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Abstract

This thesis presents an atomistic study of novel quantum materials by means of scanning
tunneling microscopy and spectroscopy. The experiments are accompanied by comple-
mentary X-ray photoelectron and low-energy electron diffraction experiments, as well
as ab initio density functional theory calculations. By utilizing holmium and carboxy-
late linker species, surface supported lanthanide coordinated metal-organic structures on
Ag(100) andMgO/Ag(100) are fabricated via bottom-up approach. With the aid of compu-
tational modeling efforts structural features are rationalized. Furthermore, we succeeded
in preparing a well-defined FeSi(110) surface. We find an electronic state inside the nar-
row band-gap accompanied by an unusually small width and asymmetric shape of the gap
compared to bulk measurements. By means of density functional theory calculations new
insights to the surface termination and relaxation are given.
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Zusammenfassung

Die vorliegende Dissertation stellt eine Studie neuer Quantenmaterialien auf atomarer
Ebene mittels Rastertunnelmikroskopie und Rastertunnelspektroskopie dar. Die Experi-
mente werden von komplementären Messungen durch Röntgenphotoelektronenspektro-
skopie und der Beugung langsamer Elektronen sowie von Ab-initio Rechnungen mit-
tels Dichtefunktionaltheorie begleitet. Durch die Verwendung von Holmium und Carb-
oxylaten als molekulare Verbindungbausteine werden oberflächengestütze metallorgani-
sche Strukturen auf Ag(100) und MgO/Ag(100) mittels Bottom-up Synthese hergestellt.
Mithilfe von rechengestützer Modellierung werden strukturelle Details offen gelegt. Au-
ßerdem gelingt die Präparation einer wohldefinierten FeSi(110) Oberfläche.Wir finden ei-
nen elektronischen Zustands innerhalb der schmalen Bandlücke, sowie eine ungewöhnlich
kleine und asymmetrische Bandlücke im Vergleich zu früheren Messungen im Festkörper.
Mittels Dichtefunktionaltheorierechnungen werden entscheidene Hinweise zur Oberflä-
chenterminierung und -relaxation geliefert.
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1 Introduction
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In the late 1960s, condensed matter physics evolved the new scientific field of surface
science emerging from the confluence of three factors: ultra-high vacuum technology,
the ability to grow single crystals and make them commercially available and the new in-
sights to the interaction of electrons with solids [1]. Different electron spectroscopic tech-
niques were widely used to investigate surfaces under controlled conditions. Taniguchi
and Drexler later followed with introducing the probably more famous name ”Nano-
Technology” and defined it as the manipulation of individual atoms and molecules [2, 3].
Though the two terms are not describing identical fields of research, they always shared
a big overlap. While the early days of surface science were limited to spectroscopy and
diffraction experiments, a crucial milestone was achieved in 1982 [4]: The invention of
the scanning tunneling microscope (STM) by Binnig and Rohrer [5] enabled the imag-
ing of individual molecules and atoms on surfaces. Additional sensing and manipulation
power was gained by the subsequent development of the atomic force microscope in 1986
[6].
In 1965 Moore had stated his prediction that the circuit density in electronics would

double every two years [7]. His hypothesis was indisputable for a long time, for history
proved him right. Surface and nano science were always strongly correlated to the revo-
lution of microelectronics. The new technologies enabled scientists to conduct complex
experiments and findings in nano science influenced the evolution of electronics [1]. For
the past decades, and up to now, classical top-down engineered semiconductor electronics
govern the world of information technology. However, currently the miniaturization of
top-down fabricated integrated circuits seems to approach its limits [8] and the extensive
possibilities offered by modern surface and nano science techniques return to the limelight
of modern technology. The search for new quantum materials is one of the major chal-
lenges in modern condensed matter physics and influential in nano science [9]. Although
fundamental research on model systems is the focus of most nanoscale science investi-
gations, there are plenty of applications that already made it into production, e.g. organic
light emitting diodes [10] or organic solar cells [11]. Especially considering the issue
of down-scaling of electronic devices, the engineering of quantum materials is requested
more than ever.
In general, applications for these materials can be found in the fields of catalysis [12–

18], energy technology [19, 20], light emission [10, 21, 22], chemical sensors [23, 24] and
molecular electronics [25, 26]. Here, the major steps in molecular nanotechnology and the
fabrication of nano materials have been the manipulation of individual atoms [27] and the
fabrication of carbon nano-architectures, such as bucky balls [28] and carbon nanotubes
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1. Introduction

[29]. Specifically in the context of surface science, numerous approaches were conducted
in the bottom-up fabrication of molecular architectures on surfaces [30, 31] as well as the
surface-supported fabrication of 2D materials, such as graphene [32], h-BN [33] and their
applications [34] and derivatives, e.g. graphene nanoribbons [35] or graphdiyne nanowires
[36], representing major steps in the field of band structure engineering.
The general concept of molecular engineering on surfaces is to utilize specifically de-

signed molecular building blocks on atomically well-defined surfaces to build molecular
nano- architectures via self-assembly and surface assisted reactions. To ensure a well de-
fined, contamination free environment, corresponding experiments are usually carried out
under ultra-high vacuum conditions. For the formation of structures via self-assembly on
surfaces, a variety of different interactions, such as van der Waals interaction, H-bonding
and metal-ligand interactions have to be taken into account [37]. In recent years, espe-
cially the incorporation of lanthanides into metal-organic nano-architectures gained sub-
stantial interest in the community. Motivated by the special coordination capabilities of
lanthanides with their high coordination numbers [38] and taking into account their ex-
ceptional magnetic properties they are highly relevant for molecular magnetic devices and
spintronics [39–41]. The fabrication of single-molecule magnetic complexes involving
lanthanides was achieved [42] and 4f elements were incorporated into interfacial nano-
architectures [43].
Recently, evidence was given that holmium atoms can serve as single atom magnets

on surfaces, rendering the ultimate smallest magnetic memory unit [44]. A crucial point
for the magnetic properties of such single atoms on surfaces is the chemical environment,
which can either be tuned by organic ligands [45] or by the introduction of an insulat-
ing decoupling layer [44]. The high surface mobility of the single atoms on the surface,
however, is a major issue and results in clustering at low and ambient temperatures.
Another promising approach to novel pathways for interfacial quantum materials is

the field of topological insulators (TI) and related materials, such as heavy fermion sys-
tems [46] and Kondo insulators [47]. They offer a wide range of applications, e.g. in
photo detectors, magnetic devices, field-effect transistors and lasers [48]. In particular,
the (110) surface of the putative Kondo insulator iron silicide (FeSi) [49] showed a highly
unusual conductivity behavior and may offer undiscovered conduction channels exclu-
sively present on the surface [50]. However, in-depth studies of the surface structure and
the electronic properties of this system are still lacking at the current stage.
The outline of the presented thesis is as follows: In chapter 2 the physical background

of the experimental techniques is briefly addressed, followed by a short presentation of the
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used instrumentation in chapter 3. Chapter 4 presents the STM based study of holmium-
based metal-organic compounds and networks on the Ag(100) surface, which overcomes
the diffusion problems of single holmium atomsmentioned above. Structural models have
been developed by ab initio density functional theory calculations (DFT), as well as mod-
els for the charge transfer mechanisms to the surface. As already stated byDonati et al., the
exceptional magnetic properties become accessible by the introduction of an insulating de-
coupling layer, namelyMgO [44]. Hence, as a consecutive goal similar nano-architectures
are employed on layers ofMgO onAg(100), adressed as a proof of principle study in chap-
ter 5. Detailed information on the growth of MgO on Ag(100), as well as the formation
of metal-organic structures on this substrate is reported.
While chapters 4 and 5 deal with the synthesis of metal-organic structures on surfaces,

chapter 6 provides new insight to the structural and electronic properties of the FeSi(110)
surface. Inspired by the intriguing results from Wagner et al. [50], we investigated the
structural and electronic properties of the surface bymeans of STMand scanning tunneling
spectroscopy (STS) measurements, as well as DFT calculations. The preparation of a
well-defined (110) surface is reported and spectroscopic insight to the electronic structure
is given. The studies are supported by low-energy electron diffraction (LEED) and X-ray
photoelectron spectroscopy (XPS) measurements. Finally, a summary of the thesis and an
outlook to future research projects on the discussed topics are given in chapter 7.
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2 Experimental Methods
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2.1. Scanning Tunneling Microscopy

The development of scanning probe microscopy (SPM) made exceptional additions to the
experimental techniques of surface science. Before, the insight to interfacial systems on
the nanoscale was mostly limited to methods in the fields of spectroscopy and diffraction
experiments, which integrate over a large area of the sample. Though semi-atomic resolu-
tion measurements with field ion microscopy [51] and transmission electron microscopy
[52] were achieved before, SPM offers real space information down to the atomic scale.
The start of SPMwas the invention of the scanning tunnelingmicroscope (STM) byBinnig
and Rohrer in 1981 [5]. They produced a series of astonishing results, from the imaging
of monoatomic steps [53] to resolving the Si(7 × 7) reconstruction [54], finally receiving
the Nobel Prize in physics in 1986. The STM was followed by series of other techniques,
such as the scanning nearfield optical microscope (SNOM) [55], the atomic force micro-
scope (AFM) [6] and numerous derivatives of these. They all share the basic idea of a
microscopic probe (often simply called tip) that is being utilized to confine the investi-
gated interaction between probe and sample to a very small space. In the case of STM
and AFM this can be down to the subatomic scale. Because the information can only be
recorded for a specific point at a time, the probe is moved along a grid of data points and
scanning the sample. This results in a 2D matrix of data points, hence the term scanning
probe microscopy.

2.1. Scanning Tunneling Microscopy

The STM uses the quantum mechanical tunneling effect. Initially, the phenomenon was
theoretically derived to explain the processes in the α-decay of nuclei [56], later experi-
mentally observed for planar tunneling junctions in 1930 [57] and in 1960 for supercon-
ducting metals separated by an insulating film [58]. While field emission into the vacuum
was already explained in 1928 [59], Binnig and Rohrer in 1982 showed tunneling through
a controlled vacuum gap [5].
When two conducting electrodes are brought closely together and a voltage is applied

between them, a current can be measured. In the case of STM, the two electrodes consist
of an atomically sharp tip and a rather flat sample, which are both conducting. The tip can
be moved with a piezo tube in x-,y- and z-direction. It is scanned along the surface (x- and
y-direction) in either constant height or constant current mode. The latter is more widely
used and incorporates a feedback loop that will keep the tunneling current constant. The
z-displacement of the tip is recorded, producing a three dimensional image of the surface.
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Figure 2.1.: a) STM setup, the green components are only used in STS (see
section 2.1.3) b) Schematic sketch of energies andwave functionswhen tunneling
through a vacuum gap (adapted from ref. [60]). The applied voltage causes a shift
in energy levels of tip and sample. For simplicity, the special case of identical
work for tip and sample is shown. Though classically forbidden, the particle can
penetrate the barrier and tunnel through it. While tunneling through the gap, the
amplitude of the corresponding wave function decays exponentially and travels
on after the gap with decreased amplitude.

Figure 2.1a shows the basic components of a typical STM setup.

2.1.1. Fundamental Theory

The sketch in Figure 2.1b shows the situation for a simplified one dimensional tunneling
barrier. Although the vacuum gap between the two electrodes classically forbids this, the
electrons will tunnel through the potential barrier. Quantum mechanics predict that a par-
ticle (described as a traveling wave) can travel through a potential barrier, even when it
classically would not. This effect is based on the boundary conditions for the probability
density which states that a traveling wave can not fall off to zero instantaneously (disre-
garding the case of an infinite high potential barrier). Therefore, the probability density
decays exponentially while the wave travels through the gap and after the barrier travels
on with decreased amplitude. There will be tunneling in both directions, but the applied
voltage will make one direction much more probable than the other.
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2.1. Scanning Tunneling Microscopy

0 d

EF
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ρs ρt
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z

Figure 2.2.: Density of states of tip and sample as modelled in the Bardeen
approach to tunneling theory (adapted from ref. [60]). The Schrödinger equations
are solved independently for tip and sample and linked by introducing a transfer
Hamiltonian. The line linking Es and Et indicates that tunneling is only allowed
between states of equal energy. Grey surfaces indicate occupied states.

Quantum mechanically, we can describe the system in a simplified one dimensional
model, with different solutions for the Schrödinger equation in front of, inside and behind
the barrier. From elemental quantummechanics and by appliance of theWentzel-Kramers-
Brilliouin approximation we can deduce the transmission coefficient [61]:

T = exp

[
−2

∫ z2

z1
κ(z) dz

]
, (1)

where κ is the decay constant inside the classically forbidden region:

κ(z) =
√
2m(U(z) − E)

~
. (2)

U(z) is the potential height of the barrier and E is the energy of the electron. When a
voltage is applied to the sample, the Fermi level shifts by eV , as depicted in Figure 2.1b.
This will make tunneling from the sample to the tip much more probable and hence results
in a net current from sample to tip. By reversing the voltage, the tunneling direction can
be reversed. The case in Figure 2.1b represents electrons tunneling from the sample to the
tip. Here, the transmission coefficient becomes:

T(E) = exp

[
−2
~

√
m(Φs + Φt − eV) · d

]
(3)
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2. Experimental Methods

Equation 3 clearly shows that the tunneling current is exponentially connected to the
barrier width d, which is the reason for the high effectiveness of the feedback loop in STM.
Tunneling always occurs from an occupied state of one electrode to an unoccupied state of
the other of equal energy. Therefore, the tunneling current strongly depends on the local
density of states (LDOS) of tip and sample (see Figure 2.2). Introducing the concept of a
transfer Hamiltonian and describing the system with separate wave functions for tip and
sample, Bardeen deduced [62] that the tunneling current equals [60]:

I =
4πe
~

∫ ∞

−∞

[
f (EF − eV + ϵ) − f (EF + ϵ)

]
× ρs(EF − eV + ϵ)ρt(EF + ϵ)|M |2 dϵ .

(4)

Here, the first term of the integral is the Fermi distribution function, accounting for the
thermal broadening of occupied and unoccupied states around the Fermi level at higher
temperatures. For simplicity and because this work focuses on low temperature measure-
ments we can neglect this in first approximation. By specifying the energy interval with
the bias voltage V we get

I =
4πe
~

∫ eV

0
ρs(EF − eV + ϵ)ρt(EF + ϵ)|M |2 dϵ, (5)

where ρs and ρt are the LDOS of sample and tip, respectively. |M | is the tunneling matrix
element, which is however, generally unknown. Since only states close to the Fermi level
are of interest, Bardeen assumed that |M | does not change significantly around the Fermi
level and can be treated as a constant. Then, the tunneling current is proportional to the
convolution of the density of states of tip and sample:

I ∝
∫ eV

0
ρs(EF − eV + ϵ)ρt(EF + ϵ) dϵ . (6)

This equation and the fundamental meaning of it are important, when interpreting STM
images: The measured tunneling current is not only giving information of the electronic
structure of the sample, but also of the tip.

2.1.2. The Tersoff-Hamann Model

Tersoff and Hamann [63, 64] developed a simple model to overcome the problem of an
unknown LDOS of the tip and the unknown tunneling matrix element. They assumed the
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2.1. Scanning Tunneling Microscopy

tip to have a spherical apex of a defined radius, hence modeling it as an atomically sharp
tip with a single atom at the apex. This modeling is de facto assuming s-orbitals for the
tip. The tunneling matrix element in the Tersoff-Hamann model is

Mts =
2π~

m

√
Ωt ReκRψs( ®r0). (7)

Here,Ωt is the probe volume (i.e. the tip), R is the curvature radius of the apex, κ the decay
constant from equation 2, ψs is the wavefunction of the state from or where to the electron
tunnels and r0 denotes the position of the apex center. Because the model treats the LDOS
of the tip as a constant, sets the temperature of the junction to zero and disregards inelastic
tunneling, we can put this expression into equation 5 and get an analytic expression for
the tunneling current, only depending on the density of states of sample and the decay
constant discussed above (equation 2). By applying this to equation 6 and again applying
the principle of density of states rather than discrete individual wave function we get

I =
32π3e2Vϕ2(EF)R2e2κR

~κ4
ρt

∫ eV

0
ρs(ϵ)dϵ . (8)

Though it is a very simplified interpretation of the electronic structure of the tip, the model
has proven to be very valuable for the interpretation of STM images and is also used for
the simulation of STM data in this work.

2.1.3. Scanning Tunneling Spectroscopy

As discussed above, the STM can be used to scan the sample and probe the electronic
structure and thereby give insight to the topography. Another very useful operational mode
is scanning tunneling spectroscopy (STS), which can be used to investigate the LDOS of
the sample. Selloni et al. were the first to propose the use of STM to probe the LDOS
of the sample being especially sensitive to surface states [65], rather than bulk electronic
states. The first measurements were taken by Binnig et al. on Ni(100) [66]. Ever since,
STS has widely been used in surface science to probe the energy landscape around the
Fermi level on metal surfaces [67–69] and molecular architectures [70–73]. Furthermore,
the investigation of vibrational modes via inelastic tunneling spectroscopy (IETS, partly
used before the invention of SPM) [74–77] and even spin sensitive measurements giving
insight into the magnetic properties of the sample system were achieved [44, 78–80].
Typically for STS, the tip is approached to the sample and held at a constant height and

13
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Figure 2.3.: Basic principle of a lock-in amplifier used in STS.

the bias voltage is ramped. Assuming the temperature of the tunneling junction is still
(very near to) zero, we can again neglect the Fermi distribution of states and equation 6 is
still valid. Taking the LDOS of the tip as a constant (which is fairly realistic for a metal
tip around EF), the derivative of the tunneling current gives:

∂ I
∂V

∝ ρtρs(eV). (9)

Equation 9 shows that the derivative of the tunneling signal I(V) is directly proportional
to the density of states of the tip and can be used to determine the LDOS of the sample
around EF . Taking the numerical derivative is possible (and sometimes done), though it
involves a lot of noise in the final spectra and is therefore seldom the method of choice.
Much cleaner spectra can be obtained by using a lock-in amplifier, which will be briefly
discussed in the following.

STS using a lock-in amplifier

As mentioned before, numerical derivatives of tunneling signals feature very high noise.
To overcome this, a lock-in amplifier is used. The incorporation of the lock-in amplifier
to the STM setup is shown in Figure 2.1a (green components). The bias voltage is mod-
ulated by a small AC voltage Vre f of a specific frequency ωm and amplitude Vm. This
results in a modulation of the tunneling signal IT . Note that though the signal of interest
is the tunneling current signal, it is actually a voltage signal that is passed into the lock-in
amplifier, because the preamplifier converts the current into a corresponding voltage. The
lock-in amplifier will only detect signals corresponding to the modulation frequency and
of specific phase, acting as a very narrow width band-pass filter. The basic operational
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2.1. Scanning Tunneling Microscopy

principle is schematically shown in Figure 2.3. The lock-in amplifiers core elements are
the multiplier and the low-pass filter. First, the signal is amplified and then multiplied
with the reference signal Vre f . Afterwards, the signal is passed through a low-pass filter
with a much smaller cut-off frequency than ωm. This produces the first derivative of the
original signal. The derivation below was partly printed elsewhere [81].

From equation 8 we know that

IT ∝
∫ eV+eVm sin(ωmt)

0
ρs(ϵ) dϵ (10)

This expression can be expanded into a taylor series around the point of energy eV , whereas
the new variable of the Taylor expression will be [eV + eVm sin(ωmt)]:

IT ∝
∫ ≈eV︷                 ︸︸                 ︷

eV + eVm sin(ωmt)

0
ρs(ϵ) dϵ + ρs(eV + eVm sin(ωmt))︸                       ︷︷                       ︸

≈ρs(eV)

eVm sin(ωmt)

+ ρ′s(eV + eVm sin(ωmt))︸                       ︷︷                       ︸
≈ρ′s(eV)

e2V2
m sin2(ωmt)

2
+ ...

(11)

Because the modulation amplitude Vm is small against the DC bias V , we can make the
simplications as indicated by the braces above:

It ∝
∫ eV

0
ρs dϵ︸      ︷︷      ︸

∝It (V)

+ ρs(eV)eVm sin(ωt)︸                 ︷︷                 ︸
∝I ′T (V)

+ ρ′s(eV)e2V2
m sin(ωt)
2︸                   ︷︷                   ︸

∝I ′′T (V)

+... (12)

The multiplier of the lock-in amplifier will now form the product Vmult of this signal VS

and the internal reference Vre f ,int . Also, the signal contains noise VN , which in this case
will be modeled as ideally white.

Vmult = Vre f ,int × (VS + VN ) (13)

= sin(ωmt + φ)

×
(∫ eV

0
ρs(ϵ) dϵ + ρs(eV)eVm sin(ωmt + φ0) + ... +

∫ ∞

−∞
aω sin(ωt) dω

)
(14)
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2. Experimental Methods

The adjustable phase shifter of the lock-in introduces a phase shift φ of the reference, while
the tunneling signal will pick up an intrinsic phase shift of φ0. All terms (including the
noise) but the second of equation 12 will be proportional to an oscillating part of frequency
ωm and its higher harmonics. Therefore, we can write

Vmult =
ρseVm

2

[
cos(φ − φ0) − cos(2ωmt + φ + φ0)

]
+ sin(ωmt) × ... (15)

The lowpass filter of the lock-in will reject all the oscillating parts, leaving us with an
output of

Vout =
ρseVm

2
cos(φ − φ0). (16)

By choosing a suitable phase φ, the signal can be maximized and is directly proportional
to the first derivative and hence, the LDOS of the sample. Simultaneously the noise is
rejected. Lock-in amplifiers can also give higher derivatives of the signal (e.g. for inelastic
tunneling spectroscopy [74] (IETS), simply by multiplying it with higher harmonics of the
reference.

Other Sources of Noise

The assumptions above infer a temperature of 0K, but in real experiments even a very
small temperature has a non-neglectable influence on the energy resolution due to thermal
broadening of the LDOS around EF . If we take equation 4, but still assume a constant |M |,
taking the derivate of the tunneling signal becomes more complicated. It then involves a
convolution of the LDOS of the sample with the derivative of the Fermi function, which
has the form of a sech2(x). For practical purposes it is sufficient to know that the thermal
broadening function has a full width half maximum (FWHM) of 3.2kBT [74]. For the
experiments in this work, the temperature was either 4.6K or 1.15K. This results in a
thermal outsmearing of the states of 1.3meV and 0.3meV, respectively.
Another source of noise is the capacitance between tip and sample, when the bias volt-

age is modulated, as in STS. The tip-sample system acts as a capacitor that is connected
in parallel to the tunneling junction (which can be treated ohmic). The capacitive signal
has a phase shift by 90° to the actual tunneling signal. The usage of a lock-in amplifier
enables us to lock onto the capacitive signal and then rotate the phase by 90°. This allows
one to only detect the signal of the tunneling junction.
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2.2. Low Energy Electron Diffraction

When using the lock-in technique, the modulation amplitude also influences the en-
ergy resolution[74]. Obviously, the higher the modulation amplitude, the higher the en-
ergy window recorded is. This is oftentimes called the instrumental function and amounts
to[82]

χm =


2
√

V2
m−V2

πV2
m

for |V | ≤ Vm,

0 for |V | > Vm

. (17)

The FWHM of this function is 1.7Vm. While increasing the modulation amplitude in-
creases the signal to noise ratio, it simultaneously lowers the resolution. Therefore, suc-
cessful spectroscopy of small energy features always entail a well-considered modulation
voltage. The electronic components of the measurement system (e.g. pre-amp) will also
induce noise to the measurement and mechanic vibrations from the vacuum chamber are
omnipresent and have to be reduced to a minimum.

2.2. Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a widely used diffraction method for structural
surface analysis. In 1927 the first diffraction experiments with electrons of low energy
were conducted by Davisson et al. [83, 84] and Thomson et al. [85]. Though the tech-
nique was not called ”LEED” by that time, the experiments showed the wave character of
electrons, as predicted by de Broglie in 1924 [86]. Because metal surfaces of high peri-
odicity and suitable vacuum chambers became available much later, LEED encountered
a renaissance in the 1960s. Since LEED is only used as a cross-reference in this work for
the in situ treatment of the crystal, the following description will only focus on the basic
operation principles.
It utilizes the scattering of electrons by the periodic lattice of the surface as well as

superstructures, such as molecular assemblies. A typical LEED setup is shown in Figure
2.4a. Electrons are accelerated by an electron gun, consisting of cathode, anode and ion
optics. After hitting the sample, electrons will be scattered back and form a diffraction
pattern on a flourescent screen. To make sure that only electrons coming from elastic
scattering events will reach the screen, grids are mounted in front of the screen to repel
electrons of lower energy. After passing the last grid, they are accelerated by a high voltage
applied to the screen to produce visible fluorescence.
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Figure 2.4.: a) Schematic sketch of a typical LEED setup (adapted from [87,
p. 81]). b) Ewald sphere construction for 2D reciprocal lattice, view along the
surface (Loosely adapted from [88, p. 140]).

There is a direct connection between the the diffraction pattern and the reciprocal lattice
[89, p.47]:

®k − ®k0 = ®ghkl, | ®k | = | ®k0 |. (18)

Here, ®k and ®k0 are the wave vectors of the scattered and incident beam, respectively.
The second equation arises from the conservation of energy and momentum in elastic
scattering. The equations are the equivalent to the Bragg condition in reciprocal space.
®ghkl is the reciprocal lattice vector with the well known identity [90, p. 24]:

®ghkl = h®a∗ + k®b∗ + l ®c∗, (19)

where ®a∗®b∗ and ®c∗ are the primitive translation vectors of the reciprocal lattice and con-
nected to their real space pendants by

®a∗ = 2π
®b × ®c

®a · ®b × ®c
, ®b∗ = 2π

®c × ®a
®a · ®b × ®c

, ®c∗ = 2π
®a × ®b

®a · ®b × ®c
. (20)
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2.2. Low Energy Electron Diffraction

The wavelength of the electrons is

λ =
h

√
2mE

. (21)

The electrons in LEED have an energy of roughly 30 - 300V, so their wavelengths are
of the order of 0.5 - 2Å and can therefore resolve interatomic distances. The technique
is very surface sensitive, because elastic scattering will only occur in the very first few
layers of atoms. Hence, the LEED pattern originates mainly from the 2D surface lattice
and only the parallel components of equation 18 need to be conserved:

®k | | − ®k | |
0 = ®ghk . (22)

As a result, the scattering vector component parallel to the surface equals a reciprocal lat-
tice vector [89]. To understand this in a more intuitive way, the Ewald sphere construction
[91] can be used. For a 2D lattice it is shown in Figure 2.4b. There are no atoms in the
direction normal to the surface, which can be understood as an infinite lattice constant in
that direction. This means an infinitely small reciprocal lattice vector, which results in the
appearance of lattice rods, rather than individual lattice points. The construction shows
the view along the surface, with kx lying in the paper plane. The incident beam momen-
tum is again represented by ®k0 and the scattered beams are determined by intersections
of the Ewald sphere with the lattice rods. It can be clearly seen that equation 22 is true
in this case. These spots represent the LEED pattern seen on the screen (as indicated by
green spots in the figure). For example, the spot determined by the k-vectors shown in
Figure 2.4b (black contour line) corresponds to the (30) reflex of the reciprocal lattice, as
indicated by the red vector.
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3.1. UHV Chamber

3.1. UHV Chamber

To ensure awell defined, contamination free environment, all experiments were performed
under ultra high vacuum (UHV) conditions. The majority of the experiments were carried
out using a Joule-Thomson Scanning Tunneling Microscope (JT-STM). The system con-
sists of a preparation chamber and the STM chamber, which is housing the cryostat and
microscope. The two chamber are separated by a gate valve. Samples can be transferred
from one chamber to the other with a manipulator.
The home-built preparation chamber is equippedwith a sputter gun, to clean the samples

using Ar+-ion bombardment. The device is a commercial IQE-11 from SPECS and is typ-
ically operated at an acceleration voltage of 0.9 kV and an Ar-pressure of 3 × 10−6mbar.
Metal surfaces were cleaned using grazing incidence, whereas FeSi samples showed to be
cleaner using normal incidence. To anneal the samples, the manipulator is equipped with
a filament, lying directly under the sample holder. For temperatures up to 500 ◦C strictly
radiative heating is used, but electron bombardment is also employed to reach higher tem-
peratures (i.e. 600 ◦C for FeSi). The temperature is measured by a thermocouple (TC)
directly contacted to the crystal. A copper beryllium spring is pressing the two TC wires
against one side of the crystal ensuring a good electrical contact and hence a precise mea-
surement. The manipulator has two sample positions, where the lower one can be used
with the TC. To minimize sample pollution by sputtering material from the manipulator
onto the crystal, the upper position is used for sputtering and the lower one for annealing.
For the deposition of organic molecules as well as metals, different home-built evapo-

rators are mounted to the chamber. Two of them are used for (organic) molecular beam
epitaxy (OMBE) and comprise of two individually heatable Knudsen cells. The tempera-
ture is controlled by either resistivity measurements of a PT1000 wire or by a TC below
the quartz crucible. These evaporators are used to deposit organic molecules as well as
magnesium.
To deposit lanthanides, e.g. holmium, the required high temperatures can not be reached

with the above OMBEs, so a home-built metal evaporator is used1. The metal is mounted
as a thin strip between two cooled copper electrodes and heated up by applying a high-
current (≈ 20A) and high-frequency (5 kHz) voltage. Due to the cooling only the center
part of the strip is heated to the evaporation temperature, which ensures a contamination
free deposition. To monitor the deposition rate, a quartz crystal microbalance (QCM) is
mounted at the other side of the strip with the same distance as the sample has to the strip.
1Original design by Prof. Peter Feulner, Department of Physics (E20), Technical University of Munich.
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Figure 3.1.: 3Dmodel of the strip evaporator used for Ho. A high-current, high-
frequency voltage heats up the strip. The deposition rate can be monitored with
a QCM.

Figure 3.1 shows a model of the evaporator.
Furthermore, different gases such as oxygen or carbon monoxide can be dosed to the

chamber. Each gas line is equipped with an individual leak valve.

3.2. Joule-Thomson Scanning Tunneling

Microscope

The JT-STM is mounted in an individual chamber. It is a commercial SPECS JT-STM
(Wulfhekel Design [92]) with a cryostat from Cryovac. It comprises of three main com-
ponents: The cryostat, the Joule-Thomson (JT) cooler and the actual STM.

Cryostat To achieve liquid helium (LHe) temperatures (∼ 4.6K), the system is cooled
with a bath cryostat filled with LHe. Around the LHe tank, a liquid nitrogen (LN2) tank re-
duces radiation losses and precools the surroundings to∼ 80K. At the bottom of the tanks,
thermal shields are mounted around the JT-cooler and the STM. They can be opened to
insert samples to the STM. The microscope can be operated for two days without refilling
in JT mode and three days in ”normal” low temperature mode at 4.6K.

JT-cooler In order to cool down to temperatures below LHe, a Joule-Thomson cooler
is used. He gas is being liquified in a very fine capillary at the bottom of the LHe tank and
brought into the superfluid state. On one side of the capillary, He gas is applied with an
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Figure 3.2.: a) JT-cooler of the JT-STM. b) STM inside the JT-shield. The tip
is approaching the sample from below. The sample holder is 18mm wide.

over-pressure of≈ 1.5 bar. The capillary ends into a nozzle, causing the gas to expand into
a larger volume. This volume is pumped from the rear-side using a rotary vane pump. On
the isenthalpic expansion, namely the Joule-Thomson effect, the He cools down further
and brings the JT cooler to (∼ 1.2K). The JT-stage is thermally isolated with a third JT-
shield from the rest of the cryostat, but for pre-cooling the gaseous He a thermal shortcut
between JT-shield and LHe shield can be closed. The different components can be seen
in Figure 3.2a.

STM The actual microscope is placed inside the JT-shield. In the used setup, the sample
is placed above the tip. The samples are mounted with a sandwich sample holder, con-
sisting of two molybdenum plates. For coarse movement, the sample can be moved left
and right using a stick-slip motor. The STM tip is a electrochemically etched tungsten tip
and placed into a golden tip holder, which is mounted on top of the piezo tube (see section
2.1). To transfer samples (and tips) in and out of the microscope and to open and close the
shields a wobble stick is employed.
The tunneling current is converted into a voltage by preamplifier (FE MTO) just after

the vacuum feedthrough. It is then passed into the electronics (Nanonis SPM system). For
differential conductance measurements, an Ametek digital lock-in amplifier (model 7270)
is used.
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4.1. Introduction

In recent years the use of lanthanides in molecular architectures has been a burgeouring
field of research, exploiting the high coordination numbers lanthanides offer in compar-
ison to other metals. Inspired by the potential revealed in three-dimensional compounds
and networks [38, 94–99], recent studies focus on the development and control of inter-
facial nanosystems [100–103] and architectures [43, 104–107]. Additionally, their mag-
netic properties are of high interest to the scientific community and major steps were done
in the fabrication of lanthanide-based magnetic devices including single-molecule mag-
netic complexes [42, 108–113]. Recent experiments reveal prospects towards single-atom
memory for single Ho atoms on a surface [44, 114]. They offer the ultimate smallest mem-
ory unit of magnetic storage devices, but are so far unstable in their confinement on the
surface and exhibit loss of their magnetic hysteresis above 50K [115].
In order to stabilize single Ho atoms from diffusion on the surface we utilize on-surface

metal-organic self-assembly. As previously shown, the formation of coordination su-
perlattices and networks permits to create and preserve stable magnetic quantum states,
whereby the embedding of metal atoms in specific coordination configurations with or-
ganic ligands can greatly influence the electronic structure of the metal centers and hence
their spin states [42, 111, 112, 116]. Moreover, through changing the environment by such
measures, the lifetime of the spin states can be greatly increased [45].
In this work, we explore the potential of organic linker molecules combined with Ho

atoms at a well-defined metal surface towards the formation of robust metal-organic nano-
structures. We employ a simple, prototypical linker species, namely 1,4-benzenedicar-
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boxylic acid (TPA). It is a versatile building block for the creation of supramolecular ar-
chitectures on noble metal surfaces and semiconductors [37, 117, 118] and has also been
employed for lanthanide-based metal-organic coordination [119]. On reactive surfaces,
thermal excitation can transform the functional groups into carboxylate species whereby
the deprotonation can drive phase transformations [120] and enable the formation ofmetal-
organic coordination motifs [45]. Utilizing scanning tunneling microscopy (STM), we
investigate the self-assembly behavior on Ag(100), i.e., a weakly reactive surface with
square symmetry. Although there is a relatively high activation barrier for deprotonation
on this substrate, it was chosen because it provides the possibility to afford magnesium ox-
ide layers, thus creating interfaces with exceptional properties regarding lanthanide-based
nanomagnetism [44, 121].
Through first characterizing purely organic adlayers we show that heating-induced de-

protonation generates a carboxylate precursor phase before significant loss of molecules
through desorption sets in. This enables the subsequent creation of Ho-directed nanostruc-
tures. Via controlling the preparation conditions (i.e. Ho-molecule ratio, deposition and
annealing temperatures), we can steer the formation of two distinct Ho-TPA phases con-
sisting of metal-organic complexes and coordination networks, respectively. By means
of density functional theory (DFT) calculations we developed structural models for the
supramolecular assemblies explaining the experimental findings in great detail. Further-
more, through the DFT analysis we gain insight into the Ho coordination chemistry in-
cluding the charge redistribution of the coordination nodes and the influence of the sur-
face. We give an explanation for the chirality of the structures and a detailed analysis
of strain effects, which are of general relevance in the field of surface-confined metallo-
supramolecular engineering. Our work highlights the potential of Ho for the construction
of surface-supported large-scale nanoarchitectures that bear prospect for nanomagnetism.
Simultaneously, we lay a foundation to further exploit the exceptional magnetic properties
of Ho on surfaces that arise from the occurrence as single confined entities.

4.2. Results and Discussion

Before we investigated Ho-directed structure formation we characterized samples with
purely organic adlayers aiming at the preparation of a reactive precursor layer featuring
functional groups in the carboxylate state, thus ready to coordinate to lanthanide atoms.
In a first attempt, TPA molecules were deposited onto a freshly cleaned Ag(100) surface
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a) b)

d2d2d1d1εε

a1a1

a2a2

Figure 4.1.: Precursor phase a) STM image of the organic precursor layer con-
sisting of TPA molecules with deprotonated end groups on the Ag(100) surface
obtained upon adsorption at 450 K. A regular pattern of molecules appearing
to be higher in topography is visible, Inset: TPA deposited at RT on Ag(100).
Tunneling current IT = 1.1 nA, bias voltage VB = 3mV. b) Tentative model of
the organic precursor layer. The heterogeneous topography distribution of the
molecules is due to higher lying TPA molecules on the bridge sites of the silver
substrate. The unit cell of the organic network is marked as a black rectangle,
identifying it as a p(10 × 4) structure with respect to the underlying lattice.

held at room temperature via organic molecular beam epitaxy (OMBE, TOMBE = 160 ◦C).

The preparation resulted in long-range ordered domains where all molecules exhibited
the same apparent height (Figure 4.1a, inset, note that all presented STM images were
recorded at 4.5K). The intermolecular distance along the molecular chains, d0 = 9.7Å,
is consistent with previous reports on hydrogen-bonded assemblies of intact TPA, as sug-
gested by the superimposed molecular models. Subsequent annealing of the sample re-
sulted in strong desorption losses, disqualifying this approach as a starting point. The
comparison to previous results on Cu(100) [30, 45, 122, 123] and Ag(111) [124] indicates
that the adhesion of TPA to the Ag(100) surface is quite limited and more similar to the
close-packed Ag(111) than to the Cu(100).

Then, we developed a so-called hot deposition approach, where TPA is deposited onto
a hot substrate, i.e the sample is held at 450K during the 10min deposition time. STM
data obtained on that sample reveals that this preparation protocol results in a purely or-
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ganic phase with a coverage near to one monolayer (ML). The molecules form a regular
adsorption pattern (Figure 4.1a), in which they appear as oval protrusions exhibiting either
one of two relative brightness levels. A brighter species is surrounded by six darker ones,
while each darker species is surrounded by three brighter and three darker ones. Thus,
the unit cell outlined in the figure now contains six molecules. The prominent differences
regarding relative brightness, unit cell size and orientation of the molecules in comparison
to the previous phase of intact TPA (Figure 4.1a, inset) indicate that the adsorbates should
now exhibit a different chemical state.
The small overlay in the top right corner of Figure 4.1a depicts the orientation of the

molecules and a tentative adsorption model is presented in Figure 4.1b. Following previ-
ous NEXAFS studies of TPA on Cu(100) [120], we assume a flat adsorption geometry of
the phenyl ring on the surface. The model describes the adlayer as a p(10× 4) superstruc-
ture with a density of 0.15 molecules per Ag atom and consists of doubly deprotonated
TPA, i.e., where both functional groups are in the carboxylate state and the phenyl ring
still contains its 4 H atoms. It rationalizes the relative brightness pattern through asso-
ciating the dimmer and brighter species with molecules adsorbed with their phenyl ring
centered on hollow and bridge sites of the Ag lattice, respectively. Additionally, the model
shows a slight rotation of the hollow site molecules around the normal vector of the phenyl
ring plane. This results in a distorted T-shaped binding motif, where the carboxylates do
not face the hydrogen atoms of the phenyl rings in an exactly perpendicular fashion, but
rather at an angle of ε = 73°, as depicted in Figure 4.1b. We suggest that the center po-
sitions of the molecules are determined by molecule-substrate interaction, whereas weak,
non-covalent lateral interactions between the molecules, presumably dominated by proton
acceptor ring interaction [125] induce the rotation of the molecules. The occurring inter-
molecular distances of nearby atoms are situated between a minimum of a1 = 2.1Å and
a maximum of a2 = 3.5Å (blue circle in Figure 4.1b), thus exhibiting typical values for
non-covalent interaction [126].
By a detailed analysis of the distances between molecules, we obtain indirect evidence

on their chemical state. The two nearest neighbor distances of the precursor phase are la-
beled as d1 and d2 in Figure 4.1b. Considering the substrate registry, the distance between
bridge and hollow site molecules (d1) is 7.2Å and between two hollow site molecules
(d2) is 8.2Å. The layer is denser than the previous assembly of intact TPA (cf. Figure
4.1a inset), where the corresponding distances amount to 7.2Å and 9.7Å (d0). Previous
studies revealed consistent values. Assemblies of doubly deprotonated TPA on Cu(100)
exhibited d1 = d2 = 7.65Å [123]. Similar distances (d1 = d2 = 7.4Å) were also found
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on Pd(111) [127]. By contrast, packing schemes of intact TPA on Au(111) [128] showed
d1 = 8.5Å and d2 = 9.9Å, consistent with our values for the intact phase and with the
case of intact TPA on Cu(100), where d1 = 8.1Å and d2 = 12.8Å [120]. This compari-
son strongly indicates that the precursor phase on Ag(100) contains predominantly doubly
deprotonated TPA.
We thus conclude that the described hot deposition method enables us to obtain a full

ML of ditopic carboxylate precursor molecules with very few impurities and defects. This
is a favorable outcome, since later annealing steps for the preparation of metal-organic
coordination networks (MOCNs) always result in a slight loss of molecules due to thermal
desorption. For coverages below a full ML (using hot deposition) two organic phases are
present. Besides the precursor phase discussed above, small islands of a less dense phase
form between the big islands of the precursor phase. Details on this ”transition phase” are
given in the Appendix (cf. A.1a).

4.2.1. Ho-directed assembly

For investigating the potential of surface-supported Ho as coordination centers we pre-
pared a series of samples systematically varying the preparation parameters. We obtained
the best results for dosing Ho at room temperature onto a full monolayer of the precursor
phase followed by annealing the sample at 450K for 10 minutes. Depending on the Ho
dosage two different types of metal-organic structures were observed. Ho dosages refer
to fractions of monolayers of the close-packed Ho(0001) surface (hcp crystal lattice, see
Appendix A.4).

Cloverleaf phase

AnSTM image of a TPA/Ag(100)-p(10×4) precursor sample exposed to a very low dosage
of Ho (≈ 0.015ML) is depicted in Figure 4.2a.
The essential binding motif is composed of four bright features pointing towards a

medium bright center interpreted as cloverleaf shape (red outline). Similar cloverleaf
phases have been reported on Cu(100), involving iron or gadolinium [107] as coordination
centers and multitopic carboxylate linkers [129, 130] including TPA [123]. Analogously,
we suggest that here four linker species coordinate to one Ho atom, as depicted by the
model overlay, making it an eight-fold coordination to oxygen. According to STM data,
the unit cell vectors of this metal-organic superstructure enclose an angle of 22.2(18)°
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with the primitive lattice vectors of the Ag(100) surface (shown in the bottom left corner
of Figure 4.2a). STM data produces a quadtratic unit cell of 15.60(8) Å.
With our DFT-based geometry optimization we obtained the adsorption model shown

in Figure 4.2b, where the unit cell is highlighted by a black rectangle. It confirms that
four carboxyl-groups are coordinated to one Ho atom. More specifically, the involved
carboxylates are concertedly rotated by an angle of 53° around the C-C axis, rendering
a chiral coordination scheme. This behavior of the linker groups was weakly implied in
a previous study [107] and can now be confirmed by our calculations. The chirality is
better visualized in Figure 4.4a and b, showing the two enantiomers side-by-side. It has
been shown that the adsorption of achiral molecules can show surface-induced chirality
along with chiral recognition on the formation of extended islands, greatly influencing the
electronic structure [131]. This could be utilized to steer the systems nano-magnetic prop-
erties. The arrangement of the metal-organic complexes is forming a fully commensurate
pattern. The top-left part of Figure 4.2a depicts an overlay of a simulated STM image
calculated from the model and demonstrates the excellent agreement with the observed
features in the STM data.
In our DFT calculations Ho atoms preferentially reside at the energetically favorable

[132] hollow positions of the silver lattice and the lower O atoms of the carboxylates
assume positions close to the Ag atop sites. With respect to the primitive crystal direc-
tions the unit cell constitutes a square p(

√
29 ×

√
29)R 21.8° superstructure with a size of

15.56Å×15.56Å, agreeing nicely with the experimental value of 15.6Å for the length of
a side. The molecule density is 0.14 molecules per silver atom. The cloverleaf phase ex-
hibits organizational chirality and both enantiomorphic arrangements have been observed
on the same sample (see Appendix Figure A.2).
The TPA molecules appear as bright oval protrusions in the STM image, whereas the

Ho atoms appear transparent. The fact that the metal centers are not producing visible
features in STM data is a commonly observed for metal-organic coordination motifs [107,
133, 134]. Through translating the theoretical model with respect to the STM data, it
can be inferred that the linkers reside with their phenyl rings on the hollow site of the
Ag(100) surface and their long axis parallel to the < 011 > directions. This positioning is
equivalent to that of TPA coordinated by Fe on Cu(100) [45]. Assuming the hollow site
for the phenyl ring is in accordance with previous findings of aromatic molecules on metal
surfaces [135–138]. We substantiate this with our DFT calculations, as shown in Figure
4.2b.
The Ho atoms in the cloverleaf phase are eight-fold coordinated to the carboxylate lig-
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a) b)

c) d)

Figure 4.2.: a) High-resolution constant-current STM image of the
Ho(TPA)4/Ag(100)-p(

√
29 ×

√
29)R 21.8° cloverleaf phase, superimposed

by a simulated STM image. Molecules and Ho atoms are superimposed to mark
their positions (IT = 500 pA,VB = −2mV). b) DFT model for the cloverleaf
phase. The unit cell is marked by the dashed square. c) 200 nm × 200 nm
STM image showing the extent of islands on the silver surface. There are some
clusters and molecules in the organic transition phase present, partly decorated
by Ho adatoms (example area indicated by white ellipsoid). d) 100 nm× 100 nm
excerpt from c) showing the quality of the islands.
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ands. This is a key difference to the cloverleaf phase of TPA-Fe on Cu(100), where the
iron is fourfold coordinated to the ligands. We assign this behavior to the rather ionic
character of lanthanide-organic compounds featuring higher coordination numbers [139]
and the increased surface area available for coordination in the case of Ho as compared
to iron. A similar eight-fold coordination motif was reported for Gd atoms and TPA on
Cu(111) [107]. The rare earth atoms do not differ significantly in their chemical prop-
erties since the 4f-shell is located below the 6s2 orbitals. The TPA molecules face the
Ho atoms with one of their carboxylate groups, which must rotate out of the substrate
plane for steric reasons. Studies of Dy-TPA architectures not involving DFT calculations
were presented in terms of a coplanar orientation of the carboxylates [119]. However,
our DFT calculations clearly reveal a concerted rotation of the functional groups in those
structures, in agreement with Urgel et al. [107]. DFT simulations of the proposed bonding
model (more details for DFT calculations given below) yield a Ho-O distance of 2.3 - 2.4Å
and a Ho-C distance of 2.7Å. These distances are in accordance with previous findings
for gadolinium-carboxylate molecular assemblies, where the Gd-O distance was found to
be 2.6Å and 2.4 - 2.7Å, as deduced from the experimental model and DFT calculations,
respectively [107].
As mentioned above, we propose an adsorption of the molecules at the hollow positions

of the silver lattice and along the < 011 > directions. This results in a distance of 3.0 -
3.2Å between the oxygen atoms of the uncoordinated carboxylate group, with the hydro-
gen atoms of the molecule facing each other in a T-shape fashion. This distance suggests
comparably weak lateral bonding. Thus molecule-substrate interaction should dominate
the forces on the functional group. Consistently, our DFT calculations demonstrate that
the uncoordinated carboxylate groups act as anchors to the surface, as evident from the
charge transfer analysis below.
More interesting are the possibilities for binding between neighboring molecules ar-

ranged next to each other in the same orientation and slightly shifted along their axis.
Here, two hydrogen atoms are very close to each other (2.1Å) and cause a repulsive force
between the molecules. On the other hand, one of the free carboxylate oxygen atoms is
close to one of the ortho-hydrogen atoms and their distance of 3.0Å would result in an
attractive force caused by hydrogen bonding. These effects seem to balance each other
out, leading to a configuration of the molecules as described above. Nonetheless, a slight
shift and turn of the molecules would be compatible with our STM observations and would
increase the H-H distance. In fact, the DFT calculations show a slight shift of the phenyl
ring away from the hollow position and thereby the H-H distance is increased to 2.2Å.
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When examining islands on a larger scale we observed that the cloverleaf phase forms
extended regular domains up to 200 nm in diameter. The limitation is presumably given
by the size of the substrate terraces. Figure 4.2c depicts an overview image of a typical
sample with an island of the cloverleaf phase highlighted by the yellow ellipsoid. We were
able to get up to≈ 70% of the silver surface covered with the cloverleaf phase. This filling
factor refers to the area fraction of the substrate covered with the cloverleaf phase, deter-
mined by STM topography images and averaged over several frames. Albeit the molecule
density is lower than in the precursor phase, it was not possible to obtain a saturated mono-
layer. We associate this behavior with the desorption of molecules during the annealing
step. The islands show a high regularity and nearly no defects. This indicates an effective
self-correcting mechanism during the assembly of the metal-organic structure. Also after
annealing the sample again to 450K the islands persist and no significant desorption took
place. However, since all measurements were done at low temperatures, it is not possible
to determine whether the islands are stable up to that temperature or whether they dissolve
and reform upon cooldown. The rest of the surface is bare silver or covered by a small
amount of molecules (≈ 2.5% of the entire surface), partly decorated by Ho clusters. In
Figure 4.2c, the white ellipsoid indicates an area of the surface where these molecules
can be seen. The molecules not participating in the cloverleaf phase are arranged in the
purely organic transition phase described in the Appendix (darker protrusions in the white
ellipsoid in Figure 4.2c). Some of these molecules have a Ho adatom adsorbed on their
center (bright protrusions), presumably on the phenyl ring. Upon higher Ho dosage all
additional molecules can be incoporated in Ho-adatom complexes, mostly consisting of
four TPA molecules in a quadratic arrangement with four Ho atoms on top.

Checkerboard phase

Increasing the Ho dosage to a precursor sample by a factor of 10 (≈ 0.15ML) leads to
the formation of a different metal-organic phase. An exemplary STM image is shown in
Figure 4.3a. The TPA molecules now interlink Ho centers, making the phase a MOCN
which we henceforth call checkerboard phase. Opposing molecules adsorb collinearly and
show isotropic contrast, so an eight-fold coordination is present with all oxygen atoms
orientated towards the Ho atoms. This results in a stoichiometry of 1 : 2 of Ho:TPA. The
close-up STM topography in Figure 4.3a clearly resolves the orientation of the molecules,
as indicated by the overlayed TPA models. The phenyl ring appears as a round protrusion
in the middle of two oval protrusions marking the positions of the carboxylate groups.
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4. Holmium-Directed 2D Metal-Organic Coordination on Ag(100)

Again, the Ho atoms do not produce visible features in STM, for the same reasons as
discussed above for the cloverleaf phase. However, the positioning of the molecules can
only be reconciled by the presence of Ho coordination centers.

A model of the checkerboard phase is reproduced in Figure 4.3b. Similar to the clover-
leaf phase, the vectors of the unit cell are rotated with respect to those of the substrate. An
analysis of the model reveals a p(

√
17×

√
17)R 14.04° superstructure with a local molecule

density of 0.12 molecules per silver atom. Its domains can be rotated both clockwise and
counter-clockwise with respect to the silver substrate. The endgroups of the carboxylates
can be concertedly rotated in both directions, similar to the cloverleaf phase, as evident
from the DFT calculations. Figure 4.3c shows both enantiomorphic structures in the bot-
tom part of the image, where the two domain orientations are indicated by yellow lines.
DFT simulations for Ho at hollow positions revealed appreciable strain which is under-
stood as the reason why the Ho atoms are now moved to bridge-sites. Also, the phenyl
rings of the TPA molecules reside on the bridge positions of the Ag(100) surface.

As can be seen in Figure 4.3c, the island size is very small (strips of ≈ 5 nm width)
compared to the cloverleaf phase. A possible explanation is that due to the larger unit
cell the silver substrate enforces upon the MOCN, the bond formation capability with the
interconnecting nodes is impaired. This theory is strongly corroborated by the DFT sim-
ulation. We were not able to obtain coverages beyond approximately 15% of the surface
with this phase, although we started off with a full monolayer of the precursor phase. The
small islands always come with additional Ho atoms adsorbed on some of the molecules
and show an anisotropic, ribbon-like growth. Again, the networks remain after reheating
the sample to 450K and subsequent cool down.

A simulated STM image is shown in Figure 4.3d. The anisotropic differences in contrast
could not be resolved via STM, probably due to unknown tip effects at such low bias
voltages.

It has to be noted here that although the Ho dosage onto the surface is ten times higher as
with the cloverleaf phase, the amount of anticipated Ho on the surface inferred from STM
data (cf. Figure 4.3c) does not match the preparation stoichiometry. We propose a higher
desorption ofHo-carboxylate complexes and clusters withHo acting as an enhancing agent
in the mechanism, though this is just a hypothesis and we can not support this by other
experiments or calculations. Adsorption at step edges could also be a factor.
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a) b)

c) d)

Figure 4.3.: a) High-resolution constant-current STM image of the
Ho(TPA)2/Ag(100)-p(

√
17 ×

√
17)R 14.04° checkerboard phase. Molecules

and Ho atoms are superimposed to mark their positions. b) DFT model for
the checkerboard phase. c) 200 nm × 200 nm STM image showing the extent
of islands on the silver surface. The islands are rather small and decorated
on the edges by excess Ho atoms. The yellow lines indicate the two domain
orientations d) Simulated STM signature of the checkerboard structure.
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a) b)

Figure 4.4.: a), b) Bonding environment in the mononuclear cloverleaf-
structure with the carboxylate linkers tilted by approximately 53° with respect
to the molecular plane. As can be seen the complex is chiral due to the concerted
rotation of the carboxyl-groups.

4.2.2. DFT analysis of Ho-TPA networks

Dispersion-corrected DFT calculations were performed for periodic supercells of both
structures. A free-standing overlayer of the checkerboard phase was allowed to freely
adsorb on the metal slab to find the equilibrium adsorption geometry. This approach is
similar to previous calculations on metal-carboxylate architectures on metal surfaces [133,
140]. The calculations reveal a severe strain of the checkerboard structure, when stacked
commensurably onto the Ag(100) surface. The silver lattice then imposes a Ho-Ho dis-
tance of 11.9Å on the entire structure, while a free-standing layer of the structure would
have a lattice periodicity of 11.4Å. If the initialC4-symmetric geometry with the Ho-atom
centered on the Ag(100)-hollow site is optimized towards an equilibrium structure, the ge-
ometry relaxation will always break the linker-Ho-bond on one end of the TPA molecule
(cf. Figures 4.4 and A.4 in the Appendix). Figure 4.5 shows an intermediate 8-fold coor-
dinated MOCN structure with the Ho atom adsorbed on the hollow site and the directions
of the forces acting on the respective atoms. The structure does not represent a global min-
imum of the potential energy surface and the forces acting on the molecule would require
to break open one of both carboxyl-holmium bonds to relieve the strain.
A closed 2-dimensional metal-organic framework could only be stabilized by allow-

ing this symmetry-breaking from the initially assumed C4 to a C2 symmetry axis centered
on the Ho-atom. The reduction in symmetry is accompanied by the Ho-atom leaving the
Ag(100) hollow sites. This removes a part of the strain in the structure, since the TPA
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4.2. Results and Discussion

Figure 4.5.: Forces (green vectors) acting on the linker molecules in the unre-
laxed checkerboard structure where the Ho is still positioned in the hollow place
(cf. Figure A.4, H2). Magnitude of vectors not to scale.

cloverleaf checkerboard

charge Osurf OHo Ho Ag O Ho Ag

e/atom -0,32 -0,37 +1,17 +0,05 -0,36 +1,12 +0,01
e/cell -2,54 -2,95 +1,17 +1,47 -2,90 +1,12 +0,46

Table 4.1.: Mulliken charges of the cloverleaf and checkerboard-structures per
atom and per unit cell. In the cloverleaf structure, two distinct species of oxygen
atoms are present, the Ho-bonded OHo and the surface-anchored Osurf .

molecule does not need to bend from one hollow-site towards the next one. We assign this
observed strain as primary reason why the checkerboard pattern could only be observed in
small band-shaped islands of less than 10 observable subunits in the shorter dimension, as
opposed to MOCNs with commensurable registry [104, 123, 134]. A symmetry reduction
is also discernible in the STM data, in the shape of the framework hollow-sites, where ei-
ther cushion-shapedC4- (◊),C2- (^), orC1-symmetric squares with concave arched edges
are observed. This symmetry-breaking due to substrate-induced stress is also reflected in
the simulation. A Mulliken population analysis (as listed in Table 4.1 for Ho, Ag, and O)
suggests charge transfer from the Ho-atom towards the carboxylate linker atoms. Further
electron density is depleted from the surface in the vicinity of the bonding node (cf. Figure
4.6).
The C4-symmetric arrangement of the cloverleaf deduced from the experimental data

is fully consistent with our calculations. The optimized geometries obtained for both the
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a)
b)

Figure 4.6.: Hotspots of the charge transfer between the substrate and the ad-
sorbate. Highlighted in blue are the areas of high electron depletion compared to
white (no electron charge depletion) in fractions of e. Adsorbate shown without
color coding for reference purposes.
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high-symmetry cloverleaf and the broken-symmetry checkerboard phase are stable min-
ima of the potential energy surface with relaxed bond distances fully consistent with those
derived from the STM measurements, thereby strongly supporting the structural models
derived from the experimental data. The simulated STM images in Figures 4.2a an 4.3d
indicate that the Ho-site is transparent at the employed tunneling conditions, since the 4f
eigenstates in both bonding environments lie at far too high and low energies with respect
to EF . Indeed, there is a local minimum seen at the interconnecting Ho-nodes in the ex-
perimental data. Similar observations for different lanthanide atoms have already been
reported elsewhere [107]. The smaller, yet bright protrusions around the central depres-
sion (Ho-center) are clearly unoccupied states of the neighboring carboxylic oxygens, in
our simulations presumably over-delocalized by the employed semi-local DFT functional
[141]. To a much smaller extent the same signatures are also visible in some of the exper-
imentally recorded images as shown in Figures 4.2a and 4.3a. The Mulliken population
analysis shown in Table 4.1 for Ho, Ag, and two species of non-equivalent oxygen atoms
suggests very similar values for the charge transfer from Ho and the substrate towards the
carboxylate linkers. The charge transfer from the substrate occurs primarily at two points:
the anchor-points of the dangling carboxylate linkers and at the Ho-node (cf. Figure 4.6).
In contrast to the cloverleaf structure, all carboxylate groups in the checkerboard pattern
are rotated out of plane to accommodate the bonding environment and effectively reduce
the charge transfer. The charges do not add up to zero, because only atoms with charge
transfer to the surface are listed here.

4.3. Conclusions

In conclusion, two different types of thermally robust molecular architectures of TPA and
Ho on the Ag(100) surface were fabricated by finely tuning the deposition parameters.
We were able to build up enantiomorphic islands of mononuclear lanthanide-carboxylate
compounds with Ho(TPA)4/Ag(100)-p(

√
29 ×

√
29R 21.8° structure, high lateral extent,

surface coverage, and low defect density. ReticulatedMOCNs have a Ho(TPA)2/Ag(100)-
p(
√
17 ×

√
17)R 14.04° structure and feature reduced island sizes due to interfacial strain

effects. The two observed metal-organic architectures are both chiral, due to a rotation of
the superstructure with respect to the silver lattice and a concerted rotation of the carboxy-
lates. In the case of the cloverleaf phase conformational chirality is also present. These
structural models receive further support by DFT calculations, which identified high strain
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as potential reason for the limited extent to which the checkerboard phase could be grown
experimentally. The chiral signature of the Ho coordination sphere could afford intriguing
new magnetic features.
Additionally, our DFT calculations give insight into the charge redistribution within

the molecular architectures. Stabilization of single Ho atoms with 8-fold coordination in
the cloverleaf structure is a particularly promising approach to exploit the recently found
magnetic properties of Ho atoms on surfaces without being hampered by the onset of Ho
diffusion at low temperatures. This work shows that Ho can be stably deployed as sin-
gle atoms on surfaces, which opens up the possibility to investigate the nanomagnetic
properties of Ho in a well-defined molecular environment, e.g. by means of X-ray mag-
netic circular dichroism (XMCD). The possibility to grow insulating decoupling layers
such as NaCl or MgO on Ag(100) provides prospects to tune their magnetic properties
via supramolecular on-surface engineering and a comparison of Ho-carboxylates both on
MgO and Ag will give further insight into this intriguing field of research.
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5.1. Introduction

5.1. Introduction

As the introduction of chapter 4 already states, the utilization of single Ho atoms as mag-
netic storage units [44, 114] offers the ultimate smallest memory unit. We already showed
that terephtalic acid (TPA) can serve as a molecular linker to inhibit diffusion at higher
temperatures on theAg(100) surface and that well-defined coordination environments bear
the potential of tuning the spin states of the Ho atoms [93]. The study also showed a pos-
sible pathway to influence the spin states of the metal centers by changing their chemical
environment. However, the use of magnesium oxide layers as platforms to electroni-
cally isolate the metal-organic structures and their spin states from influences of the metal
surface remains unachieved. In this work, we introduce a 2ML isolation layer of MgO
between the silver surface and Ho-TPA complexes.

5.2. Results and Discussion

5.2.1. Magnesium Oxide Growth on Ag(100)

The growth of magnesium oxide layers on metal surfaces has been investigated in nu-
merous studies with low energy electron diffraction (LEED), auger electron spectroscopy
(AES), X-ray and ultraviolet photoelectron spectroscopy (XPS/UPS), scanning tunneling
microscopy (STM). Typical substrates areMo(100) [142, 143], Fe(100) [144] andAg(100)
[145–151]. MgO crystallizes in the rocksalt structure, i.e. it has a cubic unit cell and is an
ionic crystal. Opposed to NaCl, the atoms are double charged (Mg2+O2−). It has a bulk
lattice constant of 4.2Å [152], which makes the Ag(100) (lattice constant 4.079Å [153])
surface an ideal candidate to grow MgO(100) layers with an epitaxial fit.
In previous studies, the MgO layers frequently show an inhomogeneous thickness dis-

tribution and inhibit the growth of extended islands [150]. The surface would then show
areas of pure Ag, as well as MgO stacked up to multilayer pyramids. This behavior is dis-
advantageous, if one is aiming at the formation of ordered molecular architectures. Signif-
icant improvements were made using slow cooling rates [150], though the MgO patches
on the surfaces were still limited to a few nanometers in size. Following this route, we
finely tuned the growth parameters to achieve MgO surfaces of > 50 nm width. It has
to be noted here that even bigger islands could be grown, but the presence of bare silver
patches was required to perform tip forming with the STM tip.
Prior to the MgO growth, the surface was cleaned with repeated Ar-ion sputtering
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(E = 900V) and annealing at 500 ◦C. The preparation is performed through the evap-
oration of pure Mg under oxygen atmosphere. The Mg was purchased as a solid rod from
Sigma-Aldrich, ≥ 99.9%. After generously removing the oxide layer with a knife, small
Mg chips were peeled off the rod and directly transferred into UHV. Before evaporation
the Mg was degassed at a temperature well above the final evaporation temperature to get
rid of residual oxides on the surface of the chips. The Mg is evaporated out of a knud-
sen cell at an evaporation temperature of 430 ◦C. The sample is held at a temperature of
500 ◦C. The oxygen introduced to the chamber (purity 5.0) is kept at a partial pressure of
1 × 10−6mBar. For a coverage of ≈ 70% the Mg is evaporateed for 15min onto the sam-
ple. After stopping the Mg evaporation, the sample is kept at the same temperature and
under oxygen atmosphere for one minute. This post-annealing ensures the incorporation
of all Mg clusters and atoms into MgO on the surface. Subsequently, the sample is slowly
cooled down to 100 ◦Cwith a cooling rate of −10K/min. After the sample reaches 100 ◦C,
cooling is performed faster. Our experiments show that the crucial part of the cool-down
lies at the higher temperatures, quenching the sample at 100 ◦C does not affect the quality
of the MgO.
A constant current STM image of a typicalMgO preparation can bee seen in Figure 5.1a.

The MgO areas are visible as ≈ 100 nm wide islands with numerous ramifications on the
edges. Figure 5.1a and 5.1b show the same area of the sample at 1V and 3V, respectively.
The appearance in b) is strikingly different to a). While the bare silver shows the same
contrast, the MgO islands seem to be nearly inverted in apparent height. Also, the MgO
island in the top part appears flat at 3V, but not so in the 1V image. The explanation for
this behavior lies in the electronic structure of the MgO film. There are two distinct states
above the Fermi level for MgO on Ag(100): The Ag/MgO interface state at 1.7 eV and a
MgO surface state at 2.5 eV [146]. Therefore these states are not available for tunneling at
lower bias voltages [143, 147, 149]. While Figure 5.1a shows the topography of the sample
including the MgO, 5.1b shows mainly the topography of the silver substrate underneath.
By comparing the two images, the number of layers of the MgO film can be deduced. The
two big islands in the bottom part show the same apparent height in both images, whereas
the top island has three different apparent heights in the 1V image. Therefore, the island
consists of MgO films with thickness modulations of 1 - 3ML.
This becomes even more evident, when calculating the difference between the two im-

ages, as shown in Figure 5.2a. By subtracting the 1V topography, i.e. the silver substrate,
the homogeneous structure of the bottom islands and the heterogeneous thickness distribu-
tion of the top island is clearly visible. While it seems to be evident that the bottom islands
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Figure 5.1.: STM images of MgO on Ag(100) taken at different bias voltages.
At higher voltages, tunneling occurs into the MgO surface state, whereas lower
voltages mainly access the silver states. a) VB = 3V b) VB = 1V. c) Line profile
along the yellow line in a) identifying the island as 2ML thick. The profile was
extracted from the data in a) (VB = 3V).
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are of the same thickness, the actual thickness remains to be determined. There are two
different monolayer definitions in literature. We follow the definition, where 1ML is de-
fined as half a MgO(100) unit cell [147, 154], but most publications [44, 155, 156] refer to
1ML as full unit cell of the MgO(100). Nevertheless, since we also found MgO terraces
with a height of half the MgO unit cell, we deem that definition more appropriate. When
discussing findings of papers that use the other ML definition, the units will be converted.
Figure 5.2c shows an atomistic model of our MgO thickness definition as a side view.
A line profile of the bottom island (as indicated by the yellow line in Figure 5.1a) is

shown in Figure 5.1c. It shows an apparent height of the island of 410 pm with respect to
the silver, identifying it as 2ML MgO film. More line profiles where taken at different
positions of the sample and show a height difference of 4.06(16)Å, which is in good
agreement with the assumption of 2ML MgO. The relatively big standard deviation of
this value is caused by the varying height differences at different Ag/MgO interfaces. For
example, the difference is bigger when Ag is next to 3ML of MgO rather than 2ML and
one Ag layer, all with respect to the same base Ag layer. It is also possible to grow single
monolayers of MgO, though they occur rarely with the used preparation parameters and
appear as small patches between 2ML islands and Ag(100). A STM image of an island
including a monolayer of MgO can be seen in the appendix in Figure B.1a.
The thickness of the MgO can also be determined by tunneling spectroscopy. ”Classi-

cal” STS experiments with open feedback loop and using the lock-in technique (cf. section
2.1.3) on MgO showed that the Ag/MgO interface state at 1.7 eV is strongly quenched
when going from two to three ML and completely vanishes for 4ML [149]. However,
dz/dV spectra can resolve it also at higher film thicknesses [151]. The numerically cal-
culated spectra give a higher weighting to low energy states, while also causing a slight
shift in the peak positions. Moreover, the distance in energy between the Ag/MgO inter-
face state and the MgO surface state gets smaller with increasing film thickness and can
therefore be used to determine the MgO thickness directly. To measure a dz/dV spec-
trum, the feedback loop is closed and the voltage will be ramped over the energy interval
of interest. Afterwards, the derivative of the recorded z-signal is calculated. Much longer
acquisition times are needed for clear spectra with this method, though for single point
spectra this disadvantage is not critical. Figure 5.2b shows three spectra from 0.5 - 3V
taken at different positions on the surface, as indicated by the colored crosses in Figure
5.2a. While the bare silver has no distinct features (black curve), the two MgO spectra
show two clearly resolved peaks at around 1.9V and 2.6V, respectively. While the mag-
nitude of the interface state is similar in both curves, theMgO surface state features double
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Figure 5.2.: a) Difference image of Figure 5.1 b) Numerical dz/dV spectra on
different positions of the sample. The positions are marked as colored crosses in
a). The thicker the MgO is, the closer are the peaks of the interface and surface
state together. c) Atomistic model of the different MgO thicknesses. Shaded
atoms lie in a deeper plane along the viewing direction.
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the intensity in the blue curve. Additionally, the blue peaks are closer in energy to each
other as the red peaks. We observe a separation of 0.77 eV for the red and 0.56 eV for the
blue spectrum. This energy gap of the states confirms the assumption of a bilayer and a
trilayer at the different points and has been used before for the characterization of MgO
film thicknesses [154, 156]. A single monolayer only shows the peak at 2.6V, as can be
seen in the appendix in Figure B.1b. It has to be noted here that the separations measured
in these studies all differ slightly due to different spectroscopy techniques, since the use
of numerical dI/dV , numerical dz/dV , lock-in dI/dV with the feedback loop opened and
dI/dV with a closed feedback produce different peak positions [151], similar to the be-
havior of dI/dV maps acquired in different modes [73]. However, the general trend is for
the peaks to get closer together on increasing film thickness.

5.2.2. TPA Deposition on Ag(100)/MgO

Similar to the preparation process described in chapter 4, an organic precursor layer is pre-
pared. We again used 1,4-benzenedicarboxylic acid (terephtalic acid, TPA) as the organic
linker species and aimed for a full monolayer on the MgO. To fully activate the organic
adlayer for lanthanide coordination, the solely presence of their functional groups in the
carboxylate state is desired. To gain a better understanding of the adsorption and depro-
tonation behavior of TPA on MgO(100) different deposition rates were used. Whereas on
Ag(100) the TPA molecules show a high desorption rate upon annealing, they are quite
temperature stable on MgO. We deposited the TPA on 2ML MgO. Note that the surface
also features bare Ag(100) to perform tip forming (cf. section 5.2.1).
After extensive degasing the purity was checked by evaporating onto a clean Ag(100)

surface and comparing the molecular self-assembly to previous preparations. Then, TPA
was evaporated at room temperature onto the Ag(100)/MgO surface. To gather a first
understanding of the adsorption behavior on MgO, a low dosage was used (TOMBE =

170 ◦C, t = 2.5min) and the sample was directly transferred to the STM without anneal-
ing. An image of the sample can be seen in Figure 5.3a. On the one hand, stable scanning
is challenging, because a low bias (< 500mV) is required to image the TPA molecules.
On the other hand, noMgO states are available for tunneling at that bias (cf. section 5.2.1).
Therefore, the molecules appear as oval shaped bright spots with dark halos and the sur-
rounding surface having roughly the same apparent height as them. The height different
between the MgO surface and the top of a TPA molecule in a 300mV constant current
STM image is −10 to 10 pm. This causes the tip to crash occasionally and makes the
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a)

25 nm

b)

10 nm

Figure 5.3.: a) STM image of TPA deposited at room temperature on
Ag(100)/MgO, no annealing. Deposition parameters: TOMBE = 170 ◦C, t =
2.5min. The TPA only adsorbs on the MgO. b) Closeup STM image of a). The
TPA molecules align themselves parallel to the < 110 > directions (black cross).
Both images taken at VB = 300mV.

presence of the clean silver surfaces essential for tip conditioning.

The TPA molecules seem to exclusively adsorb on MgO. The closeup image in Figure
5.3b shows that the majority of the molecules align themselves along the primitive lattice
vectors (black lines) of the substrate. Moreover, there are many isolated single molecules.
This is opposed to the behavior on bare Ag(100), where TPA is arranging itself in stripes
along the < 110 > directions, as indicated in Figure 5.4a. It is hard to tell, if the molecules
are deprotonated or not, because the absence of the stripe formation makes it difficult to
measure their length. The carboxylic acid groups feature a high electronegativity, while
the Mg2+ ions of the substrate offer an attractive adsorption spot for them. The strong
Coulomb interaction between the oxygen atoms of the molecules and the cations of the
substrate seems to fix the molecules on their positions, inhibiting the formation of islands.

Increasing the evaporation dosage (TOMBE = 170 ◦C, t = 5min) results in a fully cov-
ered MgO substrate and the formation of the well known stripe-shaped molecular self-
assembly on the bare Ag(100). An STM image of such a sample can be seen in Figure 5.4a.
TheMgO films are fully covered with molecules, as the closeup image in 5.4b shows. The
silver is partly covered with stripes of TPA molecules. The stripes feature the same prop-
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a)

50 nm
TPA stripes on
bare Ag(100)

b)

5 nm

c)

50 nm

d)

5 nm

Figure 5.4.: a) STM image of TPA on Ag(100)/MgO, no annealing. Deposition
parameters: TOMBE = 170 ◦C, t = 5min. The TPA fully covers the MgO and be-
gins to form stripes on the Ag(100). VB = 500mV. b) Closeup STM image of a).
Some of the molecules are slightly rotated out of the primitive lattice directions
of the substrate. VB = 100mV. c), d) The same sample after 10 min annealing
at 450K. The silver is empty but the MgO remains decorated. c) and d) taken
VB = 500mV.
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erties as the TPA self-assembly on a clean Ag(100) surface. The molecules on the MgO
occasionally show a deviation in their orientation from the crystal directions. We propose
two complementary explanations for that. Firstly, the MgO surface has some defects that
introduce an electrostatic impurity to the ionic MgO film and might influence the exact
orientation of molecules in the vicinity. Secondly, the high density of molecules paired
with low diffusion rate of TPA molecules on MgO can cause steric hindrance effects, be-
cause the molecules seem to be unable to rearrange themselves on the MgO. Measuring
the center to center distances of nearest neighbors produced values of 9.5 - 10.4Å. These
distances are similar to intact TPA molecules on other surfaces [120, 128] and also on
Ag(100), as discussed in chapter 4. Therefore, we asssume the molecules to be pristine
on the MgO when the sample is not being annealed after deposition.
To ensure that metal-organic coordination will only take place on the MgO, the bare

silver should be kept free of molecules. Otherwise the formation of structures as de-
scribed in chapter 4 could occur. While it is quite difficult to dose the TPA exactly in
the required amount, a post-deposition desorption of the undesired molecules proved to
be quite straight-forward: Upon annealing the sample to a temperature of 450K for 10min
all molecules on the Ag(100) surfaces desorb, while the molecules on the MgO show no
signs of loss in coverage. On the contrary, the molecule density on MgO has slightly in-
creased and nearest neighbor distances were reduced to 8.4Å. STM images of the surface
after annealing are shown in Figure 5.4c and 5.4d. We interpret this higher coverage and
the smaller distances with two processes: The TPA gets deprotonated and consumes less
space on the surface. Additionally, some of the molecules that were adsorbed on the bare
silver diffuse onto the MgO and occupy the free space that was cleared via deprotonation.
Again, due to defects on the MgO, no longe-range ordering is visible.
In summary, the adsorption behavior of TPA on Ag(100)/MgO surfaces can be de-

scribed as follows: TPA shows a strong interaction with MgO, resulting in strongly bound
molecules. At low dosages of TPA, only the MgO will have molecules on it. This is be-
cause of a high diffusion of TPA on Ag(100) and a very low (or inhibited one) onMgO due
to the higher bnding energy of TPA on MgO. Once a molecule is on the MgO, it strongly
binds and stays there. Higher coverages that result in completely filled MgO terraces,
show the formation of stripe-shaped molecular self-assembly on the Ag(100) parts of the
surface. These islands are equivalent to those on pure Ag(100)/TPA samples. Annealing
the sample results in the loss of the molecules on the silver, whereas the ones on MgO
stay on the surface. Furthermore, the TPA gets deprotonated during annealing and the
coverage on the MgO slightly increases, because the blanks get filled by molecules that
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5. TPA-Ho Complexes on MgO/Ag(100)

a)

5 nm

b)

25 nm

Figure 5.5.: a) Ho deposited on 1ML TPA on 2ML MgO. No complex for-
mation. Ho dosage: ≈ 0.015ML. The bright protrusion is a Ho cluster.
VB = 300mV. b) Same sample as in a), but showing more Ho clusters that
predominantly adsorb near step edges. VB = 500mV.

were formerly adsorbed on the Ag(100).

5.2.3. Ho-TPA complexes on Ag(100)/MgO

Once the precursor layer described in section 5.2.2 is prepared, Ho is deposited onto the
surface. We chose the same dosage as for the open porous cloverleaf-phase described in
section 4.2.1, namely ≈ 0.015ML of Ho. The Ho is deposited at room temperature and
the sample is subsequently annealed. Using the same annealing temperature as on the
Ag(100) surface (450K) did not result in any complex formation, as can be seen in Figure
5.5a. The surface sample looks the same as in Figure 5.4d, with the addition of Ho clusters
on top (bright protrusions). Note that the Ho was more prominently adsorbed close to step
edges and that the image does not show the full extent of Ho coverage. Figure 5.5b shows
such a place on the sample, though due to the high Ho concentration on that spot, stable
scanning was hardly possible and hence the image quality is rather poor.
The annealing temperature was increased step-wise and the sample was checked for

complex formation in the STM after every annealing step. Significant changes in the sur-
face morphology occurred after annealing the sample to 650K. Figure 5.6a shows a MgO
surface covered with TPA and Ho. In contrast to the 450K sample, the Ho clusters are now
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distributed more equally. For better visibility, some of the clusters are marked by dashed
circles. Also some complexes are formed, as can be seen in Figure 5.6b. The majority of
them shows a contrast similar to the cloverleaf complexes described in section 4.2.1. We
will focus on these in the following structural analysis. We assume an 8-fold coordinated
bonding motif, with four TPA linkers coordinated to one Ho atom. The molecular linkers
are visible as bright spots, the Ho atom in the center does not produce a visible feature,
probably for the same reasons as discussed in chapter 4. The STM data was analyzed
to measure the center to center distances of the molecules as well as the orientation of
the complexes. For measuring the distances, line profiles along the complexes were fitted
with gaussians, one for each molecule in the profile. Taking the average over 12molecules
produces a TPA center to center distance of 11.55(50)Å (cf. Figure 5.7b). The complexes
are slightly rotated with respect to the primitive lattice vector by an angle of 15.18(95)°.
Based on this information and taking the STM images as a template, a tentative ad-

sorption model was deduced. The model is shown in Figure 5.7a. The adsorption site of
the Ho was assumed to be on top of an oxygen atom, which is in accordance with DFT
calculations of single Ho atoms on MgO [44]. However it has to be noted here that our
DFT calculations for the Ho-TPA system on Ag(100) described in section 4.2.2 showed
that the coordination of TPA by Ho can push the Ho atom away from its assumed equi-
librium position. On the other hand, for the cloverleaf complexes on Ag(100) (which are
very similar to the complexes on MgO) the Ho stayed in the same position as assumed for
single Ho on the surface. Therefore, we consider the assumption of Ho adsorption on top
of oxygen as reasonable for this case.
In the model, the carboxylates adsorb on the bridge site between two oxygen atoms. As

mentioned above, Ho is assumed to be adsorbed on top O-sites and therefore the centers
of the TPA molecules are separated by four oxygen sites in the [110] and one oxygen site
in the [11̄0] direction. This is equivalent to a turn of the complex around the Ho atom by
an angle of

√
17°≈14.04°, which is in good agreement with the experimentally determined

value of 15.18(95)°. Similar to the observations onAg(100) in chapter 4, the slight rotation
renders a chiral adsorption scheme, being present in both rotation directions. The two
entantiomers are shownside-by-side in the model. Both are imaged in the STM data, as
can be seen in Figure 5.6b, where the two enantiomers are visible in the yellow ellipsoid
and red lines marking their axes. The black arrow is parallel to the [001] direction and
represents the mirror axis of the two axes of the complexes. Figure 5.6c shows a close-up
of them. The model predicts a TPA center to center distance of 11.90Å, which is slightly
larger than most of the measured distances, as indicated by the dashed line in Figure 5.7b.
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a)

15 nm

b)

5 nm

c)

3 nm

Figure 5.6.: a) Sample of Figure 5.5a after annealing to 650K. The Ho clusters
are distributed more equally on the TPA layer and complex formation occurs. For
better visibility, some clusters are marked by dashed circles. b) Close-up of a),
showing the local formation of cloverleaf complexes, marked with black circles.
Red lines mark the complex axes of the two enantiomers. The [001] direction is
marked by the black arrow. c) Close-up of the complexes marked by the yellow
ellipsoid in b). All images acquired at VB = 300mV.
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Figure 5.7.: a) Tentative model of the Ho-TPA complexes on MgO. The long
axis of the molecules is rotated by 14.04° with respect to the [110] direction b)
Center to center distances of inidvidual TPA-Ho complexes. The dashed line
shows the theoretical distance deduced from the model in a).
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5. TPA-Ho Complexes on MgO/Ag(100)

The uncertainties for the distances are quite large, because they were calculated from the
full widths at half maxima of the protrusions in the STM images, so the actual uncertainty
is probably significantly smaller. Figure 5.6c shows the typical resolution of an image
used for distance measurements.
A slight translation of themolecular linkers away from the exact bridge position towards

the Ho atom could serve as an alternative explanation for the deviation of the experiment
from the model. This behavior fits the case in Ag(100), as our DFT calculations showed
for that system (cf. section 4.2.2). Furthermore, the translation vectors between individual
molecules are the same as those for individual Ho atoms in the checkerboard phase on
Ag(100) (cf. section 4.2.1). The functional groups of the carboxylates are rotated out of
plane by 45°, since all our calculations for TPA-Ho complexes on Ag(100) showed that
8-fold coordination requires this rotation to accommodate the bonding environment and
reduce charge transfers to the surface. The value of 45° is chosen rather arbitrary, however,
and signals the groups are very likely to be rotated. Because the complexes did not form
islands, it is not possible to determine a regular superstructure.

5.3. Conclusions

In conclusion, MgO films with high homogeneity in thickness were grown on the Ag(100)
surface. By finely tuning the preparation parameters, a surface morphology consisting
mainly of 2MLMgO and pure silver was engineered and confirmed by scanning tunneling
spectroscopy experiments. While MgO serves as the designated experimental platform
for on-surface metal-organic architectures, the silver surfaces offered the possibility to
perform tip conditioning, which is essential due to the low corrugation of adsorbents on
MgO and hence the delicate tip stability during scanning.
After the fabrication of the MgO/Ag(100) surface template the adsorption behavior of

TPA was investigated. Deposition at room temperature resulted in the adsorption of pris-
tine TPA along the < 110 > directions. At coverages close to 1ML the orientation of some
molecules was distorted by defects in the MgO film. The molecules show a strong prefer-
ence to adsorb on the polar films. The silver surface stays clear until all MgO surfaces are
covered. Subsequently, exceeding molecules grow islands in the well known stripe pat-
tern on Ag(100). Annealing of these highly covered samples results in a deprotonation of
the TPA molecules on the MgO, as well as a desorption of all molecules occupying silver
surfaces. This sample serves as an organic precursor layer for metal-organic architectures

60



5.3. Conclusions

on MgO.
For the fabrication of lanthanide-coordinated metal-organic structures 0.015ML of Ho

were dosed onto the surface at room temperature. Subsequent annealing was used to trig-
ger the formation of complexes. While the formation of complexes already occurred at
450K on Ag(100), MgO proved to require significantly higher temperatures. Notable
complex formation took place at an annealing temperature of 650K. The complexes show
high resemblance to the cloverleaf complexes on Ag(100). They consist of four TPA
molecules being 8-fold coordinated by one Ho atom in the center. Structural analysis of
the STM data led to a tentative adsorption model, showing that the complexes are rotated
by an angle of 14.04° with respect to the < 110 > directions. The Ho atom was assumed
to adsorb on top of oxygen, in accordance with previous findings in literature. Due to the
absence of island formation, the identity of a possible superstructure remains unknown,
though further improvement of the preparation procedure remains on the agenda and could
yield results of higher regularity.
It was shown that Ho-directed metal-organic complexes can be fabricated onMgO films

on Ag(100). Though further tuning of the fabrication process is required, this proof of
principle study lays the basis to further investigate the system in terms of its magnetic
properties, e.g. by means of XMCD. The separation of Ho atoms by molecular linkers
overcomes the problem of clustering at higher temperatures. Also, it combines the aston-
ishing properties of Ho on MgO films with the intriguing possibilities of spin state tuning
by changing their chemical environment.

61





6
Structural and Elec-
tronic Properties of the
FeSi(110) Surface

63





6.1. Introduction

6.1. Introduction

For several decades, studies on iron silicide (FeSi) and its B20 relatives (e.g.MnSi, CoSi,
CrSi) unraveled the exceptional properties of these compounds and made them an intrigu-
ing field of research ever since. The unusual behavior of susceptibility and conductivity
[157] in FeSi at low and elevated temperatures raised the question of classifying it as a
so called Kondo-insulator, despite the lack of f-elements [47]. Surface conductivity may
play a role in the unusual conduction characteristics. Whereas surface conduction due
to reconstructions shows a very low conductivity compared to the bulk due to scattering
effects [158–161], topologically protected surface states show a bulk-exceeding conduc-
tivity, because scattering effects are suppressed [162–165].
Studies on this material class of Kondo-insulators - a member of the class of ”heavy

fermion” systems [166] - predicted that some materials that feature a small band gap as
well as strong electron correlation, may exhibit topologically protected surface states [46,
47, 167]. A recent example is samarium hexaboride (SmB6) , where a finite resistivity
at low temperatures was associated with topological protected surface states [168–175],
though even very recent studies remain contradictive on the exact mechanism [49, 176–
182]. In SmB6, an exemplary mystery is the presence of spatially extended quantum os-
cillations and simultaneous absence of long range charge transport [183, 184]. The search
for protected surface states in other Kondo-insulator candidates to explain their anoma-
lous conduction behavior [185–189] clearly stresses how narrow band-gap insulators with
strong electron correlation are promising candidates to further elucidate the effects respon-
sible for the conduction mechanism in heavy fermion systems.
FeSi, as a strongly correlated d-electron narrow band-gap semiconductor [46, 157, 190–

196] is such a promising candidate. At elevated temperatures, it resembles a paramagnetic
metal above room temperature while being a narrow band-gap ≈ 60meV semiconductor
below ≈ 150K [157, 190–196]. Recently it was proposed that electron correlations may
be responsible for the two different regimes [197], while the semiconductor state was
oftentimes explained in terms of classical band theory [46, 157, 190–196].
Recently, the Pfleiderer group performed low temperature transportmeasurements [198]

and reported evidence pointing to the existence of a low temperature surface conduction
channel in FeSi(110) , which could be caused by topologically protected surface states
[50]. While the general behavior of conductivity and susceptibility matched previous stud-
ies [194, 199, 200], they give a new possible explanation for the saturating conductivity,
which was previously explained with an impurity band [194–196]. They showed the im-
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6. Structural and Electronic Properties of the FeSi(110) Surface

munity of this new conduction channel to magnetic impurities and hence rise the suspicion
of topologically protected surface state. The goal of this work is to gain a deeper insight
into the FeSi(110) system by investigating the structural and resulting electronic prop-
erties of the (110) surface by means of scanning tunneling microscopy (STM), scanning
tunneling spectroscopy (STS) and density functional theory (DFT) and possibly to resolve
unknown surface states and other electronic features of the narrow band-gap in FeSi.

6.2. The B20 crystal structure

FeSi crystallizes in the moderately complex B20 crystal structure, which was firstly iden-
tified by Phragmen in 1923 [201]. Since FeSi was the first compound it was assigned to,
it is also known as the FeSi structure. It was identified as the crystal structure of several
Si-(CrSi, MnSi, FeSi and CoSi), Ge- (CrGe, MnGe, FeGe, and CoGe) and Al/Ga-based
alloys (AlPd, AlPt, GaPd, GaPt) [202]. The interatomic distances in the B20 structure are
significantly smaller than one would expect from the covalent radii of the involved ele-
ments. The reason the structure is preferred over the much simpler B1 (NaCl) or B2 (CsCl)
or even B81 (NiAs) structure is the covalent bond character of the structure. The 7-fold
coordination involves the orbitals to resonate between closest neighbors and neighbors in
vicinty. The too high or too low coordination numbers of the other crystal structures do
not allow for this behavior and are hence ruled out for FeSi and its relatives [203].
The B20 crystal structure can be seen in Figure 6.1a. The simple cubic (SC) unit

cell consists of 8 atoms. The atoms lie at the positions (u,u,u), (0.5 + u,0.5 − u, ū),
(ū,0.5 + u,0.5 − u) and (0.5 − u, ū,0.5 + u), where u is a material specific value for each
elemental species. Hence, the two individual u-values for a material determine the eight
atom positions. The B20 structure can be interpreted as a distorted variant of the rock-
salt stucture (B1), as for u = {0.25,0.75} the B20 becomes the B1 structure [206]. The
lattice parameters given for FeSi in the following are based on the neutron diffraction
measurements from Watanabe et al. [205], inter-atomic distances and their errors are cal-
culated from these values [204]. At liquid nitrogen temperatures, the unit cell has a size of
4.493(50)Å and the displacement factors of the Fe and Si atom on the (111) space diago-
nal are uFe = 0.1358 and uSi = 0.844, respectively. Note that none of the atoms lie on the
planes of the cubic unit cell. This makes the structure rather difficult to understand. The
B20 structure has the space group P213 (number 198), so whilst the unit cell is cubic, the
point symmetry is tetrahedral due to the 3-fold rotational axes along the < 111 > direc-
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Figure 6.1.: a) Unit cell of FeSi. The cubic unit cell contains eight atoms. b)
Distances of the individual atoms to their nearest neighbors, also those outside the
unit cell. The angle of view is the same as in a). Identical distances are marked
by letters A-C. All ”bonds” with the letter A point along the < 111 > directions.
The (110) plane is indicated by the black rectangle and atoms #1 lie in that plane.
Produced with VESTA [204] and partly adapted from [205].

tions [206]. These vectors are marked in Figure 6.1b. The two-fold screw axis causes the
Fe-Si-Si-Si and Si-Fe-Fe-Fe tetrahedrons to be rotated by 180° with respect to each other.

Figure 6.1b also shows all relevant distances to nearest neighbors and are denoted by the
letters A, B and C. Atoms with the same number are at equivalent positions regarding to
the crystal symmetry. The Fe and Si atoms along the < 111 > directions (Fe(1)Si(1)) show
a separation of A = 2.271(11)Å. There are two tetrahedrons in the unit cell, containing
one Fe and three Si atoms (Fe(1)Si(2,3,4)) and vice versa (Si(1)(Fe(2,3,4)). The single
species is always the tip of the tetrahedron lying on the space diagonal ([111] direction).
These atoms are labeled with #1 in the figure and lie in the (110) plane (black rectangle),
which is the orientation of the crystal used in this work (see below). The (Si(1)(Fe(2,3,4))
distance is B = 2.352(11)Å while the opposing tetrahedron shows an edge length of C =

2.519(10)Å. The crystal structure is chiral, because it does not show inversion symmetry,
but both enantiomorphic representations are energetically the same. The other variant
can be realized by replacing every Fe atom with Si and vice versa. Following previous
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6. Structural and Electronic Properties of the FeSi(110) Surface

nomenclature the enantiomer with Fe in the corner closest to the origin (u ≈ 0.14) is
labeled form A [207, 208]. It has to be noted here that the form present in the crystal used
in this work was not determined.

6.3. FeSi(110) surface

6.3.1. STM measurements

a)

a1*

a2*

b)

a1

a2

[0
01

]
[110]Fe Si

Figure 6.2.: a) LEED image of the FeSi(110) surface. The reciprocal lattice
vectors are indicated by red arrows. Electron energy Eel = 102.6 eV b) Possible
surface structure for the (110) surface, consisting of type 2 atoms (cf. Fig. 6.1).
The shaded atoms are located in deeper planes. More planes are shown in Figure
6.5. The arrows show the primitive lattice vectors and are labeled in accordance
with their reciprocal counterparts in a). The bulk unit cell is marked in black.

The crystal used in this work was grown with the optical floating-zone method under
UHV conditions [209] and subsequently cut and mechanically polished. The crystal was
then transferred UHV and treated with Ar-ion sputtering and annealing, similar tor ref.
[210]. To confirm an atomically well-defined surface, low energy electron diffraction
(LEED) experiments were performed. A LEED pattern of the surface after several clean-
ing cycles and annealing the sample to 600 ◦C can be seen in Figure 6.2a. The rectangular
unit cell of the (110) surface is clearly resolved and the length ratio of the reciprocal lattice
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6.3. FeSi(110) surface

vectors shows the expected value of 1 :
√
2. For additional evidence, we extracted the lat-

tice constant from the LEED image by calculating the length of ®a2. Therefore we took the
average value deduced from the first three diffraction orders and using a Ru(111) crystal
as reference. This produced a value of a2 =4.4(1)Å, which is in good agreement with the
value given in literature [205]. Both the measurements on FeSi as well as Ru were done
at a sample temperature of ≈ 110K The uncertainty originates from the not fully identical
mounting arrangements of the crystals in front of the LEED. The rectangular LEED pattern
and its correct length ratio combined with the matching lattice constant gives evidence for
the absence of a surface reconstruction. The real-space lattice vectors that correspond to
the reciprocal ones in the LEED pattern are marked in Figure 6.2b. The model shows only
one possible surface structure of the (110) surface, further information on that is given be-
low. The shaded atoms are lying in deeper layers. The primitive cubic unit cell is marked
by the black lines. Additionally, we investigated the chemical composition of the surface
with X-ray photoelectron spectroscopy (XPS) to ensure a contamination free surface, es-
pecially free of carbon and oxygen. XP spectra can be seen in the appendix in Figures C.3
and C.4. We noticed a substantial loss of carbon contamination after annealing the sample
to 600 ◦C rather than 500 ◦C.

After the characterization with LEED and XPS, the crystal was transferred the JT-STM.
Employing the cleaning process in the same manner as before, the crystal was investigated
by STM. Figure 6.3a and 6.3c show constant current images of the FeSi(110) surface.
While a) shows a large scale image with some of the vacancies and adatoms1, c) shows
a closeup with a perfectly intact surface and atomic resolution. To analyze the lattice pa-
rameters from the STM images the fast Fourier transform (FFT) of several different STM
images was calculated and the lattice vectors ®a and ®b were deducted from their reciprocal
counterparts ®a∗ and ®b∗. For the image in a) the FFT is shown b) with square root weighting
and a 2D-Gauss background substraction to highlight weaker features. The main recipro-
cal lattice vectors are clearly visible (indicated by arrows). The analysis produced values
of a1 =6.44(3)Å and a2 =4.56(3)Å, where the uncertainty is the standard deviation. This
is in good agreement with bulk measurements of the lattice constant [205, 211]. Slight de-
viation from the previously reported values arise from minor piezo calibration errors as
well as drift, especially along the slow scanning axis.

When looking at the shape of the protrusions in c) one can see that they exhibit a slightly
oval shape. Furthermore, a unit cell contains only one protrusion, while the unit cell

1An additional STM image of the vacancies and adatoms can be seen in the appendix in Figure C.1b
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Figure 6.3.: a) Constant current STM image of the FeSi(110). The singular
protrusions are associated with adatoms. (IT = 100 pA,VB = 1V) b) FFT of a)
with the reciprocal lattice vectors marked by arrows. c) High resolution STM
image on FeSi(110). (IT = 100 pA,VB = 1V) d) Enlargement of c) with an
overlay of a presumable surface termination. Because the protrusions are rather
large and oval, two atoms are assumed to correspond to individual protrusions.
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Figure 6.4.: a)Constant current STM image of a step edge on FeSi(110). Printed
in pseudo colors to allow good contrast on both terraces. (IT = 1 nA,VB =

200mV) b) Model of the registry of both terraces. Note that the circles are a
representation of the STM contrast, rather than any specific individual atoms.
The dashed line indicates a representative spot for the line profile (cf. c)) in a).
c) Line profile from a) (yellow dashed line). The lattice was fitted with sine
functions on each terraces to show their shift by half a unit cell.
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contains eight atoms, as discussed above. There was no significant change in contrast
when going to different bias voltages, especially in the positive regime. STM images
acquired at different voltages are shown in the appendix in Figure C.2 We propose the
presence of at least two atoms responsible for the contrast, as illustrated by the overlay in
Figure 6.3d. As will be discussed later, this is one of the possible terminations of the (110)
surface and fits the data nicely.
To gain deeper insight to the surface termination, STM images of adjacent step edges

were investigated. Such a step edge is shown in Figure 6.4a. The contrast is in pseudo
colors to enhance the visibility of the surface registry on both terraces. The small terrace
lies lower than the big one. To visualize the connection between the surface structure of
adjacent step edges the line profile in 6.4c was taken from a) along the [11̄0] direction,
as indicated by the dashed yellow line. There is plenty of information to extract from
that: First, the apparent height difference is measured to be 3.14Å, which is very closely
corresponding to the size of half a unit cell along the [110] direction (3.18Å). Second,
the protrusions of the surface show a shift of half a unit cell with respect to each other.
To guide the eye both terrace profiles where fitted with sine functions (dashed in red and
green) that are additionally printed on top of each other in the middle of the figure (solid
red and green) to emphasize the shift. The apparent height of the step edges remains the
same, when multiple steps are present as can be seen in the appendix in Figure C.1a.
A close look on the dashed yellow line in a) also shows that the protrusions are collinear

along [11̄0]. Due to the shift along that direction, the opposite is true for [001], as indicated
by the dashed blue lines, where the displacement by half a unit cell is clearly visible. For
better understanding the extracted information is visualized in Figure 6.4b. The sketch
shows a schematic representation of the STM image in a). Though the positions of the
circles are in correspondence with the periodic lattice of the (110) surface, they do not
represent any specific atom, since the origin of the contrast is still unknown. Nevertheless,
the shift by half a unit cell is validated as well as the height distance of half a unit cell in
the [110] direction.
To interpret the data further and assess its relevance for the determination of the surface

termination, the individual cleavage possibilities of the (110) surface will be discussed. As
before we will use the experimental values for the FeSi single crystal fromWatanabe et al.
[205]. Due to the complexB20 crystal structure (cf. section 6.2) and the resultingmultitude
of possible surface terminations the identity of the outmost surface atoms is a nontrivial
question. In the beginning of this discussion wewill disregard surface relaxation processes
and assume a bulk truncated crystal. Later on, DFT calculations will be presented.
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Figure 6.5.: Possible surface terminations of FeSi(110). View along [001]. The
dashed square indicates the unit cell. The distances are summarized in Table 6.1.

In Figure 6.2b the unit cell of the (110) truncated bulk plane was already shown. The
depicted case has two atoms per unit cell on the surface: One Fe and one Si atom, each of
species 1 (cf. Figure 6.1b. The other possible atoms are shown in shallow colors behind
them. LEED will always produce the rectangular reciprocal unit cell for FeSi(110) and
the choice of the surface termination in the sketch is therefore completely arbitrary. In
STM however, the surface termination will directly influence the LDOS of the surface
and hence the STM signal. While Figure 6.2b clearly shows the (110) unit cell, it is a
rather bad choice to visualize the specific surface termination. Therefore the lattice planes
are shown as a sideview in Figure 6.5, i.e. along [001].

For simplicity, the top plane (red line) will be defined as the origin, though going from
the bottom to the top would be completely equivalent. Following the nomenclature of
Krajčı́ et al., the planes are labeled according to their composition of either pure iron or
silicon (Fi,Si) or a mixture of both elements Mi [206]. The unit cell is marked by the
dashed square and it takes 12 planes to go all the way through it along the [110] diagonal.
However, the planes are repeated after the sixth, with the exclusion that they are shifted
by ®a1/2, i.e. 3.18Å along [11̄0]. Otherwise, the planes are completely equivalent, hence
their numbering repeats after these six planes. The periodicity of this ”reduced” repetition
is also 3.18Å.

This is a strong indication that the terraces of the (110) surface are separated by six
individual cleavage planes (i.e. surface terminations), because it nicely fits the measured
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Plane location
distance to next plane
higher lower

M1 0.00 dM1S2 = 0.60 dM1F1 = 0.73
F1 0.73 dF1M1 = 0.73 dF1F2 = 0.14
F2 0.86 dF2F1 = 0.14 dF2M2 = 0.73
M2 1.59 dF1M1 = 0.73 dF1M1 = 0.60
S1 2.19 dS1M2 = 0.60 dS1S2 = 0.39
S2 2.58 dS2S1 = 0.39 dS2M1 = 0.60
M1 3.18 dM1S2 = 0.60 dM1F1 = 0.73

Table 6.1.: Positions of the FeSi(110) surface terminations along the [110] di-
rection and their distances with respect to each other. Plane labels refer to Figure
6.5. All values in Å.

apparent height of 3.14Å, as mentioned above. Together with the displacement by half a
unit cell along [11̄0] the picture becomes even clearer, as only the separation by six planes
allow for this shift. The slight mismatch form the bulk distance is most likely due to small
piezo calibration errors.
So far we assumed a bulk truncated crystal structure on the surface, but a relaxation of

the surface geometry might just as well be present. Unfortunately, studies of B20 single
crystal surfaces show very different results for individual systems. For PdGa(1̄1̄1̄) it was
found that the surface termination is completely bulk truncated, but the arising surface
terminations strongly depend on the annealing temperature of the surface [212]. On the
other hand, on AlPd DFT studies showed a strong change of the interplanar distances,
depending on the orientation of the surface [206]. In both studies no surface reconstruc-
tions occur. Interestingly, the minimum surface energy was oftentimes obtained for high
corrugations, which is assigned to the covalent character of the B20 structure [213]. Since
in our study we observed an apparent height that matches our proposed bulk distance for
the planes, we rise the assumption of either a bulk truncated (110) surface or rather weak
surface relaxations.
The actual surface termination, i.e. which plane actually contains the outmost atoms,

can not be determined directly from the STMmeasurements. This is because neither indi-
vidual atoms are resolved, nor is STM capable to determine their chemical identity in this
case, opposing to previous STM studies on alloys [214]. As mentioned before, from our
STM measurements we saw rather big protrusions with a slight oval shape. Therefore,
we assume more than one atom per unit cell in the termination plane which makes the
planes M1 or M2 possible candidates. They are very similar to each other, just differing
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6.3. FeSi(110) surface

in the mirrored orientation of the long axis of the Fe-Si pair. But since the protrusions
observed in STM have a homogeneous contrast and the type of B20 chirality is unknown
they are completely interchangeable without further calculations, as the direct chemical
environment can influence relaxation processes and surface energies. The distances of the
individual planes are listed in table 6.1, which reveals that the planes F1 and F2 are just
separated by 14 pm. They could therefore merge into one and represent the surface ter-
mination. Because the lateral Fe-Fe distance is rather low compared to Fe-Si, one would
expect a rather sharp protrusion in the STM image, which is why we still propose the
M planes as the most probable termination planes. To gain more confidence in this mat-
ter, we performed DFT calculations for the different surface terminations, which shall be
discussed below.

6.3.2. DFT calculations

The DFT calculations were provided by Dr. Ari P. Seitsonen2. We performed total energy
calculations using DFT [215] within the Kohn-Sham formalism and the generalized gra-
dient approximation (DFT+GGA) [216] using the Quantum ESPRESSO code [217]. The
bulk lattice constant was calculated initially and amounts to 4.4508Å. We used the same
nomenclature as for the STM analysis above (cf. Figure 6.5). For the calculations we used
a slab of 54 atoms. STM simulations were modeled with the Tersoff-Hamann model (cf.
section 2.1.2) using an s-wave tip [64].

Surface energies

In accordance to our considerations in section 6.3.1 we performed calculations on the
surface terminationsM1, M2, F1 and F2 and disregarded the purely Si-terminated cleavage
planes. In order to have the same surface terminations on both sides of the slab it has to
be non-stoichiometric for the M1, M2 and F1 resulting in Fe-Si atomic composition of
26/28, 28/26 and 25/24, respectively. We also calculated a stoichiometric slab of M1 on
one, M2 on the other side, denoted M1+M2, but the surface energy was averaged from the
individual terminations for this case. We discovered that the energy of some terminations
is considerably lower if spin-polarization of the electrons is allowed; these calculations

2ENS, Paris, https://www.chimie.ens.fr/?q=pasteur/pct/Ari_Paavo_Seitsonen/bio
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6. Structural and Electronic Properties of the FeSi(110) Surface

are denoted with ”sp”. The surface energy γ is defined as

γ = (ES − NS
SiµSi − NS

FeµFe),

where ES is the total energy of the slab, NS
i are the number of atom in the slab of species

i and µi represent the corresponding relative chemical potentials.
In non-stoichiometric cases there is a complication: We do not know the relative chem-

ical potentials µFe ≤ Ecoh,Fe and µSi ≤ Ecoh,Si of the materials, only that they are smaller
than the corresponding cohesive energies and thus we have an unknown parameter in our
evaluation. The two are related via µFe + µSi = Ecoh,FeSi, where Ecoh,FeSi is the cohesive
energy per formula unit of FeSi. The value depends on the growth conditions, which was
already discussed previously for the B20 compound AlPd [206]. Depending of a Si-rich
or Fe-rich sample the relative chemical potential will be shifted. We use the µFe here as
the unknown. It is bound by the limiting cases

Ecoh,FeSi − Ecoh,Si < µFe < Ecoh,Fe

In our case this sets the borders of the relative chemical potential to:

−5.88 eV < µFe < −4.39 eV.

In Figure 6.6 the calculated surface energies γ for the different slab terminations are
shown. The x-axis shows the relative chemical potential of Fe to account for slight varia-
tions in the overall composition, as discussed above. Please notice that the case M1+M2 is
calculated only in the non-spin-polarized case. That this line crosses at the same point as
the independent calculations M1 and M2 gives us confidence that the slabs (54/58 atoms)
are thick enough, as otherwise one would expect a substantially larger deviation. The cal-
culations that allow for spin-polarization of the electrons show a lower surface energy as
their non-spin-polarized pendants, especially for the M1 case. Overall, the two sp ver-
sions of M1 and M2 are lowest in energy, though depending on the µFe, one is more
energetically favorable than the other.

Structural models

In the following the DFT calculated structural models are presented. Due to the results
from the surface energy analysis we deem the M1sp and M2sp terminations to be most
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6.3. FeSi(110) surface

Figure 6.6.: Surface energies of the different terminations (cleavage planes) of
FeSi(110) in dependence of the relative chemical potential. For some termina-
tions this parameter is unknown due to non-stoichiometric slabs and depends on
the growth conditions of the crystal. Calculations including spin polarization are
denoted as ”sp”.
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a)

M1sp

[  
   

   
]

[         ]

Fe Si
b)

M2sp

Figure 6.7.: Structural models from DFT calculations of different terminations
of the FeSi(110) surface (cf. Figure 6.5). Spin polarization of electrons was al-
lowed. Black circles represent the unrelaxed positions (solid for Fe, dashed for
Si), whereas colored spheres show the relaxed structure and the sizes account for
their distance to the viewing plane (100). a)M1 b)M2
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likely present. Structural models of M1,M2 and M1+M2 can be found in the appendix
in Figures C.5 and C.7, respectively. Figure 6.7 shows the terminations as a sideview
along the [100] direction. Hollow spheres with black contours represent the initial (bulk)
positions of the atoms with solid and dashed lines for Fe and Si species, respectively. After
relaxation the atoms take the positions indicated by the colored circles using brown for Fe
and blue Si as in Figure 6.5. Additional spacial information is presented by the size of the
markers indicating their position along the [100] direction. The biggest species are in the
paper plane and get smaller the further they lie behind the paper plane in said direction.
The slabs contain 54 atoms and are M1 or M2 terminated on both sides. We notice

that with the spin-polarization included the structure changes much less from the bulk-
truncated surface than without. The relaxations only take place on the surfaces, so we
consider the slab as thick enough. While the Si atoms nearly stay in place, the Fe atoms
move a little bit towards subjacent layers. Bearing in mind that Fe has a slightly bigger
covalent radius than Si and that the crystal structure of FeSi has a substantially covalent
nature (cf. 6.2 and ref. [213]) this directly results in a smoother surface. The absolute
displacements of the outmost Fe and Si atoms towards the surface amounts to 0.1Å.

STM simulations

Further conclusions can be drawn by comparing the contrast observed in our STM mea-
surements with simulations for the two most promising terminations M1sp and M2sp.
Therefore, we calculated constant current STM simulations in the Tersoff-Hamann ap-
proximation for positive and negative biases. Figure 6.8 shows both terminations with
M1sp on the left and M2sp on right. All images show a single protrusion per unit cell with
slightly different shapes. The STM simulation of theM1 termination shows rather isolated
protrusions compared to the M2 termination. Especially at positive bias the M2 termina-
tion shows a slight merge of the individual protrusions into rows along the [001] direction,
which are oval shaped and rotated by ≈45°. The direction in which the protrusions are ro-
tated depends on the chiral species. As illustrated in Figure 6.8e, this contrast strongly
resembles the contrast we observed for positive biases. The STM image is shown on the
left and the simulation image on the right with a smooth merge in the middle. For better
visibility, the two outmost atoms of the M2 termination are shown as spheres. Though
the simulation was done for a lower bias the contrast is very similar between simulation
and experiment. As mentioned in section 6.3.1, we did not find qualitative changes in the
contrast for different positive biases. Since the asymmetric shape of the individual protru-
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a)

- 300 mV

b)

- 300 mV

c)

+ 300 mV

d)

+ 300 mV

e)

[0
01

]

[110]

Figure 6.8.: STM simulations of the M1sp and M2sp structure at different bi-
ases. a), c)M1sp. b), d)M2sp. e)Overlay of STM image (as in Figure 6.3c) and
the STM simulation in d).
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sions in the simulation matches our STM data, the chiral species present in the sample is
most likely of type A (cf. end of section 6.2). Would it be Type B, the image appearance
should be mirrored along the [001] axis.
The M2 termination shows the lowest surface energy over a wide range of the composi-

tion dependent relative chemical potential. Furthermore, an allowance of spin-polarization
in the calculations reduces the displacement of atoms during surface relaxation to a very
small amount that is confined to the outmost atoms. High resolution STM measurements
show one big protrusion per unit cell, which makes the M2 termination with its two top
atoms a good candidate. Indeed, our STM simulations perfectly match the experimental
observations and we therefore deem the M2 variant to be the preferred surface termina-
tion of FeSi(110). Additional information is given by the orientation of the asymmetric
protrusions, making the Type A chiral species most likely to be present.

6.4. Scanning tunneling spectroscopy investigation

of FeSi(110)

6.4.1. Tip characterization on Ag(111)

In order to investigate the electronic structure of FeSi(110) we performed scanning tun-
neling spectroscopy (STS) measurements. As mentioned in section 2.1.3, the tunneling
signal is proportional to a convolution of the density of states (DOS) of both tip and sam-
ple. Therefore, it is crucial to ensure a metallic tip, with a flat DOS. For this case, the
measured differential conductance is directly proportional to the DOS of the sample. In
order to ensure this well-defined tip state, the tip was calibrated on a clean Ag(111) sur-
face. Due to its well investigated surface state at Elit = −63meV [218] it qualifies as an
ideal reference system. After repeated cleaning cycles of Ag(111)with Ar+ sputtering and
annealing at 500 ◦C tip conditioning was performed and the state of the tip was checked
via STS. A typical spectrum of the Ag(111) surface is shown in Figure 6.9. The spectrum
was recorded at 4.5K and shows a sharp edge at the position of the onset of the surface
state, while the rest of the spectrum shows no significant features and is reasonably flat.
The surface state was measured at an energy of Ests = −67.3meV. This is in reasonable
accordance to the literature values [218–220]. To compensate potential offsets between
tip and sample, a bias offset was applied to all measurements in a way that the minimum
tunneling current is detected at zero bias.
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Figure 6.9.: dI/dV spectrum of Ag(111) after tip forming. The surface state
is clearly resolved with its characteristic step-wise DOS from a nearly free 2D
electron gas.

After the tip apex was confirmed to be metallic in the described way the tip was re-
tracted and the FeSi(110) sample was inserted into the microscope. Subsequently, the
tip was carefully approached to the surface to avoid any crash into the surface and main-
tain the apex state. Spectroscopy experiments on FeSi were then started directly without
substantially moving the tip on the surface.

6.4.2. Pseudo-gap and in-gap state

As mentioned in section 6.1, FeSi features a so called ”pseudo-gap” at low temperatures
and the size measurements of the gap produced quite different results. To gain further
insight into the nature of the gap, especially on the (110) surface, we performed STS
experiments on FeSi(110). The spectra were acquired using the lock-in technique (cf.
section 2.1.3) with modulation amplitudes (RMS) between 1mV and 100 µV. We iden-
tified 500 µV to be a good compromise between signal-to-ratio (SNR) and energy reso-
lution, as the spectral features did not get significantly sharper below that amplitude. If
not mentioned otherwise, the measurements were performed at a temperature of 1.15K.
This results in a theoretical energy resolution of 0.85meV, were the governing source of
outsmearing originates from the 500 µV modulation amplitude. Note that the actual en-
ergy resolution is also influenced by electronic noise effects of the measurement setup, so
the resolution will be slightly smaller than the theoretical value. For further information
please refer to section 2.1.3.

82



6.4. Scanning tunneling spectroscopy investigation of FeSi(110)

a)
250

200

150

100

50

dI
dV

 (
a.

u.
)

-40 -20 0 20 40
Bias (mV)

15.4 mV

Average dI/dV signal
Fano-Fit (without 
in-gap state)

b)
250

200

150

100

50

0

dI
dV

 (
a.

u.
)

-40 -20 0 20 40
Bias (mV)

12.7 mV

Average dI/dV signal
Fano-Fit (without 
in-gap state)

Figure 6.10.: a) STS of FeSi(110) taken at 4.5K. The shape of the ”pseudo-
gap” is fitted with a Fano resonance [221]. The width refers to the Γ parameter
in the Fano function. b) Same as a) but acquired at 1.15K.
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Figure 6.11.: a) STS of the in-gap state. The fits from 6.10 and b) were used to
fit the baseline (dashed blue). b) Data points after subtraction of the baseline. A
symmetric Gaussian of the in-gap state remains and is fitted in dashed blue. The
sum of base-line and peak is shown in a) (dashed red).

84



6.4. Scanning tunneling spectroscopy investigation of FeSi(110)

A ST spectrum is shown in Figure 6.10a and b, being acquired at 4.5K and 1.15K,
respectively. The spectra clearly resolve the ”pseudo-gap” of FeSi(110). We did not find
any significant change of the gap-size at the two different temperatures. The gap clearly
shows a asymmetric shape, which requires a sophisticated analysis to determine the gap
size. Previous photoelectron studies of the gap usually involved the fitting of a peak at
the gap edge and multiplying the difference to zero energy [222–224]. Other STS studies
either defined arbitrary criteria such as prominent kinks in the signal [225] or employed a
Shottky barrier model to substract a baseline and take the position of the maxima around
the gap, though they experienced significant deviations from the model [226]. Our data
did not show significant peaks around the gap, nor was the gap symmetric. Therefore we
employed a Fano fit [221] to account for the asymmetric gap shape. The fits are indicated
by the dashed blue lines. Note that the gap was fitted under exclusion of the in-gap data
points below EF , where an in-gap state can be observed, which will be discussed later.
The fit function obeys the following equation:

f (E) = A × (q + ϵ)2
1 + ϵ2

+ y0 with ϵ =
E − E0

Γ/2 .

Here, q is the asymmetry factor of the Fano resonance, Γ the linewidth and E0 the center
of the resonance. A is a scaling factor to account for the arbitrary magnitude of the STS
signal from the lock-in amplifier and y0 represents a constant offset, because the DOS
inside the ”pseudo-gap” does never fully go to zero. The fit function models the flanks
on both sides of the gap quite nicely and produces identical values for the asymmetry
factor q for all measured spectra. The width Γ of the gap was measured to be 15.4meV
and 12.7meV for 4.5K and 1.15K, respectively (blue arrows in Figures 6.10a and b). We
repeated the measurements and the majority fits produced values around 15meV for either
temperatures. The shown spectrum for 1.15Kwasmainly chosen because of the low SNR.
Additionally, it has to be mentioned that a variation of the scaling factor A simultaneously
to a change of Γ allows nice data modeling while having very different gap sizes. So
due to empirical analysis we deem the 15.4meV value to be more accurate. This value
is significantly smaller than most previous measurements, where it was reported to have
a size of 40 - 130meV [157, 191, 222–232]. With one exception [222], all these studies
were performed on in situ cleaved crystals, resulting in a multitude of occurring surface
orientations. To our knowledge, this study is the first to show data acquired from a single
crystal with a well-defined and determined orientation, as well as the first of an FeSi(110)
surface. The orientation of the surface could be a reason for a smaller gap size. However,
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it has to be noted here that the Γ parameter gives a much smaller value than the width that
originates from fitting the gap with two peaks at each side of the gap. We deem a factor of
roughly two to be a reasonable conversion constant between our Fano linewidth and the
”classical” linewidth. Hence, our measured linewidth would account to around 30meV
in terms of previous findings. A possible explanation for our significantly smaller gap
size might origin from the unknown transition in terms of direct or indirect band gap, as
well as surface state effects on the (110) facet. Previous studies were either performed
on different facets or polycrystalline samples. Band structure calculations were usually
performed for the bulk (cf. e.g. ref. [233]).
The use of the Fano function is typically employed in Kondo-systems [234], but recent

studies on the ”Kondo-insulator” SmB6 showed that correlated electron effects also pro-
duced Fano shaped resonances in STS [177, 235]. Furthermore, studies of FeSi showed
signs of correlated electron effects [197, 225, 236, 237]. It might be that similar mech-
anism are responsible for the agreement with the Fano resonance. We don’t give further
explanation to the origin of the shape, but rather use the Fano shape as an analytically
reproducible tool to characterize the gap-shape and to use it as a baseline function for the
fitting of in gap-states, as will be discussed now.
Comparing data and fits in Figure 6.10a and b, the interference of an an in-gap state

becomes evident. For better resolution the gap was probed from −10 to 10mV with a
lock-in time constant of 0.5 s. The spectrum is shown in Figure 6.11a, where the solid
black line represents the data. The shoulder between −5 and 0mv is clearly visible and
gives clear evidence to the existance of an electronic state within the gap. However, it is
not obvious were the peak is located exactly, because of the gap-shape as a non-constant
background and because the height of the peak is rather low compared to the height of the
gap flanks. Hence, a sophisticated baseline subtraction is required. As mentioned above,
the Fano fit describes the shape of the gap very accurately. However, the high resolution
spectrum in Figure 6.11a does not contain enough data points to allow a reliable gap fit.
Therefore we took the values obtained from the gap fittings of the spectra above (q,Γ,E0)
and only changed the scaling factor and the offset. The latter is necessary to account for
the different spectroscopy settings. This fit is shown as the dashed blue line and describes
the data very nicely. Note that the linewidth of the in-gap state influences the position of
the gap minimum.
To determine the peak position the Fano baseline was subtracted from the data. The

baseline corrected spectrum is shown in Figure 6.11b. The black dots represent the indi-
vidual (processed) data points. Both Lorentzian and Gaussian fits were tried and Gaus-
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sians worked best. The gaussian shape is in accordance to the assumptions above that
the total energy resolution is limited by apparatus intrinsic noise rather than temperature
and modulation effects. The peak is nearly perfectly symmetric and well described by the
fitting curve, which is depicted by the dashed blue line. The fit produced an energy of
−3.4(22)meV, where the uncertainty is given by the standard deviation calculated from
the full width at half maximum (FWHM) of the fitting function. This was repeated for
over 200 spectra, sometimes applying the fits to already averaged spectra. The final result
is an energy value of Ein−gap = −3.50(240)meV for the in-gap state, where the uncertainty
is calculated from the individually calculated standard deviations. The position and broad-
ness of the peak was highly reproducible, independent to the probed energy range, always
producing similar values. It even perfectly matches our preliminary results acquired from
a different sample that was cut from the same crystal rod (not shown). The weak spectro-
scopic feature in the positive bias area in Figure 6.11b was neglected, because it might as
well originate from a not perfect match of the Fano fit to the gap. The perfect symmetry of
the peak undergirds the validity of the Fano fit for the gap-shape. For better visibility the
Fano baseline plus the Gaussian fit is shown as the dashed red line in Figure 6.11a, nicely
matching the data. The slight mismatch at the positive bias gap flank originates from the
disregarded feature mentioned above. Possible reasons for the appearance of the in-gap
state are the existence of a surface state that is located inside the energy gap, maybe even
with a topological nature or effect of impurity bands. The latter could exist because of a
not perfectly stoichiometric FeSi crystal as well as from impurities from the initial com-
ponents, where especially Fe is known to have a relatively high concentration of impurity
elements. To confirm or rule out any of this, further measurements with different crystals
are required.

6.5. Conclusions

In conclusion, we produced an in-depth study of the FeSi(110) surface by documenting its
structural and electronic properties. Our high resolution low temperature STM measure-
ments gave structural insight to the FeSi(110) surface. The (110) orientation of the surface
was confirmed by LEED and STM, which makes this study the first on a well-defined FeSi
surface. By supporting DFT calculations we were able to give strong indications for the
surface termination of the (110) facet, where the topmost comprise of one Fe and one Si
atom. The surface relaxations calculated by DFT are minimal and strictly confined to the
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surface. Due to minimal relaxation and a repetition of equivalent surface terminations
after half a (110) unit cell, the height of a monoatomic step is identified to be 3.14Å, ac-
cording to STM as well as DFT. The atomic rows of adjacent terraces are steps are shifted
by half unit cell along [11̄0] and remain on top of each other in [001].
After the structure was determined, STS measurements produced intriguing new results

on the electronic structure around the Fermi level. We found an asymmetric, Fano-shaped
gap of about 30meV, which is substantially smaller than in most previous studies. Ad-
ditionally, an in-gap state was resolved at an energy of Ein−gap = −3.50(240)meV. We
employed a Fano fit for the gap shape, which nicely isolated the in-gap state as symmetric
peak. This so far unreported state in the band-gap of FeSi could be the first evidence of a
surface state. Nevertheless, further studies regarding the dependence of the state towards
magnetic impurities are required to rule out impurity band effects and identify a possible
topological nature of the state. Also, the influence of different surface orientations should
be checked.
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This thesis presented the investigation of metal-organic coordination chemistry on noble
metal surfaces and oxide layers. Additionally, unprecedented insight to the structural and
electronic properties of FeSi was given. The presented studies were carried out by means
of UHV-based surface science utilizing STM and STS, accompanied by complementary
approaches such as DFT, XPS and LEED.
In chapter 4, the surface induced self-assembly of TPA-Ho complexes and networks on

Ag(100)was shown. By following a DFT assisted STM approach, two different structures
were identified and structural models were deduced. They share several common features:
Firstly, they are both chiral due to a rotation of the lanthanide-organic superstructure with
respect to the substrate and a concerted rotation of 53° of the carboxylates. Secondly, both
of them employ TPA molecules in the carboxylate state, which was achieved by surface
induced deprotonation of the carboxyl groups. Thirdly, they show an eight-fold coordina-
tion to the Ho atoms, exploiting the high coordination number of lanthanides compared to
classical metals such as Fe or Cu. The first structure consists of Ho-TPA complexes, where
four TPAmolecules coordinate to one Ho atom in a cloverleaf shape. The complexes form
enantiomorphic islands of high lateral extend and surface coverage. On an increased Ho
dosage during preparation, a second structure in form of reticulated metal-organic coor-
dination networks can be fabricated. Here, the TPA molecules are coordinated on both
sides to Ho atoms. They show limited lateral extent due to interfacial strain effects, which
became apparent through DFT calculations. The results show a very promising attempt
to robustly isolate single Ho atoms on the Ag(100) surface and investigate their magnetic
properties.
Because Ho atoms showed a greatly enhanced magnetic anisotropy on MgO layers on

Ag, chapter 5 presents a first attempt to transfer the supramolecular structures to MgO
films on Ag(100). The growth of semi-epitactic MgO films was achieved and investigated
by STM. STS experiments were carried out to unequivocally determine the chemical iden-
tity and thickness of the MgO layers. The adsorption behavior of pristine TPA on MgO
was investigated and surface induced deprotonation was achieved. After the deposition of
Ho on the surface the formation of metal-organic complexes at different annealing tem-
peratures was investigated. In contrast to the experiments on the bare Ag(100), notable
complex formation took place at a significantly higher temperature of 650K. The com-
plexes show a high resemblance to the cloverleaf complexes on the bare Ag substrate.
From the STM images, a tentative adsorption model was deduced. Again, the complexes
render an eight-fold coordinated adsorption scheme. Four TPA molecules in the carboxy-
late state coordinate to one Ho atom in the center. They are rotated by an angle of 14.04°
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and adsorb with their phenyl rings on bridge sites, as deduced from the model. The ex-
periments on MgO represent a first proof of principle study to show that the fabrication
of Ho coordinated complexes on MgO is possible and enable further developments to-
wards extended islands of said complexes. As a further step XMCD measurements of the
complexes on Ag(100) as well as on MgO/Ag(100) would give insight to the magnetic
properties of the Ho atoms and allow for the comparison with the experiments on isolated
single atoms. Chapters 4 and 5 represent another step towards the fabrication of robust
assemblies of single atom magnets on surfaces.
In chapter 6 the FeSi(110) surface was investigated by means of STM, STS and DFT.

Unprecedented insight to the structural and electronic properties of the monocrystalline
atomic flat surface was given. While previous studies provide no information on the
atomic surface structure, we were able to fabricate well-defined sufaces of a single ori-
entation. In the first part, the structural properties, especially the surface termination is
investigated. We identified six possible surface terminations that repeat after half a unit
cell in the [110] direction, i.e. 3.18Å with a shift by half a unit cell along (11̄0). Our as-
sumption of the absence of a surface reconstruction is supported by LEED measurements
as well as STM. We clearly observe the repetition of the terminations in the recorded ap-
parent height of step edges and atomic resolution STM data shows the mentioned shift
by half a unit cell along (11̄0). We performed DFT calculations for the possible surface
terminations and calculated the surface energies. We deem the M2 terminations as most
likely, for it has the lowest surface energy for our case and the STM simulation is in ex-
cellent agreement with the observed contrast. Surface relaxations appear to be confined to
the outmost atoms. After the structural analysis, high resolution STS experiments at 1.2K
were conducted. The ”pseudo-gap” of FeSi(110) was clearly resolved, though it appears
to be significantly smaller and asymmetric on the (110) facet compared to other FeSi stud-
ies. Our measurements show a gap size of about 30mV. Additionally, we were able to
give clear evidence of an in-gap state at Ein−gap = −3.50(240)meV. This state is so far
unreported an could be the first proof for the existence of a surface state in FeSi(110). The
next step will be to repeat the spectroscopy experiments on crystals with slightly differing
stoichiometric compositions to rule out impurity bands as the origin for the state. Addi-
tionally we will perform Fourier transform scanning tunneling spectroscopy and look for
2D quasi-particle interference patterns to investigate a possible topological nature of the
state.
In conclusion, two complementary approaches for new possibilities in on-surface elec-

tronics and spintronics were given. The first part showed the bottom-up fabrication of
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possible single atom magnets in thermally robust framework on different substrate sys-
tems. In the second part, novel insight to astonishing electronic features of FeSi(110) was
given, which points it out as a possible candidate for a topological material. By a combi-
nation of different techniques, namely STM, STS, LEED, XPS and DFT, a comprehensive
scientific approach was conducted in order to give an as complete as possible view on the
investigated systems.
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A.1. Organic transition phase

A.1. Organic transition phase

Figure A.1a shows the organic transition phase that is formed by deprotonated TPA for low
coverages. The phase exhibits a nearly quadratic unit cell of 8.4(1) Å×8.2(2)Å, measured
along the slow and fast scanning axis, respectively. The error is calculated from the stan-
dard deviation. The islands have no fixed angle in orientationwith respect to the lattice and
the distances measured do not show any obvious connection to the lattice vectors. Whilst
the difference in the two directions could be drift, it is also likely that the unit cell is indeed
not perfectly quadratic. One reason for this is the orientation of the carboxylates, whereby
depressions on the edges indicate the deprotonated carboxyl groups (Figure A.1b). Hence,
the molecules are all aligned in the same direction as integral TPA does on metal surfaces
[128]. Since the deprotonated molecule is shorter compared to pristine TPA, it is more dif-
ficult to determine if the unit cell is quadratic or rhombohedral. Secondly, the distances
between the molecules differ from case to case (even when measured in the same frame).
Thirdly, the phase is growing in chains with a width of two to three molecules rather than
extended islands. They also can have slight bends. A strictly defined unit cell would
not allow this behavior. The fact that the phase only occurs in these small islands and
smoothly connects to the precursor phase (c.f. Figure 4.1 in the manuscript) indicates it
as being a transition phase between single molecules on the surface and extended islands
of the precursor phase. Compared to inter-molecular interactions, the molecule-substrate
interaction plays a more significant role for the formation of the full monolayer precursor
phase, where in every other row the molecules turn by roughly 90° forming the T-facing
structure of the precursor phase. Hence, the term transition phase is used.

A.2. Chirality of Ho-TPA4 complexes

A.3. Ho-evaporator

The holmium used in the experiments was evaporated via a foil evaporator. A thin Ho
foil (purity= 99.9%, Merck) is heated up by applying a high current, high frequency RF
voltage. Due to water cooling of the evaporator, only the foil heats up and emits holmium
atoms and clusters of high purity.
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a)
b)

Figure A.1.: a) STM image (IT = 100 pA,VB = 1V) of the transition phase (left)
next to (10×4) precursor phase (right). The yellow square shows the area enlarged
in (b). b) Enlargement of (a). The depressions on the molecules indicate the
position of the carboyxyl groups, revealing a parallel orientation of themolecules.

a) b)

Figure A.2.: Constant current STM images showing islands of the cloverleaf
phase. There are two directions of growth, indicated by the rectangle arrow pairs
in blue or red.
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A.4. Holmium coverage definition

A.4. Holmium coverage definition

Since Ho is significantly bigger than silver, a full ML of Ho will contain less atoms than
a full ML of silver. Additionally, the Ag(100) surface has a quadratic unit cell whilst
Ho crystallizes in the hexagonal closed packed structure. This gives a density of 0.652
holmium atoms per silver atoms, assuming a full ML. All Ho coverages in this work refer
to a full ML of Ho in the (0001) surface covering the same silver area with a (100) surface.
The deposition parameters were calibrated via deposition of holmium on a Ag(111) sur-
face fully covered with Hexakis((trimethylsilyl)ethynyl)benzene (HEB), where holmium
adsorbs as single atoms on the phenyl rings of the molecule and are easily countable.

A.5. Drift correction

Since STM data has a slow and a fast scan direction, piezo drift will cause a distortion
of the images with different magnitudes to each direction. It is essential to overcome
this obstacle especially when measuring unit cell sizes of superstructures without having
atomic resolution at the same time. A precise calibration of the piezos is obviously essen-
tial for corrected length scales of STM data, but the drift effect will nevertheless remain
present at all times. A simple and reliable method is to rotate the scan directions by 90°
and compare the distorsions. While the calculation of the correction parameters is quite
complicated manually, we used the MATLAB script from Ophus, Ciston and Nelson to
calculate the corrected images [238].

A.6. Determination of the U-value

The U-value was determined by optimizing the geometry of Ho[OAc]3 and determining
the energetic difference between the occupied and unoccupied 4f states. Then, the same
system was simulated using DFT+U for different values of U and the optimal value de-
termined via a linear fit as shown on the right in Figure A.3.

A.7. Structural relaxation details

As mentioned in the main manuscript, the checkerboard structure exhibits a large strain
as the metal support enforces a cell geometry upon the adsorbate. This is supported by
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Figure A.3.: DFT+U screening for a suitable value to reproduce the energetic
splitting between the occupied and unoccupied 4f orbitals in the system. (fltr.:
normalized to Fermi-level, absolute values, and the linear fit)

the experimental observation of only small islands and stripes of this particular bonding
environment. The theoretical modeling of the geometry focused on two different arrange-
ments, where the holmium-atom was located at the hollow (H1,H2) and bridge (B) site,
respectively. Relaxation of the first layer of Ag-atomswas permitted. Themain features of
the experimental STM signature are reproduced by structural modelsH2 and B. However,
the structural model H2 does not describe a strain-free structure as the largest forces ob-
served exceed 60 meV/Å. Furthermore, although only very small differences are present,
the formation energy of structural model B is higher than the other two, hinting towards
increased thermodynamic stability. The difficulty in assigning a structural model to the
checkerboard structure supports the experimental observation of the preferred formation
of the cloverleaf structure instead.

A.8. Node bonding environment

The bonding of the carboxylate linkers to the holmium node follows the same motive
as already reported for similar Gd-complexes [107]. Our DFT simulations predict in both
observed surface-networks an eight-fold coordination with the carboxylate linker tilted by
52.4 - 53.9° (cloverleaf) and 40.8 - 105° (checkerboard) out-of-plane with respect to the
linker backbone. The average bond distance of holmium and oxygen is 2.4Å (cloverleaf)
and 2.6Å (checkerboard). A side-view of the bonding environment is given in Figure
4.5. Also shown in Figure 4.5 are the forces acting on the individual atoms in the non-
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A.8. Node bonding environment

STM-simulation & overlay structure comments

H1

• holmium on hollow-site

• fmax < 0.025 eV/Å

• ∆E = 147.7 meV

• one TPA is only linked via one
oxygen atom to the holmium-
atom, which leads to a non-
checkerboard pattern observed
in the corresponding Tersoff-
Haman signatures

H2

• holmium on hollow-site

• fmax < 0.060 eV/Å

• ∆E = 144.3 meV

• In an unstable structure, both
TPA molecules would link in
a C4 symmetric fashion to the
holmium linker atom. The sys-
tem shown experiences forces
of 60 meV/Å.

B

• holmium on bridge-site

• fmax < 0.025 eV/Å

• ∆E = 147.8 meV

• both TPA molecules are linked
in a C2 symmetric fashion to
the holmium linker atom. The
system experiences remaining
forces up to 25 meV/Å and the
STM signatures correspond to
the experimental observation.

Figure A.4.: The different models for the checkerboard structure considered in
the DFT simulations.
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equilibrium checkerboard-structureH2 from Figure A.4. The arrows point away from the
holmium node, suggesting that an equilibrium would only be reached by detachment from
the metal center.
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B.1. Single monolayer of MgO

B.1. Single monolayer of MgO

Under low magnesium deposition rates (TOMBE = 400 ◦C) the growth of a single mono-
layer i.e. ≈ 200 pm thickness can be observed. Figure B.1a shows a STM image of rep-
resentative sample. The MgO grows mainly 2ML thick, but on the edges small areas of
1ML thickness can be observed. The thickness assumptions are supported by numerical
dz/dV spectra, as can be seen in Figure B.1b. The single layer of MgO only produces
a peak at around 2.7 eV, while the bilayer also features the Ag(100)/MgO interface state
at around 1.9 eV. This is in accordance with previous findings [154]. The line profile in
B.1c shows the thickness of the island as 410 pm and about half that height for the single
layer separating the 2ML island from the silver.
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Figure B.1.: a) Constant current STM image of MgO on Ag(100) (V = 3V).
The small intermediate steps at the edges of the MgO are 1ML MgO films. b)
dz/dV spectroscopy at different positions of a), as indicated by the corresponding
cross marks. c) Line profile along the yellow line in a) showing the thickness of
1 - 2ML.
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C.1. Additional STM data

C.1. Additional STM data
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Figure C.1.: a) Constant current STM image of FeSi, showing multiple step
edges. The black dashed line indicates the position of the line profile in c),
VB = −1V b) Close-up constant current STM image of the sample in a) show-
ing vacancies and adatoms, VB = −0.5V c) Line profile containing multiple step
edges and the height differences between them.
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-0.9 V -0.6 V -0.3 V

-0.1 V 0.1 V

0.9 V0.6 V0.3 V

Figure C.2.: STM contrast of FeSi(110) at different bias voltages. The contrast
looks very similar. Note that small changes in the tip termination have a much
bigger influence on the contrast than the applied voltage. All images are 5 nm ×
5 nm and recorded at IS = 0.9 nA

110



C.2. XPS

C.2. XPS
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Figure C.3.: XPS of FeSi, sputtered and annealed at different temperatures. a)
overview spectrum b) Fe2p peaks.
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Figure C.4.: XPS of FeSi, sputtered and annealed at different temperatures. a)
O 1s b C1s
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C.3. Structural models
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Figure C.5.: Structural models from DFT calculations of different terminations
of the FeSi(110) surface (cf. Figure 6.5). Spin polarization of electrons was ne-
glected. Black circles represent the unrelaxed positions, whereas colored spheres
show the relaxed structure and the sizes account for their distance to the viewing
plane (100). a)M1. b)M2.
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Figure C.6.: Structural models from DFT calculations of different terminations
of the FeSi(110) surface (cf. Figure 6.5). Spin polarization of electrons was al-
lowed. Black circles represent the unrelaxed positions, whereas colored spheres
show the relaxed structure and the sizes account for their distance to the viewing
plane (100). a) F1 b) F2
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Figure C.7.: Structural models from DFT calculations of the M1+M2 of the
FeSi(110) surface (cf. Figure 6.5). The top of the slab is M1 terminated, the
bottom M2 terminated. Spin polarization of electrons was neglected. Black cir-
cles represent the unrelaxed positions, whereas colored spheres show the relaxed
structure and the sizes account for their distance to the viewing plane (100).
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