,
consisting of many atoms and therefore a huge amount of electrons, which have to be

taken into account.

Many-body
picture

c/.\

=0 o

S\

Figure 3.1: Reduction of the computational dimension for the transition from the
many body picture to the density functional picture. Instead of dealing with single
electrons the electron density is used in the calculations of desired quantities. Image:

c.f. [96]

DFT
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II. Theory and concepts

Another simplification of DFT is the usage of pseudo-potentials. These potentials mimic
a potential created by the core and all closed shells of an atom. With this approximation
only the valence electrons need to be taken into account by calculating the total electron
wave function.

The iterative process of a DFT calculation is schematically shown in Fig. 3.2.

Initial

input |

Y

no X\ yes

conv! |
.

output

Figure 3.2: Flowchart of the iterative process in DFT. Based on the input SCFs
are calculated in a loop until their energy converges. If the resulting forces on each
atom are above a certain threshold, the atomic positions are changed accoring to
the acting forces. After the convergence of the forces the structural and energetic
information are forwarded to the output.

The optimization in DFT is an iterative process, starting with initial atomic positions.
For this arrangement, the electronic self consistent function (SCF) is calculated in a loop
until the energy converges. If so, the force on each atom is calculated. If the force is too
high, the atoms are rearranged according to the acting forces. The resulting positions of
the atoms are implemented as the new input to start the next loop for the calculation of
the electronic SCF's. If the forces are converged below a certain threshold, the structure
and energies of this final configuration are forwarded to the output files.

The program package, used in this thesis, is especially designed for solid state and molec-

ular calculation and is the Vienna ab-initio simulation package (VASP) [97, 98|.
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4. X-ray photoelectron spectroscopy

4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface averaging technique, based on the
photoelectric effect. This effect was theoretically explained by Einstein [99], for which he
was awarded the nobel prize in 1921 [100]. With the help of this technique, it is possible
to get insights into the chemical properties of a materials surface. As schematically shown
in Fig.4.1 (a), the working principle of XPS is the measurement of core electrons, emitted
due to the adsorption of X-rays, based on the photoeffect. The measured kinetic energy
Ey, of the electrons depends on their binding energy FEj, in the solid, defined relatively
to the vacuum level ® and the energy of the used X-rays Aw:

Ein = hw — By, (4.1)

The X-rays, used for the experiments in this thesis, are emitted from a commercial X-ray
source (anode material Mg or Al) and have a fixed photon energy in the range of so-called
soft X-rays between 100 — 2000eV. Within this energy range, photoelectrons have an
inelastic mean free path of Ay = 0.5 —3nm [101]. Thus, the first few atomic layers of a

material are accessible with XPS.

(a) (b) Trdf
"""""""" ’IE é Core level
E kin _i% peaks \
vac @ : l
E, Valence é /
band =

E, a

heo ~ Core 1000 800 600 400 200 0
' y levels Binding Energy [eV]

Figure 4.1: Working principle of XPS. In (a) the emission of core electrons due
to the adsorption of X-ray radiation is schematically shown. An exemplary XP
spectrum of bare Ir(111) can be seen in (b). The background of the spectrum is
portrayed in grey. Figure was adapted from [83].

By the implementation of a fixed photon energy and measuring the kinetic energy of the
electrons, the binding energy can be determined with the help of Eq.4.1. These binding
energies are element specific and can provide details about the chemical environment

of the measured atomic species [101]. An exemplary XP spectra is shown in Fig.4.1 (b).
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II. Theory and concepts

The measured core level peaks are superimposed by a background, portrayed in grey. The
binding energy on the x-axis is commonly shown in a reversed order, since it is calculated

from the measured kinetic energy and has in contrast to this a negative sign (c.f. Eq.4.1).
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I1I. Experimental setup, substrates and materials

5. Ultra-high vacuum system

For the experiments, presented in this thesis, two main requirements are essential: an
ultra-high vacuum (UHV) to prevent the samples from contamination and low tempera-

tures to freeze out the motion of molecules on the surface.

Preparation

chamber

Vacuum

pumps

Figure 5.1: Setup of the UHV system. In the image the different parts of the UHV
system are shown, i.e., the manipulator (green) for moving and transferring the
samples, the pneumatic damping legs (cyan) to decouple the system from external
vibrations, the vacuum pumps (purple) to ensure a stable vacuum, the cryostat
(red) for cooling and the two chambers, i.e., the preparation- and the SPM chamber
(blue/yellow, respectively). The figure was adapted from [102].
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5. Ultra-high vacuum system

Three setups, made out of stainless-steel vessels by VAb GmbH [103], similar to the one
in Fig.5.1 with differently colored parts, were used. The manipulator (green) allows a
movement of the samples with four degrees of freedom, i.e., translation along all three
directions indicated by the coordinate system in the top left corner of Fig. 5.1 as well as
rotation around the z direction. Therefore, samples can be placed in various positions for
preparation or storage and can be transferred into the microscope.

The two chambers, i.e., the preparation- and the SPM chamber (blue/yellow in Fig.5.1)
can be separated from each other by a gate valve to preserve a low pressure in the SPM
chamber while preparing a sample. The difference between the three used setups is mainly
the type of sensor in the SPM chamber. One setup, called “LT-STM”, is equipped with
a normal STM-tip for STM measurements. Another one, called “AFM?”, is equipped with
a qPlus sensor [81, 82, 104] for nc-AFM measurements. A third setup is the room-
temperature “XPS-STM”. In this setup the samples were measured with STM at room-
temperature. In contrast to the other two setups the “XPS-STM” is equipped with a

X-ray photoelectron spectrometer in the preparation chamber.

5.1. Pumping system

The base pressure in all UHV-systems is in the order of p ~ 107! mbar. To reach this

pressure several pumps are used (shown in purple in Fig.5.1).

Diaphragm pump At the first stage of pumping, a pressure of p &~ 1 mbar can be

reached via a diaphragm pump by oscillating a diaphragm.

Turbo molecular pump (TP) The next stage are two TPs mounted in series. Each
one consists of alternating rotors and stators, inducing in combination a flow of particles
in one direction due to the transfer of momentum by the collision of the rotors and the
gas molecules. The rotational frequency is in the order of f ~ 1kHz. With the use of

such TPs, pressures in the range of p ~ 10~ mbar can be obtained.

TIon getter pump (IP) In addition to the TPs, IPs are also implemented. The working
principle here is to ionize particles in between a series of alternating biased metal plates.
Between these plates a high voltage (~ 3kV) is applied. Therefore, the ionized particles

are accelerated and implanted into the metal plates, where they are trapped.
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III. Experimental setup, substrates and materials

Titanium sublimation pump (TSP) To trap especially small molecules, like Ha,
titanium is evaporated from a resistively heated filament onto the walls of the chamber.

The residual gas molecules bind to the Ti, due to its high chemical reactivity.

Cooling trap Temporarily, the pressure can be reduced by filling a reservoir, attached
to the chamber wall, with liquid nitrogen (LN3). Gas can be frozen in the cooling trap as

long as the reservoir is filled with LNs.

While in the SPM chamber an IP is enough to preserve the UHV, in the preparation
chamber TPs are additionally needed, because of the temporarily increased pressure due
to the preparation of samples, the degassing of evaporators or the usage of high noble gas
pressures while cleaning the sample.

Additional advantages of the UHV, beside the minimization of contamination, are on the
one hand the extension of the mean free path of atoms and molecules for their deposition

and on the other hand the reduced heat conduction, crucial for the cooling of the system.

5.2. Cryogenic system

The low temperatures of 7" &~ 5K in the microscope are reached by attaching the mi-
croscope to a cryostat, filled with liquid gases — shown in red in Fig. 5.1 and in detail in
Fig.5.2.

At this temperature the movement of molecules and the drift of the microscope is highly
reduced, allowing for high-resolution measurements. The spectroscopic resolution is most
notably enhanced at low temperatures, due to decreased thermal broadening.

The cryostat consists of an outer tank, filled with liquid nitrogen (LN,, T =~ 77K,
V = 151) and an inner tank, filled with liquid helium (LHe, 7'~ 4K, V = 41). The
latter one is directly connected to the SPM-head, seen in Fig.5.2. The SPM head is
placed inside of two shields to prevent it from heating up due to radiation. A fully filled
cryostat can provide a constant, low temperature of 7'~ 5K for a maximum of 50 h.

All STM measurements in this thesis were acquired at these low temperatures of ~ 5K,

unless stated otherwise.

5.3. Vibrational damping system

Because of the high sensitivity of SPM to height changes, as described in section 1 and

2, the decoupling of the scanner from external vibrations is important for the quality
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5. Ultra-high vacuum system

of the experiment. The total damping is composed of three different stages. First, the
whole instrument is placed on pneumatic dampers (cyan in Fig.5.1). The dampers are
also used to adjust the horizontal plane of the instrument. Second, the SPM head is held
by three springs and connected to an eddy current damping as shown in Fig. 5.2. Third,
the electrical noise of the measurement signal, i.e., the tunneling current, is reduced, due

to screened cables, a filtered power supply and a filtered ground.

1055 mm

Electrical feedthroughs

L B Sample transfer -1-SPM head

shutters
>Eddy current
| L_L " damping

Radiation shields

Figure 5.2: Setup of the cryogenic system. The setup of the cryostat shows two
tanks, i.e., the outer tank, filled with LNy, and the inner tank, filled with LHe.
Two radiation shields around the SPM head ensure constant, low temperatures of
T ~ 5 K. The figure was adapted from [82, 105].
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5.4. SPM scanner

The heart of the main instrument used in this thesis, i.e., the “LT-STM”, is the Createc
SPM scanner [105, 106] (also called SPM head), sketched and imaged in Fig.5.3. This
design is called the Besocke-type scanner, where the main piezoelectric actuator (short:
piezo) is moved up/down coarsely by movement of three coarse piezos on three segments
of the ramp. Another scanner type is the z-slider type, used in the “AFM” and the
“XPS-STM” setup. Details about the z-slider can be found in [82, 83, 107] and will not
be discussed here. A main difference between the two types of scanners is the range of
movement in the z-direction (z-slider: ~ 20mm, Besocke: ~ 2mm), which needs to be
considered when mounting a sample.

The sample fits in the recess of the bottom plate and is contacted by the six pins, shown
in Fig. 5.3 (b). Using these pins, the bias voltage for STM measurements is applied to the
sample. All STM measurements in this thesis were obtained by applying the bias to the
sample. During measurements, the whole scanner is hanging freely on three springs from
the bottom of the cryostat and the sample holder is pushed from below onto the bottom
plate. The sample can be pulled down into a fixed position for sample transfer. In this
position the cooling is more efficient, since the SPM head is in direct contact with the

helium cooled radiation shield.

(a)

Ramps
Main piezo Sapphire
balls
Coarse
piezo Tip
Bottom
plate

R r—

Figure 5.3: Schematic drawing of the CreaTec SPM scanner. The parts of the
Besocke-type scanner are labeled in (a). The figure was adapted from [108, 109]. In
(b) a photo of the scanner is shown, taken by Knud Seufert.

The scanner itself consists on the one side of the top part, including the main piezo with
the tip and the ramp. On the other side, the bottom part includes the bottom plate
and the coarse piezos with attached sapphire balls. The coarse piezos can move with a

slip-stick-movement on the ramps to move the main piezo coarsely. By rotating upwards
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or downwards on the segments of the ramps the tip-sample-distance can be varied. The
slip-stick-movement of the piezos is shown in detail in Fig. 5.4 (a),(b). In step-II the piezos
are deformed by a slow change in the drive voltage due to the piezoelectric effect, with
respect to the initial position (step-I). During this deformation the piezos stick to the
ramps. By switching the applied drive voltage fast to the initial value, as shown in step-
ITI, the piezos slip over the ramps, while returning to their initial position.

For fine movement in the sub-A range, voltages are applied to the main piezo (shown in
Fig.5.4(c),(d)). The outer part of the main piezo is divided into four segments, i.e., £x,
+vy for bending the piezo in the xy-direction. The piezos in the inner part are responsible

for the fine movement of the tip in z-direction by elongation or contraction, while scanning.

(c)

I1 I11

(d) +y, +x

time -X -y
Figure 5.4: Principle of the slip-stick movement of the piezoelectric actuators. In
(a) the movement of a coarse piezo of the scanner is shown with the corresponding
drive voltages in (b). (c) and (d) show the main piezo, located in the middle of
the top part of the scanner. The movement of the main piezo is done by bending,
elongation or contraction of the consisting piezos.
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6. Materials and substrates

6.1. Metal substrates

Metal surfaces with different orientations were used in the experiments. All samples have
the same crystal structure, i.e., fcc. By cutting these metal single crystals in a certain

direction one can obtain surfaces with different symmetries, shown in Fig.6.1.

(100) (110) (111)

Figure 6.1: The three high symmetry planes of a fcc crystal. The (100) plane in
yellow in (a) has a quadratic, i.e., a fourfold symmetry. The (110) plane in red in
(b) has a twofold symmetry and the (111) plane in green in (c) has a hexagonal,
i.e., threefold symmetry. The atoms, included in the surface of the corresponding
crystal, are highlighted by a darker grey.

All fcc metal substrates used in the experiments were cleaned by the same procedure:
First, the metal was bombarded with noble gas ions, like Ar™ (sputtering). Due to
the high kinetic energy of the ions, surface atoms are kicked out with a certain yield,
depending on the masses of ion and target atom, the energy of the ion, the incoming
angle of the ion with respect to the target and the temperature of the target. Most
commonly the ion beam is perpendicular to the target surface and the target temperature
is room temperature. Usual values are a gas pressure of pa, &~ 1 x 107° mbar, a sputter
current of I;,, ~ 5 A on the sample and an ion energy of Fj,, ~ 1keV.

After sputtering, the surface is very rough and corrugated. To get a flat surface, the
sample is heated to a temperature at which the surface atoms start to diffuse and form

flat, extended terraces. Usual annealing temperatures are shown in Tab. 6.1
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Material ‘Cu Ag Au I
Temperatur [°C| | 500 450 400 1000

Table 6.1: Heating temperatures of different materials to flatten the surface by
surface atom rearrangement after sputtering.

6.2. Hexagonal boron nitride

The reduction of the influence of the substrate on adsorbed molecules can be achieved
by the decoupling of the molecules from the (metal) substrate. This can be fulfilled by a
single layer of hexagonal boron nitride (hBN).

hBN is one form, boron nitride can exhibit. The bulk ABN is a layered material similar
to graphite [110]. In contrast to graphite, consisting only of carbon atoms, hBN consist

of alternating boron and nitrogen atoms, shown in Fig. 6.2.

side

RO v

Figure 6.2: Schematic structure of hBN. In every hexagon the boron (pink) and
nitrogen (blue) atoms alternate. In the top view the stacking can be seen, where a
boron atom of one layer is placed above a nitrogen atom of the next lower layer.

The atoms in one layer of hBN are covalently bound, while the layers itself are bound by
vdW forces to each other. This allows to obtain stable single layers of hBN by repeated
exfoliation, similar to graphite/graphene [36, 111, 112].

Another method to synthesize single sheet hBN on metal surfaces, is to use chemical
vapor deposition (CVD) the precursor borazine (BsN3Hg), shown in Fig.6.3. Initially,

the precursor is evaporated on the hot metal surface.
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Figure 6.3: Chemical vapor deposition of borazine to form hBN. In (a) the borazine
is evaporated on the hot metal surface. Due to the catalytic nature of the metal
the hydrogen atoms are removed from the borazine - shown in (b), leading to the
growth of a layer of hBN, shown in (c).

On the hot surface the hydrogens of the borazine are removed and desorb as Hs, due
to the catalytic nature of the metal surface (Fig.6.3 (b)) and the borazine ring might be
cracked. Subsequently, the growth of the hBN layer starts.

An advantage of this procedure is the self limitation to a single layer. After the growth of
a full layer of ABN, no free metal is available to catalyze the dehydrogenation of additional
borazine.

The hBN, grown in the experiments in this thesis, is obtained by the following procedure:
1. The metal substrate was cleaned by Ar™ bombardment.
2. The metal was annealed to a temperature Tyumpie = 750 — 1000°C.4

3. Borazine is introduced into the UHV chamber through a leak valve onto the sample.
The pressure and the time of deposition depends on the desired coverage.
e Monolayer: p =7 x 10~ mbar, ¢t = 5min

e Submonolayer: p =1 x 10~®mbar, t =55
4. The sample is post-annealed for 2min at the growth temperature.

In ambient conditions borazine is liquid. Exposure to air and heat leads to decomposi-
tion. Therefore, it should be kept cool and under static vacuum. To transfer a certain
amount of borazine to a vessel, used in experiments, one needs to fill the vessel by vacuum

distillation. This process is explained in detail in Appendix C.

iThe growth temperature depends on the maximum annealing temperature of the substrate (c.f.
Tab.6.1). For Cu the growth temperature is 750°C, for Ir it is 1000°C [38].
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The two important substrates used in this thesis are hBN/Cu(111) and hBN/Ir(111) and
will be described in the following. A more detailed analysis can be found in literature:
[38, 56, 58, 61, 62, 113].

hBN/Cu(111) Due to the missmatch of the lattice constants of ABN and Cu(111) a
moiré superlattice is formed. The size of the moiré unit cell depends strongly on the
relative rotation of the ABN sheet, with respect to the underlying Cu(111) substrate [38,
56]. Geometrically, the hBN/Cu(111) is adsorbed at an average height of 3.38 & 0.06 A,
making it a weakly bound system [38, 62|. Electronically, the ABN is corrugated, resulting
in a work function difference between pore regions (stronger bound areas, closer to the
substrate) and wire regions (weaker bound ares, further away from the substrate). The
work function varies from ¢pore = 3.8€V t0 dyire = 4.1V [38, 55, 56]. Molecules usually
follow this electronic superlattice upon adsorption and aggregate at the pore regions, due

to the higher molecule-metal-interaction [38, 54, 55].

hBN/Ir(111) The moiré superstructure of ABN/Ir(111) shows only one domain in
contrast to the one on Cu(111). The periodicity of the hBN/Ir(111) unit cell is 29.14-0.8 A,
corresponding to approximately 12 x 12 ABN units adsorbed on 11 x 11 Ir units [58]. The
geometric corrugation of this substrate is larger than the one of ABN/Cu(111). The
adsorption height varies from 2.2 A at the strongly bound ares (pore regions) to 3.7A
at the weakly bound ares (wire regions) [38, 58|. The electronic corrugation of the work
function on ABN/Ir(111) is given by A¢ = ¢wire — Ppore = 4.6V —4.2eV = 0.4¢eV [38,
61]. The adsorption of molecules and additional metal atoms follow the template of the
substrate: the adsorbates preferentially adsorb on the pore regions 38, 57, 114, 115]. In
the case of tetrapyrrolic molecules (see below) the size of the moiré allows the adsorption
of roughly one molecule/pore, making it a suitable template for the formation of molecular

arrays.

6.3. Molecules

The molecules used in this thesis are (metalated) members of the family of tetrapyrroles,
often found in nature. Heme for example consists of iron-porphyrine. Another example
is chlorophyll, consisting of magnesium-porphyrine.

An unsubstituted, free base porphyrine (2H-P) is shown in Fig.6.4 (a). Based on this
molecule, other similar ones can be synthesized by either attaching some ligands at dif-

ferent positions of the porphyrine or replacing atoms. If, for example, phenyl-groups
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are attached at the linking C-atoms at the meso-positions between the pyrrole groups,
tetraphenylporphyrine (TPP) is formed (see Fig.6.4 (b)). Another example is phthalo-
cyanine (Pc), shown in Fig. 6.4 (c), where the linking C-atoms are replaced by N-atoms.
In addition, the pyrroles are replaced by benzopyrrole groups. This molecule is fully syn-
thetic and is extremely stable against temperature, light irradiation and acids [116].

Tetrapyrroles can be metalated. During this process, a metal atom is inserted in the

center of the macrocycle of the tetrapyrrole and replaces the two hydrogen atoms [19].

Figure 6.4: Different tetrapyrrole-based molecules. A free base porphyrin (2H-P)
is shown in (a). In (b) and (c) a free base tetraphenylporphyrine (2H-TPP) and
a free base phthalocyanine (2H-Pc) are shown, respectively. The colors represent
different kinds of atoms: C - cyan, N - dark blue, H - white. The differently colored
areas in (c) indicate the different groups of atoms in a 2H-Pc.
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1V. Results

7. Charge state control of F;;CoPc on hBN/Cu(111)

This chapter includes content that has been published in:

Portner, M., Wei, Y., Riss, A., Seufert, K., Garnica, M., Barth, J. V., Diekhoner, L. &
Auwérter, W., Charge state control of F1sCoPc on hBN/Cu(111). Submitted.

The modification of the molecular electronic structure at interfaces — such as level align-
ment, charging and charge transfer — by gating and screening, is highly relevant for poten-
tial applications of organic materials in solar cells, nano-electronics, sensing and quantum
computing [13, 117-119]. The integral performance of such materials is determined by the
molecular constituents and their interactions with each other. Furthermore, the influence
of the substrate and the response to external stimuli, such as an applied electric field,
can play a major role. Thus the control of the macroscopic properties of such materi-
als relies on a fundamental microscopic understanding of the electronic properties of the
molecular building blocks within their environment. Atomic-scale studies of molecular
behavior have mostly been performed on metal substrates [40, 120], due to the facile
application of STM and STS. However, the electronic interaction of the molecules with
metals often leads to considerable hybridization, which can mask the intrinsic properties
of the molecules. Thin films of decoupling layers with a band gap or low density of states
around the Fermi energy grown on metal surfaces [38, 45, 46, 121| reduce the interaction
between the substrate and the molecular adsorbates, but retain the possibility to perform
STM/STS measurements. A particularly useful decoupling layer is one-atom-thick hexag-
onal boron nitride (hBN, see section 6.2). hBN layers are chemically inert, exhibit high
temperature stability and most importantly, can be grown as full monolayers on metallic
substrates [38], thus providing a suitable substrate for molecular adsorption. Molecular
adsorbates have been shown to be influenced by the work function modulation of such
substrates (associated with the formation of a moiré pattern [38, 55|), the screening by
the substrate [41, 122, 123| and by neighboring molecules [124], as well as electric fields
applied via back [125, 126] and top gating [127, 128]. Such effects — which can be strongly
influenced by the molecular density — can lead to changes in the physicochemical behav-
ior of the molecules, such as charging [126-130| and conformational or chemical switching
[120]. Control of the molecular response therefore depends on the understanding of the

complex interplay of these effects.
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In this section the control of the molecular energy level alignment and the charge state of
F16CoPc molecules on hBN/Cu(111) will be analyzed. In particular, we investigate three
crucial parameters: (i) the template induced gating due to the moiré-induced spatial
variation of the work function of the hBN/Cu(111) substrate [38, 55|, (ii) gating by the
STM tip [57, 126-128, 131, 132] and (iii) the screening by neighboring molecules [41,
124]. A combination of these parameters can cause a change in the molecular charge
state of F16CoPc on hBN/Cu(111), i.e., a shift of the molecular electronic level across
the Fermi energy (Er), which can be associated with sharp features in the dI/dV spectra
of the respective molecules. In addition, AFM measurements, providing a way to probe
charging at larger distances (even when the tunneling current is not detectable anymore)

reveal the occurrence of multiple simultaneous charging events due to tip-induced gating.

h-BN/Cu(111) *V===--
local T
work function 3 86V = hollow-wire (hw) bridge-wire (bw)

Figure 7.1: Preferential adsorption of FisCoPc on hBN/Cu(111). (a) Chemi-
cal structure model of FisCoPc (light blue — fluorine, gray — carbon, dark blue
— nitrogen, pink — cobalt). (b) STM topography image of 0.06 ML FisCoPc on
hBN/Cu(111) (U =1V, I = 38 pA). The molecules were evaporated at Ty,o = 420°C
onto the room temperature sample for 3min. Dashed white circles mark the pore
areas of the hBN/Cu(111) moiré superstructure. The two types of wire regions are
labeled with “hw” (hollow-wire) and “bw” (bridge-wire). (c) Schematic illustration
of the local work function modulation of hBN/Cu(111), varying by 0.3eV between
the hollow-wire and the pore regions [55].

Deposition of 0.06 ML of F1CoPc (Fig. 7.1 (a)) onto hBN/Cu(111) held at room temper-

ature and subsequent cooling to 5K results in an adsorption of isolated molecules in a
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superlattice. As seen in Fig. 7.1 (b) the molecules preferentially occupy the pore areas of
the moiré pattern — formed by the lattice mismatch of the hBN layer and the underlying
Cu(111) substrate — where the surface potential is lower. [38, 55]

7.1. Template induced gating

The work function modulation of the substrate — the pore areas exhibit a 0.3 eV lower local
work function than the wire areas (Fig.7.1(c)) — is reflected in the molecular level align-
ment as probed by dI/dV spectroscopy. Spectra of molecules adsorbed on the pore areas
(Fig. 7.2 (a)) are shown in Fig.7.2(d)-(f). In all cases a pronounced occupied-states fea-
ture at U = —0.73V (labeled “MO”, molecular orbital) can be seen, while the unoccupied-
states region at positive sample bias appears more or less featureless in the investigated
range of up to 2V. The asymmetry of the MO peak at U = —0.73V is due to side peaks
at U < —0.73V, which likely originate from vibronic excitations of the electronically de-
coupled molecules [114, 125, 127, 133, 134|. The resonance can be related to the LUMO
of the free molecule, occupied upon adsorption resulting in negatively charged molecules.
Indeed, taking into account the work function of the hBN/Cu(111) pore areas (3.8¢V)
[55], the energy of the LUMO of the free F14CoPc (—4.5€V) [135] and assuming alignment
of the vacuum levels of substrate and molecule, a resonance energy of —0.7 eV with respect
to Er would be expected — similar to what was observed in the spectra.

Lateral manipulation with the STM tip allows repositioning of the molecules from the pore
regions (Fig. 7.2 (a)) onto different regions of the moiré pattern. In the first step molecule
“1” (Fig. 7.2 (a)) was moved to a hollow-wire site (Fig. 7.2 (b)). Subsequently molecule “2”
was moved to a bridge-wire site (Fig. 7.2 (c)), while molecule “3” in Fig. 7.2 (a) remained
at its position at the pore region. This repositioning of the molecules gave rise to changes
in the intramolecular resolution.

Before manipulation, each of the three molecules exhibited fourfold symmetry and com-
parable brightness. After manipulation, bright centers can be seen for the repositioned
molecules 1 and 2, residing at the hollow-wire, bridge-wire regions. The dI/dV spec-
tra of the molecules after manipulation are shown in Fig. 7.2 (g)-(i). The spectra of the
molecules 1 and 2, repositioned to hollow-wire and bridge-wire sites, exhibit shifts of the
MO peak from —0.73V to —0.36 V and —0.38 V, respectively (Fig. 7.2 (g),(h)). The shifts
agree well with change of the local work function across the moiré pattern (~ 0.3eV) [38,
55].
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Before Manipulation
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Figure 7.2: Template induced gating of individual F1sCoPc molecules. (a) Three
molecules adsorbed on moiré pore sites (dashed white circles). (b) Molecule 1
(blue) was moved from the pore to a hollow-wire region by LM. (c) Molecule 2
(green) was moved from the pore to a bridge-wire region. (d)-(f) dI/dV spectra
of the three molecules before manipulation, i.e., adsorbed on the pore regions as
shown in (a), show electronic resonances associated with a molecular orbital (“MO”)
at U = —0.73 V. (g)-(i) dI/dV spectra after manipulation. The energies of the
molecular resonances are shifted for molecules 1 and 2 to —0.36 V and —0.38 V,
respectively. In addition, charging peaks (“CP”) appear at U > 1.5 V in the spectra
for molecules 1 and 2. (j) Reference dI/dV spectrum taken on the hBN substrate.
Scan and dI/dV stabilization parameters: U = 1V, I = 29 pA. Spectra in (d)-(i)
were taken with the tip positioned above the centers of the molecules.
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7.2. Tip induced gating

In addition to the shift of the MO, a sharp peak (denoted “CP”, charging peak) appears
at U = 1.61Vand U = 1.76 V in the spectra of the repositioned molecules 1 and 2. dI/dV
maps taken at these energies show sharp ring-like features around the molecular center
— seen in Fig. 7.4 — analogous to what has been observed for charging of adsorbates |57,
126-128, 130-132, 136].

In Fig. 7.3 (a),(b) dI/dV spectra for two molecules are shown, adsorbed at different posi-
tions of the ABN/Cu(111) moiré¢ lattice. The spectrum in (a) shows a MO below Ep and
a CP at 1.16 V, while the polarity of these two peaks is reversed in the spectrum in (b).
The CP is at —0.30V and the MO is located above Er. The color plots in Fig. 7.3 (c),(d)
display the color-coded intensity of the spectra as a function of tip position (x-axis, along
lines in insets of Fig. 7.3 (a),(b)) and sample bias (y-axis). Similar to the point spectra,
the color plots portray the MO with additional vibronic peaks, as well as sharp parabola-
like features, associated with the charging events [57, 126-128, 131, 132].

In addition to the distance dependency, the tip induced gating is also influenced by the
applied bias voltage, as the charging is dictated by the electric field, shown in Fig.7.4.
The STM images (first and third column) and particularly the dI/dV maps (second and
fourth column) show sharp ring-like features, associated with charging of the molecular
species [57, 126-128, 131, 132, 136]. The radii of these rings strongly depend on the
applied bias, as well as on the tip height.

To achieve an understanding of the dependency between the energies of CP and MO, the
F16CoPc/hBN/Cu(111) system needs to be treated as a double barrier tunneling junction
(DBTJ) [57, 124, 127-129, 131, 134, 137]. Within this DBTJ-model the system consists
of two tunneling junctions: the one between the metal substrate and the molecule, asso-
ciated with a voltage drop of Uy = vU [127, 131], and the vacuum tunneling junction
between the molecule and the tip, associated with a voltage drop of Uy.. = (1 — v)U,
where 0 < v <1 is the bias fraction.
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Figure 7.3: Spatial dependence of dI/dV spectroscopy of F14CoPc molecules. (a),
(b) dI/dV spectra of two molecules that are adsorbed at different positions of the
hBN/Cu(111) moiré lattice. The spectrum in (a) shows a molecular resonance
(“MO”) below Ey and a charging peak (“CP”) at 1.16 V, while (b) shows the peak
associated with the molecular resonance above Er and the charging peak at —0.30 V.
(Tip stabilization parameters: (a) Ugan = 1.6 V, Iga, = 20 pA, (b) Usap = 0.8V,
Istap = 30 pA). The STM images of the molecules are shown in the insets (scan pa-
rameters: (a) U =1.0V, I =20pA, (b)U =17V, I =30pA). (c), (d) Color plots
showing the color-coded spectral intensity as a function of tip position (x-axis, along
the lines in the insets of (a), (b)) and sample bias (y-axis). The charging events are
seen as sharp parabola-like features.
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Bias voltage = 1.3V dI/dv

Bias voltage = 1.2V

¢

Hnm

Bias voltage = 1.4V dl/dv Bias voltage = 1.5V

Bias voltage = 1.6V dI/dv Bias voltage = 1.7V

Figure 7.4: Spatial dependence of the charging of F14CoPc on hBN/Cu(111). STM
images (first and third column) and simultaneously recorded dI/dV maps (second
and fourth column) for different bias voltages (1.2V < U < 1.7V, I = 20 pA). Sharp
ring-like features around the molecule are associated with charging events. The size
of these rings depends on the electric field between tip and sample.

The sum of these two voltage drops equals the applied bias voltage:
U=UpN + Upc =70 + (1 —y)U. (7.1)
Due to gating, a shift of the MO energy is induced:
Evo = EYo + ABvo (7.2)

with AEy\io = eyU, where EY; (Fuo) is the energy of the MO without (with) an applied

bias.
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Two special cases can be considered. First, the shift of the MO peak (AFEy\o) leads to
alignment of the MO energy with the Fermi level of the substrate, i.e.,

Eyvio = El(\]/IO + AFEyio =0< EI(\)/IO = —yeUcp (73)

In the spectrum this case is associated with the charging peak at U = Ucp. This shifting
of the molecular orbital across Er reveals that the orbital changes its occupation, i.e., the
charge state at a bias voltage of Ucp.

In the second case, the MO energy aligns with the Fermi energy of the tip, i.e.,
Eyvo = EYo + ABvo = elyio & Yo = eUno — evUnio (7.4)

In the spectrum this case is associated with measurement of the MO-peak at U = Uyo.
Combination of Eq. 7.3 and Eq. 7.4 leads to

Ucp/Uno = (v — 1) /v (7.5)

—_
1

CP peak position [V]

|
[\
1

-0.4 -0.2 0 0.2 0.4
MO peak position [V]

Figure 7.5: Relation between CP and MO. Linear fitting for the ratio of energetic
positions of the CP to those of the MO gives a value for the slope of m = —4.8.

45



1V. Results

From the experimentally determined linear slope of Ucp vs. Uy from 90 spectra, amount-
ing to —4.8 (Fig. 7.5), v can then be estimated to be 0.17.

This proportionality of Ucp/Uno = —4.8 reveals that the initial unperturbed position of
the MO will have a large impact on the bias threshold for charging.

The proportionality can also be modeled by estimating the voltage drops between tip and
molecule and molecule and the metallic substrate, respectively to be Ugp/Uno = €Z/d
[127, 129, 131, 132|, where Z is the tip-molecule separation, d is the distance between
the molecule and the Cu(111) substrate and ¢ is the dielectric constant, associated with
the molecule-Cu(111) tunneling barrier including the ABN. A value of € = 4 [127, 13§|
yields a tip-molecule-distance, which is comparable to the molecule-metal-distance, i.e.,

~ 0.5 — 0.6 nm.

7.3. Screening

STM manipulation experiments display how the measured energy of the MO peak is
affected by screening by neighboring molecules. For these experiments, we increased
the molecular coverage, resulting in aggregates in the pore regions [38, 55|. The dI/dV
spectrum, taken on the central molecule within a cluster of three molecules, reveals a
molecular resonance at —0.67V (Fig.7.6 (a)). Subsequent removal of its left neighbor
(Fig. 7.6 (b)) and its right neighbor (Fig.7.6 (c)) by LM shifts the position of the MO
of the central molecule each time by 40 — 50 mV towards more negative energies, i.e.,
away from Eg. This energy shift can be explained by reduced screening of the transiently
charged central molecule by neighboring molecules. The polarization energy of a molecule

¢ can be quantified by

2
ae _
EF = E R’ (7.6)

4meg oy

and depends strongly on the distance R;; to all surrounding molecules j [124]|. e is
the elementary charge and ¢, is the vacuum permittivity. Considering only in-plane
polarization, the polarizability tensor a can be approximated by a scalar for the C4-
symmetric F14CoPc molecules. Based on calculated values for Pc molecules, we use an
estimate of the FisCoPc polarizability of a = 137 A” [139]. The calculated polarization
energies (empty circles) and the measured shifts of the MO peaks (filled markers) are
plotted in Fig. 7.6 (d) for the dimer/trimer (Fig. 7.6 (b)/(a)) and a molecular island, shown

in the inset of Fig. 7.6 (d). For those molecules in the island, polarization effects can cause
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large shifts of MO energies of a few hundred meV, in agreement with reports on a related
system [124]. Despite the simplicity and limitations of the applied model, it creditably
reflects the values and trends observed in the experiment (see summary section below).
Discrepancies between experiment and calculation, particularly evident for some of the
investigated molecules in the island, can occur due to the template induced gating (as
discussed above). The gating effect is not taken into account in the calculation. For
instance, molecule C6 is located close to a wire site causing an additional template induced

shift towards positive energies in the experimental data.

dl/dV [arb. units]

1 -0.75 0.5 -0.25 0 0 0.1 0.2 0.3
Bias voltage [V] Shift of MO AEMO [eV] e

Figure 7.6: Energy shift of the MO peaks due to polarization. (a)-(c) Removal of
neighboring molecules by LM causes a 40—50 mV decrease of the MO position for the
central molecule in the dI/dV measurements (tip stabilization parameters: U =1V,
I =50pA). (d) Comparison of calculated polarization energies (empty circles, top
x-axis) and measured shifts of MO peak energies with respect to an isolated FysCoPc
(filled markers, bottom x-axis) for molecules in different assemblies: a cluster of two
molecules (D1, D2), a cluster of three molecules (T1 to T3), and a island of molecules
(C1 to C8, see STM image in the inset (U = 1V, I = 50pA)) (Tip stabilization
parameters for dI/dV spectroscopy: Ugan = 1V, Isap, = 20 pA, scalebars: 2nm).
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7.4. High molecular coverage

At low coverage F14CoPc molecules preferentially adsorb at the pore sites of the moiré

lattice of hRBN/Cu(111) (Fig. 7.7 (a)), as it was shown above.
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Figure 7.7: Different coverages of FigCoPc molecules on hBN/Cu(111). (a)
0.06 ML, (b) 0.69ML, (c) 0.89ML, (d) 1.8ML (U = 1V, I = 40 pA). First layer
molecules preferentially adsorb in the pore regions of the hBN/Cu(111) moiré lat-

tice, while the second layer growth starts at the wire regions. All scale bars represent
10nm.



7. Charge state control of F14CoPc on hBN/Cu(111)

At higher coverages the molecules also adsorb at the wire sites (Fig.7.7 (b),(c)). Notice-
ably, the second layer molecules (bright features in Fig. 7.7 (¢)) preferentially adsorb at the
wire regions. The second layer grows as a quasi-square lattice [140], with a lower packing
density, compared to the hexagonal close packed ordering of the first layer molecules (c.f.
Fig.7.7(d),(e)). The second layer molecules adsorb on top of the first layer molecules
near the center (c.f. Fig.7.10).

Topography
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dI/dV [arb. units]
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Figure 7.8: Template induced shift of molecular levels, screening and charging for
a sample with high FCoPc coverage. (a) STM topography image of F14CoPc at
0.8 ML coverage (U =1V, I =20pA). (b) Visualization of the color coded intensity
of dI/dV spectra along the light blue line in (a) as a function of lateral position
(x-axis) and bias voltage (y-axis). The positions of the molecular resonances and
charging features are marked with blue and red dots, respectively (tip stabilization
parameters: U, = 1V, Igan = 20pA). (c) Representative dI/dV spectra taken
close to the center of each of the eight molecules. The spectra show molecular
resonances, i.e., the energies of the molecules, affected by the modulation of the
hBN/Cu(111) work function and screening by the neighboring molecules. For the
molecules with MO peaks sufficiently close to Ew, charging peaks at the opposite
polarity are observed.

The STM image of a surface with ~ 0.8 ML molecular coverage in Fig. 7.8 (a) recorded at
1V reveals a brighter appearance of molecules adsorbed at wire regions compared to the
ones adsorbed at pore regions. This difference in contrast can be understood by analyzing
the dI/dV spectra of the molecular layer. Fig. 7.8 (b) shows spectra taken along the solid
blue line in Fig. 7.8 (a), in which the color-coded dI/dV intensity is plotted as a function

49



1V. Results

of position (x-axis) and bias voltage (y-axis). The color plot portrays separated features
along the x-axis, corresponding to the eight molecules along the line. Representative
dI/dV spectra for each of these molecules are shown in Fig. 7.8 (c), in which the molecular
resonances and the charging peaks are labeled as “MO” and “CP”, respectively. In the
color plot, the charging-related features (red dots in Fig. 7.8 (b)) exhibit sharp parabola-
like characteristics due to their strong energy-dispersion (c.f. Fig. 7.3), while the molecular
resonances (blue dots in Fig. 7.8 (b)) give rise to a broader intensity distribution with side
peaks. The energies of the MO peaks depend on the spatial position of the respective
molecule on the moiré superlattice, i.e., template induced gating (see Fig.7.1(c)) and on
the molecular environment, i.e., screening. For molecules 1, 2, 4, 5, 6, and 7, exhibiting
MO energies close to Ep, charging peaks are observed at the opposite polarity of the
MO peaks [57, 126-128, 130, 132]. The ratios between the absolute positions of the
MO and CP peaks remain at about |Ucp|/|Unmo| = 5, regardless of whether the CP is
observed at occupied or unoccupied states. The MO and CP positions in the spectra for
molecule 6 show a deviation from the expected behavior based on the hBN/Cu(111) work
function modulation, which might be due to an additional shift caused by impurities in
the substrate.

In order to investigate how the charge states of adjacent molecules influence each other,
the STM dI/dV and AFM frequency shift (Af) signals for an island of molecules were
spatially mapped (Fig.7.9). Both channels, simultaneously recorded in constant-height
mode at a sample bias U = 2V, exhibit characteristic ring-like features, associated with
the charging events [129, 130, 132, 141-143]. Both, the dI/dV and Af vs. U point spectra,
taken at the spot marked with a red cross in the maps show sharp features, i.e., charging
peaks and dips (labeled “CP”), at the same energy (insets in Fig. 7.9 (b) and (c)) [142].
Analogously, the charging rings coincide for both maps (dI/dV and Af). A larger number
of charging rings can be seen in the Af channel due to the higher long-range sensitivity of
AFM compared to STM. The rings do not exhibit a perfectly circular shape because of
the asymmetry of the tip. The sizes of the rings vary — some exceed diameters of 10 nm
[141] — depending on the energy position of the molecular resonances. For instance, the
molecules marked with red dots exhibit relatively small charging rings that are visible in
both the dI/dV and Af vs. U maps. It is interesting to investigate the intersection of
charging rings. A specific example of intersecting charging rings of neighboring molecules
is marked by orange arrows in Fig. 7.9 (¢) and schematically shown in Fig. 7.9 (d). Within
the overlapping area of both charging rings, tip induced gating changes the charge states

for both molecules simultaneously, associated with a subtle decrease of both ring radii.
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Figure 7.9: Simultaneous charging events for a high coverage sample. (a) STM
topography of a surface with 0.8 ML coverage. The dashed white circle marks the
position of a pore area of the moiré lattice (U =2V, I = 8 pA). (b) Differential con-
ductance (dI/dV) and (c) AFM frequency shift (Af) maps, simultaneously acquired
in constant height mode at U = 2V, show charging rings for certain molecules.
dI/dV and Af vs. U spectra (insets in (b) and (c), taken at the position marked
with the red cross) show sharp features (labeled “CP”) at the same energy, related
to charging events (Ugan = 2V, Igan = 5pA). Red dots mark positions of three
molecules, whose charging rings are visible in both maps in (b) and (c). Orange ar-
rows in (c¢) mark the intersection of charging rings of two neighboring molecules. In
the overlapping area the molecular orbitals of both molecules are shifted across Er,
leading to a small contraction of the ring radii because of an increase of the charging
threshold. This effect, occurring in the area, marked with the white rectangle in (c)
is schematically shown in (d). The orange arrows in (c) and in (d) mark the same
intersection.
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This observation indicates that the charging of one molecule increases the charging thresh-
old of the other molecule, shifting the CP to higher energy and thus reducing the ring
radius mapped at constant tip height. Nevertheless, this effect of charged neighbors ap-

pears to be weaker than template induced gating, tip induce gating or screening.

7.5. Second layer growth

The STM image in Fig. 7.10 (a) shows a bright appearance of second layer molecules with
an apparent height of 0.3nm (at U = 2V) relative to the first layer molecules, nearly
twice as much as the apparent height of the first layer molecules with reference to the
hBN/Cu(111).
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Figure 7.10: Growth and electronic properties of >1 ML F14CoPc on hBN/Cu(111).
(a) Topography of the sample shows bright appearance of molecules adsorbed in the
second layer (U =2V, I = 41 pA). The black dashed diamond marks the unit cell
of the closed packed structure of the first layer molecules, while the black square
shows the unit cell of the second layer islands. (b) dI/dV spectra taken at the spots
marked in (a) by the colored dots (Usiap = 2V, Igan, = 41 pA). The colors represent
different types of molecules: red - second layer molecule exhibiting two peaks related
to molecular resonances (labeled “MO” and “MO*”), blue - first layer molecules with
charging peak (“CP”) visible in the spectrum for molecules 2 — 5.

The packing density decreases in the second layer, as the second layer molecules adsorb in

a quasi-square lattice, instead of a hexagonal closed packed lattice, as it is the case for the

first layer (c.f. black square and black diamond in Fig.7.10 (a)). dI/dV spectroscopy of
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the first layer molecules reveals template and screening induced shifts of the MO-related
peaks, as well as charging peaks for some of the molecules in the first layer (molecules
2—6 in Fig. 7.10 (b)). The second layer molecule (molecule 1 in Fig.7.10 (b)) exhibits two
peaks (at —0.7V and at ~ 1V) associated with molecular orbitals. This assignment is
based on the absence of a significant dependence of the peak position on the tip-sample
distance or applied bias — such a dispersion would be expected for charging peaks [57,
126-129, 131, 132, 136].

7.6. DFT calculations of CO adsorption on F3CoPc

The nucleation of second layer F14CoPc molecules starts on first layer molecules adsorbed
on the wire regions of the hBN/Cu(111) moiré, shown in Fig.7.7. This is in contrast to
the adsorption of the first layer molecules, which prefer to adsorb on the pore regions.
One reason for this could be the different charge states of the first layer molecules on
the different sites of the moiré. To achieve a general idea about the adsorption energies
of molecules on differently charged F4CoPc, spin-polarized DFT calculations were per-
formed. The projector-augmented plane wave method [144| and a plane wave basis set
with maximum kinetic energy of 400 eV were used to relax the structures, until the acting
forces were smaller than 0.05¢eV/ A and the energy-change is less than 1 ueV. The Perdew
Burke Ernzerhof (PBE) exchange-correlation potential [94] (implemented in VASP [97,
145, 146]) was employed and long-range vdW interactions were included, as proposed by
the DFT-D3 approach of Grimme et al. [147|. The optimization was executed at the
gamma point of the Brillouin zone. The total tetragonal cell, used for the calculation, has
a real-space size of (20 x 20 x 25) A®

The F14CoPc was relaxed in the gas phase for two scenarios, as shown in Fig.7.11. In
the first scenario, a CO was placed far away from the F4CoPc, with a C-Co distance
of 1.1nm, to exclude interactions between the CO and the Fi5CoPc molecule. In the
other scenario, the CO was placed close to the central Co, resulting in a C-Co distance
was 0.2nm, where the CO and the F14CoPc molecule interact. These two scenarios were
relaxed for three different numbers of electrons included in the system: a neutral system,

a single negatively charged system and a single positively charged system.
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Figure 7.11: Calculated adsorption of CO on FysCoPc in the gas phase. In (a) the
CO is far from the F5CoPc, i.e., a C-Co distance of 1.1nm and in (b) the C-Co
distance between the CO and the FCoPc is reduced to 0.2nm so that the CO can
bind to the cobalt atom.

Charge state [e] Ground state energy [eV] Adsorption energy [eV]
CO far CO close

0 —439.230 —440.037 —0.806
+1 —433.429 —434.200 —0.771
-1 —443.425 —443.413 0.012

Table 7.1: Ground state energies of the different scenarios (CO far, CO close)
and the different charge states of the system (neutral, negatively charged, positively
charged) and the resulting adsorption energy.

The adsorption energy of the CO on the Fi4CoPc can be calculated by the ground state
energies of the two scenarios for each charge state of the system. These energies are
listed in Tab.7.1. It should be noted that an adsorption of CO on a neutral F;4CoPc is
energetically much more favorable (energy gain of 0.81¢V) than on a negatively charged
F16CoPc (energy loss of 0.01eV) and also favorable than on a positively charged F14CoPc
(energy gain of 0.77¢eV). Since the LUMO of molecules, adsorbed on the wire regions, is
unoccupied, these uncharged molecules are predicted to be the preferential sites for the
adsorption of CO.

If this tendency pertains not only to small molecules like CO, but also for larger ones
like a second F14CoPc, than this could be a possible explanation for the nucleation of the

second layer F14CoPc molecules on the wire regions of the moiré.
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7.7. Comparison to Fi4CoPc on hBN/Ir(111)

While the moiré of ABN/Cu(111) shows a modulation of the work function between pore
and wire regions from 3.8¢eV to 4.1eV [38, 56|, a stronger modulation of the work func-
tions between pore and wire is observed for hBN/Ir(111): 4.2¢eV and 4.6 eV for pore and
wire, respectively [38, 61]. Furthermore, there is also a stronger geometric corrugation of
the ABN/Ir(111) compared to hBN/Cu(111). Different superstructure sizes are observed
on hBN/Cu(111), depending on the angle between the hBN and the supporting Cu(111)
surface [56], while for hBN/Ir(111) one superstructure size of 2.9 nm prevails [58]. This
distance is large enough to separate F14CoPc molecules, preferentially adsorbed on the
pore regions of the moiré and therefore decreasing intermolecular interactions. Nonethe-
less, the superstructure size is still small enough that only one Pc-like molecule fits into
one pore. As a result of this, for a coverage larger than one molecule per pore, the surplus
molecules adsorb on the wire regions. Taking into account the vacuum level alignment of
molecule and substrate, the F154CoPc should be differently charged on the pore and wire
regions, as the LUMO of the molecule, located at 4.5eV below the vacuum level in the
gas phase, would be occupied at the pore sites and unoccupied at the wire site [38, 61,
135].

Low coverage

The coverage of F14CoPc on hBN /Ir(111) of ~ 25 % is equal to ca. one molecule per pore
(see Fig.7.12). In the STM images of Fig. 7.12 (a)-(c) three different kinds of alignments
are observed (blue, red, green), rotated by 30° with respect to each other. In these three
alignments, one of the two molecular axes aligns with one of the three high symmetry
directions of the moiré, as indicated by the colored crosses. Since the moiré lattice is
aligned with the ABN lattice [58], the molecules are also aligned with the high symmetry
directions of the hBN. The statistics regarding the total number of blue, red or green
alignments in Fig.7.12(d) indicates a weak tendency, that one alignment, i.e., the red
marked one, is a bit more favored. Nevertheless, a random distribution of alignments
is still more reasonable, since all three alignments should be energetically equal. This
deviation from the random distribution could be explained by the number of considered
areas and molecules, which might be too small. The averaged number of relatively aligned
neighboring molecules in the different alignments is plotted in Fig.7.12 (e). The correla-
tion between the alignments of one molecule and the alignment of its adjacent molecules
is tested. A weak correlation can be found: since most molecules are in a “red align-

ment”, most neighboring molecules are also red aligned, independent of the alignment of
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the central molecule. But in contrast to this, even though, for example, the blue aligned
molecules are the least present on the surface, the number of equally aligned neighbors
is relatively high. This can be observed in the relative number of neighboring molecules
in Fig. 7.12 (f), representing the number of neighboring molecules divided by the relative

amount of molecules in the respective alignment.
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Figure 7.12: Low coverage of F1sCoPc on hBN/Ir(111). The hBN/Ir(111) sample
was prepared as described in section 6.2. The F14CoPc molecules were evaporated
via organic molecular beam epitaxy (OMBE) at T, = 420°C for 26 min onto the
room temperature hBN/Ir(111) sample, followed by a post-annealing to 150°C for
3min. In (a) - (c) three STM topographies show the molecules, adsorbing on
the pore regions of the moiré (U = 1V, I = 0.1nA). Three different alignments,
1.€., blue, red and green, are observed, where one of the high symmetry axes of the
molecule aligns with the high symmetry directions of the moiré. In (d) the statistics
of the total number of molecules of each alignment is shown. The statistic in (e)
shows the averaged number of adjacent molecules in the different alignments. The
relative number of neighboring molecules in the different alignments in (f), i.e., the
averaged number of neighbors divided by the relative number of molecules in the
respective alignment, shows the correlation between the alignment of a molecule and
the alignments of the adjacent molecules.
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7. Charge state control of F14CoPc on hBN/Cu(111)

The same trend can be seen for the red and green aligned molecules, where the number of
equally aligned neighbors is the highest. The relative number of equally aligned neighbors
is in average 1.54 times larger than the number of differently aligned neighbors. This
means that the interaction between the molecules is strong enough to still be present
at the neighboring pore site and thus influencing the alignment of the molecule. This

interaction could be a repulsive interaction between the outer fluorine atoms.

High coverage

An increase of the molecular coverage to ~ 65 % leads to additional adsorption of molecules

in the wire regions, shown in Fig. 7.13.
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Figure 7.13: High coverage of FisCoPc on hBN/Ir(111). In (a) and (b) it can be
seen that the surplus molecules compared to Fig. 7.12 adsorb on the wire regions and
are brighter in contrast ((a): U =1V, I =0.1nA; (b): U =15V, =0.1nA). The
statistic, regarding the total number of blue, red and green aligned molecules in the
pore regions is shown in (c) and the averaged number of neighboring molecules with
in the different alignments adsorbed in pore regions is shown in (d). The relative
number of adjacent molecules in the different alignments can be seen in (e), showing
the correlation between the alignment of the central molecule and the alignment of
its neighbors.

57



1V. Results

These additional molecules appear brighter as the ones adsorbed at the pore region (see
Fig.7.13(a), (b)). This difference in appearance will be explained later. No dominant
alignment is observed (c.f. Fig.7.13(c)), supporting the hypothesis of equal adsorption
energies for the three alignments, as proposed for the low coverage. Furthermore, the
correlation between the alignments of adjacent molecules adsorbed on pore regions —
shown in Fig.7.13(d), (e) — is similar to the correlation observed for the low molecular
coverage. The amount of neighboring molecules adsorbed in the pore is in all three cases,
i.e., blue, red or green alignment, the highest for the same alignment. Now the relative
number of equally aligned molecules is in average only 1.43 times larger than the number of
differently aligned neighbors, which can be explained by steric hindrance by the molecules
adsorbed on the wire regions. Nevertheless, the correlation shows that the intermolecular
interaction between the molecules adsorbed on the pore regions of the moiré is minimally

reduced, due to an increased coverage.

Spectroscopy of F;4CoPc adsorbed on pore & wire

The difference in the appearance of the molecules adsorbed in pore and wire regions could
origin either from a difference in geometry or from a difference in the LDOS. Since the
same molecules were used in both experiments, a difference in the molecular geometry
is unlikely. To understand this difference in appearance, arising from a difference in the
molecular LDOS, STS measurements were conducted as shown in Fig. 7.14. The spectra
of Fig. 7.14 (b), (c) were recorded at the spots marked with dots in the corresponding color
in the STM topography in Fig.7.14 (a). As a result the prominent resonance at occupied
states of the molecule adsorbed on the pore site (blue, (b)), is far below Er at —0.81V
and is identified as the gas-phase LUMO (called “MO”). In comparison to this, the MO
of the molecule adsorbed on the wire region (red, (c)) is located above Ep at 0.23V.
Additionally to the MO feature a CP is observed at ~ —1.1V. Since the position of the
molecule on the moiré is not always exactly at the center of the pore/wire, the energetic
position of the MOs can vary by ~ 0.1 V. The observed difference in the appearance in the
STM images at the used bias voltage of U = 1.5V can now be explained by the presence
or absence of a MO in the range of unoccupied states. The molecule on the wire region
appears bright since the MO is in this case located above Er. The molecule adsorbed on
the pore region exhibits a lower intensity as a result of the MO being below Er and due
to a reduced DOS in the region of unoccupied states.

Due to this difference in the energetic position of the MO, the molecules adsorbed on the

varying regions of the moiré are differently charged. By assigning this MO to the LUMO
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7. Charge state control of F14CoPc on hBN/Cu(111)

of the gas phase molecule, as implemented for F14CoPc/hBN/Cu(111), the molecule on
the pore would be negatively charged and the one on the wire would be neutral (38, 61,
135]. This shift of ~ 1.0V can be partially explained by the template induced gating
(c.f. section 7.1). Nevertheless, since the difference in the work function between pore
and wire is only 0.4V, the template induced gating can’t induce such a huge difference
in the positions of the MOs. Another effect, increasing this difference in the energetic
positioning of the MOs is the charging energy. This additional energy depends on the
interaction between the electrons in the molecule and an electron, added to or removed
from the molecule. Since the molecular orbitals can respond differently to an added or
removed charge, depending on the initial charge of the orbital, this charging energy can
cause a non-linear change in the positions of MOs [57, 128, 148|.

Schulz et al. demonstrated a very similar behavior for CoPc on hBN/Ir(111) [114]. The
positions of the MOs depend on the adsorption site. A difference of the MO for the
two adsorption sites of 1.1V is reported. The difference to Fi4CoPc/hBN/Ir(111) is
the absolute position of the MOs. The orbitals of the unfluorinated CoPc molecule are
located higher in energy (Ucope Mo, pore = —0.1V, Ucope Mo wire = 0.9V [114]) compared to
the ones of the fluorinated molecule (Up,,cope Mo pore = —0.8 V, U, ;cope, MO wire = 0.2 V).
This energetic shift of the orbitals, due to the fluorination, is in accordance with previous
studies [135, 149].
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Figure 7.14: STS measurements of FigCoPc on pore and wire sites of the
hBN/Ir(111) moiré. In (a) the topography of a sample with a coverage of
> 1 Molecule / pore is shown (U = 1.5V, I = 0.3nA). The spectra, taken at the
blue (pore) / red (wire) marked positions in (a) are shown in (b)/(c), respectively
(Ustap = 1.5V, Lo, = 0.3 nA). The MOs are marked in the spectra by dashed lines.
In (¢) a CP can be seen at ~ —1.1'V (c.f. section 7.2).
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7.8. Summary and outlook

The STM manipulation experiments presented in Fig. 7.2 display that the level alignment
of an individual molecule can be changed by lateral repositioning on the ABN/Cu(111)
work function template. This process is reversible. Previously, such pronounced energy
shifts of MOs were only reported for molecular aggregates and films [38|, without the pos-
sibility to induce and monitor template-induced modifications on the very same molecule.
The magnitude of the MO shift on hBN/Cu(111) and, more noticeably, on hBN /Ir(111),
exceeds the one reported for dense-packed F4CoPc arrays on graphene/Ir(111) [149], re-
flecting distinct interface and template properties [38]. It should be pointed out that
an unequivocal assignment of MO features, observed in STS measurements, to specific
MOs, calculated for gas phase Pcs, is not straightforward, e.g. due to interface effects and
many-body interactions [114, 150, 151|. Even with orbital-resolved STM imaging at hand,
the assignment is hampered by the dependence of the calculated orbital sequence on sub-
tle details of the employed theoretical method [149]. Nonetheless, as mentioned above,
the energy position of the occupied MO of individual Fy4CoPc units on hBN/Cu(111)
and on ABN/Ir(111) indicate that this state is derived from the LUMO of the free
molecule. This identification is also valid for a comparison of Fi4CoPc/hBN/Ir(111)
with CoPc/hBN/Ir(111) [114], where the observed MOs are rigidly shifted in energy with
respect to the ones shown in this section due to the fluorination. An identification of
the observed resonance with the highest occupied molecular orbital (HOMO) of the free
molecule would request a pronounced interface dipole or unrealistic values of the F16CoPcs
ionization potential. Thus, we assume electron transfer to Fi4CoPc occurring upon ad-
sorption on hBN/Cu(111), even though details of the process [152] (such as the amount
of charge transferred) are elusive to our experimental observations (e.g. no resonances
associated with singly (un)occupied MOs were identified by STS).

The effect of the local environment on the Fi5CoPc’s electronic signature, as resolved
by STS, was modeled considering electrostatic screening of the charge (added/removed
to the molecule during STS) by polarizable neighbors [124, 153|. Our model quantita-
tively agrees with the experimentally observed shifts of molecular resonance energies, even
though additional parameters, such as the inhomogeneous charge distribution within the
molecules, non-covalent intermolecular interactions, changes in adsorption geometry and
distance, as well as interaction with the buried metal substrate, are not taken into ac-
count. Accordingly, this simple model captures the key findings of the experiments, in
line with reports on related molecular systems on ultra-thin insulating supports [124, 151].

Additional and competing effects, such as a change in the local work function, induced
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by adjacent molecules or a Coulombic field due to surrounding charges yield a shift of oc-
cupied MOs towards Er with increasing number of molecular neighbors. All these effects
would shift both occupied and unoccupied molecular resonances upwards (i.e., occupied
MOs towards E, unoccupied MOs away from Ff), in contrast to screening, yielding an
inverted shift (i.e., occupied and unoccupied MOs shift towards Fr). As we could not
observe the first unoccupied MO in our experiment, we have no information of the evo-
lution of the F14CoPc’s electronic gap with increasing number of neighbors. Thus, one
cannot rule out a contribution of these effects.

Tip-induced gating, resulting in CP features in STS data of metal-organic complexes on
ultra-thin spacer layers, is well documented in literature [57, 127-130, 134, 143|. Our
results reveal how Af mapping can be applied to study complex situations with multiple
molecules charged by the electric field of a tip. Compared to template- and tip-induced
gating, as well as screening by neighboring molecules, charging of adjacent molecules was
found to exert a much smaller influence on the molecular level alignment. Such Af map-
ping experiments open pathways to explore and control charging thresholds in molecular

architectures.

To summarize, for the investigated system and the employed scan parameters, the three
investigated effects — template induced gating, tip induced gating and screening — can
cause shifts of the measured positions of the molecular resonances in the dI/dV spectra of
up to 1V on hBN/Cu(111). Each of these effects contributes additively and in an approx-
imately similar amount (~ 0.3V) to the cumulative shift. The relative contributions of
template and tip induced gating can further be tuned by using a different substrate (such
as hBN/Ir(111)) with a larger work function modulation [38], as well as by a change of tip
height and sample bias (under the constraints of a stable tip-sample junction). Moreover,
growth of additional layers of molecules is expected to further increase the screening by
molecular neighbors. The molecular response to electrostatic gating can be controlled
by the adsorption height (for molecules in additional layers, as well as by chemical func-
tionalization). Additionally, the electronic modulation in F;3CoPc monolayers on hBN
supports might result in a spatially patterned chemical reactivity (e.g. towards small
gaseous adsorbates, as it was calculated for CO) and can template the growth of thin

molecular films, as evidenced by the nucleation of second layer F14CoPc in the wire re-
gions of F15CoPc/hBN/Cu(111).
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To demonstrate the templating properties of the F14CoPc on ABN/Cu(111) and on
hBN/Ir(111) for adsorbates like CO or other tetrapyrrolic molecules, further experiments
need to be done. In addition, the growth of a well ordered monolayer of molecules needs
to be achieved, as this would lead to a larger shift of the molecular orbitals due to an

enhanced screening.
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8. Array formation of Ce-based multideckers on
hBN /Ir(111)

Metal-organic multidecker molecules on surfaces have gained a lot of interest during the
past years as these molecules can be used in applications such as organic solar cells, nano-
electronics or single molecule magnets [6, 12, 13, 27, 64, 65, 154-163]. The use of individual
spins of single molecules for data storage generated increasing interest in science as well
as in the industry. Since the molecular magnetism is influenced by the supporting metal
substrate upon adsorption induced hybridization [29], it is necessary to decouple these
molecules from the metallic substrate to study their unperturbed (magnetic) properties.
This decoupling from the metal — in this case Ir(111) — can, for example, be achieved by
a single layer of hBN, resulting in a decreased influence of the substrate on the molecule
in terms of a reduced hybridization [29, 38]. Another advantage of hBN/Ir(111) is its
moiré pattern that can be used as a template, trapping one Pc per pore-site [38, 57, 58,
114, 115], leading to an array formation of molecules with the periodicity of the moiré
superlattice (c.f. Fig.7.12).

Figure 8.1: Ball and stick model of CePcy. The two main configurations of the
CePcy are the following: the rotated one, shown in (a)/(c) with the top/side view
and the parallel one, shown in (b) and (d). In the top view of the parallel config-
uration in (b), the different types of carbon and nitrogen atoms are marked with
different colors.
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Regarding multidecker compounds, we will focus on doubledecker complexes formed by
two Pc molecules and a Ce atom in-between them. The choice of cerium as the central
metal atom of these complexes is motivated by the two different oxidation states, this
lanthanide can exhibit, 7.e., +III and +IV, influencing also the molecular magnetism.
Since the dehydrogenated Pc has an oxidation state of -II, the total CePcy can be in
a non-magnetic state, if the Ce is in the oxidation state +IV. If the oxidation state of
the cerium is +III, one electron is unpaired, inducing a spin in the molecule. The Ce-
based complexes were studied on the hBN/Ir(111) surface. Since the corrugation of the
individual Pcs in such complexes was found to be rather small [65, 76], the low Pc-Pc
interactions inside a doubledecker allows, in principle, multiple in plane rotations of the
Pcs, with respect to each other (c.f. section 10.1). Two possible configurations of this
molecule are illustrated in Fig. 8.1. In the first case the upper Pc is rotated by 45°, with
respect to the bottom one (called rotated) and in the second case both Pcs are located
on top of each other (called parallel). These two configurations will be implemented to
define the molecular structure, especially in the theoretical DF'T calculations, supporting
the experimentally obtained results. In the first experiments, pre-synthesized molecules
were evaporated onto the hBN /Ir(111) surface. For obtaining a more uniform and larger

covered surface, Ce-based multidecker molecules were also synthesized in-situ.

8.1. Adsorption of pre-synthesized CePc; molecules on
hBN /Ir(111)

The adsorbed molecules on the ABN/Ir(111) sample reveal two different appearances
(see Fig.8.2). (i) Rectangular shaped islands (Fig.8.2(a)) consisting of molecules, each
exhibiting a 4-fold symmetry (c.f. zoom-in in Fig. 8.2 (d), showing a close-up of the grey
marked area in (a) with the superimposed molecular models). Eight lobes are visible at the
edge of the molecule and a cross-like structure in its center. The apparent height of these
islands (~ 1.08 nm at the used scanning parameters, see linescan in Fig. 8.2 (e)), indicates
that they consist of CesPcs tripledeckers. The molecules arrange in a square lattice with
a periodicity of ~ 1.4nm, as it is indicated by the faint green square in Fig.8.2 (d). The
molecules itself are rotated by ~ 26° with respect to the square lattice. (ii) In addition
to the islands, individual molecular units can be observed (see Fig.8.2 (b), labeled as 1
in light-green). The apparent height of these units, adsorbed only in the pore regions of
the moiré, of ~ 0.69nm (c.f. Fig.8.2(f)), indicates that these molecular units are CePcy

doubledeckers. The appearance of the doubledeckers, at a bias voltage of |[U| > 1.0V, is
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not as sharp as for the tripledeckers, indicating that these individual molecules feature
dynamic effects at the time scale of the STM measurement. This movement could be a
rotation of the upper Pc, leading to a dounut shaped form, as it is indeed observed. The
bright outer rim is presumably a superposition of the bright lobes, which are illustrated
in Fig.8.2(d).
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Figure 8.2: Adsorption of CePcy on hBN/Ir(111). The CePcy molecules were de-
posited at 570 —580°C for 60 min onto the hBN/Ir(111) sample (the hBN monolayer
was grown as described in section 6.2), kept at 230°C. An island of CeyPcs tripledeck-
ers can be seen in (a) (U =3V, I =0.1nA). The zoom-in of the grey marked area
is shown with different contrast in (d) (U = 3V, I = 0.1nA). The ball-and-stick
models indicate the molecular orientation and the green square indicates the lattice,
formed by the tripledeckers. Individual CePcy doubledecker, adsorbed on the pore
regions of the moiré, are shown in (b) (U = 1.5V, I = 20pA). Different types of
molecules are present on the surface, labeled as 1: doubledecker (light green), 2/2*:
Pc/CePc (cyan), 3: fragment (yellow). The linescans along the blue/red dashed
lines in (a)/(b), are illustrated in (e)/(f). In the linescan in (f) the different kinds
of molecules are marked with the corresponding color. A close-up of the smaller
fragments on the surface is shown in (c) (U = 3.5V, I = 50pA). In (g) all three
kinds of molecules are shown for a negative bias voltage of U = —1V (I = 0.1nA).
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The fact that no doubledecker islands are observed indicates a stronger intermolecular
interactions between the tripledeckers, overcoming the adsorption preferences on the tem-
plating substrate. This can be implied by the increased lateral, intermolecular vdW-
interactions between the tripledeckers. The height based assignment of double- and
tripledeckers is supported by literature values for different kind of tetrapyrrole-multideckers
(see Tab.8.1).

Molecule ~ Substrate  Height [nm| Reference

ThPc,  Ag(L1l) 0.62 [157]
TbPe,  Ag(111) 0.4 [76]
TbPc, Cu(111) 0.3 [164]
TbPc,  Au(l11) 0.4 [160]
ThoPe;  Ag(11l) 0.92 [157]
CeTPP, Ag(111) 0.6 [64]
Ce,TPP;  Ag(111) 0.94 l64]
YPec, Au(111) 0.46 [165]
Y,Pe;  Au(111) 0.55 [166]
CePcy  hBN/Ir(111) 0.69 section 8.1
CesPcs  ABN/Ir(111) 1.08 section 8.1
CePcy Ag(111) 0.63 section 8.2

Table 8.1: Heights of double- and tripledecker molecules from literature and from
the experiments shown in section 8.1 and section 8.2.

Beside the double- and tripledeckers, additional species are also present on the surface,
appearing less high and showing a smaller footprint than the multideckers. Species 2 and
2* (colored in cyan) are identified as single Pc (dark center) and CePc (bright center) 76,
respectively, with an apparent height of about 0.27nm (see blue areas below the linescan
in Fig.8.2(f)). The height difference between Pc and doubledecker can be calculated to
hcepe, —hpe = 0.42nm and between double- and tripledecker to hce,pes —hcepe, = 0.39 nm,
thus corroborating the interpretation that the island in Fig. 8.2 (a) consists of tripledeck-
ers, while the individual bright molecules in Fig. 8.2 (b) are doubledeckers. The second
smaller species, labeled as 3 and colored in yellow, exhibts a comparable height as the Pc
of about 0.23nm. These molecules feature four individual lobes at the given bias voltage
of 3.5V (Fig.8.2 (c)). The size of the molecules is roughly a quarter of a single Pc, leading
to the assumption this species can be assigned to fragments of single Pcs. The reason
for their presence on the surface could be the unusual high evaporation temperature of
the CePcy doubledeckers of 580°C. At this temperature, the CePcy, molecules could break

apart and possibly fragment into units, even smaller than a Pc or a CePc. The resulting

66



8. Array formation of Ce-based multideckers on hBN/Ir(111)

fragments could be products of a decomposed Pc, as observed in mass spectrometry by
Achar et al. [66]. These fragments will be reviewed in more detail in section 9. At a
negative bias voltage, the molecules appear distinctly different (Fig.8.2(g)). The CePc
(light blue) shows now four instead of eight outer lobes and a protrusion at the center.

The CePcy (green) appears quite blurred but four lobes are discernible.
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Figure 8.3: Room temperature measurements of Ce-based multideckers on
hBN/Ir(111). In (a) an overview with multiple terraces and CeyPcs islands is shown
(U =25V, I =32pA). A close-up of such an island is shown in (b) (U = 3V,
I =32pA).

To investigate the mobility of the observed molecules, i.e., the double- and tripledeckers as
well as the fragments on the hBN /Ir(111) at temperatures higher than 5 K, the sample was
measured at room temperature. The result is illustrated in Fig.8.3. An overview of the
surface is shown in Fig. 8.3 (a) with multiple terraces and islands. The rectangular shaped
islands are identified as CeyPcj3 tripledecker islands based on their apparent height of about
1.14nm. Similar to the findings at low temperatures, the intermolecular interaction in
these islands is larger than the templating effect of the substrate. Beside the islands, the
fragments (compare species 3 in Fig. 8.2) are still present on the surface (bright features
in between the islands) and adsorb in the same positions as at low temperatures, i.e., at

the pore region of the moiré.
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Surprisingly, no CePcy doubledeckers were found on the surface. Since desorption is
unlikely at room temperature, considering the much higher evaporation temperature, one
possible explanation could be a high mobility at room temperature. A measurement of
the doubledeckers by STM would not be possible, since the STM tip would push them
away instead of scanning across them. Another explanation could be an incorporation
into the tripledecker islands. As it was shown by Hellerstedt et al., doubledecker molecules
might decompose at temperatures like the used evaporation temperature [157]. On the
surface, the decomposed parts — mainly free-base Pcs and metalated Pcs — can form again
multidecker complexes. Not only the initial doubledeckers can be formed on the surface,
but also larger complexes, like tripledeckers [157|. Therefore, an absence of doubledeckers
and the presence of mainly tripledecker complexes could be a result of the decomposition

and reformation of the Ce-based multideckers.

8.2. Adsorption of CePc; on Ag(111)

As a reference experiment to study the structure, appearance and intermolecular inter-
action, CePcy molecules were deposited onto Ag(111). Large islands can be found on
the sample (Fig.8.4), assigned to CePcy doubledecker islands, based on their apparent
height of ~ 0.63nm (see linescan). The reduced height compared to the doubledeckers
on hBN/Ir(111) might be explained by the enhanced interaction between the CePcy and
the Ag(111) [54, 167]. Those islands show the same rectangular shape as the tripledecker
islands on hBN/Ir(111) with a periodicity of ~ 1.3nm (c.f. green square in Fig. 8.4 (c)).
A dI/dV spectra, measured on the island (Fig. 8.4 (b), spot marked in with a red dot in
(a)), shows a clear signal of the lowest unoccupied resonance at ~ 1.4V. The onset at
negative bias voltages of ~ —1.7V can be assigned to the signal of the highest occupied
molecular resonance. The reference spectrum of the Ag(111) substrate in orange reveals
a faint signal of the surface state at ~ —50mV as a step-like increase in the differential
conductivity [168|. The feature at ~ —1.5V is attributed to the DOS of the tip, since
it is also observed in the spectrum of the molecular island. In Fig. 8.4 (c)-(e) individual
doubledeckers were extracted from the island by LM. This step-by-step removal is indi-
cated by the green arrows, pointing from the initial position of the molecule to its final
position after the manipulation. Here, the structure and size of a single CePcy becomes

more obvious.
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Figure 8.4: Adsorption of CePcy on Ag(111). The CePcy molecules were evaporated
at 570°C for 30 min onto the sample, kept at room temperature. In (a) an overview
of a CePcy island can be seen with the linescan along the white arrow below (U =
2V, I =0.22nA). The square lattice of the islands is indicated by the green square
in (c). At the red/orange spots on the island/Ag(111) in (a) dI/dV spectra were
taken and are illustrated in (b) as labeled. In (c) - (e) individual doubledeckers
were removed from the island by LM, indicated by the green arrows (U = 2V,
I = 0.1nA). The arrows point from the former position of the molecule to the
position, where the molecules ended up after the manipulation.

By comparing these measurements of the CePcy doubledeckers on Ag(111) with those on
hBN/Ir(111), several differences and similarities can be found: (i) On Ag(111), neither
tripledeckers nor fragments of CePcy molecules, i.e., single Pcs or the smaller fragments
(species 3 in Fig.8.2) were found. (ii) In contrast to the doubledeckers on ABN/Ir(111),
adsorbing as single molecules on the pore regions, they form islands on the bare metal.
With LM it is possible to extract single molecular units, indicating a high stability of
the complexes at low temperatures. (iii) The appearance of individual molecules in a

doubledecker island on Ag(111), exhibiting eight lobes, is similar to the appearance of
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individual molecules in a tripledecker island on ABN/Ir(111). (iv) The appearance of
the single CePcy doubledeckers on Ag(111), extracted from an island, is similar to the
appearance of the individual doubledeckers on hBN/Ir(111) in Fig.8.2 (b) as the edge of
the molecule appears as a smeared out rim and not as individual lobes, as in the islands.
(v) The height of the doubledeckers on Ag(111) is reduced by 9% in comparison to the
doubledeckers on hBN/Ir(111). These observations imply a stronger molecular coupling
to Ag(111) than to hBN/Ir(111). Nevertheless, the upper part of the molecule might
be decoupled from the substrate, for example, due to the large distance of the upper
Pc to the metal substrate, indicated by the similar appearances of the molecules in the
doubledecker island on Ag(111) compared to the appearances of the molecules in the
tripledecker islands on ABN /Ir(111), observed in section 8.1.

8.3. In-situ preparation of Ce-based multideckers on hBN /Ir(111)

In addition to the evaporation of the pre-synthesized CePcy, multideckers were pre-
pared in-situ. Similar to procedures of previous studies |64, 65|, a multilayer of 2H-Pc
molecules was deposited at 380 — 400°C via OMBE for 180 min onto the room tempera-
ture hBN/Ir(111) surface. Subsequently cerium was evaporated from a home-build cell,
containing a Ce ball enclosed by a W wire for resistive heating, into the multilayer. To
synthesize the Ce-based multidecker complexes and desorb the surplus 2H-Pc molecules,
the sample was heated to 300°C for 10 min. This procedure was monitored by XPS and
is demonstrated for the main peaks, i.e., Cls, N1s and Ce3ds/s, in Fig.8.5. The fit pa-
rameter are listed in Tab.8.2. Before fitting the components of the core level features,
measured by normal emission XPS, their background was subtracted. The background of
the Cls signal is dominated by the nearby Ir4d peak and was modeled using two Gaus-
sians and a linear slope. The N1s background was modeled by a Sigmoid step function.
The background of the Ce3d peak on hBN/Ir(111) was modeled using a cubic polynomial.
The fitting of the features was implemented by using Gaussians in a way that the width of
peaks with the same origin were fixed to be equal. The height ratio of the peaks, resulting

from the hBN layer was kept constant for all stages of the preparation.

The XPS measurement of the Cls signal of the 2H-Pc multilayer is shown in Fig. 8.5 (b). A
clear feature consisting of three individual peaks, resulting from different types of carbon
atoms in the 2H-Pc molecules, i.e., the carbons in the phenyl rings (C1) and the carbons
in the pyrrole rings (C2) (c.f. Fig.6.4(c) and Fig.8.1(b)), is observed. The peak SC2
is identified as a shake-up peak of the pyrrolic C2 peak and is located 1.67 €V higher in
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energy than the C2 peak. This assignment and the binding energy difference are in good
agreement with the energy shift of shake-up peaks found for other Pcs [169, 170]. The
ratio of the area of the two peaks Ac1/Ace = 2.6 fits the ration of 24/8, i.e., the number
of carbon atoms in phenyl and pyrrole rings, respectively (c.f. Fig. 6.4 (c), Fig.8.1(b)).

Peak Height [a.u.] Center [¢V] HWHM [eV]| Area [a.u.]

Cls: Cl1 5288.060 284.863 0.605 6815.6
2H-Pc/hBN/Ir(111)  C2 2041.640 286.350 0.605 2631.4
SC2 378.226 288.017 0.605 4875

C1 3238.560 284.863 0.605 A174.1

Cls: C2 1250.360 286.350 0.605 1611.5
Ce/2H-Pc/hBN/Ir(111)  SC2 231.637 288.017 0.605 208.5
heated C3 1318.410 285.650 0.605 1699.3

SC3 254.164 287.317 0.605 327.6

Nls: N3 2204.070 397.909 0.706 33114
hBN/Ir(111) N4 444,649 399.298 0.706 668.0

NI 885.232 400.419 0.624 11761

Nls: N2 1926.480 398.877 0.624 2559.4
2H-Pc/hBN/Ir(111) N3 282.099 397.909 0.706 4238
N4 56.911 399.298 0.706 85.5

N1 278.113 400.419 0.624 4911

Nls: N2 605.243 398.877 0.624 1068.7
Ce/2H-Pc/hBN/Ir(111) N3 298.789 397.909 0.706 840.8
heated N4 60.278 399.298 0.706 169.6

N5 1029.940 398.962 0.624 1368.3

Ce3ds : Cel 3058.470 886.633 1.845  12011.6
Ce/2H-Pc/hBN/Ir(111)  Ce2 952.788 882.617 1.845 3741.9
Ce3ds)o: heated Cel 2187.450 886.633 1.845 8590.9
Ce/2H-Pc/hBN/Ir(111)  Ce2 1132.400 882.617 1.845 44473

Table 8.2: Fit parameters of the in-situ preparation of Ce-Pc multideckers on
hBN/Ir(111). The peak labeling of the Cls and the N1s peaks is done according to
Fig.6.4(c) and Fig. 8.1 (b). The additional peak C3 stems from the interaction of
the molecule with cerium. SC2 and SC3 are shake-up peaks of C2 and C3, respec-
tively [170]. The peaks N3 and N4 result from the hBN layer (c.f. [58]). The peaks
Cel and Ce2 correspond to clustered cerium and cerium, incorporated into the Pc
macrocycle, respectively.
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Figure 8.5: XPS measurements of the in-situ growth of Ce-Pc multideckers on
hBN/Ir(111). The three important peaks, i.e., the Cls, Nls and Ce3ds,, are
monitored for the different stages of the growth: (a) — hBN/Ir(111); (b), (c) —
multilayer 2H-Pc/hBN/Ir(111); (d) — Ce/2H-Pc/hBN/Ir(111); (e) - (g) — heated
Ce/2H-Pc/hBN/Ir(111). Grey circles represent the measured data, colored areas
indicate the peak components and the sum of the fits is shown by the black solid
lines. The center of the Gaussians peaks are marked by the solid vertical lines with
the corresponding color. The fit parameters of the peaks are listed in Tab. 8.2.
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The Cls signals, resulting from the evaporation of Ce into the multilayer of 2H-Pc and the
heating induced formation of the multidecker complexes, accompanied by the desorption
of the surplus 2H-Pc multilayer molecules [65] is shown in Fig. 8.5 (e). The magnitude of
the peaks is decreased, due to the reduced amount of molecules on the surface. From the
areas of the C1 peak before and after the multidecker formation, a desorption of 40 % of
the multilayer molecules is observed. Two additional peaks appear in the Cls feature.
These peaks are labeled C3 and SC3. The latter one is the shake-up peak of C3, exhibit-
ing the same energetic distance to the main peak, as observed for the shake-up peak SC2.
This implies that the peak C3 arises from a cerium induced change in the binding energy
of the pyrrolic carbon atoms, leading to a downshift in energy of 0.7 eV. Additionally, the

ratio between the areas of main and shake-up peaks are similar, supporting the hypothesis.

In Fig. 8.5 (a) the N1s signal on the ABN/Ir(111) surface is clearly dominated by two peaks
(N3, N4), originating from the hBN layer. This occurrence of two peaks is expected, as
it was observed by Farwick zum Hagen et al. and can be assigned to the strongly and
weakly bound areas in the hBN moiré [58].

The deposition of the 2H-Pc multilayer changes the N1s signal significantly (see Fig. 8.5 (c)).
The two peaks, originating from the hBN layer, are now clearly reduced, due to the cov-
erage of the 2H-Pc. The presence of the molecules is reflected in the two additional
components N1 and N2. These two peaks can be assigned to the two different kinds of
nitrogens in the molecule, i.e., the pyrrolic nitrogens (N1) and the iminic nitrogens (N2)
—c.f. Fig.6.4 [171-173|. The ratio of the areas Ans/An1 = 2.6 fits the expected ration of
6/2, i.e., the number of iminic N with respect to the number of pyrrolic N.

The evaporation of cerium and the metalation of the 2H-Pc induce several changes in the
N1s signal (see Fig.8.5(f)). The peaks, originating from the supporting ABN layer, are
increased, since the thickness of the covering molecular layer is decreased. The molecular
peaks N1 and N2 are both decreased, partially caused by the desorption of the surplus
multilayer 2H-Pc, but also due to the metalation by cerium. In this metalation process
the inner hydrogen atoms are replaced by one metal atom, in this case cerium. This re-
sults in the emergence of peak N5, located energetically in between N1 and N2 [171-173|.
The presence of the N1 peak indicates that unmetalated 2H-Pc is also still present on the
surface. The decrease of peak N2 can also be explained by the metalation. Since four
nitrogen atoms per Pc bind to the inner Ce atom in Ce-based multideckers, the number
of coordinated nitrogens in the center is doubled in comparison to 2H-Pc. Thereby, the

number of iminic nitrogens (N2) is reduced by two per Pc. The energetic position of peak
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N5 at ~ 399¢V, originating from the metalated nitrogen atoms, is in accordance with
other values of metalated tetrapyrrole-like molecules, found in literature [18, 23, 26, 171
174]. From the areas of the peaks N1 and N5, the amount of the Ce-based multideckers
on the surface, with respect to the total number of Pc molecules, can be estimated to be
Ans/[2 - An1 + Ans) = 60 %.

The Ce3ds,, signal in Fig. 8.5 (d) reveals a clear feature composed of two peaks Cel and
Ce2. Overview spectra (not shown here) reveal the positions of the Ce3ds/, and Ce3ds)s
peaks at binding energies of ~ 886 eV and ~ 905 eV, respectively, indicating an oxidation
state of +III (c.f. [175]). Upon heating, the heights of the Cel and Ce2 peaks change
in a way, that the Cel peak is reduced and the Ce2 peak is increased in intensity (c.f.
Fig.8.5(g)). This change in intensity indicates that the Ce2 peak can be assigned to
cerium, incorporated in the molecules, since the amount of metalated molecules should
increased upon heating. The Cel peak could stem from clustered cerium. Upon heating,
the cerium clusters could be partially involved in the metalation process but most of it
could form even larger clusters. These cerium clusters can influence the molecules in a way
that the binding energy of the pyrrolic carbon atoms is changed, yielding an explanation
for the rise of the C3 peak. Regarding these measurements, the synthesis of Ce-based
multideckers is likely to be successful. Nevertheless, since XPS is a surface-averaging
technique, STM measurements are needed to confirm and characterize the synthesis of
the Ce-based multideckers.

8.4. DFT calculations and STM simulations of CePc; on
hBN /Ir(111)

To support the experimental findings and get insights into other properties of the dou-
bledecker molecules, like structure, adsorption energy or magnetism, DFT calculations
were performed on the rotated and the parallel version of the CePcy (c.f. Fig.8.1). The
projector-augmented plane wave method [144] and a plane wave basis set with maxi-
mum kinetic energy of 400eV were used. The structures were relaxed until the acting
forces were smaller than 0.05eV/ A and the energy-change was less than 1 peV. The PBE
exchange-correlation potential [94] (implemented in VASP [97, 145, 146]) was employed.
Long-range vdW interactions were included, as proposed by the DFT-D3 approach of
Grimme et al. [147]. The optimization was enforced at the gamma point of the Brillouin

zone. The f-electrons in the Ce were treated with the local spin density approximation
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(LSDA), including on-site Coulomb interactions (LSDA+U), increasing the energy barrier
for electron fluctuations in the d and f-orbitals by the value of U. The specific method,
introduced by Dudarev et al., was used [176]. In the gas phase, the molecules were calcu-
lated in a tetragonal unit cell with a size of a x bx ¢ = (25 x 25 X 20)A3. The adsorption of
the doubledeckers on the ABN/Ir(111) surface was calculated in a hexagonal cell, defined

in real-space by the three vectors

29.862 —14.931 0
a= 0 A, b= | 25861 | A, c= 0 A
0 0 928.650

Calculations of the molecules in gas phase reveal, that both configurations (rotated and
parallel) are quite similar in energy, but the rotated CePcy, with a ground state energy
of Eprot,gas = —838.214 €V, is about 0.5 eV more stable than the parallel one (Ep para,gas =
—837.780€V). For both molecules an on-site Coulomb interaction of U = 8¢eV was used.
This value was determined by relaxing the molecule for different values of U, yielding
U = 8¢eV to be the value with the lowest ground state energy of the relaxed molecules.

The structure of both configurations is shown in Fig. 8.1.
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Figure 8.6: Top view on the color-coded representation of the magnetization of
the individual atoms in the CePcy molecules. The rainbow-like colorbar shows the
magnetization of the ligands. The magnetization of the central cerium atom, colored
in black, is not covered in the colorbar and amounts to ~ 1 ug.
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The height of the molecules, calculated by taking the difference between the averaged
z-coordinate of the four inner N atoms of the top and the bottom Pc as indicated
by the index N4, similar to the labeling in [177], is given by Ah.en4a = 0.309 and
Ahpgra,va = 0.302nm. This value is quite consistent with the experimentally measured
height difference hce,pe; — hcepe, = 0.39nm. The corrugation of the ligands (top and
bottom Pc) of both molecules is Ahp. = 0.05 nm.

The molecules have a magnetic moment of Myt gas = 1.51 ptp and Mpara gas = 1.49 1. As
illustrated in the top view on the two different configurations of the molecule in Fig. 8.6,
the spin is located at the ligands as well. The rainbow-like colorbar covers the magnetiza-
tions of the ligands, ranging from —0.01 up (N atoms, dark blue) to 0.04 up (inner pyrrolic
C atoms, dark red). The magnetization of the central cerium atom, colored in black, has
a much larger value of ~ 1 ug, that is not covered by the colorbar. The magnetization
decreases with increasing distance from the molecular center.

Subsequently, the hBN/Ir(111) support was added to the model. The relaxation of this
substrate was performed as described in detail in Appendix A. The molecules were ad-
sorbed in a way that the central Ce-atom is positioned vertically above the reactive
B atom of the pore of the moiré, i.e., the closest atom to the underlying Ir(111) sub-
strate. Furthermore, one of the main molecular axis of the bottom Pc is aligned with
the high symmetry direction of the moiré and therefore also with the hBN lattice, shown
in Fig.8.7. The hBN layer is colorcoded to indicate the height in the z-direction (blue:
far from Ir, red: close to Ir). Two different colors (green/yellow) indicate the two differ-
ent Pc planes (top/bottom). From the ground state energies of the systems of the two
adsorbed molecules (Egot,ads = —6567.420 €V, Ep paraads = —6567.050€V) the adsorption
energies can be calculated by AE .qs = Foxads — Erpn/ira11) — Eoxgas and amount to
AE ot ads = —3.795e¢V and AEjuraadas = —3.860€V. As for the gas phase calculation an
on-site Coulomb interaction of U = 8V was used. The magnetization on the adsorbed
CePcy molecules (Mot ads = Mparaads = 1.17 pp) is reduced compared to the gas phase. As
in the gas phase, the magnetism is mainly localized on the cerium atom, but now only the
upper Pc shows a small magnetization, causing the reduction of the total magnetization.
The energy difference of the ground states of the two adsorbed molecules of ~ 0.4€eV is
interesting, concidering the fuzzy appearance in STM (c.f. Fig.8.2). The energy bar-
rier, separating these two states, could be overcome by an excitation, induced by STM,
presumably resulting in a rotation of the upper Pc (c.f. section 10.1). This induced
switching between the parallel and the rotated configuration could be the reason for the

blurred appearance, observed in Fig. 8.2.
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Figure 8.7: Structure of the two different CePcy adsorbed on hBN/Ir(111). In
(a)/(b) the top view is shown and in (c)/(d) the side view of the rotated/parallel
CePcy. The colorcode of the hBN indicates the height in z-direction (blue — far from
the Ir, red — close to the Ir). The two different colors of the molecules are assigned
to the top (green) and the bottom (yellow) Pec.

Based on these relaxed structures of the adsorbed doubledeckers on the ABN/Ir(111) sup-
port, STM simulations were performed with an algorithm, based on the theory of Tersoff
and Hamann |70, 178|, introduced by Lorente and Persson [179, 180]. The simulations
were periodically extended by a factor of three in both in-plane lattice directions of the
moiré cell.

The STM simulations in Fig. 8.8 (a)-(d) show the two molecules for two different bias
voltages, i.e., +1.5V (left column) and —1.5V (right column). In addition, the super-
position, i.e., the average of the simulations of the two different molecules, for these two
bias voltages can be observed in Fig.8.8 (e),(f). At a positive bias voltage, eight lobes
emerge at the edge of the molecule and a cross-like shape in the center of both the ro-
tated and the parallel molecule (c.f. Fig.8.8(a),(c)). This appearance is very similar to
the experimentally measured appearance of molecules in tripledecker islands (Fig. 8.2 (a))
and doubledecker islands (Fig.8.4). By comparing the simulation with the appearance
of the measured individual CePcy doubledeckers in Fig. 8.2 (b), it can be noted that the
molecules in the experiment appear much more blurred. However, the simulation of the

superposition of rotated and parallel CePc, appears more similar to the measured, in-
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dividual CePcy doubledeckers on hBN/Ir(111). At negative bias voltages, the parallel
and the rotated molecules show only four outer lobes and a depression in the center (c.f
Fig.8.8(b),(d)). These four lobes were also observed experimentally for a single CePcy in
Fig.8.2(d). Nevertheless, the doubledecker is very blurred in the STM image, implying

that a rotation of the molecule can not be excluded.
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Figure 8.8: STM simulations of CePcy on hBN/Ir(111). In the left column the
simulations for the tunneling conditions of U = 1.5V, [ = 0.1 nA are shown for
the molecules indicated on the left. The right column shows the simulations for
U= —15V, I =0.1nA. The simulations in (e) and (f) show the superposition of
the parallel and the rotated CePcy for the corresponding bias voltages.
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From these observation one could conclude that in individual CePcy on the hBN/Ir(111)
surface a rotation of the upper Pc can be induced, causing the blurred appearance in the
STM images. In contrast to this, the rotation of the upper Pc of the molecules in islands,
both double- and tripledecker islands, is stabilized and the molecules show at positive bias

voltages the typical appearance of the eight outer lobes.

8.5. Summary and outlook

A successful evaporation of intact CePcy doubledecker molecules on ABN/Ir(111), as well
as an in-situ growth of Ce-based multideckers was achieved.

On the ABN/Ir(111) surface the molecules can be found in two different configuration, i.e.,
in rectangular shaped CesPcs tripledecker islands and as individual CePcy doubledeck-
ers, adsorbed in the pores of the hBN/Ir(111) moiré. The assignment to double- and
tripledeckers was achieved by measuring the height of the structures and comparison with
literature values (c.f. Tab.8.1). The appearance of CeyPcsy molecules in the island is
quite clear in STM, while the individual CePcy molecules are very blurred. This could be
explained by a rotation of the upper Pc of the doubledecker. This hypothesis is supported
by DFT calculations, showing a difference in the ground state energies of the two different
CePcy configurations on the ABN/Ir(111) surface of 0.4eV. The STM images, acquired
at a bias voltage of |U| > 1V (see Fig.8.2) might show the molecules with an induced
rotation. Beside the CePcy and the CeyPcs, fragments of those are also found on the
surface, i.e., Pc, CePc and smaller molecules, identified as a quarter of a Pc. These small
fragments are observed on the hBN/Ir(111) surface also at room temperature.

On the Ag(111) surface the molecules arrange in rectangular shaped CePcy doubledecker
islands, where it is possible to remove individual molecules from this arrangement. Also,
in this case, the appearance of the molecules in the island is rather sharp and similar to
the appearance of the tripledecker islands on ABN/Ir(111). The absence of fragments of
the CePcy complexes might be explained by a purification by degassing of the molecules
between the experiments.

Beside the evaporation of pre-sythesized CePcy molecules, the in-situ preparation of Ce-
based multideckers was executed on ABN/Ir(111). For this, a multilayer of 2H-Pc was
deposited on the surface. Subsequently, cerium was evaporated into the multilayer fol-
lowed by an annealing to 300°C, in order to metalate the molecules and to desorb the
multilayer molecules [64, 65]. The XPS spectra of this procedure provided evidence for
the metalation. Nevertheless, the Ce3ds/, signals, as well as the N1s signal, indicated that

cerium, not included in the metalation process, as well as unmetalated 2H-Pc molecules,
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are still present on the surface. Therefore, the Ce to Pc ratio needs to be adjusted system-
atically in future experiments, to obtain a fully reacted layer of Ce-based multideckers. In
Addition, a microscopic surface analysis by STM/AFM seems mandatory to clarify the
situation.

To support the experimental results, the molecules were modeled with DFT. These cal-
culations in the gas phase and for the adsorption on ABN/Ir(111) yield properties, for
example, the ground state energy, magnetism or the structure. The obtained magnetism
of the doubledecker complexes is in agreement with the experimentally obtained oxidation
state of +III of the cerium. By comparing the simulated STM images with the experi-
mentally observed images, similarities could be found with the molecules in the islands.
The blurred appearance of the single CePcy molecules in STM could be explained by a
rotation of the upper Pc molecule, induced by STM, due to the small difference in the
ground state energy of ~ 0.4eV and a possibly low energy barrier between these two
states.

For a complete understanding of the molecules, additional measurements are necessary.
To achieve a full array of individual doubledeckers on the ABN/Ir(111) moiré, a larger
amount of molecules needs to be evaporated, while the amount of fragments needs to be
reduced, as they could hinder the adsorption of the doubledeckers.

Alternatively, one could use the approach of in-situ growth of the Ce-based multideckers
on hBN/Ir(111). In addition to the surface averaging XPS measurements, STM measure-
ments of the surface are also required. A disadvantage of the in-situ growth could be the
enhanced formation of multidecker islands instead of individual Ce-based multideckers at
the pores of the moiré due to the enhanced intermolecular interactions with increasing
size (c.f. [65]).

Important for further investigations with STM/AFM is the measurement of individual
doubledeckers at low or even at zero bias voltage, to check whether the appearance changes
below a certain bias voltage, thus supporting the hypothesis of the STM-induced rotation
of the upper Pc.

After the structural classification, spectroscopic investigations are required to be per-
formed by (spin-polarized) STS to obtain information regarding the electronic and mag-
netic properties of the doubledeckers. This information is crucial for future applications
such as single molecular magnets for data storage [158, 181], light harvesting materials

for solar cells [4, 6] or molecular building blocks for nano-electronics [155, 182].
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9. Functionalization of hBN/Ir(111) by
diiminoisoindoline

As it was shown in the previous section, hBN on Ir(111) is a suitable template for the
separate adsorption of individual molecules [38, 114|. By functionalizing this insulating
layer with molecules on the surface, new properties, like (photo-)catalytic reactivity or en-
hanced electric or thermal conductivity can emerge due to the added functional molecules
[183]. Here, functionalization means a periodic, covalent binding of additional molecules
to the hBN layer. Nevertheless, such a functionalization is not as easily achievable as
on graphene, most probably due to the inert nature of hBN. It was reported that hBN
and boron nitride nano tubes can be functionalized by oxygen and nitrogen radicals [184—
188]. Sainsbury et al. observed a functionalization of BN with nitrene radicals in solu-
tion [184]. The covalent bonding between the ABN sheet and the molecule was achieved
via B-N bond formation. Since the results in the reported studies are all based on surface
averaging techniques, a microscopic analysis of the functionalization of ABN is lacking.
In this section, the functionalization of ABN /Ir(111) by diiminoisoindoline (CgN3Hy7, short
2I1T) will be demonstrated. The choice of this molecule was motivated by the observation
of small units in section 8 (c.f. species 3 in Fig.8.2), tentatively assigned to Pc fragments
[66]. Since these fragments seem to be stably adsorbed in the pores of the hBN/Ir(111)
moiré even at room temperature, despite their small mass and their naively assumed
vdW-interaction with the supporting ABN, these molecules could thus be able to func-
tionalize the hBN-layer. The 2III will be used as a model system for these fragments,
since their appearance might indicate, that these fragments are about a quater of a Pc
(c.f. Fig.8.2(c)). 2III is a molecule, composed of a phenyl ring attached to a pyrrole, at
which two more NH groups are bound to the carbon atoms next to the pyrrolic nitrogen
(c.f. inset in Fig9.1).

The adsorption and modification of the molecules on the surface will be studied with
STM and XPS as well as DFT calculations, supporting the experimental findings with

the computation of ground state energies and simulations of STM images.

9.1. Adsorption of 2IIT on hBN/Ir(111)

To get insights into the interaction of the 2III with the ABN and to demonstrate that
the Pc-fragments are derived from 2111, the molecules were deposited on the hBN /Ir(111)

surface, prepared in the same way as described in section 8.1. The evaporation of 2111
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was monitored with mass spectrometry, shown in Fig.9.1. At evaporation temperatures
T > 110°C a peak at m = (145.3 & 0.1)u evolves, matching the mass of 2III given
by mom = 145.2u [189]. The spectra were corrected by subtraction of a background
spectrum, measured with a closed evaporator, while the molecules were kept at 110°C
and subsequently fitted with Lorentzians. In the spectra at higher temperatures, i.e.,
T > 110°C, the height of the peak increases. This increased intensity indicated a higher
evaporation rate of still intact 2III molecules. Based on these measurements, an evapo-

ration temperature of 110 — 115°C was used in the following experiments.
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— T =122°C
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Figure 9.1: Evaporation of 2I1I measured by mass spectrometry for different evap-
oration temperatures. Each spectra was corrected by subtraction of a background
and fitted with a Lorentzian. For all fitted peaks the same width was used. The
inset shows the molecular structure and its relation to a Pc. The different types of
atoms are labeled: C1 — carbon atoms in phenyl, C2 — carbon atoms in pyrrole, N1
— iminic nitrogen, N2, pyrrolic nitrogen.
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Figure 9.2: Adsorption of 2111 molecules on hBN/Ir(111). The 2I1I molecules were
evaporated at Tr,o = 110°C for 20's onto the room temperature hBN/Ir(111) sample

and adsorb in the pore regions of the moiré, which appear as protrusions at the bias
voltage of U = 0.5V (I =0.1nA).

The 2111, deposited on hBN/Ir(111) at room temperature, can be seen in Fig.9.2. The
molecules prefer to adsorb in the pore regions of the moiré¢ of hBN/Ir(111) — shown as
protrusions at a sample bias voltage of U = 0.5V — presumably, due to the lowered work
function in this regions [38, 55, 57, 190].

By taking a closer look at an individual molecule, one can see a bias-dependent appearance
(see Fig.9.3). At positive voltages of U > 1.1V, four lobes can be observed, which could
be identified with the benzene ring on the one side (two smaller lobes) and with the
diiminopyrrole on the other side (two larger lobes) as discussed later in section 9.7. At
negative bias voltages the molecule appears as one bright protrusion. The apparent height
of the molecule, illustrated in Fig. 9.3 (m), varies with the bias voltage. It increases from
0.19nm at —1.1V to 0.26 nm at 1.3V, matching the height measured in Fig. 8.2.
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Figure 9.3: Bias-voltage-dependent appearance of 2I11/hBN/Ir(111). The bias
voltages in each image in (a) - (1) are labeled (I = 0.1nA). The apparent heights
are measured for each voltage along the grey line indicated in (1) and are shown in

9.2. Irreversible modification of single 2IIT on hBN/Ir(111)

By measuring the electronic structure of the 2III/ABN/Ir(111) via STS at the center of
the molecule, a jump in the current can be detected at ~ 1.97V. The spectrum was
measured from —1V to +2V. The drop in the current, as well as in the dI/dV signal,

can be observed in Fig.9.4 (b),(c) and can be assigned to a irreversible modification of
the 21III.
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Figure 9.4: Irreversible modification of 2III by STS. In (a) and (d) STM images
before and after the modification of molecule 1 are shown (U = —1V, I =0.1nA).
In (b)/(e) the corresponding I(V) spectra and in (c)/(f) the corresponding dI/dV
spectra are plotted (Ugan = —1V, Igap = 0.1 nA). Those spectra were taken at the
spot, marked with black crosses in (a)/(d), respectively. In the spectra in (b) and
(c) a drop in intensity at ~ 1.97 V is detected and assigned to the modification of the
molecule. A change in the molecular appearance at U = —1 V is not observed after
this modification. The same procedure is shown for a second molecule in (g)-(1).

In a second spectra, measured at the same position as the first one, a jump was not
detectable (c.f. Fig.9.4 (e), (f)). Now, the dI/dV spectrum shows a broad peak at ~ 1.3V
and a spectroscopic feature at ~ —0.65 V, which could be assigned to the LUMO,/HOMO
of the molecule, respectively. The step-like increase at ~ —0.3V originates from the

Ir(111) surface state [191]. Both step-like features at negative bias voltages are observed
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in the spectra, recorded prior to modification, but are not visible in comparison to the
high amplitude of the feature at positive bias voltage. In contrast to the change in the
spectrum, no difference in appearance at a bias voltage of U = —1V is observed, revealing
the presence of the features at negative bias voltages before and after the modification.
The same behavior was reproduced for other 2III molecules, as, for example, illustrated
in Fig. 9.4 (g)-(1).

9.3. Temperature stability of the bond between 2111 and hBN

To study the temperature stability of the binding between 2III and ABN/Ir(111), XPS
measurements were conducted. For this purpose the Cls and the Nls features were
investigated on bare Ir(111) and on hBN/Ir(111) (see Fig.9.5). The fit parameters are
listed in Tab.9.1.

Peak Height |a.u.] Center [eV] HWHM [eV] Area [a.u.

Cls: C1 268.712 284.759 0.913 522 .42
2111/Tr(111) C2 184.951 286.370 0.913 359.58
Cls: C1 1686.300 285.896 0.710  2549.11
2I11/hBN/Ir(111)  C2 339.076 287.884 0.710 512.57
N1s: N1 226.544 398.895 0.813 392.28

2111 /Tr(111) N2 39.390 400.458 0.943 79.08
N1s: N3 3224.030 398.064 0.707  4854.29
hBN/Ir(111) N4 539.308 399.635 0.707 812.01
N1 1731.850 398.312 0.711  2621.62

Nls: N2 528.801 399.855 0.711 800.48
2I11/hBN/Ir(111) N3 T78.772 398.064 0.707  1172.56
N4 130.271 399.635 0.707 196.14

Table 9.1: Fit parameters of the XPS measurements of 2III/Ir(111) and
2[11/hBN/Ir(111). The peaks C1 and C2 origin from the two carbon atoms in
the phenyl/pyrrole ring of the molecule, respectively. Peak N1/N2 stem from the
iminic/pyrrolic nitrogen, as labeled in Fig.9.1. The peaks N3 and N4 result from
the hBN layer (c.f. [58]).
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Figure 9.5: XPS masurements of the Cls and the Nls signal on different surfaces.
The 2I11 molecules were evaporated at 115°C for 1 min onto the room temperature
samples. The monolayer hBN/Ir(111) was prepared as described in section 6.2. The
spectra were recorded in 70° grazing emission. (a), (b) — 2III on Ir(111); (c) —
hBN/Ir(111); (d), (e) — 2III on hBN/Ir(111). The backgrounds of the spectra,
modeled as described in section 8.3, were subtracted before fitting. The grey circles
show the measured data, the labeled, colored areas represent the peak components
and the black solid lines resemble the sums of the fits. The center of the fitted
Gaussians are indicated by the solid colored lines.

As a reference, the XP-spectra of 2111 were measured on Ir(111) (see Fig. 9.5 (a),(b)). The
Cl1s feature of the multilayer of 2III molecules on Ir(111) can be modeled with two Gaus-
sians (C1 and C2), originating from two different kinds of carbon atoms in the molecule,
i.e., the carbons in the phenyl (C1) and the carbon atoms in the pyrrole ring (C2) (c.f.
inset in Fig.9.1). The peak positions at 284.8 eV and 286.4 ¢V match the ones, observed
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for the C1 and C2 peaks of the 2H-Pc¢ multilayer on ABN/Ir(111), measured in section
8.3, indicating that the binding of the carbon atoms in the 2III is similar to the binding
of those in 2H-Pc. The ratio of the areas of these two peaks should be 6/2, i.e., the ratio
of the number of the different carbon atoms in the molecule. However, this ratio is given
by Aci1/Ace2 = 1.5. An explanation could be, that the carbon atoms in the molecule bind
differently in the multilayer, compared to the monolayer.

On hBN/Ir(111), the Cls signal can again be modeled by the two components C1 and
C2 (c.f. Fig.9.5(d)). From the area of the peaks, a coverage, larger than one monolayer,
can be estimated. The intensities and the peak position changed significantly compared
to the 2I11/Tr(111) measurements. The peaks shift both upwards as it could be expected
[54, 167|, but the magnitude of the shift (C1: 1.1eV, C2: 1.5€V) is rather large. Also
the ratio of the peak areas changed drastically and amounts to Ac1/Ace = 5.0. This
difference to the expected value of 6/2 could again be explained by the different binding

in the multilayer compared to the monolayer.

The Nls signal of 2III/Ir(111) in Fig.9.5(b) was fitted with two Gaussians (N1 and
N2) originating from the two different types of nitrogen, i.e., iminic and pyrrolic N,
respectively. The peak positions of 398.9eV and 400.5 eV match also those of the N1 and
N2 peaks, observed for the 2H-Pc multilayer on hBN/Ir(111) in section 8.3. The ratio of
the peak areas of Ani/Ane = 5.0 is 2.5 times larger, than it should be from the ratio of
iminic to pyrrolic nitrogens (2/1). An explanation could be as well the different binding
in the 2III multilayer compared to the monolayer.

For the N1s signal of hBN/Ir(111) a prominent feature is observed, consisting of two peaks
(N3 and N4), resulting from the strongly and weakly bound areas of the moiré [58] (c.f.
Fig.9.5(c)).

Due to the adsorption of 2III, this N1s signal changes (Fig.9.5(e)). In addition to the
two components of the hBN layer (N3 and N4), two peaks, resulting from the 2111, were
observed. The intensity of N3 and N4 is drastically reduced due to the 2III overlayer.®
The energetic shift of the molecular peaks N1 and N2 towards lower binding energies
(N1: 0.6eV, N2: 0.7¢V) is in accordance with the shift of the N1s core level of other
tetrapyrrole-based molecules for a compared adsorption on metal and ABN [54, 167|. The
ratio between the areas of the two peaks — on this substrate given by Ani/Ane = 3.3 — is

closer to the expected value but still exceeds the ratio of 2/1.

5This reduction in intensity is enhanced by the use of a grazing emission angle of 70°.
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Figure 9.6: XPS measurements of the thermal stability of 2II11/hBN/Ir(111). The
spectra of the Cls in (a) and of the N1s in (b) are plotted for different temperatures,
indicated along the y-axis. The intensity, a function of the binding energy (x-axis)
and the temperature (y-axis), is color coded, as the color bars indicate. The relative
changes at each temperature step, with respect to the previous step, are illustrated
in (c) and (d). The vertical colored lines represent the fitted energetic positions of
the peak components of Fig. 9.5 (d),(e).

The temperature stability of the bond between 2I1I molecules and hBN /Ir(111) was stud-
ied by annealing the sample in 100°C steps from room temperature (25°C) to 700°C for

5min at each step. After each heating step, the sample was checked with XPS at room

temperature. The result is illustrated in Fig.9.6. The horizontal bars, separated by white

lines, represent one measurement at the temperature indicated along the y-axis. The

intensity at the corresponding binding energy (x-axis) is color coded as indicated by the
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color bars on the right. The vertical, dashed lines indicate the fitted positions of the
peak components highlighted in Fig.9.5(d),(e). It can be observed that the Cls signal
in Fig.9.6 (a) decreases with increasing temperature and is strongly reduced after heat-
ing to 500°C. The difference in intensity, with respect to the spectrum of the next lower
temperature step, is illustrated in Fig. 9.6 (c). The strongest reduction in intensity of the
Cls signal at 285.9¢eV, i.e., the energetic position of peak C1, is observed at T" = 400°C,
which could be assigned to the desorption of the multilayer 2I1I molecules. The molecules
in the monolayer, which bind stronger to the substrate, desorb at higher temperatures
(~ 500°C).

The Nls signal in Fig.9.6 (b) doesn’t change significantly up to 400°C, better visible in
the intensity difference in Fig.9.6 (d). For higher temperatures the onset towards higher
binding energies of the feature decreases (blue color in (d)). At the same time the onset
towards lower binding energies of the feature gains intensity. Since the peak positions of
the molecular nitrogens (N1 and N2) are close to the positions of the peaks originating
from the hBN layer (N3 and N4), it is difficult to differentiate between a change in the
binding energy of the molecule, caused, for example, by a modification, and a reduction
in the coverage (c.f. Fig.9.6(c)), leading both to a shift in intensity. Nevertheless, the
change in the spectra at temperatures, up to 400°C can be attributed to a desorption of
the 2III multilayer molecules. The reduction of the molecular peaks at higher tempera-
tures seems to be compensated by the increasing peaks originating from the hBN layer.

Thus, a prominent change is not clearly visible.

These temperature dependent measurements reveal a strong binding of the 2I1I molecules
to the hBN/Ir(111) substrate. The molecules are present on the surface up to a tem-
perature of 500°C. This is quite astonishing, considering the evaporation temperature of
110°C (see Fig.9.1) and desorption temperatures of other small w-conjugated molecules
on surfaces [192-194].

9.4. Dimer formation on hBN/Ir(111)

Since the 2III are stable on the surface for temperatures up to 400 — 500°C, the molecules
were measured in STM after heating the low covered 2I11/hBN/Ir(111) sample of Fig. 9.2
to 410°C for 5min in order to observe if the molecules change upon heating. As a result,
the molecular coverage did not change significantly, which could support the hypothesis

that up to 400°C only multilayer 2111 desorb, as discussed for the XPS measurements in
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section 9.3. In addition, some molecules accumulated in pore regions, shown in Fig.9.7.
For a bias voltage of —1.0V the monomer molecules in Fig.9.7 (a) appear unchanged
as single protrusions (c.f. Fig.9.3). In addition, there is a new species appearing more
elongated and exhibiting two protrusions. This can be observed better in Fig.9.7 (b)
and in the zoom-ins in Fig.9.7 (c)-(f) by measuring these molecules at a bias voltage of
+1.5V. The molecule m® in Fig. 9.7 (f) has four lobes, as it was observed in Fig. 9.3. This
molecule is identified as a monomer. The molecules d®-d() show a different appearance.
Molecules d® (Fig.9.7 (c)) and d® (Fig.9.7(d)) look quite similar by exhibiting two
rows of three lobes each. The protrusions in the center of each row are the ones with
the highest intensities. Molecule d tends to have a point symmetry with respect to its
center. The appearance of molecule d) (Fig.9.7 (e)) deviates from the appearance of
molecules d® and d/. The lobes are ordered from left to right in alternating columns
of two and one individual protrusions (: - : -). The central single protrusion between the

double-protrusions shows the largest apparent height.

Figure 9.7: Dimer formation of 2III on hBN/Ir(111) by heating the sample to
410°C for 5min. In (a) an overview image is shown at the tunneling conditions
of U = =1.0V, I = 0.1nA. (b) shows the same area at a different voltage of
U=+15V, I =0.1nA. Zoom-ins of the molecules dV-d®) and m", labeled in (a)
and (b), can be seen in (c)-(f) (U = +1.5V, I = 0.1nA). The molecules show two
different appearances, i.e., four lobes, as it was seen before for the single molecules
(c.f. Fig.9.3) and six lobes. Molecules with the latter amount of lobes are identified
as 2I1I-dimers.

A possible explanation for these different species is a dimerization of the 2III molecules
due to the elevated temperature during heating. Since the appearance of the observed
dimers in Fig. 9.3 varies, different configurations seem to be possible, as it will be dis-

cussed in the following section.
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In STS reproducibly no modification of monomers could be observed after heating the
sample to 410°C, as it was measured in Fig. 9.4. In combination with the measurements
in Fig. 9.6 on might propose that the irreversible modification, induced by the change of
the bias voltage in STS, can also be achieved by heating.

9.5. Adsorption of 2III on a submonolayer hBN /Ir(111)

The binding energy of molecules on metals is usually higher than on ABN, resulting in a
higher molecular coverage on the bare metal, if the molecules are able to diffuse from an
hBN island to the metal. If the interaction between the molecule and the ABN is large
enough, the diffusion will be reduced, i.e., the molecule will stick to the hBN surface.
This interaction between the 2III and the hABN substrate will be analyzed by adsorbing

the molecules on a submonolayer of ABN/Ir(111) at room temperature.

Figure 9.8: Adsorption of 2III on a submonolayer hBN/Ir(111). The molecules,
evaporated at 120°C for 30s onto the 0.6 ML hBN/Ir(111) surface at room tem-
perature, can be found on both hBN and Ir(111). The submonolayer hBN/Ir(111)
sample was prepared as described in section 6.2. The different regions and terraces
of the STM image in (a) (U =1V, I =0.2nA) are sketched in (b).

The surface, covered with ~ 0.6 ML hBN;, is shown in Fig. 9.8 (a). The molecules adsorb
on the ABN as well as on the bare metal surface (the different areas are sketched in (b)),
meaning that the binding energy of the molecules to the hBN is at room temperature,
high enough to avoid diffusion onto the metal. On the metal surface, only the bright

protrusions, marked by white circles, are 2III molecules, while the rest is contamination
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of the metal substrate (see Fig.9.8(a)). The measured densities of molecules on the two
different substrates are porri/ie(111) = (0.04740.005) nm 2 on the metal and P2IT1/BN/Ir(111) =
(0.044 £ 0.009) nm 2 on the ABN, meaning the coverage of molecules on both substrates

is roughly the same and adsorption is not preferred on either of them over the other.

9.6. DFT calculations of the molecular energies

To get a better understanding of the 2III in gas phase and of the molecular adsorption on
hBN/Ir(111), DFT calculations were conducted. For this, the projector-augmented plane
wave method [144] was used with a plane wave basis set with maximum kinetic energy
of 400eV. The convergence criteria were set to 0.05eV/ A for the acting forces and 1 neV
for the energy changes. The PBE exchange-correlation potential [94], as implemented in
VASP (97, 145, 146|, was employed and long-range vdW interactions were included by
the DFT-D3 approach, proposed by Grimme et al. [147]. The optimization was done
at the gamma point of the Brillouin zone. The calculations of the gas phase molecules
were performed in an tetragonal cell with a size of a x b x ¢ = (22 x 22 x 12) A, The
adsorbed molecules on hBN/Ir(111) were calculated in a hexagonal cell, defined be the

three vectors

29.862 —14.931 0
a= 0 A, b=| 25861 | A, c= 0 A
0 0 928.650

The energy levels of different modifications of the 2III molecule, i.e., the monomer (M),
radicals (R1, R2), biradicals (B1, B2), triradical (T) and dimers (D1 - D3), were cal-
culated for three aspects, i.e., the relative gas phase energy, the adsorption energy on
hBN/Ir(111) and the formation energy on hBN/Ir(111). These energies are indicated as
horizontal lines — with the corresponding model of the molecule next to it — in Fig. 9.9
and listed in Tab. 9.2. The monomer M is the initial molecule, whose energy is set to 0 eV,
shown in Fig.9.9 (a) and (c). For the formation of a radical by removing one hydrogen,
two configurations are possible. The first possibility is the removal of one hydrogen of the
iminic nitrogens, resulting in the radical R1 and the second possibility is the removal of
the hydrogen of the pyrrolic nitrogen, resulting in radical R2. The removal of a second
hydrogen results again in two possible configurations: biradical B1 (only one iminic N
binds to an H) and biradical B2 (only the pyrrolic N binds to an H). Removing the last

hydrogen bound to a nitrogen results in the triradical T.
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Based on these building blocks, numerous variations of dimers are possible. The most
probable ones are the dimers D1 - D3 (see models in Fig.9.9). Dimer D1 is formed by
attaching two biradicals B1 with the unsaturated nitrogens together, while the two re-
maining iminic nitrogens point into opposite directions, i.e., outwards of the resulting
molecule. Dimer D2 is also composed of two biradicals B1, where the remaining iminic
nitrogens are located on the same side of the resulting dimer. For dimer D3 two triradicals
T are attached “head-to-head” with the unsaturated nitrogens.

For a better comparison of the calculated energies, the amount of atoms in each calcula-
tion were adjusted in a way that the total number of each atom type is the same for every

calculation, i.e., the total number of atoms of two 2III monomers.

The relative ground state energies in the gas phase with respect to the monomer, AEy 45,
of the different molecules z are illustrated in Fig. 9.9 (a). These energies were calculated

via the following equation
Alz'x,gas = Ex,gas—phase + 6 : EH2 -2 EM,gas—phasea (91)

where the variable x represents the different molecular configurations. The absolute
ground state energies of the individual gas phase molecules are given by Fy gas—phase and
the energy of a Hy atom in gas phase is given by Fy,. By using the coefficients o and
the amount of atoms in the calculation can be adjusted. « adjusts the number of whole
molecules and § adjusts the number of additional Hy molecules, added to the calculation
to compensate the hydrogen atoms, removed by radical-formation. The used values for
these coefficients are listed in Tab.9.2.

| M Rl R2 Bl B2 T DI D2 D3

a 2 2 2 2 2 2 1 1 1
3 0 1 1 2 2 3 2 2 3
AFEy g [eV] | 000 415 427 835 847 1270 288 3.75 598
Eyads [6V] | =131 —278 - —457 - - 227 -236 -223
AFytom [6V] | 000 122 - 184 - - 323 4.02  6.38

Table 9.2: List of the coefficients o and 3 used in and Eq. 9.1 and Eq. 9.3 and the
resulting energies, shown in Fig. 9.9.

As a result, the ground state energy of a dehydrogenated molecule is located ~ 2¢eV (half

the value showed in Fig.9.9 (a) due to the value of @ = 2 in this case) higher in energy,

than its hydrogenated configuration. This energetic difference is the same for the removal
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of the first hydrogen (M — R1, R2) as for the second hydrogen (R1, R2 — B1, B2) or
the third hydrogen (B1, B2 — T).

The ground state energies of the dimers (shorter green lines in Fig.9.9) D1, D2 are below
the energy of two radicals, meaning that a formation of a dimer (D1, D2) is more favorable,
starting from two radicals. The energy of dimer D3 is also lower than the energy of two
biradicals, i.e., the two suitable educts to form the dimer D3. Nevertheless, since the
energies for the dehydrogenations are very high, even if no energy barriers for these
reactions are taken into account, the formation of the different radicals in the gas phase

is not very likely.
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Figure 9.9: DF'T calculations of energetic levels of the different molecular configu-
rations. The configurations are the initial 2111 monomer (M), its radicals (R1, R2),
its biradicals (B1, B2), its triradical (T) and possible dimers (D1 - D3). In (a) the
energies of the individual molecules in the gas phase are calculated with respect to
the monomer. The adsorption energies on hBN/Ir(111) are plotted in (b) and the

formation energies of the certain products from the monomers on hBN/Ir(111) are
shown in (c).
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In addition to the gas phase calculations, the molecules were relaxed on the hBN/Ir(111)
surface. This substrate was relaxed in advance and will be discussed in Appendix A. The
adsorption site was chosen to be the pore region of the moiré of ABN/Ir(111), since the
molecules were found to adsorb there in experiments (c.f. Fig9.2). Even more precise:
the pyrrolic nitrogen atom of the monomer and the radicals was placed initially above
the reactive B atom of the hABN layer, since the interaction between the molecule and
the hBN is there presumably the strongest. For the dimers one of the pyrrolic nitrogen
atoms were located initially above the reactive B atom of the pore site. The orientation
was chosen in a way that one axis of the molecule is aligned with the high symmetry axis

of the hBN. STM simulations of the adsorbed molecules will be discussed in section 9.7.
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From the calculations of the adsorbed molecules, the adsorption energies on hBN /Ir(111)

can be determined via

Ey ads = Ex/meN/re(111) — ErBNyir111) — Fx gas—phase- (9.2)

Fig.9.9 (b) illustrates the adsorption energies of some of the previously calculated species.
Radical R2 and biradical B2 were not considered for adsorption, since they are energeti-
cally less favorable than R1/B1, respectively. Due to the high formation energy, also the
triradical T was not considered for adsorption. It should be noted that the adsorption
energies are all negative, meaning that the adsorption is favorable. The highest calculated
energy gain is observed for the biradical B1, explainable based on the unpaired electrons
of the biradical, which can be screened by the substrate after the adsorption.® The ad-

sorption energies of the dimers are all in a comparable regime of ~ —2.3¢eV.

With the calculated energies of the adsorbed molecules, the formation of the radicals
and the dimers on the surface can also be calculated. This formation energy reflects
the difference of the ground state energies of the individual adsorbed molecules. Energy
barriers for the corresponding reactions are not taken into account, meaning that energies,
most likely higher than the calculated formation energies, are required to trigger the
reaction. The calculation of the formation energies was conducted with the following

equation

AE, form = o - (Ey/neN/r(111) — Erpnyain))
— 2 (Bximenyeann) — Erenyreain) + 8- Ba,  (9.3)

By comparing these energies (Fig.9.9 (¢)) with the ground state energies of the gas phase
molecules (Fig.9.9(a)), it turns out that the on-surface formation energies are much
lower. For example, the radical R1, resulting from the dehydrogenation of the monomer, is
energetically located ~ 0.6 eV higher than the monomer itself (again, the listed value needs
to be divided by o = 2). This difference is 1.5V smaller than in the gas phase. Another
difference to the gas phase scenario is apparent in the formation energy of the dimers.
Neither of them is energetically more favorable than the educts of the dimerisation, i.e.,
two radicals R1 or two biradicals B1. The formation energy of the most favorable dimer
(D1) is located ~ 2¢eV higher in energy than its educts (R1).

6Tt can be assumed that the adsorption energy of the triradical T is even more negative than that of
B1, even though it was not calculated.
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9.7. STM simulations of the different molecular species

To compare the different species of the molecule with the experimental results, STM
simulations were performed for the molecules adsorbed on the ABN/Ir(111) surface. For
this an algorithm was implemented, based on the theory of Tersoff and Hamann |70, 178§],
introduced by Lorente and Persson [179, 180].

Radical R1 Monomer M

Biradical B1

Figure 9.10: STM simulations of different monomolecular configurations. The
monomer M is shown in (a)-(c), the radical R1 in (d)-(f) and the biradical Bl
in (g)-(i). In the left column the adsorbed molecules on the hBN/Ir(111) surface
are schematically shown. The supporting hBN layer is color-coded to indicate the
height of the B (larger) and N (smaller) atoms (red — far from the Ir(111), green —
close to the Ir(111)). In the middle column the simulated STM topographies for the
tunneling conditions of U = +1.5 'V, I = 0.1 nA can be seen and in the right column
for the conditions of U = —1.0V, I = 0.1 nA.

The simulations of the monomer M, the radical R1 and the biradical B1 are illustrated
in Fig.9.10 (a)-(c), (d)-(f) and (g)-(i), respectively. In the left column the relaxed models
are shown schematically. The color of the supporting hBN-layer represent the z-position
of the B (larger spheres) and N (smaller spheres) atoms (red — far from the Ir(111), green

— close to the Ir(111)). In the center column the simulation for the tunneling conditions
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of U = +1.5V and I = 0.1nA are shown, while in the right column the simulation for
U=-1.0V and I = 0.1nA can be seen.

By comparing the simulations with the STM images of the single molecules in Fig. 9.3, one
can observe that the best agreement is achieved for the monomer. The molecule is aligned
with the high symmetry axis of the moiré, and thus with the high symmetry direction
of the hBN lattice. In the simulation at a bias voltage of U = +1.5V, four lobes are
visible, as in the experimental image. A deviation from the experiment can be observed
regarding the intensity of the lobes. In the experiment the laterally more extended lobes
are more intense than the smaller ones. This is reversed in the simulation. A possible
explanation could be the tilting angle of ~ 5°, with respect to the surface plane, observed
in the simulation. If this angle is overestimated in the relaxation, the intensity could be
misleading, as well. At the negative voltage of U = —1V the molecular appearance of a
single protrusion in the simulation reflects the experimental contrast.

The radical R1 was adsorbed in a way, that the outer N atom, where the hydrogen atom
was removed, was initially located vertically above the reactive B atom. The appearance
in the STM simulations of this species at positive bias voltage does not correspond to
the experimentally observed appearance, while it could still match the experiments at
negative voltages.

This applies also to the biradical B1, where the hydrogens of the pyrrolic and one iminic
nitrogen are removed and the pyrrolic N was placed initially above the reactive B. A
closer observation reveals that the molecule changed its structure during the relaxation.
The pyrrole ring was opened and the unsaturated iminic N atom was incorporated into
the ring structure to form a six-membered ring. This reaction is quite unlikely, since the
energy barriers for such a reaction are quite high [195, 196]. The STM simulation of this
configuration at positive bias voltage does not correlate with the experimentally obtained
data.

The simulations of the dimers are shown in Fig.9.11. By comparing them with the
experiments, illustrated in Fig. 9.7, a possible assignment of the molecules could be con-
ducted as such: Dimer d¥ and d® of Fig.9.7 have the best correlation with dimer D1
in Fig.9.11 (a)-(c). At a positive bias voltage of U = 1.5V, the six lobes are separated in
two rows with different brightness. For the negative bias voltage of U = —1V, the two
molecules d and d appear as two protrusions with a bit of additional finer structure
in between, matching the simulation of Dimer D1 (c.f. Fig.9.7(a) and Fig.9.11(c)). By
taking a closer look at the zoom-ins Fig.9.7 (c),(d), the appearance of A fits better to
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D1, because of the tendency towards a point-symmetric object. This can be even better
observed by the model of this dimer with its perfect point-symmetry in the gas phase
(c.f. model of D1 in Fig.9.9 (a)). The simulation, correlating the best with dimer d" in
Fig. 9.7 is observed for the simulated dimer D2. For the positive bias voltage of U = 1.5V,
the lobes are also alternately ordered (: - : -) from bottom-left to top-right (c.f. D2 in
Fig.9.9 (e)). The central lobe in the simulation is not as pronounced as in the experiment
but is still in correlation. At U = —1V the molecule shows a kinked form in Fig. 9.7 (a).
The simulation in Fig.9.11 (f) only shows two lobes with a very faint additional inten-
sity at the bottom-right side of the molecule. The dimer D3 does not correspond to the
measured data. The pronounced lobe, as it can be seen in Fig.9.11 (h) could not be

observed.

Dimer D2 Dimer D1

Dimer D3

Figure 9.11: STM simulations of the different dimers. The names of the dimers are
labeled on the left. In the left column the adsorbed molecules on the hBN/Ir(111)
surface are schematically shown. The supporting hBN-layer is color-coded to indi-
cate the height of the B (larger) and N (smaller) atoms (red — far from the Ir(111),
green — close to the Ir(111)). In the middle column the simulated STM-topographies
for the tunneling conditions of U = +1.5V, I = 0.1 nA can be seen and in the right
column for the conditions of U = —1.0 V, I = 0.1 nA.
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9.8. Summary and outlook

In summary, the functionalization of hBN/Ir(111) by the small molecule 2111, a model
system for a Pc-fragment [66], was observed. It was concluded that the small molecules
observed in the experiments of CePcy/hBN/Ir(111) in section 8 are indeed derived from
2I11. The 2I1T molecules adsorb in the pore regions of the moiré of hBN/Ir(111) and are
quite strongly bound there, since they are not mobile enough to make it out of the pores
at room temperature, despite their small size. The strong binding was experimentally
demonstrated by measuring the temperature induced desorption of the 2III from the sur-
face by XPS. The molecules were still present on the surface even after heating the sample
to 410°C, yielding an indication for a covalent bonding. A consequence of this heating
is the dimerization of the molecules, noticed by the change in the appearance in STM.
These dimers are not identical, but have different forms. By measuring STS on the single
2111, a irreversible modification of the molecule was observed. After heating the sample to
410°C, this modification by STS was not observed anymore. Based on these results, one
might propose a molecular adsorption in two phases: in phase (i) the molecule should be
bound relatively weakly to the hBN but still strong enough to stick to the pore sites of the
moiré. Upon heating or by increasing the bias voltage, the molecule might be irreversibly
modified, resulting in an adsorption in phase (ii). The molecule could form a covalent
bond between a nitrogen and a boron atom of the ABN layer in phase (ii). This could be
achieved by a dehydrogenation of the molecule [25, 184, 197-200]. Therefore, a hydrogen
would be removed from one of the nitrogen atoms. Another possible modification could
be a change in the electronic structure of the molecule, i.e., a breaking of the iminic C=N
double bond, resulting in a covalent, thus more stable bond to the underlying B atom.

For a better understanding of the energetics and to simulate topographic STM images,
DFT calculations were conducted. These calculation provided insights into the adsorp-
tion and formation energies of the different molecular species, i.e., the single molecule,
its dehydrogenated forms and suitable dimers. Since the DFT simulated STM images of
the radical R1 (H was removed from the iminic N) and the biradical B1 (an additional H
was removed from the pyrrolic N) show no similarities with the experimentally observed
molecules, as it is the case for the monomer M, the hypothesis of dehydrogenation remains
questionable. It is still possible that the radical R2, missing a H at the pyrrolic N, which
was not simulated, fits to the experimentally obtained data. Nevertheless, a change in the
electronic structure in form of a bond rearrangement seems more likely. Another possible
modification could be a dehydrogenation of the carbon atoms in the phenyl ring. However,

by comparing the experimental data with the simulated ones, most of the molecules could
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be identified and potential dimer configurations could be assigned. The small differences
in the appearance between simulation and experiment could be explained by different
adsorption sites, leading to a slightly different twisting or tilting of the molecule. Since
STM is very sensitive to small height deviations, this effect could influence the appearance

immensely.

To obtain an extensive understanding of the system and especially of the 2III-dimers,
high resolution AFM measurements would be helpful in analyzing the structure of these
molecules. With this, an unambiguous assignment of the dimers to the models could be
achieved. In the future, the 2III molecules could be chemically modified in a way that
additional molecules could be attached at the backbone, i.e., the benzene ring. Based on
the strong binding and the thermal stability of these molecule on the hBN/Ir(111) they
could be used to functionalize the hBN. As these molecules favor an adsorption on the
pore sites of the moiré, an array formation of the desired molecule could be possible for

future applications as for example organic solar cells [182] or nano-electronics [201].
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10. DFT calculations on novel tetrapyrrol-based

double- and multidecker complexes

In this section different tetrapyrrolic-multidecker complexes were investigated theoreti-
cally with DF'T to support experimental data. This data was acquired by others, named
in detail in the corresponding subsection. These calculations can provide additional in-
sights into molecular properties like the structure and magnetism and to compare them
with the experimentally obtained results.

The following DFT calculations were performed using the projector-augmented plane wave
method [144, 146]. A plane wave basis set with a maximum kinetic energy of 400 eV was
used. Structures were relaxed until the acting forces were smaller than 0.05eV /A and
energy differences were smaller than 1 ueV. The PBE exchange-correlation potential [94]
as implemented in VASP [97, 98, 145, 146] was employed. If it is specified, long-range
vdW interactions were taken into account by the DFT-D3 approach proposed by Grimme
et al. [147]. All structures were optimized at the gamma point of the Brillouin zone. For
STM-simulations an algorithm, based on the theory of Tersoff and Hamann [70, 178] and
introduced by Lorente and Persson [179, 180], was used.

10.1. Structural analysis of Gd,_iPc, multideckers

This section includes content that has been published in:

Urgel, J. 1., Ecija, D., Vijayaraghavan, S., Pértner, M., Bocquet, M.-L., Auwérter, W. &
Barth, J. V. In-Situ Growth of Gadolinium Phthalocyaninato Sandwich Complexes on
the Ag(111) Surface. ChemPhysChem Commun 20, 1-5. (2019). [65], Copyright by
John Wiley & Sons, Inc.

As a support for the experimental study of Gd,_;Pc, by STM, done by J. I. Urgel, D.
Ecija, S. Vijayaraghavan, W. Auwiérter and J. V. Barth, Gd,_;Pc, multideckers were
theoretically modeled. The goal of this analysis was to find the most stable structure of
Gd,_1Pc, concerning the in-plane rotation angles of all individual Pc molecules. Due to
the m-bonding-systems of the Pcs, vdW interactions were considered in the calculations.
The f-electrons of the Gd atoms were included in the core so that the non-magnetic cal-

culations were conducted. The cubic unit cell of the calculation has a size of 25 A3.
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For the construction of a multidecker a single dehydrogenated Pc was used as the base
molecule. The Gd atom was then placed 0.18 nm above the center of this first Pc. To
calculate the energetically most favorable rotation of the upper Pc, in each multidecker,
the topmost Pc was placed 0.18 nm above the last Gd atom and rotated in four different
angles, i.e., ¢(x) € [35°,45°, 55°, 65°] for odd values of z and ¢(x) € [—10°,0°,10°,20°] for
even values of x. The angle dependent ground state energies of the relaxed multideckers
were than fitted to a cosine function E(¢) = E' - cos[4 - (¢ — ¢o)] + Ep. After obtaining
the optimal rotation of the upper Pc of the first multidecker, i.e., for x = 2, the same pro-
cedure was applied for x = 3, x = 4 and x = 5, consecutively. Gradually, the properties
of the multideckers with = € [2,5] were calculated and are listed in Tab. 10.1. The fitting
of the angle dependent energies is shown in Fig. 10.1. Based on the fitted angles it is to
be observed that the topmost Pc is rotated by ~ 45°/ ~ 0° with respect to the bottom
Pc if the number of Pcs is even/odd, which can be explained by the reduced repulsive

interaction between the benzene rings of the adjacent Pcs.

Molecule | ¢ [°]  E(¢) [eV] hyg [nm] || Molecule | ¢ [°]  E(¢) [¢V] hyg [nm]

GdPc, 35.708 -838.913 0.305 || GdsPcy | 35.036  -1690.323 0.973
r =2 44.883  —839.030 0304 || z =4 44.884 —1690.345 0.976
04.222 —838.914 0.306 54.839 —1690.311 0.973
63.954  —838.628 0.310 64.859 —1690.271 0.975
GdsPcs 0 —1265.151 0.635 || Gd4Pcs 0 —2115.488 1.313
T = 9.870 —1265.082 0.637 || z =5 9.830 —2115.451 1.308
19.852 —1264.579 0.667 19.896 —2115.425 1.307
80.101 —1265.120 0.634 80.096 —2115.465 1.307

Table 10.1: Obtained values for rotation angle, energy and height of the relaxed
Gd,_1Pc, complexes. The height was calculated by taking the difference between
the averaged z-coordinates of the four inner N atoms of the topmost and the bottom
Pc as indicated by the index N4, similar the labeling in [177].
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Figure 10.1: Fitting of the rotation angles of Gd,_1Pc, multideckers. The shifted
ground state energy F(¢) — Ey depends on the rotation angles of the upper Pcs in
each molecule. The insets show models of the relaxed molecules with the lowest
energy.

Based on observations of the rotation of all Pcs in the complexes, illustrated in Fig. 10.2 (a),
the same trend of alternating rotation can be noted in the middle Pcs. The corrugation
of each Pc molecule in each complex is shown in Fig. 10.2 (b). As a result, the corrugation
of the outer Pcs is the largest as the repulsive force between the Pcs is now only acting
in one direction. The corrugation decreases from the outer Pcs to the central ones.

A comparison of the optimal, theoretically obtained rotation angles with the experimen-
tally found rotation angles of the topmost Pc, with respect to the bottom one, is illustrated
in Fig. 10.3. The areas reflect the range of the experimentally measured angles. The lines
indicate the fitted values for the different multideckers. The results are in good agree-
ment, since the theoretic rotation angles are all in the error range of the experimentally

obtained ones.
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Figure 10.2: Rotation angles and corrugations of all Pcs. The rotation angles of
all Pcs in the complexes with the lowest calculated energy are shown in (a) and the
corrugation is shown in (b).

To analyze how much energy is gained by the formation of a multidecker is calculated,
i.e., the difference between the energy of a certain multidecker and the sum of energies of

the next smaller complex, a single Pc and one Gd-atom:
AE, = Ecq, ,rc, — [Ecd,_spe,_y + Epre + Ecd] , (10.1)

where Fp. = —410.198 €V is the energy of a single Pc and Fgq = —0.064 €V is the energy

of a single Gd-atom.
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Figure 10.3: Comparison of theoretical and experimentally obtained rotation an-
gles. The lines indicate the calculated rotation angles between the topmost and the
bottom Pc and the areas show the experimentally obtained ones.

The energy gain for values of = € [2,5] is shown in Fig.10.4. The formation of any
complex out of its parts is energetically more favorable, since their formation energy is
negative. Nevertheless, more energy is gained by the formation of GdPcs; from two Pcs
and a Gd (—18.563¢V), than by the formation of a GdsPc; from a GdsPcy, a Pc and a
Gd (—14.876¢eV). The trend shows that the energy gain converges for x > 4, meaning
that as soon as all molecules on the surface consist out of more than four Pcs, there is no

preferred position to continue the growth of a multidecker.
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Figure 10.4: Energy gain for the formation of a multidecker. The formation energy
of a multidecker is calculated from the next smaller complex, a Pc and a Gd-atom.
The values were calculated by Eq. 10.1.

In summary, the rotational alignment of Pcs in multideckers, proposed based on experi-
mental observations could be confirmed. The calculatons provided additional insight to
rationalize the experiments and the resulting multidecker structures. Also the calculated
formation energies of the multideckers matches the measured surface coverage of Gd,_,Pc,
/Ag(111), where the number of observed molecules decreases with the size (see Fig.3 in
[65]). Discrepancies between calculations and experiments occurred regarding the height
of the multideckers, which were larger in the calculations. An explanation for this could
be the supporting Ag(111) substrate in the experiments. Due to the interaction of the
bottom Pc with the silver substrate, the corrugation of this Pc could be reduced, resulting
in a smaller total size of the molecule. Another explanation could be the underestimation
of the attractive vdW interactions between the Pcs by the DFT calculations, resulting in

larger distances between these planes.
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10.2. Adsorption of Th(TPP); doubledeckers on Ag(111)

To support the experimental STM studies of Th(TPP),/Ag(111) by Erik Rheinfrank
[202], DFT calculations of this molecule were performed. As the molecule physisorbs
on the surface, vdW interactions need to be taken into account in this calculation. To
treat possible magnetic properties of the f-electrons, spin-polarization was also included
in the calculations. The gas phase molecule, adapted from Ce(TPP), (c.f. Supporting
information in [191]) by replacing the Ce-atom with Th, was calculated in a tetragonal
unit cell with a real space size of a x b x ¢ = 25 A x 25 A x 20 A. The adsorption of the
Th(TPP), was done on a 8 x 8 x 4 Ag(111) slab in an hexagonal unit cell spanned by the

real-space lattice vectors

23.027 —11.514 0
a= 0 A, b= | 19942 | A, c= 0 A
0 0 36.096

The relaxed gas phase molecule, shown in Fig. 10.5 has a ground state energy of —1079.5eV
and carries no magnetic moment. This non-magnetic behavior was determined, even
when using the LSDA+U method with values for the on site Coulomb interaction of
2eV < U < 10eV. The ground state energy of the molecules with a fixed spin of s = 1/2
is ~ 0.7¢eV higher, than the ground state energy of the non-magnetic molecule, making it
less favorable.

An interesting aspect pertaining to this structure, is the tilting of the phenyl and pyrrole
moieties, shown in Tab.10.2. In the upper TPP two phenyl rings, called ph-ul, are
almost perpendicular to the plane spanned by the N-atoms. The other two phenyl rings,
called ph-u2, are rotated a bit more towards the plane. These different phenyl groups are
marked in Fig. 10.5 (a). All pyrrole groups of the upper layer are tilted approximately by
the same angle with respect to the N-plane. The angles of the pyrroles were calculated via
apy = 90°—0.5-arccos (#"’b'), where @ = (a1 —az) X (a; —a3) and b = (b; —by) x (b; —b3)
are the normal vectors of opposite pyrrole planes, defined by the N atom and the two
opposite C atoms (a;, b;). The tilting angle of the phenyl groups are calculated via
apn = 0.5 - arccos <#’"’b|), where a = (a; — a3) X (a1 —a3) and b = (b; — by) x (b; — bs)
are the normal vectors of the phenyl planes, defined by three C atoms (a;, b;).
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1V. Results

The tilting of the ligands in the bottom TPP varies. The phenyls are all tilted with a
similar angle but the pyrrols are tilted differently. Two of them are lying flat in the N-plane
but the other two, called py-b and marked in Fig. 10.5 (b), are tilted more downwards.

Figure 10.5: Molecular structure of Th(TPP)y in the gas phase. The top view is
shown in (a) with the two differently tilted type of phenyls in the upper TPP marked
with red (ph-ul) and green (ph-u2) and the side view in (b) with the stronger tilted
pyrrol groups marked with purple (py-b). Atom colors: C - light blue, H - white, N
- dark blue, Th - yellow.

In general, one would expect a symmetric tilting of both ligands, since in gas phase there
is no difference between the “upper” and the “bottom” TPP. The difference originates
from the used adapted configuration, i.e., the configuration of the adsorbed Ce(TPP),
[191]. In the optimization process, this configuration converges in a local minimum. In the
adsorbed molecule, there is a difference between the ligands, since one of them interacts

with the substrate.

Rotation-/tilting angle
Ligand gas phase adsorbed on Ag(111)
Pyrrole upper TPP 18.34° 13.27°
Pyrrole bottom TPP — py-b 25.73° 25.78°
Phenyl bottom TPP 49.85° 42.69°
Phenyl upper TPP — ph-ul 86.42° 86.40°
Phenyl upper TPP — ph-u2 66.16° 66.18°

Table 10.2: Tilting of the ligands in the gas-phase Th(TPP), and the adsorbed
molecule on Ag(111). The tilting angle of the two pyrroles of the bottom TPP (not
listed) are tilted with a negligible angle with respect to the N plane.
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10. DF'T calculations on novel tetrapyrrol-based double- and multidecker complexes

Due to adsorption of the Th(TPP), on Ag(111) (see Fig. 10.6) some tilting angles change.
The largest change can be observed by the phenyl groups of the bottom TPP. They adapt a
smaller rotation angle, as they interact with the surface. Therefore, the repulsion between
the bottom phenyl and the upper pyrrole groups is reduced, leading to a flattening of the
pyrrol groups of the upper TPP. The resulting rotation angles are also listed in Tab. 10.2.

Figure 10.6: Adsorption of Th(TPP)s on Ag(111). The top view is shown in (a)
and from the side in (b). The colors are the same as in Fig. 10.5 with Ag - silver.
In (c) and (d) the charge density difference can be seen from top and side view,
respectively. The red color shows an electron accumulation and the blue color shows
an electron depletion.

In the process of adsorption, the energy of the system is lowered by —3.479¢eV and the
charge density changes. This is portrayed in the charge density difference in Fig. 10.6 (c)
and (d), reflecting the difference of the whole system compared to the two separated
subsystems (Th(TPP), and Ag(111) substrate). The red color represents an electron ac-
cumulation, mainly found on the surface. The complementary electron depletion (blue
color) can be found on the bottom TPP of the molecule and its interface with the surface.
The upper TPP is not involved in the process of adsorption as the charge there is not

changed significantly.
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1V. Results

Figure 10.7: STM simulation of Th(TPP)s. Gas phase and adsorbed Th(TPP),
molecules, whose upper TPP is rotated by 33° with respect to the bottom one.
In (a) and (b) the top and side view of the gas phase molecule are shown. (c)
and (e) show the measured STM images of the double-decker, (d) and (f) the
simulations. The scanning/simulation conditions are: (c): U =0.9V, I = 0.11nA,
(d): U=10V, I =1pA, (e): U=—-15V, I =0.11nA, (f): U=-2.0V, I =1pA.
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10. DFT calculations on novel tetrapyrrol-based double- and multidecker complexes

Experimentally another configuration of the molecule was observed, where the upper TPP
is rotated by ~ 33° with respect to the bottom one (c.f. [203]|). The calculated ground
state energy of this molecule, shown in the gas phase in Fig. 10.7 (a), (b), turned out to
be —1079.480 eV, almost identical to the one with a 45° angle between the two TPPs. By
adsorbing this molecule on Ag(111) the calculated adsorption energy is —3.534eV and
is therefore more favorable compared to the one, where the TPPs are 45° rotated with
respect to each other. For a comparison of the experimental and the theoretical results,
STM images of the molecule, with the upper TPP, rotated by 33°, were simulated and
compared with the measured ones as shown in Fig.10.7. In Fig.10.7 (¢) the molecule
scanned at a bias voltage of 0.9V is shown. The simulated image at 1.0V in Fig. 10.7 (d)
looks very similar concerning the two pronounced opposite legs (top left and bottom
right). At negative voltages the agreement is not as optimal as for positive voltages.
Fig. 10.7 (e) portrays the molecule, scanned at —1.5V. The simulation at —2.0 V shows
also a pronounced feature in the center, as it can be seen in the STM image, but the
intensity at two opposite corners of the molecule is not observed in experiment. A reason
for the deviation might be that the measured double-decker is embedded in a monolayer
of 2H-TPPs in experiment, which could lead to additional features in the appearance.
In the simulation, a single double-decker was placed on the Ag(111) substrate, without
neighboring 2H-TPPs. In addition, the structure of the molecule could be close to the
simulated one but may differ for the rotation/tilting of some subgroups. This would have
a small influence on the energetics, but since STM is very sensitive to height changes, this
could modify the appearance of the molecule.

Nevertheless, these calculations gave additional insights into the intramolecular structure

and the energetics of the ThTPP; in the gas phase and upon adsorption on Ag(111).
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Part V.

Summary and outlook

In this thesis phthalocyanine-complexes, adsorbed on hBN templates, were studied. This
decoupling layer reduces the influence of the metal substrates, so that electronic states
of the molecules do not hybridize strongly with the metal [38]. Additionally, adsorbed
molecules can follow the hBN /metal superlattice, resulting in a periodic arrangement of
molecules on the surface. As the hBN layer is only one atom thick, an analysis with sur-
face sensitive techniques, such as STM or STS, is still possible. The experimental results

were supported by theoretical simulations with DFT.

In section 7 the charge state control of Fi4CoPc on hBN/Cu(111) by three crucial pa-
rameters was demonstrated. These parameters are the template induced gating, based
on the electronic corrugation of the underlying substrate [38, 56|, the tip induced gating,
due to the electric field between the STM tip and the sample |57, 126-128, 131, 132] and
the screening by neighboring molecules [41, 124]. As a result, the LUMO of the molecule,
becoming occupied upon adsorption at the pore regions of the hBN/Cu(111) moiré [56,
135], can be shifted by each of these three parameters by ~ 0.3eV. As the orbital is ini-
tially located at ~ —0.7¢€V, the LUMO can be shifted across Er, thus changing the charge
state of the molecule. This change of the charge state, actively induced by the field of the
STM-tip, can be detected in STS by a sharp feature at the opposite polarity compared to
the molecular orbital. AFM measurements revealed that a simultaneous charging of mul-
tiple molecules at the same time is possible. The influence of the simultaneously charged
molecules on each other is rather small compared to the three main parameters that
control the charge state. A comparison with F1CoPc adsorbed on hBN/Ir(111) showed
two main differences: the template induced gating is with 0.4€eV slightly stronger than
on hBN/Cu(111) [38, 61|, leading to a larger energetic shift of the molecular orbital for

molecules adsorbed on different sites of the moiré. Further the size of the moiré leads to
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V. Summary and outlook

an adsorption of only one F14CoPc per pore site [58], meaning that additional molecules
automatically adsorb on the wire regions, where the molecules exhibit a different charge
state. Therefore, the pattern of differently charged sites on the surface is more dense than
on hBN/Cu(111). DFT calculation showed that an adsorption of small gas molecules is
favored on neutral molecules over negatively charged molecules. This tendency can also
be seen for the growth of the second layer of F14CoPc/hBN/Cu(111), starting in contrast
to the first layer at the wire regions of the moiré, where the first layer molecules are in
some instances not negatively charged anymore, but neutral.

This molecular adsorption on F15CoPc/hBN needs to be studied in more detail to prove
the templating nature of this system for additionally adsorbed molecules.

These results of the charge state control indicate the potential of this system, since the
understanding of the molecular charging is key for future applications such as solar cells,

catalysts or microelectronics.

Section 8 presented the results of Ce-Pc multideckers on hBN/Ir(111). The evaporation
of intact CePcy doubledecker molecules could be demonstrated, resulting in an adsorption
of single CePcy on pore regions of the hBN/Ir(111) moiré. The unstable appearance of
these single CePcy in STM raises the hypothesis that the upper Pc of those molecules is
not static but exhibits a STM-induced switching. Beside the single CePcy doubledeckers,
CeyPcj tripledecker islands were also observed on the surface. In these islands the appear-
ance of the molecules is no longer unstable, leading to the conclusion that the rotation of
the upper Pcs in the island is suppressed. Simulated STM images were compared to the
experimental data. The appearance of the measured tripledecker molecules in the island
correlated quite well the appearance of the simulated doubledeckers. By superimposing
the simulated images of two CePcy with different rotations of the upper Pc, with re-
spect to the bottom one, i.e., 0° (called parallel) and 45° (called rotated), the appearance
matches better the one observed for the single CePcy/ABN /Ir(111). The growth of Ce-Pc
multideckers was achieved in-situ by the metalation of a 2H-Pc multilayer, followed by
an desorption of the surplus 2H-Pc multilayer molecules upon annealing [64, 65|. This
procedure was monitored by XPS.

To obtain an array of CePcy molecules, covering every pore of the ABN/Ir(111) moiré, the
evaporation of the pre-synthesized CePcy needs to be optimized in future experiments.
Alternatively, the in-situ grown Ce-Pc multideckers need to be measured with STM or
AFM to proof the successful growth of these multideckers, since XPS is only a surface

averaging technique. Additionally, a study of the appearance of single CePcy at low or
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even zero bias voltages needs to be conducted to clarify, whether the rotation of the upper
Pc in the doubledecker complex can be switched off at a sufficiently low bias voltage.
The array formation of these single molecular magnets on an insulator-metal-interface

indicates the potential of this system for applications in data-storage devices.

In addition to the CePcy doubledeckers, smaller fragments of those were observed on the
hBN/Ir(111) surface. As a suitable model system for these fragments, diiminoisoindoline
(2III) was investigated, since the size of the fragments could be estimated to be about
a quater of a Pc, based on their appearance in STM [66]. The characterization of these
molecules and their functionalization of the hBN layer was reported in section 9. STM
measurements of the 2IIT molecules could proof that the small fragments, found on the
surface along the CePcy doubledeckers, are derived from the 2III. They adsorb at the
pore regions of the ABN/Ir(111) moiré and show a bias-voltage dependent appearance,
i.e., four lobes at positive and a single protrusion at negative voltage. The molecules bind
quite strongly to the supporting hBN, since they do not diffuse out of the pore areas of
the moiré, even at room temperature. The temperature stability of the bond between
molecule and ABN was analyzed by XPS measurements of the sample, heated to temper-
atures of up to 700°C. Despite the small size of the molecules, they stay on the surface up
to a temperature of at least 410°C before they desorb — a much higher temperature, than
their evaporation temperature of 110°C. In STS experiments an irreversible change in the
molecule could be detected. The absence of this feature in STS, after heating the sample
to 410°C, supports a hypothesis of two phases of molecular adsorption: In phase (i) the
molecules adsorb on the surface and bind there relatively strong. Either due to heating
or due to the electric field of the STM tip, the molecule can be modified to end up in
an adsorption in phase (ii), thus forming an even stronger, covalent bond between the a
nitrogen of the molecule and a boron of the hBN. Possible modification of the molecule
could either be a dehydrogenation [25, 197-200| or a rearrangement of the bonds in the
molecule. The latter modification could be achieved by a breaking of an iminic C=N dou-
blebond and a formation of a covalent bond to the underlying hBN layer. Upon heating,
some molecules dimerize, observed in the appearance of molecules with six lobes, instead
of four at positive bias voltages. The energetics of the 2111, its dehydrogenated forms and
three possible dimers were theoretically calculated with DFT. By comparing the simu-
lated STM images with the experimental ones, the appearance of the simulated monomer
matched the appearance of the experimental measurements of a single 2III. Also some

experimentally measured dimers could be assigned to different structures by comparing
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V. Summary and outlook

them with the simulated STM images. In additional experiments, the structure of the
molecules needs to be studied in more detail by AFM. With this technique, it is possible
to obtain more insight into the dimer formation and which structures are really present
on the surface [91]. For possible future applications of this system, the functionalization
of the hBN surface could be used by attaching different kinds of molecules to the sub-
strate in a regular way, i.e., along the moiré. Therefore the desired molecules need to be
attached chemically to the backbone of the 2III, i.e., the benzene ring.

The demonstrated functionalization of the inert ABN layer by a small molecule opens
pathways to use this system for light harvesting or catalysis, since the properties of this

insulator-metal-interface could be modified.

To support experimental projects on tetrapyrrolic multidecker complexes, DFT calcula-
tions were conducted and are presented in section 10.

The growth of Gd,_;Pc, multideckers on Ag(111) showed a rotation of the upper Pc,
depending on the number of Pc ligands. This dependency was fitted for the gas phase
molecules with values of x € [2, 5] and displayed that each additional layer of Pc is rotated
by 45° with respect to the next lower one. This observation correlates with the experi-
mentally observed data [65]. Additionally, the corrugations of the individual Pc planes
were analyzed, decreasing towards the center of the molecule. The energy gain for the
addition of extra Gd and Pcs saturates for a values of x > 4, which could be one reason
why the amount of molecules on the surface decreases with their size.

The metalation of 2H-TPP with thorium was experimentally studied on Ag(111). The
geometric and electronic changes of the ThTPP, molecule upon adsorption were analyzed,
revealing that mainly the bottom TPP is changed in the adsorption process. STM sim-
ulations were compared with experimental STM images, where consistencies were found.
Deviations might be explained by the rotation of the phenyl groups and the tilting of the

pyrrole groups of the upper Pc, which strongly influences the appearance in the simulation.

The presented results of phthalocyanine-based complex, adsorbed on hBN templates gave
insights into various properties like charge state, structure, adsorption pattern, adsorption
motives or magnetism of the molecules. These parameters are decisive for the use of such
systems in future applications. Since surface-based technologies gained huge interest in the
past years, this thesis gives an important overview about the potential of phthalocyanine

molecules on insulator-metal interfaces.
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A. Calculation of the moiré-pattern of hBN /Ir(111)

To simulate the adsorption of molecules on hBN/Ir(111), first, the substrate needs to be
modeled. For this, the results of Farwick zum Hagen et al. 58] were reproduced.

As in the publication, vdW interactions were included but in this case the DFT-D3 method
[147] was used instead of DFT-D2. An Ir(111) slab consistent of 11 x 11 x 3 Ir atoms was
used with a sheet of 12 x 12 unit cells hBN on top, positioned with a z-offset of 0.31 nm
above the upper most Ir layer. The total cell, used for the calculation, has a hexagonal

shape and is described in real-space by the thee vectors

29.863 —14.931 0
a=| 0o |A b= 2581 |A =] o0 A.
0 0 28.650
The relaxed structure has a ground state energy of Ejpn/n(111) = —95725.410eV and is

illustrated in Fig. A.1 with a top view of the structure in Fig. A.1 (a). The different colors
represent the different kinds of atoms, i.e., the boron atoms are colored in turquoise and
the nitrogen atoms in dark-blue. The three Ir layers are colored from bottom to top in
grey, yellow and green. A cut along the (110)-plane of Fig. A.1(a), marked by the dark-
grey line, is shown in Fig. A.1(b). The corrugation of the hBN-layer can be clearly seen
and is additionally represented by the color scale, shown on the right. To distinguish the
two atom types, the B atoms are shown larger in size than the N atoms. The corrugation
of the sheet varies in a range of 0.209 nm — 0.350 nm. The corrugation of the topmost Ir
layer is 0.7 pm. By taking a look at the pore region, i.e., the valley in the BN, it is to
be observed that the lowest atom is the B, siting in the hcp-position of the supporting
Ir(111) slab and is surrounded by N atoms, sitting in the top position.

The top view on a periodically extended cell in Fig. A.1 (c), with the same color code for
the hBN-layer as in Fig. A.1(b), portrays the moiré structure with the three highlighted
high-symmetry positions. The pore region with the Byc,Nop-configuration is marked in
grey and the two hollow-wire regions with the Bi,pNyec- and ByecNpgp-structure are marked
green and yellow, respectively. The region in between these two hollow-wire region is called

bridge-wire.
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A. Calculation of the moiré-pattern of hBN/Ir(111)
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Figure A.1: Calculated structure of hBN/Ir(111). In (a) one moiré cell of the
structure is shown, where the different atoms have different colors as labeled. In
(b) a cut along the (110)-plane, i.e., the black line in (a), is shown. The color code
of the hBN shows the height above the upper Ir layer as indicated by the colorbar
on the right. The B/N atoms are represented by the larger/smaller spheres. (c)
shows the top view onto a periodically enlarged cell with the same color code as in

(b).
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Figure A.2: STM simulation of hBN/Ir(111). The topography is shown in (a) for
U=1V,I=1uA and in (b) for U = -1V, I =1 pA.

For comparison with real STM measurements, as they were shown in Fig. 1 in [58], STM-
images were simulated and shown in Fig. A.2. For a positive bias voltage of U = 1V
(c.f. Fig.A.2(a)), the pore regions appear higher with a depression in the middle. For
negative bias voltages of U = —1V (c.f. Fig. A.2(b)), they appear as depressions. The

same behavior is found by Farwick zum Hagen et al. [58].
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B. Hexagonal boron nitride on Cu(100)

The adsorption of a thin layer, such as graphene or hBN, on a metal substrate can result
in a moiré lattice, induced, e.g., by a lattice mismatch, a different symmetry of rotational
alignment of support and overlayer and depend also on their chemical interaction |38, 56,
58, 204|.

Thin layers with a 3-fold symmetry are mainly grown on the 3-fold symmetric (111)-
surfaces of fcc-metals (c.f. section 6.1) [38, 56, 58, 59, 204]. The resulting moiré lattice is
again 3-fold and the lattice parameter depend on the mismatch of the lattice parameter
of the constituents.

By using a 4-fold symmetric substrate, such as the (100)-surface of fcc-metals, the resulting
moiré lattice can be 2-fold symmetric |38, 205-207].

Such a surface with a striped superstructure, 7.e., showing a 2-fold symmetry, is a suitable
template for the growth of 1D-structures [208]. In addition the ABN layer might reduce
the electric coupling of adsorbate structures to the metal [38].

To ensure spectroscopic investigations, minimal influenced by the metallic substrate, those
structures are required to be decoupled from the metal-surface. These two demands are
fulfilled by the one-dimensional moiré lattice of hBN adsorbed on a (100) metals surface,

since hBN is a large bandgap material [38].

Bls Nls Cu2p

Counts [arb. unit]

200 195 190 185 180 405 400 395 390 385 960 950 940 930 920
Binding Energy [eV]

Figure B.1: XPS measurements of the growth of hBN/Cu(100). The three peaks
of interest, i.e., Bls, N1s and Cu2p, are shown before (black) and after (green) the
growth of hBN. For both the Bls and the Nls signal a clear peak is visible after the
growth. Also a reduction in intensity of the Cu2p peak is observed.

The growth of ABN on Cu(100) was performed via CVD of borazine as a precursor

(c.f. section 6.2) and characterized by XPS (see Fig.B.1). The sample was heated to

a temperature of 750°C and borazine was dosed for 5min at a background pressure of
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Phorazine = 9 X 1077 mbar, at this temperature. After dosing the borazine, the sample was
kept at the growth temperature for one more minute. The XPS measurements of the Bls,
N1s and Cu2p peaks before (black) and after (green) the growth show clear boron and
the nitrogen signals as well as a reduction of the copper signal. The Bls and the N1s fea-
tures consist of two peak components, indicated by the filled areas in Fig. B.1 (a),(b). The
binding energies of the Bls and the N1s peaks were fitted and are shown together with
literature values for other hBN /metal systems in Tab. B.1. The obtained binding energies
of the Bls and the Nls features are in agreement with the values of other ABN/metal-

interfaces, found in literature.

Substrate Bls [eV] Nls [eV] Reference

Ir(111)  189.9  397.6 [58]
Ni(100)  190.2 3985 [209]
Ni(111) 1905 3985 [210]
Pd(111) 1905  398.1 [211]
Cu(111) 1905  398.0 212]
Rh(111)  190.7  398.3 [211]
Cu(100) 1909  398.6  Fig. B.1

Table B.1: Binding energies of the Bls and the N1s peaks of different hBN/metal
interfaces. The listed binding energies refer to the main component of the feature,
if consisting of multiple peaks.

The structure of hABN/Cu(100) was characterized by STM, illustrated in Fig. B.2. The
stripes on the large flake indicate the 1D moiré pattern as it can also be seen in the
linescans of two differently oriented domains ((b) and (c)) along the blue and green lines
in (a). A periodicity of ayy = 2.13nm (ay = 2.26 nm) was measured for the blue (green)
linescan. This indicates that the size of the moiré can depend on the rotation of the hBN
with respect to the substrate. The two domains are separated by a domain wall, marked
with black arrows in (a). Nevertheless, since the difference of the periodicities is quite

small, it could also be an artifact of the measurement.
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Figure B.2: STM image of hBN/Cu(100). In (a) the topography of the sample is
shown with the two linescans marked with a blue and a green line, shown in (b) and
(c) (U =2575V, I = 1.3nA). The black arrows indicate a domain wall between
two differently oriented domains.

With these results, the 2-fold symmetric structure of ABN/Cu(100) was briefly character-

ized. Based on these experiments, this substrate can be used as a promising template for

the growth of 1D nanostructures on an insulator-metal-interface in the future.
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C. Vacuum distillation of borazine

To avoid contamination of air the distillation of borazine is done in vacuum with the setup

shown in Fig. C.1 by the following procedure:

1.

2.

10.

11.

12.

13.

14.

Attach the borazine tube to the refill line and open the red valve on top.

Attach He gas to refill line and close the He gas valve.

. Attach the borazine dewar to the refill line.
. Freeze the borazine dewar with LNs.
. Pump the whole refill line with the TP.

. Flush the refill line 2 — 3 times with He:

a) Let the TP reach full speed.
b) Close the valve to the TP and stop the TP.
¢) Open the valve to the He gas for 2 — 3s.

€

)
)
d) Close the valve to He gas.
) Open the valve to the TP slowly when its speed is below 500 Hz.
)

f) Start the TP. The valve to it is completely open.

Open the green marked valve of the borazine dewar, still frozen.

. Flush the refill line 2 — 3 times with He.

. Unfreeze the borazine dewar by removing the LN, and start freezing the borazine

tube with LNy. The refilling starts.
Check that the white seeling of borazine tube does not freeze.

After filling the tube with ~ 3—5mm close the red valve of the borazine tube, while

keeping the borazine tube frozen.
Freeze the borazine dewar with LN, and wait for ~ 15 min.
Close the green valve at the borazine dewar.

Stop the TP and vent the refill line.
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15. Unmount the borazine dewar and put it back in the freezer.
16. Unmount the borazine tube and the TP and mount them at the chamber.

17. Pump the borazine tube for ~ 15 min with the red valve open and still frozen.

18. Close the red valve of the borazine tube and close the valve to the TP.

s P g

BN

uuA

¢

Figure C.1: Setup for refilling borazine. The borazine tube with the red valve, the
borazine dewar with the green valve, the green TP valve and the black He gas valve

are connected to the refilling line.

After refilling the borazine and mounting it at the chamber a mass spectrum can be
measured to ensure the quality of the borazine. An example spectrum is shown in Fig. C.2
in orange (reference spectrum without dosing borazine in blue). Clear signals of the masses
around 81 u = (3-1143-144-6-1) u are observed while dosing borazine. The increased peaks
< 81 u can be explained by fragments of borazine, produced in the mass spectrometer.

The presence of these peaks does not indicate a decomposition of the borazine in the

reservoir.
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Figure C.2: Mass spectrum of Borazine. In blue the background spectrum at a

pressure of 2 x 1072 mbar and in orange the spectrum while dosing borazine at a
pressure of 1 x 10~7 mbar is shown.
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D. Lab automatization

In order to get a better overview of the status of the machines, a program for monitoring
and logging the status of experimental key parameters was written. This program collects

the information of the following sensors:

e Pressures from MaxiGauge

e Temperatures from cryo, STM, manipulator via diodes

e Temperature of sample, OMBE via temperature chip (K-type thermocouple)
e Currents of the ion pumps

e Helium level

The second crucial part beside the software is the hardware, consisting of a RaspberryPi
3b [213], two AD-converter chips and a temperature chip, which is shown with its wiring
in a schematic drawing in Fig. D.2.

In addition to these devices, the pressure gauge and the ion pumps are connected via
RS232, coupled to USB-adapters.

The incoming status information were displayed on a graphical user interface (GUI) (see
Fig.D.1) and also stored on the server, every two seconds.

(b)

(a) AFM XPS-STM

PPRP [mbar] 1.48e-09
PPRP [mbar] 4.15e-09

TSAM [C] Not found
TMAN [C] 28.35

TSAM [C] Not found

TOM1 [C] Not found

Figure D.1: Screenshots of the graphical user interface of the lab automatization
software. In (a)/(b) the GUI of the “AFM”/“XPS-STM"™-setup is shown, respec-
tively.

The program can be modified for each machine, i.e., the “LT-STM”, the “AFM” and the
“XPS-STM”, to track different kinds of sensors and input information. The helium level
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VI. Appendix

of the cryostat, for example, needs to be measured for the “LT-STM” and the “AFM”, but
not for the “XPS-STM”.

= Diode Manipulator
Diode Cryo

Helium Measurement i
| g Di0ClE AFM

W
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Figure D.2: Connecting scheme for the lab automatization of the “AFM” setup.

The scheme, optimized for the “AFM™-setup shows the connection of the different
chips with the RaspberryPi [213].
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E. Data processing

The acquired data was analyzed with Python [214], using Numpy [215], SciPy [216] and
Matplotlib [217]. For analyzing STM and AFM images, Gwyddion [218] and the Crea-
Tec Software STMAFM [106] were used. Only subtle processing, for example, line sub-
traction, gaussian filtering, leveling or 2D fast Fourier Transformations were conducted.
XP-spectra were fitted using the fityk software [219]. The backgrounds were fitted with
linear slopes, cubic polynomials or Sigmoid functions and peaks were fitted with either
Gaussians, Lorentzians or a mixture using Pseudo-Voigt functions. The simulated STM
images, calculated by DFT were interpolated to smooth them out. Molecular models were
created using Avogadro [220] and visualized using VMD [221].

The calibration of the piezo constants in the room temperature measurements in sec-
tion 8.1 was done by comparing the Ir(111) step edges for the z-direction to literature
values and the intermolecular distance of the CeyPcs-tripledecker islands for the x- and

y-direction with the low-temperature measurements.
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