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1. Introduction

The invention of scanning tunneling microscopy (STM) [1, 2] and atomic force
microscopy (AFM) [3] enabled investigations of electrically conducting and isolating
surfaces in real space with atomic resolution. Both techniques allow probing the
surfaces in a non-destructive manner. STM fulfills contact-free probing of the sample
surface by definition. The introduction of non-contact AFM (nc-AFM) [4] and
the development of a quartz-based force sensor [5] which prevents jump-to-contact
due to its high stiffness are key to facilitate AFM studies in the contactless and
intermediate distance regime.

A couple of years after the invention of STM, the very first atomic positioning
experiments using single Xe atoms on Ni(110) were conducted by Eigler and
Schweizer [6]. Thereafter, atomic manipulation became a widely used technique
and different manipulation modes were investigated [7, 8]. Afterwards, continuous
lateral manipulation of single atoms (i.e. Co atoms) allowed imaging the Cu(111)
surface including its hep and fee hollow sites with atomic resolution [9] and mapping
the magnetic order of Mn/W(110) on the atomic scale [10]. Celotta et al. presented
an autonomous atom assembler which allows creating pre-defined nanostructures
automatically using lateral manipulation in STM at low temperatures [11]. This
technique was extended to liquid nitrogen temperatures (7' = 77 K) by atomically
manipulating chlorine vacancies on the Cu(100) surface which allows writing down a
passage from Feynman’s lecture There’s Plenty of Room at the Bottom [12]. Ternes
et al. [13] applied simultaneous STM/AFM to measure the lateral force thresholds
to manipulate single atoms and molecules on the Cu(111) surface. Furthermore
quantum corrals [14-16], logical operators [17] and nanomagnets [18] were created by
arranging individual Fe atoms on Cu(111) in a specific order. Hereby, the magnetic
properties of compact Fe clusters and nanoislands on Cu(111) [19] could be used in
spin-based technologies in the future [20-22]. However, the atomic structure of the

artificially created nanomagnets which is highly relevant for the magnetic properties
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was inaccessible due to the use of metal tips [20]. Hence, the combination of lateral
manipulation with the ability to resolve artificially created nanostructures on the

atomic scale is missing, so far.

Furthermore, Fe is an essential catalytic material which is frequently utilized in
nature as a bio-catalyst and, thus, is very important in organic synthesis [23, 24].
Here, Fe has the advantage that it is relatively non-toxic, affordable, abundantly
available and sustainable compared to many transition metals [23, 25]. So far, the
catalytic properties of Fe clusters were mainly studied in the gas phase [26-28] and
only as a function of the cluster size [29]: Essentially, the rate of catalytic events
or chemical reactions increases with cluster size, i.e. the number of Fe atoms in
the investigated cluster. However, none of the studies were able to determine the
chemical reactivity, i.e. the active sites [30] of small Fe clusters on the atomic scale.

The functionalization of the scanning tunneling microscope’s [31] and atomic
force microscope’s [32] tip with a single CO molecule enabled atomic resolution on
small Fe clusters [33], next to outstanding atomically resolved measurements on
molecular systems [32, 34-36], two-dimensional materials [37, 38], ionic surfaces [39]
and interfacial water [40, 41]. Moreover, it was shown that a CO-terminated tip
(CO tip) transitions from physisorption to chemisorption when approaching the

center of a single Fe adatom on the Cu(111) surface [42].

Within this thesis, the high-resolution capability of CO tips on small Fe clusters
is combined with lateral manipulation in order to atom-by-atom assemble small Fe
clusters with atomic precision. Furthermore, the chemical reactivity of the created
Fe clusters is studied on the atomic scale by using the ability of CO tips of forming
a chemical bond with single Fe adatoms at close distances.

The remainder of this thesis is structured as follows. In chapter 2, the basic
concepts of STM and AFM and their operating principles are introduced. Additionally,
the simultaneous operation of STM and frequency modulation AFM (FM-AFM) [4],
including the different imaging modes, are described within this chapter.

Chapter 3 starts with a description of the custom-built low temperature STM /FM-
AFM that is used to conduct all experiments. Afterwards, the sample preparation
and the quartz-based force sensor including the preparation and functionalization

of its tip are presented.



In chapter 4, the lateral manipulation of single Fe adatoms with monoatomic
metal and CO-terminated monoatomic metal tips is described. Here, the lateral
manipulation mechanism is studied in detail and the manipulation behavior of the
two different types of tips is investigated. Additionally, an analytic model describing
the experimental observations including the influence of small tip tilts is developed.
At last, the lateral manipulation capability of CO tips is combined with their ability
to resolve small Fe clusters on the atomic scale by assembling small Fe clusters atom
by atom with atomic precision.

The combination of the high-resolution capability of CO tips with their property
of transitioning from physi- to chemisorption when approaching the center of a
single Fe adatom [42] is utilized in the fifth chapter: This chapter investigates the
chemical reactivity of small, atom-by-atom assembled Fe clusters on the atomic scale
and, furthermore, the physical origin of the atomic contrast of small Fe clusters in
AFM using CO tips. In a final step, changes in the appearance of small Fe clusters
over time are attributed to the adsorption of hydrogen on the clusters.

To conclude, chapter 6 summarizes all the results of this thesis.






2. Fundamentals of Scanning
Tunneling and Atomic Force

Microscopy

This chapter discusses the basic principles of STM (section 2.1) and AFM (section
2.2). Section 2.3 describes the simultaneous operation of STM and AFM including
various imaging modes and the determination of the relative and absolute tip-sample

distances.

2.1. Scanning Tunneling Microscopy

The scanning tunneling microscope was realized by Binnig et al. in 1982 [43] and
established itself as one of the most important tools to atomically resolve electrical
conducting surfaces in real space. The basic mechanism in STM is quantum
mechanical tunneling of electrons through a potential barrier (e.g. a vacuum gap)
between a sharp metallic tip and an electrically conducting sample [1] (see Fig.
2.1). If the metal tip is positioned few hundreds of picometers apart of an electric
conducting sample and a small bias voltage V is applied between tip and sample,
classically electrons cannot overcome the potential barrier ®; and, hence, no classical
ohmic current can be detected. However, if the tip is close enough so that the wave
functions of tip and sample overlap, electrons can tunnel through the vacuum gap
from tip to sample and vice versa. At V' = 0 the net tunneling current will be zero.
As long as V' # 0, the quantum mechanical tunneling of electrons leads to a non-zero
tunneling direct current I between tip and sample (see Fig. 2.1(a)). Applying the
bias voltage V to the tip and by grounding the sample increases the quasi Fermi

level of the tip, Epy, by eV compared to Ers. Hence, electrons will tunnel from
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Figure 2.1. (a) In STM, a sharp metal tip is positioned few hundreds of picometer
apart from an electrical conducting sample. Classically, no electron can overcome the
potential barrier between tip and sample. However, in quantum mechanics, electrons
can tunnel through the vacuum gap. As long as a bias voltage V' # 0 between tip and
sample is applied, a tunneling current I can be measured. By moving the tip in the
xy plane across the sample, the lateral dependent tunneling current can be recorded.
(b) By applying a bias voltage V' between tip and sample, the quasi Fermi levels of
the tip Fr; and sample Er g are shifting with respect to each other. Throughout
this work, the bias voltage V' is applied to the tip and is labeled as Vi, in chapters 3
to 5. Hence, if a negative bias voltage V is applied to the tip, electrons will tunnel
from occupied states of the tip into unoccupied states of the sample. In panel (b),
it is assumed that the materials of tip and sample are identical (i.e. &5 = ®¢). The
vacuum energy Fvy is used as reference point.

occupied states of the tip into unoccupied states of the sample (see Fig. 2.1(b)). By
reversing the polarity of the bias voltage V' the unoccupied states of the tip can be
accessed as well [1, 44, 45].

An exponential distance dependence of the tunneling current I can be found
by solving the time-independent Schrodinger equation in one dimension using a
rectangular potential barrier of ® = 252 (while eV < @) [1]:

I(z) = Ipexp (—2kz) with K =1/2m.D/h? (2.1)

Hereby, m, is the mass of a free electron, h is the Planck constant, x refers to a
material dependent decay constant and I, describes the current at point contact.
Within this work, the sample and tip material mainly consists of Cu, which possesses
a work function of ® = 5.0eV (for the (111)-plane) [46]. This results in a value of

k =1.1-10""m™!, yielding a drop of the tunneling current by one order of magnitude
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when reducing the tip-sample distance z by the atomic radius of Cu r¢, = 135 pm.
This high vertical sensitivity of the tunneling current is responsible for the atomic
resolution capability of STM.

However, the approach described above does not take the wave character of
tip and sample into account. Tersoff and Hamann assume s type wave functions
for describing the STM tip! and use the matrix element for quantum mechanical
tunneling of electrons [47]. Thereby, an expression of the tunneling current which
includes the local density of states (LDOS) of tip p; and sample pg at the Fermi

level at the location 7 can be derived [48, 49]:
I <V -py(EF)-ps(ro, Er) (2.2)

Using metal tips, STM mainly images the LDOS of the sample, since the DOS of s
type tips do not change significantly within the energy range of Er and Er + eV
[48]. Moreover, the electron tunneling through non-metallic tips (e.g. CO tips [50]),
can be described by further considering the p and d type states of the tip [51, 52].

2.2. Atomic Force Microscopy

In 1986, Binnig, Quate and Gerber introduced AFM. With this technique atomic
forces acting between a sharp tip mounted on a cantilever and a sample can be
probed [3]. While STM is limited in probing electrically conductive surfaces, AFM
allows investigating both electrically conductive and non-conductive samples and,
hence, AFM has established itself in research and industry. The forces acting

between tip and sample can be classified in long-range and short-range forces.

2.2.1. Long-Range Forces

Long-range forces possess decay lengths in the order of nanometers and do typically
not enable atomic resolution in AFM. In ultra-high vacuum (UHV) conditions,

long-range forces consist of van-der-Waals (vdW) and electrostatic forces.

IThis is in general sufficient for metal tips.
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Van-der-Waals Force The vdW interaction, which invariably leads to attraction,
mainly consists of the dispersion force for non-polar or weakly polar atoms and
molecules. The attractive force is a result of dipole-dipole interactions on the atomic
or molecular scale: Spontaneous fluctuations of the dipole moment of an atom or
molecule lead to a non-permanent dipole moment whose electric field induces a
second dipole in another atom or molecule. This leads to electrostatic attraction
between the spontaneous and induced dipole. The corresponding distance-dependent

vdW potential Uyqw and the vdW force Fqw between two atoms are given by [53]:

G

Uyaw (2) = —766 (2.3)
U, 6C;

P (2) = - 20w &) _ 0 (2.4)

Here, Cy is an elemental-specific constant which depends on the atomic species of
the two interacting atoms. It can be calculated for various atomic combinations
[54]. In order to determine the total vdW interaction between tip and sample,
either pairwise summation between each tip and sample atom needs to be done
(see e.g. chapter 4) or the exact geometry of the tip can be used to determine
the analytic vdW potential Uyqw (2) by describing the sample by a semi-infinite
space and integrating over the tip volume [55]. Taking the exact shape of the tip
into account, the power law of the short-range force in equation 2.4 (o< 1/27) turns
long-range (pyramidal and conical tips Fiqw o 1/z, parabolic tips Fiqw o< 1/2?
[56]).

Electrostatic Force If tip and sample are electrically connected and their material
differs, the difference in work function of tip ®; and sample ®4 leads to a contact
potential difference Vepp = &5 — ®;. Tip and sample can be described as a capacitor

and its electrostatic potential Ug (2) and force Fis(z) is given by [57]

Us (2) = ;0 (2) (Vepp — V)2 (2.5)
Fo(z) = —agzes _ _;agiz) (Vern — V)? (2.6)

while e is the elementary charge, V' the applied bias voltage and C'(z) the distance-

dependent capacitance of the capacitor. The long-range electrostatic force can be
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compensated by applying a bias voltage of V = Vpp.

2.2.2. Short-Range Forces

Short-range forces between the tip’s apex and the sample decay on length scales of
tens or hundreds of picometer and are typically responsible for atomic resolution in
AFM. Physical and chemical bonding forces and short-range electrostatic forces are

the most important short-range forces.

Physical Bonding - Physisorption If two chemically inert atoms are positioned
relatively far away from each other, they are attracted by the vdW force which
increases with the power of 7 with decreasing distance z (see equation 2.4). However,
at close distances, the Pauli exclusion principle becomes important. It states that
two electrons must not possess the same quantum numbers, i.e. they can never
occupy the same quantum mechanical state [58]. Hence, if two chemically inert
atoms are close enough such that their orbitals overlap, a repulsive force arises
leading to Pauli repulsion. The interplay between the attractive vdW interaction

and repulsive Pauli repulsion can be described by the Lennard-Jones potential

ULy(2) [59]: . .
Uia(z) = Uy [2 (7Y (%) ] (27)

Here, the repulsive part is expressed by an empirical (%)12 term. The corresponding
force is given by F1j(z) = —0ULj(2)/0z. The binding energy Uy is typically in the
range of 1 meV to 10meV such as for two CO molecules approaching each other [60].

Intramolecular resolution in AFM using CO tips mainly arises due to the Pauli
repulsion between the tip’s chemically inert O atom and the investigated molecular
structure [61-63].

Chemical Bonding - Chemisorption If the atoms of the tip apex and the in-
vestigated sample atoms are not chemically inert, a chemical bond can form by
approaching the tip towards the sample or sample’s adsorbate. The chemical bond
can be of covalent, metallic or ionic character. In covalent bonding, hybridization
occurs upon overlapping of the atomic orbitals of two interaction partner and new

bonding as well as anti-bonding atomic orbitals develop resulting in a chemical
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bond. The distance dependence of the potential during covalent bond formation

can be described by the semi-empirical Morse potential [64]

(z—0) _(z—0)

Um(z) = —Up |27 % —e 2 (2.8)

with the equilibrium distance o, the binding energy U, and the decay constants
A and A/2 of the attractive and repulsive part of the interaction, respectively. In
chemisorption, the binding energies U, can reach eV such as described for two
Si atoms by the Stillinger-Weber potential [65]. Hence, the binding energies in
chemisorption are typically much stronger as in the case of physisorption.

In metals, the metallic bonds are formed by sharing of the atoms’ valence electrons
throughout the solid resulting in the appearance of nearly free electrons which are
distributed over the whole crystal. In ionic bonds, the electrostatic attraction
between anions and cations is competing against the Pauli repulsion at small

distances, leading to an equilibrium bonding distance.

Throughout this thesis, single Fe adatoms or small Fe clusters adsorbed on
Cu(111) are investigated. To simplify the analysis and enhance comparability
between different tips, the long-range force contributions are removed. This is
achieved by acquiring the interaction on the bare Cu(111) surface and the investi-
gated adsorbate subsequently. Assuming additivity, the contribution on the bare
Cu(111) surface can be subtracted from the interaction on the adsorbate such that
only the short-range contribution between tip and adsorbate remains (see also
subsection 2.3.3).

Besides the above discussed forces, various other force contributions exist (see e.g.

Ref. [66-69]). However, they are not relevant in the context of this thesis.

2.2.3. Frequency-Modulation Atomic Force Microscopy

AFM can be performed in different modes. In the static mode, the force Fis between
tip and sample leads to a static deflection s of the cantilever with stiffness k. The
force can be retrieved by measuring the static deflection s and by using Fis = ks.

Throughout this work, AFM is conducted in a dynamic mode, where the tip-sample

10
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(a) (b)

Figure 2.2. (a) Corresponding mass and spring model for FM-AFM. A cantilever
with effective mass m* and stiffness k is oscillating above a sample surface. The
tip-sample force Fis and its corresponding force gradient kis(z) = —0Fs(2)/0z induces
a change of the eigenfrequency fy of the driven harmonic oscillator. (b) In FM-AFM,
a sharp tip, mounted on a cantilever, oscillates with constant amplitude A above a
surface. The lower and upper turnaround points are given by z and z+2A, respectively.

force Fi4 is measured indirectly via the frequency shift Af. In frequency-modulation
atomic force microscopy (FM-AFM) [4], the cantilever oscillates at its resonance
frequency f with constant amplitude A. A feedback loop is used to obtain a constant
amplitude A which excites the cantilever phase-shifted by 90° to its oscillation (see
subsection 3.3). In the absence of any tip-sample interaction, the oscillation of
the cantilever can be described as a driven, damped harmonic oscillator with an

eigenfrequency fy which is given by:

1 k
e o

Here, m* is the effective mass of the cantilever and k its stiffness. If the tip is

separated by the distance z from the sample, a force between tip and sample Fig is
present. The corresponding force gradient kis(z) is given by kis(2) = —0Fis(2)/0z
(see Fig. 2.2(a)). Hence, the resonance frequency of the cantilever changes from the

unperturbed eigenfrequency fy to

1 k4 ks
= — ) 2.10
/ 2T m* ( )

11
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Atomic resolution is achieved in a distance regime where short-range forces are
dominating (see subsection 2.2.2) and, hence, the force gradient ks is typically not
constant over the oscillation cycle! from z to z + 2A (see Fig. 2.2(b)). To cover this
case, Giessibl derived, by using a Taylor expansion and applying the Hamilton-Jacobi
formalism [56] (employing the tip-sample interaction potential Uy < U as a small
perturbation to the harmonic potential U = kA?/2 of the cantilever), a formula
describing the frequency shift Af from the unperturbed resonance frequency f, of

the cantilever [70]:

AF () =20 (e ) @.11)

Here, (ks (2)) is the force gradient averaged over the oscillation cycle of the cantilever.

It can be expressed by [70]:

(kep (2)) = 7r2A2 /i s (z 4+ A —q) /A% — ¢*dq (2.12)

Alternatively it can be written using the tip-sample force Fis [70]:

A
(o (D) = =5 [ Fule+ A=) g (2.13)
To obtain the tip-sample force Fig from the measured frequency shift Af data,
equation 2.13 needs to be inverted. For this purpose, various methods were developed
[70-73]. Throughout this work, the deconvolution method proposed by Sader and
Jarvis [74] is utilized based on a MATLAB? script introduced in Ref. [75]. The
force deconvolution of Fig using the Sader-Jarvis method can be a mathematical
ill-posed problem if the amplitude of the cantilever lies within a critical amplitude
range [76, 77]. A MATLAB script to test whether the chosen amplitude of the
cantilever A lies within the potential ill-posed amplitude regime is presented and
utilized in the PhD thesis of Huber [78]. A further restriction for the oscillation
amplitude selection arises when considering the optimal signal-to-noise ratio (SNR).
Throughout this work, the main focus lies on the investigation of short-range forces
which possess decay lengths A of tens and few hundreds of picometers. To maximize

the SNR, it was found that the optimal ratio between amplitude A and decay length

1Oscillation amplitudes A used throughout this thesis lie in a range from 10 pm to 100 pm.
2The MathWorks Inc., MATLAB R2016b, Natick, MA, USA

12
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A, assuming an exponential decaying tip-sample force, is given by [79]:
A/X\ =~ 1.55 (2.14)

During the acquisition and analysis of the data presented in chapter 4, the occurrence
of potentially ill-posed force deconvolution scenarios described in Refs. [76, 77] was
still unknown and, therefore, not considered. Instead, an amplitude of A = 50 pm
was chosen. In the second part of this work (see chapter 5), the inflection point test
according to Refs. [76-78] is conducted for all presented tip-sample force Fis and
corresponding energy Ei, = — [ Figdz data and the amplitude is chosen in a range

of 10 pm to 100 pm depending on the output of the inflection point test.

2.3. Simultaneous Scanning Tunneling and Atomic

Force Microscopy

Combining FM-AFM with STM enables a more detailed investigation of the tip
and sample as both frequency shift Af and tunneling current I data are accessible
at the same time. However, as the tip is oscillating sinusoidally in z with z =
z+ A (1 + cos (2m ft)) for FM-AFM purposes, the tunneling current I varies in time
t. The distance-dependent direct current [ (z) (see equation 2.1) in simultaneous
STM/FM-AFM is a time-average over the oscillation cycle of the tip and given by
[66]:

(I (2)) = Ipexp (—2kz) exp (—2kA) Iy (2kA) (2.15)

Here, Iy (z) is the modified Bessel function of the first kind. To obtain a bias
voltage V' independent measure, it is suitable to define the tunneling conductance
(GY = (I) /V which is a time-average over the oscillation cycle of the tip. The
tunneling conductance (G) is then given by [66, 67]:

(G(2)) = U‘(/Z» 1) Lo xp (—2kz) exp (—2kA) Iy (2kA)

Ve (2.16)
= Gpexp (—2kz) exp (—2kA) Iy (2rA)

Here, Gy = 2¢2/h = (12906 Q)" is the conductance at point contact [13, 67].

13
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2.3.1. Determination of the Relative and Absolute Tip-Sample

Distance

The distance between tip and sample can be described in a relative and absolute
manner. In combined STM/FM-AFM, the absolute tip-sample distance d can be
determined by combining either the tunneling conductance G(z) or the frequency
shift Af(z) signal with Density Functional Theory (DFT)-based calculations.

The tunneling conductance G(z) decays exponentially with the relative tip-sample
distance z while at z = 0, the conductance at point contact Gy is present. In
experiment, the time-averaged conductance (G) is measured. In order to determine
the relative distance z of the lower turnaround point of the sensor’s oscillation to
the reference point defined by the conductance at point contact (see Fig. 2.2(b)),
the non-averaged conductance G (z) at the lower turnaround point z needs to be

derived. This is achieved by re-arranging equation 2.16:

_ (G (2))
G =)= exp (—2kA) Iy (2rA)

= Gpexp (—2k2) (2.17)

In case of monoatomic metal tips’ G, is given by the single-channel, spin-
degenerated quantum conductance Gy = 2¢%/h = (12906Q)~" [13, 67]. If a
monoatomic metal tip is terminated with a single CO molecule, the conductance
at point contact (i.e. z = 0) shrinks to G§© = (404497 Q)" [81]. Using equation
2.17 the relative tip-sample distance z can be determined for both types of tips.
Gustafsson et al. [80] found that, in case of a monoatomic metal tip experiencing a
conductance of G (z = 0) = G above the Cu(111) surface, the shell of the frontmost
atom is still separated by A = Appr = 172 pm from the shell of a Cu atom of the
topmost layer (see Fig. 2.3(a)). The same holds true for CO-terminated monoatomic
metal tips [82] (see Fig. 2.3(b)). Applying this knowledge and measuring the decay
length x of the conductance curve G(z) allows determining absolute distances d
between e.g. the center of the tip’s frontmost O atom and the center of a single Fe
atom adsorbed on the Cu(111) surface [82]: The decay length x and the relative
tip-sample distance z can be determined by fitting equation 2.17 to a conductance

versus distance G (z) curve (see also subsection 2.3.3). DFT-based calculations

'Monoatomic metal tips are metal tips which are terminated by a single metal atom.

14
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(a) ¢ at G=G, (b) 4 at G=G¢° (c) ¢

cantilever's tip

OCu ®@C @O0 ‘Fe

Figure 2.3. The cantilever including its tip is shown at its lower turnaround point z
for three different cases. (a) If a monoatomic metal tip experiences a conductance of
G(z2=0) =Gy =2e2/h = (12906 Q)" at z = 0, the shell of the frontmost atom is
not touching the shell of an atom of the topmost Cu(111) layer [80]. (b) The same
holds true for CO-terminated tips [42, 78], while the conductance G at z = 0 is only
G = GO = (404497 Q) [81]. (c) Using the atomic radii of Cu (r¢y = 135pm), O
(ro = 60pm) and the adsorption height h of the adsorbate, the absolute core-core
distance d between the tip’s O atom and e.g. a Fe adatom in dependence of z can be
obtained [42, 82]. The cantilever and its tip are not sketched to scale.

resulted in an adsorption height h of the Fe adatom of 186 pm [83]. Using the
atomic radii of Cu (r¢y, = 135pm) and O (r¢, = 60 pm) allows linking the core-core
distance d between the tip’s O atom and the Fe adatom with the relative tip-sample
distance z:

z(d)=d— Appr —Tcu —T0 + h =d — 181 pm (2.18)

This relation is used to align the vertical distance between experiment and theory

in chapter 4 in order to be consistent with Ref. [82].

Alternatively, FM-AFM can be used to determine absolute tip-sample distances.
References [42, 78] describe a method which is based on the experimental measurement
of the equilibrium distance o between a CO molecule adsorbed on the Cu(111) surface
and a CO molecule adsorbed on the tip [60], determined via force spectroscopy (see
subsection 2.3.3). By using the equilibrium distance o and taking into account the
adsorption height of the CO molecule on the surface [84], the absolute distance
between the tip’s frontmost O atom and the Cu(111) surface can be calculated

[42, 78]. By linking the absolute distance to the tunneling conductance above the
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bare Cu(111) surface a reduced A value of Aco_co = 48 pm compared to the STM
and DFT-based result is obtained. This leads to a z(d) relation which depends on
the adsorption height h of:

z(d)=d+h—Aco-co —Tcu —To =d+h —243pm (2.19)

This z (d) relation is used in chapter 5 in order to enable the comparison with the

experimental and theoretical results described in Ref. [42].

2.3.2. Two-Dimensional Imaging Modes

So far, the tip’s lateral position (z,y) was considered to be fixed. By scanning the
tip laterally across the surface, the lateral dependencies of the measures can be
studied. In combined STM/FM-AFM, this can be done in three different modes.
Either, the tip is moved in constant-height across the surface and the frequency shift
Af (z,y,z = const.) and conductance (G (z,y, z = const.)) is recorded simultaneously
or a certain conductance setpoint (Gge) (i.e. a tunneling current (/) and a bias
voltage V' setpoint) or frequency shift setpoint A fi, respectively, can be used as an
input parameter of a feedback loop controlling the tip’s z position. Within this work,
the constant-height mode and the constant-current mode (i.e. constant conductance

setpoint (Gge)) are used.

Constant-Height Mode

In constant-height mode, the tip’s vertical position z is fixed (z = const.) and the
tip is scanned laterally across the sample surface. Therefore, lateral variations of
(G (z,y,z = const.)) and Af (z,y,z = const.) can be obtained. Using the constant-
height mode excludes any potential influence of the z feedback loop (such as noise
introduction) and, additionally, allows measuring the tunneling conductance (G)
and the frequency shift Af independent! from each other. On the other hand, this
mode should only be used if the topography of the sample surface is known and if
it is relatively flat. Otherwise, the tip can accidentally crash into local (unknown)

protrusions.

LThis holds true as long as crosstalk is suppressed by limiting the tunneling current [85, 86].
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Constant-Current Mode

The monotonic behavior of the tunneling conductance (G) = (I) /V with respect to
the tip-sample distance z (see equation 2.16) allows controlling the tip’s vertical
position z with a feedback loop by using a pre-defined conductance setpoint (Gge) =
(Iset) /V as an input parameter. This method is called constant-current mode. By
scanning the tip laterally across the sample surface, a topographic map z (z,y) of
constant conductance (Gge) which is proportional to the LDOS of the sample and
tip (see equation 2.2) can be acquired. Using the constant-current mode allows
e.g. resolving in the simultaneously recorded Af (z,y, z) images small Fe clusters
adsorbed on Cu(111) and the Cu(111) substrate on the atomic scale at the same
time [33]. However, the Af (z,y, z) images are directly influenced by the active
control of the z position via the feedback loop [87]. By acquiring the Af (z,y, 2)
images at different conductance setpoints (Gset), maps of constant frequency shift

Af or constant z positions can be extracted manually afterwards [88].

2.3.3. Tip-Sample Distance Spectroscopy

In z spectroscopy, the tip is positioned at a fixed lateral position (x,y) and the
tip-sample distance z is varied. This leads to the acquisition of conductance (G (z))
and frequency shift Af (z) versus distance z curves. By fitting equation 2.16 to the
(G (z)) curve, the decay constant x and the tip-sample distance z can be determined.
The corresponding vertical short-range force curve F, sg (z) between an adsorbate
and the tip can be received as follows by acquiring two Af (z) curves in FM-AFM:
After recording a Af,, (2) curve above the adsorbate of interest and a A fug (2)
curve above the bare Cu(111) surface in the same z range the so-called short-range
frequency shift curve (Afsg (2) = Afon (2) — Afon (2)) can be derived. Subsequently,
the vertical short-range force F,gr (2) curve can be deconvoluted by using e.g.
the Sader-Jarvis method [74, 76, 77]. When using the Sader-Jarvis method, it is
necessary that Afsgr (zmax) = 0 for the furthest distance z = zyax. Finally, the
short-range potential Usg (2) = — [ F, sr (#) dz can be calculated by integrating
F.sr (2).
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2.3.4. Three-Dimensional Imaging: Determination of
Short-Range Vertical Forces, Short-Range Potentials and

Lateral Forces

The constant-height mode allows acquiring a three-dimensional data set of the
frequency shift (Af (z,y, z)) through consecutively scanning the region of interest
on the sample (e.g. an adsorbate on Cu(111)) while repeatedly incrementing the
tip-sample distance z by e.g. 5pm after each individual scan is finished. If the
last acquired Af (x,y, 2 = zmax) image at the largest distance z = zya, shows no
contrast (i.e. no variation) anymore, the frequency shift value Af (z = const.)
averaged at the (z,y) positions above the substrate can be subtracted from each
individual Af (z,y, z = const.) image for all acquired z heights to obtain the short-
range frequency shift cube A fsg (z,y, z). Afterwards, the three-dimensional vertical
short-range force F,gr (z,y,2) can be deconvoluted using e.g. the Sader-Jarvis
method [74, 76, 77]. The corresponding short-range interaction potential between
tip and sample Usg (z,y, z) can be determined by integrating the vertical short-
range force Ugsg (z,y,2) = — [ F.sr (2,9, 2) dz. Applying the lateral derivative to

Usr (2,9, z) allows deriving lateral forces e.g. in the x direction [13]:

Fa: ('raya Z) = _aUSR (ZE,y,Z) /8‘7j (220>
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3. Experimental Setup

This chapter describes the experimental setup of this work. All experimental data
are recorded with a custom-built combined scanning tunneling and atomic force
microscope operating in ultra-high vacuum (UHV) at low temperatures (LT) (see
section 3.1). The machine consists of a preparation chamber and an analysis chamber.
The purpose of the preparation chamber is the preparation of various samples such
as the Cu(111) sample by Argon-sputtering and annealing (see section 3.2). The
preparation chamber was designed by Schneiderbauer and is described in his PhD
thesis [89]. The analysis chamber consists of a bath cryostat including an outer
liquid nitrogen and an inner liquid helium tank and, in front of the bath cryostat,
of a stage allowing the evaporation of single atoms on the cold sample. The base
temperature of the microscope head which is mounted at the bottom part of the
liquid helium tank is T, ~ 5.7 K. The microscope head was originally designed
and assembled by Emmrich (see PhD thesis [90]) and further optimized by Huber
during his PhD thesis [78]. It is equipped with a gqPlus sensor [5] which allows
performing simultaneous STM and FM-AFM (see section 3.3). The tip preparation

and functionalization is described in section 3.4.

3.1. Ultra-High Vacuum and Low Temperature Setup

Performing experiments at low temperatures in UHV conditions allows studying
fundamental properties with minimal influence of external perturbations: In UHV
conditions, sample surfaces can be studied, depending on their chemical reactivity,
for days or weeks without any noticeable change of their surface termination.
Conducting the measurements at liquid helium temperatures reduces the average

thermal energy to 3/2kgTmi. = 0.74 eV, so that typically all adsorbates, except
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hydrogen and helium, are immobilized!. Furthermore, thermal drift is minimized as
most thermal expansion coefficients shrink with decreasing temperatures.

The analysis and preparation chamber which both operate at UHV conditions are
linked by a gate valve which allows transferring samples and single atom evaporators
from the preparation to the analysis chamber and vice versa without breaking the
UHV. Samples and single atom evaporators can be introduced into the preparation
chamber via an additional load lock which is attached to the preparation chamber.
After closing the system, the initial UHV is generated with a turbo molecular pump
while baking the system at T~ 140 °C for approximately 48 hours. Once a pressure
regime of about 11078 mbar to 1- 107 mbar is achieved, the ion getter pumps of
the preparation and analysis chamber and the corresponding titanium sublimation
pumps are switched on, the gate valve to the turbo molecular pump is closed and
the turbo molecular pump is switched off. The resulting base pressure pp.q ranges
from 1-1071° mbar to 1-10~ mbar. The microscope head is mounted at the bottom
part of the liquid helium tank. To minimize radiative heating, an additional shield
is mounted around the microscope head and is also fixed at the bottom part of the
liquid helium tank. To further reduce the liquid helium consumption, another shield
which covers the liquid helium shield is attached to the bottom part of the liquid
nitrogen tank. The pressure within the shields of the cryostat (~ 107'° mbar) is
typically much lower than the base pressure within both chambers as most of the
residual gas adsorbs on the cold shields. The temperature difference between the
microscope (T ~ 5.7K) and the boiling temperature of liquid Helium at ambient
pressure (4.15K) is mainly caused by the power dissipation of the internal AFM
preamplifier which is also mounted at the bottom part of the liquid helium cryostat
(see Ref. [91] for a detailed description of the used AFM preamplifier).

A more detailed description of the preparation and analysis chamber including

the microscope head can be found in Refs. [89, 90].

3.2. Sample Preparation

All experiments presented in this work are conducted on the (111) surface of a

single copper crystal. As copper is electrically conductive, simultaneous STM and

!This holds true as long as the corrugation of the surface potential is much bigger than the thermal
energy of the adsorbates.
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AFM can be conducted on its surface. Furthermore, the usage of copper as sample
material allows reliably cleaning and sharpening the apex of the used tungsten
tip on the atomic scale [92, 93] (see section 3.4). Cu(111) is a face-centered cubic
(fce) crystal and the distance between two nearest-neighbored layers along the [111]
direction is dj;; = 208 pm [94]. Single CO molecules adsorb on top positions on
the hexagonal Cu(111) surface [31, 95, 96] (see Fig. 3.1(a)). When transferred to a
monoatomic metal tip, the CO molecule also binds with its carbon atom to the tip’s
frontmost metal atom. Single Fe adatoms adsorb in fcc hollow sites' of Cu(111)
[97, 98] as it is energetically more favorable than adsorption in hep hollow sites by
AFE = 1.9meV [98] (see Fig. 3.1(b)). Each copper atom possesses six equivalent

neighboring atoms at a distance of axy = 255 pm within the (111) planes [94].
The copper crystal is treated by repeated Ar™ sputtering? and anneal® cycles
in the preparation chamber in order to generate a clean Cu(111) surface with few
defects. The sputtering results in the removal of several layers along the [111]
direction while the annealing leads to almost defect-free large terraces of about
(100nm)°. After transferring the prepared Cu(111) sample into the microscope
(a) z (b) ¥

A

Aoy Y O

COOOO0

Figure 3.1. (a) Side view of the Cu(111) surface and a CO tip. CO molecules
adsorb with their C atom on top sites on the Cu(111) surface and on the apexes of
monoatomic metal tips [31, 95, 96]. Single Fe atoms adsorb on Cu(111) in fcc hollow
sites [97, 98]. The cantilever and its tip are not sketched to scale. (b) The fcc, hep
and top sites are indicated in the top view of the Cu(111) surface, respectively.

L Adsorption in the fcc hollow sites follows the ABC stacking of Cu(111) while adsorption in a hep
hollow site would follow ABAB stacking.

2The kinetic energy of the Ar™ ions is Fig, = 1.2keV.

3The annealing temperature is set to 7' = 880 K.

21



CHAPTER 3. EXPERIMENTAL SETUP

head, about 0.005 to 0.01 monolayers (ML) of single CO molecules are dosed onto
the cold sample by exposing it to a partial pressure of CO of pco = 2 - 10~ ?mbar
for about 1.5 min. The usage of a single CO molecule for tip characterization and
functionalization will be discussed in section 3.4. Afterwards, single Fe adatoms are
evaporated onto the cold surface by using a single atom evaporator (see also PhD
thesis of Huber [78]). The single Fe atom evaporator consists of a 3mm long Fe
wire with a diameter of 1 mm which is placed inside a tungsten filament. By passing
about 2.3 A to 3.0 A through the tungsten filament! and opening the doors of the
liquid nitrogen and liquid helium shields for about 15s, about 0.005 to 0.01 ML of
Fe is evaporated on the Cu(111) surface. During the evaporation, the microscope
temperature increases to about Ty, ~ 12 K. If the evaporation time is extended,
more Fe atoms are deposited and thermally activated self-assembly of small Fe

clusters emerges [33, 90].

(a) (b)

Single Fe adatoms

opm M 228pm opm ] 132pm

Figure 3.2. (a) The topographic image z(x,y) shows the Cu(111) surface after
dosing single CO molecules and evaporating single Fe adatoms onto the surface. The
white arrows indicate remaining defects on the surface. (b) The zoomed z(x,y) image
(green square in panel (a)) shows individual Fe adatoms as protrusions (bright) and
single CO molecules as depressions (dark). Both images were acquired in constant-
current mode using a tunneling current setpoint of (Ist) = 20 pA, a bias voltage of
Viip = —20mV and a scan speed of 15nm/s.

!The actual setpoint of the filament current strongly depends on the exact shape of the tungsten
coil and needs to be determined experimentally.
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Figure 3.2(a) shows a topographic image z(z,y) of a 100nm by 100 nm area of a
Cu(111) surface after its preparation, including the dosing of single CO molecules
and the evaporation of single Fe adatoms. The z(z,y) image which was acquired in
constant-current mode shows no step edges. The white arrows indicate remaining
defects on the surface. The zoomed image (see Fig. 3.2(b)) shows single Fe adatoms
and single CO molecules adsorbed on the Cu(111) surface. Single CO molecules
appear in STM at small bias voltages as depressions (dark features), as the tunneling
efficiency through the CO molecule is smaller compared to the bare Cu(111) surface
[31]. Single Fe adatoms are imaged as protrusions (bright features) [14]. The
Cu(111) surface possess at the Fermi level Er a two-dimensional electron gas, which
scatters at defects, adatoms and step edges. This leads to an interference pattern

which is imaged in STM [99] (see Fig. 3.2(b)).

3.3. gPlus Sensor

The qPlus sensor, developed by Giessibl [5], allows performing simultaneous STM /FM-
AFM. Since its invention it experienced different stages of evolution. The first qPlus
sensor design is based on a standard quartz-based tuning fork which is also used
in quartz-based watches. One of the two symmetric prongs is fixed to a substrate
while the free oscillating prong is equipped with a sharp tip. Custom-designed
and custom-built quartz sensors'? feature an asymmetric layout of the two prongs,
as the quality factor () increases if the prong’s mass which is later fixed to the
substrate is much larger than the mass of the free oscillating prong. All different
versions of the qPlus sensor, its detailed physical properties and many examples
of its applications are described in Ref. [69]. One key advantage of the qPlus
sensor is its variability with respect to the selection of the tip material: By choosing
a non-conductive tip atomic resolution in ambient conditions on various sample
systems is achieved using the pure AFM mode [68, 100]. Attaching a conductive,
magnetic tip allows obtaining magnetic spin resolution without the need of applying
an external magnetic field [101].

An optical photograph of the custom-built qPlus sensor used in this work is

shown in Fig. 3.3. The gPlus sensor consists of an insulating ceramic plate with its

IStatek Corporation, Orange 92868, CA, USA
2Micro Crystal AG, CH-2540 Grenchen, Switzerland
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mounting hole in the center for fixation in the microscope head (see Fig 3.3(a)). The
custom-built tuning fork exhibits three electrodes which are used for the deflection
detection and for the electrical connection of the tip. The custom-designed tuning
fork is fixed with non-conductive glue! to the base plate (see orange colored glue
indicated by black arrow in Fig. 3.3(a)). The glue should be located at the bottom
left area between substrate and tuning fork. If the tuning fork is glued asymmetrically
to the substrate by adding additional glue in the upper right part between tuning
fork and substrate, experience has shown that it tends to crack during the cooldown
from room to low temperature. The likely cause for the cracking are the different
thermal expansion coefficients of quartz and ceramic. A crack could potentially
cause side resonances that compromised the reliability of FM-AFM measurements.
The electrical connections between the individual gold pads of the tuning fork and
the conducting paths of the substrate are realized with electrical conductive glue?
(see Fig. 3.3(b)). In case of the tip connection (gold pad C), an additional gold

wire is required to enable the electrical connection. The current induced by the

(b)

Figure 3.3. (a) The custom-built qPlus sensor consists of a ceramic base plate
(white) and an asymmetric Statek tuning fork (transparent) which is made of quartz
[5, 69]. The larger base of the tuning fork is fixed to the alumina base plate using a
non-conductive glue (orange colored, indicated by black arrow). (b) The tuning fork
features three gold plated contact pads for deflection detection (A and B) and for
the electrical connection of the tip (C). If the free prong of the tuning fork is bent
statically, the piezoelectric effect leads to a potential difference between contact pad A
and B. The inset of this panel shows a zoomed image of the electrochemically etched
tungsten tip which is glued using electrically conductive glue to the end of the free
prong of the sensor. The diameter of the tip wire is 125 pym.

'EPO-TEK H70E from Epoxy Technology Inc., Billerica 01821-3972 MA, USA
2Polytec EC101 from Polytec PT GmbH, Waldbronn, Germany
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deflection of the qPlus sensor is assembled at gold pads A and B. Here, gold pad
B is electrically connected to gold electrodes on the top and back side of the free
prong, while gold pad A is connected to gold electrodes at the side faces of the
free prong oriented perpendicular to the top and back gold electrodes. If the free
prong of the qPlus sensor oscillates at an amplitude of A and frequency of f, the
piezoelectric effect results in a time-dependent generation of charges Q(t) described
by Q (t) = Qoexp(i (27 ft + ¢)) at the gold pads A and B with phase ® shifted by
180° with respect to each other. The induced current at gold pads A (¢ = 0) and
B (¢ = m) can be written as [ (t) = 0Q (t) /Ot = 2w fQoexp(i (27 ft + ¢)). The
current [ (t) is direct proportional to the deflection A of the qPlus sensor. Using a
differential current-to-voltage amplifier [91], the amplitude A and frequency f of
the oscillation is measured. Here, the differential measurement enhances the signal
to noise ratio (SNR) by a factor of v/2 with respect to a single ended measurement
[67, 69, 102, 103].

To perform FM-AFM, the free prong of the qPlus sensor needs to oscillate at a
constant amplitude A along the z axis (see subsection 2.2.3). To obtain a constant
amplitude A, the qPlus sensor is driven mechanically at its resonance frequency
f in the used setup while the amplitude A is measured in real time!. The qPlus
sensor intrinsically loses energy per oscillation cycle of AEqq. = 2#% [66] which
depends on the quality factor () and the stored energy in the tuning fork £ = %kA?
Here k is the stiffness of the qPlus sensor. Additionally, dissipative forces (i.e.
non-conservative forces) between tip and sample can cause further energy loss. In
FM-AFM, a feedback loop ensures that the dissipated energy loss is compensated by
mechanically driving the sensor at its resonance frequency f, while the phase relation
between drive signal and sensor oscillation is kept constant using a phase-locked
loop (PLL).

The eigenfrequency of the used qPlus sensor dropped from about 33 000.0 Hz to
fo = 20430.4 Hz after attaching the tip of mass Am as the effective mass of the

harmonic oscillator m* increases to m* 4+ Am. The eigenfrequency is then given by:

fo_27r“m*—}l-€Am (3.1)

!Nanonis, SPECS Zurich GmbH, Zurich, Switzerland
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Using this equation, the eigenfrequency fy of the sensor can be tuned by selecting a
tip with a certain mass. This is explicitly considered when building the qPlus sensor
shown in Fig. 3.3 using an electrochemically etched tungsten tip (pw = 19.25g/cm?)
as the microscope head (i.e. probably the motor for the coarse approach!) shows
resonances in a frequency regime between about 26 kHz to 31 kHz. Hence, a thicker
W wire (diameter of 125 um) is used instead of the standard 50 um thick wire and
is electrochemically etched to a total tip length of 300 um to achieve a resonance
frequency of the qPlus sensor well below the resonances of the coarse motor.

Another advantage of the qPlus sensor is its robustness with respect to jump-
to-contact. Jump-to-contact describes a sudden contact between tip and sample
which can occur if the stiffness of the cantilever k is smaller than the maximum
force gradient ki between tip and sample [79]. As the stiffness of the used qPlus
sensor (k = 1800N/m) is much larger than typical force gradients between tip
and sample which are in the order of tens to hundreds of N/m jump-to-contact
is avoided [66]. However, jump-to-contact can also be prevented when using soft
Si-cantilevers? by selecting a large amplitude A such that the restoring force of the
cantilever Fleore = kA is greater than the attractive force between tip and sample
Fiy = — [ kydz [56].

3.4. Tip Preparation and Functionalization

Characterized and functionalized tips enhance the resolution in STM and FM-AFM
and allow reproducing the experiments in a controlled manner. In this section, the
tip characterization, preparation and functionalization is briefly described.

The gPlus sensor used in this work is equipped with a tungsten wire which is
electrochemically etched [104] to create a sharp tip at its end (see Fig. 3.3(b) in
section 3.3). After tip attachement, the qPlus sensor is mounted into the microscope
head and UHV and LT conditions are achieved (see section 3.1). Afterwards, field

!The resonances of the scan piezo tube are checked by measuring the double piezo electric response
as proposed in Ref. [45]. A broad resonance between 26 kHz to 29kHz is detected. However,
a qPlus sensor with fy ~ 30kHz showed severe side resonances which compromise FM-AFM
measurements. Therefore, the scan piezo tube is not responsible for the appearance of the side
resonances and, hence, the coarse motor which consists of shear piezo stacks presumably exhibits
additional resonances in the regime between 29 kHz to 31 kHz.

2Si-cantilever typically possess stiffnesses in the order of tens of N/m.
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emission above the Cu(111) sample is performed to remove the oxide layers of
the tip’s apex which were created during the etching process: In field emission, a
constant field emission current of about 10 uA to 100 uA at a bias voltage of 200V is
kept constant by using a z feedback loop. This leads to local heating of the tip apex
which results in the removal of oxide layers and impurities. During field emission,
the tip-sample distance increases since the tip is getting sharper microscopically
until some parts of the tip apex are removed. The tip approaches the sample to keep
the field emission current constant if parts from the tip are removed. Consequently,
the tip should be retracted while the tip-sample distance is increasing to obtain a
microscopically sharp tip [105].

The microscopical sharpness of a metal tip can be evaluated by studying the
frequency shift Af value at a certain conductance reference point [106]. In the
following, a conductance reference of (G) = 100pA/10mV = 10nS on the bare
Cu(111) is used to discuss the tip’s sharpness as, at the corresponding z position,
the metal tip is mainly interacting via the attractive van-der-Waals interaction with
the surface. Attractive tip-sample interactions lead to a decrease of the resonance
frequency f in FM-AFM. Hence, the closer the frequency shift value Af at the
conductance reference point of (G) = 10nS approaches zero, the sharper the metal
tip is. The frequency shift value depends on the stiffness k, the eigenfrequency fy,
and the oscillation amplitude A of the used AFM sensor. Therefore, the remainder
considers the averaged force gradient (ki) = 2kAf/ fo value to enable comparability
between different types of AFM sensors [56]. A metal tip is defined as microscopically
sharp if the averaged force gradient value (ki) falls within a range of —0.24 N/m
to —0.12N/m when using an oscillation amplitude of A = 50 pm. Typically, less
negative force gradient values than —0.12N/m are scarcely achieved. If (ki) at
the reference conductance point is smaller than —0.24 N/m, the tip should be
repeatedly poked in a controlled fashion into the clean Cu(111) sample by several
hundreds of picometers to few nanometers until (k) lies in the range of —0.24 N/m
to —0.12N/m. However, a microscopically sharp tip can feature a force gradient
value (ki) significantly lower than —0.24 N /m by exhibiting a secondary tip which
is laterally displaced. The secondary tip might not be detected necessarily in the
STM or AFM images as it might be quite blunt. Therefore, when obeying the above
described range for the averaged force gradient, from time to time a microscopically

sharp tip is poked into the Cu surface as it exhibits a secondary laterally displaced
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tip.

In order to discriminate imaging artifacts due to an asymmetric tip (by e.g.
multiple atoms at the tip’s apex), it is suitable to terminate the tip’s apex with
a radially symmetric feature such as a single atom or molecule. This is further
beneficial as the tunneling current decays by an order of magnitude when increasing
the tip-sample distance z by 100 pm (see section 2.1) and the short-range forces
also possess decay lengths of tens to few hundreds of picometers (see subsection
2.2.2). This means that the main interaction will occur between the single atom or
molecule of the tip and the adsorbate or sample. To obtain a monoatomic metal tip,
the microscopically sharp tip is again poked repeatedly hundreds of picometers to
few nanometers into the clean Cu(111) sample. After each poke the tip is imaged
by performing the carbon monoxide front atom identification (COFI) technique
to determine the atomic structure of the tip’s apex [33, 92]. In COFI, a single
CO molecule adsorbed on the Cu(111) surface acts effectively as a probe. When
scanning the CO molecule consecutively in constant-height mode while reducing
the tip-sample distance z in-between each image, shortly before the CO molecule
is manipulated laterally on the surface [107], the frequency shift image Af (z,y)
resolves the atomic structure of the tip’s apex. In case the COFI image resembles a
radially symmetric attractive feature, the tip is terminated by a single metal atom
(presumably Cu) [33, 92, 93].

The resolution capability in STM [31] and AFM [32] can be further enhanced
by terminating the monoatomic metal tip with a single CO molecule. Using CO
tips allowed resolving various sample systems such as organic molecules [32, 34-36],
two-dimensional materials [37, 38], ionic surfaces [39], interfacial water [41] and
small metal clusters [33] with unprecedented atomic resolution. In many cases, Pauli
repulsion between the CO tip and the charge density of the investigated chemically
inert samples (especially organic molecules) is the origin of the high-resolution [61].
In case of single Fe and Cu atoms, the origin of the appearance of non-trivial features
(i.e. a torus-shaped appearance of single atoms) is the result of a hybridization of
the tip’s CO with the investigated single atom on the substrate. Hence, CO tips
can transition from physisorption to chemisorption, i.e. form a chemical bond, when
approaching the center of a single Fe or Cu adatom on Cu(111) [42]. Latter findings
are briefly discussed in the first part of chapter 5 in case of the single Fe adatom.

Moreover, the termination with a single CO molecule can lead to imaging artifacts
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if large lateral forces act on the tip’s CO molecule due to its lateral flexibility.
The lateral stiffness of a CO molecule adsorbed on a monoatomic metal tip is
k., = 0.24N/m [60]. Hence, the tip’s CO laterally deflects by 104 pm if a lateral
force of 25 pN acts on it. The probe particle model (PPM) which considers van-der-
Waals, electrostatic and repulsive (due to Pauli repulsion) interactions reproduces
many experimental results on chemically inert sample systems — including imaging
artifacts due to CO tip bending by using a flexible probe [63, 108].

Next, an improved CO pickup process from the sample to a monoatomic tip is
introduced briefly as it differs from the original method established by Bartels et al.
in Refs. [31, 95]. A modified method which was used in this work is described in Ref.
[78]. The latter method is further adapted resulting in a significant enhancement
of the pickup probability of a single CO molecule from the Cu(111) surface to a
monoatomic metal tip. As described in Ref. [78], to functionalize a monoatomic
metal tip with a CO molecule, a COFI image needs to be acquired to determine
the most attractive lateral position at first (i.e. the position of the most negative
frequency shift value Af (x,y, z = const.)). Afterwards, the monoatomic metal tip
is positioned at the most attractive (z,y) position, while the z feedback loop is
switched on using a tunneling current setpoint of (I,;) = 2nA and a bias voltage of
Viip = —10 mV!. Subsequently, the bias voltage Viip is lowered to —2.4 V. Reference
[78] proposes to switch off the feedback loop and manually reduce the tip-sample
distance until a drop or rise in the tunneling current channel (I) is detected. A rise
is attributed to the removal of the CO molecule from the tip-sample junction, while
a drop is interpreted as successful transfer of the CO to the tip. However, during
this thesis it was found that the CO molecule is often transferred to the tip before
switching off the feedback loop. Therefore, it is assumed that if in this case, the
feedback loop is switched off and the tip is manually approached to the surface the
CO desorbs from the monoatomic metal tip’s apex and the tunneling current shows
the characteristic rise. This circumstance can be avoided by checking the relative
tip-sample distance z,; when lowering the bias voltage to —2.4 V while the feedback
loop is still switched on (see Fig. 3.4). In the pickup experiment shown in Fig.
3.4, the bias voltage was lowered from —10mV to —2.4V within 9.7s, while the

monoatomic metal tip is positioned above the most attractive position of the COFI

!The oscillation amplitude is set to A = 50 pm.
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Figure 3.4. Time trace of the manually changed bias voltage which is applied to the
tip Viip and of the relative tip height 2. during the transfer of a single CO molecule
from the surface to the apex of a monoatomic metal tip. The feedback loop controlling
the vertical position of the tip is switched on during the complete experiment ((Iset) =
2nA). The bias voltage Vi, is subsequently lowered to Vi, = —2.4V at t = 9.7s.
2.3 s later, while the bias voltage V;ip, remains unchanged, the feedback loop suddenly
reduces the vertical tip position z by 19 pm in order to keep the tunneling current (I)
at (Iset). At that moment (¢ = 12, vertical green line) the CO molecule is vertically
transferred from the surface to the tip apex (see sketches in the insets) and, 0.7 s later,
the bias voltage is reduced subsequently to —0.5V. The cantilever and its tip are not
sketched to scale.

image (Af (z,y, z = const.)). Afterwards, the feedback loop remains closed and the
relative tip-sample position z. is recorded. At t = 125, a drop of 19 pm in the 2.
position can be observed (see vertical green line in Fig. 3.4) and, thereupon, the
bias voltage V;, is rapidly increased closer to zero. By performing a COFI image
afterwards, a CO functionalization of the monoatomic metal tip (as sketched in the
inset of Fig. 3.4) could be verified. Consequently, the CO is transferred to the tip
at t = 12s. It is observed during the experiments of this thesis that the described
characteristic drop in the z. position occurs in a bias range of —2V to —2.6 V!
and the manual approach of the tip to the sample with a switched-off feedback loop
is only needed if no drop in z is detected. Observing the z, position of the tip and
recognizing small drops increases the CO molecule pickup probability? drastically

to 80%. Before using this adapted CO pickup method, certain monoatomic metal

'In most of the cases it occurs in a bias range of —2V to —2.4, V.
2The CO molecule pickup probability is defined by the number of successful CO pick up experiments
divided by the total number of pickup attempts.
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tips could not be functionalized with a CO molecule. Thus it can be suggested that
in these cases the CO molecule was unperceived transferred to the tip for a short
time but quickly desorbed from the tip’s apex upon the manual approach of the tip
towards the sample. However, prior to the above described finding, it was observed
that a tip which was used for 1.5 years to investigate Fe clusters and adatoms on the
Cu(111) sample could not be functionalized with a CO molecule anymore. The tip
was probably covered with Fe as numerous Fe evaporation cycles took place during
the 1.5 years. Within this work, no such indication is observed which is attributed
to a design change of the microscope head resulting in an improved shadowing of
the tip during Fe evaporation. This observation indicates that the adsorption of

CO molecules on monoatomic Fe covered tips is not possible at all.
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4. Lateral Manipulation of Single Fe
Adatoms Using Characterized

Tips

Most of the work presented in this chapter is published in Physical Review B [82].
Parts of the following text are identical to the publication. The author performed
most! of the experimental measurements and carried out the complete analysis.
Additionally, initial results of the lateral manipulation experiments® are presented

in the master thesis of the author [109] and are analyzed in detail in sections 4.3

and 4.4 of this thesis.

This chapter describes, first, different modes in lateral manipulation (section
4.1) and, second, the basic principle of lateral manipulation experiments including
the extraction of lateral forces (section 4.2). Afterwards, lateral manipulation
experiments of single Fe adatoms on Cu(111) using monoatomic metal and CO-
terminated monoatomic metal tips are presented and compared with respect to each
other (section 4.3). Furthermore, an analytic model describing the experimental
findings is introduced (see section 4.5). Finally, the assembly of small Fe clusters

with atomic precision using CO tips is discussed (section 4.6).

IThe first atom-by-atom assembly experiments of small Fe clusters, depicted in Fig. 4.12, were
conducted together with Fabian Stilp during the measurements for his bachelor thesis within the
group of Giessibl.

%i.e. the investigation of the lateral force threshold for lateral manipulation of single Fe adatoms
and the tip tilt analysis of monoatomic metal and CO-terminated monoatomic metal tips
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CHARACTERIZED TIPS

4.1. Various Modes in Lateral Manipulation

Individual atoms can be laterally manipulated in three different modes: pushing,
pulling and sliding mode. These three modes were initially characterized by STM
[8]. In the pushing mode, a repulsive interaction between tip and adatom initiates
the lateral manipulation process. As the tip approaches the center of the adatom,
it is pushed away from the tip, similar to a snow plow. Pulling describes the
attractive lateral manipulation mode. In pulling mode, the adatom follows the tip’s
movement in discrete steps when the tip moves away from it. After the adatom is
laterally manipulated, in the pushing and pulling mode, it remains temporally on
an adsorption site until it is pushed or pulled another time. Hence, both modes are
operating in a discontinuous manner. The sliding mode describes the continuous,
collective movement of the adatom and tip without any interruption [8].

Next, two examples of the attractive pulling mode are presented. A single Fe
adatom is manipulated laterally using a monoatomic metal and a CO-terminated
monoatomic metal tip, respectively. Figure 4.1(a) shows the conductance trace
G(x)/Gy recorded while a monoatomic metal tip is scanned in constant-height across
the center of a single Fe adatom adsorbed on Cu(111). Here, the conductance G(z)
is normalized with respect to the conductance at point contact of monoatomic metal
tips G = (12906 Q)~! [13]. The tip’s linear path is selected to cross equivalent fcc
hollow sites (see sketch in Fig. 4.1(c)). At a tip-sample distance z greater than the
manipulations threshold height, the conductance curve resembles a Gaussian shape
centered around = = 0. Hence, the Fe adatom’s initial position can be identified
(x = 0). Upon approaching the tip laterally to the Fe adatom’s center, the normalized
conductance G(x)/Gy rises slowly until a sudden increase at x = —288 pm occurs.
Afterwards, the normalized conductance G(x)/Gy increases for the next 33 pm and,
thereafter, decreases with further increasing x. This means that the tip moves away
from the Fe adatom’s center. The adsorption position can be determined by fitting
a Gaussian curve to each section of the normalized conductance trace G(z)/Go.
Single Fe adatoms adsorb in fcc positions on Cu(111) [97, 98] and the maxima of
each section of the normalized conductance curve remain similar in absolute value.
Hence, it can be concluded that the Fe adatom is manipulated to the nearest fcc

hollow site along the —x direction® as the tip is approaching its center. The change

!The nearest-neighbor distance on the Cu(111) surface is 255 pm [94].
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Figure 4.1. Conductance traces G(x) normalized with respect to Gy and G§© while
scanning across the center of a single Fe adatom on Cu(111) using (a) a monoatomic
metal tip and (b) a CO-terminated monoatomic metal tip, respectively (see sketches
in insets). (c¢) Top view of the Fe adatom adsorbed on the Cu(111) surface in different
states of the lateral manipulation experiment. The color of each frame corresponds to
the colored sections of the normalized conductance traces shown in panels (a) and
(b). The cantilever and its tip are not sketched to scale in panels (a)-(b). The two
conductance traces are also shown in Ref. [82].

in adsorption position with respect to the substrate is sketched in the upper two
panels of Fig. 4.1(c). The colored frames of the individual panels of Fig. 4.1(c)
correspond to the colored = sections in Fig. 4.1(a). The Fe adatom is now located
at © = —255pm. As the tip is moving away from the new adsorption position of
the Fe adatom along the +x direction, another sharp change in the normalized
conductance occurs at x = —50 pm and, thereafter, the normalized conductance
G(z)/Gy increases with increasing x position. Hence, the Fe adatom is manipulated
laterally by one lattice site back to its initial adsorption position (as indicated at
the third panel from the top in Fig. 4.1(c)). Afterwards, another attractive pulling
process occurs at a tip position of x = 156 pm and, therefore, the Fe adatom is
manipulated laterally to the adsorption site at x = 255 pm. The lateral movement

of the tip is stopped at x = 345 pm.

Using a CO-terminated monoatomic metal tip qualitatively results in a similar
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normalized G(x)/GS° curve! (see Fig. 4.1(b)) while the absolute values of the
conductance differ due to the different tunneling rates of the tips. Moreover, the
exact x positions of the individual lateral manipulation events are slightly different
for both tips. In case of the CO tip, the Fe adatom is also manipulated at first
by one position along the —x direction as the tip approaches the center of the
adatom. Afterwards, the adatom follows the tip’s movement twice as the tip is
moving away from the adatom (see Fig. 4.1(c) for the corresponding intermediate
adsorption positions of the Fe adatom during the lateral manipulation experiment).
In both cases, the Fe adatom initially jumps towards and below the tip along the
—x direction and, afterwards, is pulled two times along the +x direction as the tip
moves away from the Fe adatom. Note that the initial lateral manipulation in the
—ux direction is attractive and, therefore, also called pulling of the Fe adatom. In
conclusion, both presented tips manipulate the single Fe adatom in the attractive
pulling mode.

Experimental examples of the pushing and sliding mode are not presented within

this section as they are not relevant for this work. They can be found in Ref. [8].

4.2. Basic Principle of Lateral Manipulation
Experiments and Determination of Lateral

Forces

Within this section, the principle procedure to determine lateral force thresholds
in a lateral manipulation experiment in combined STM/AFM is described briefly?.
A single Fe adatom which adsorbs on a fcc hollow site on the Cu(111) surface
is surrounded by six equivalent nearest fcc hollow sites (see Fig. 4.2(a)). All
lateral manipulation experiments presented in section 4.3 are conducted along the
high-symmetry directions T, g and Zc. Here, the manipulation path is chosen
such that it linearly connects the center of the adsorbed Fe adatom (z = 0) with

the neighboring fcc hollow sites at x = £255 pm. Afterwards, a two-dimensional

I'Note that the normalization is performed with respect to the conductance at point contact for CO
tips G§© = (404497 Q) [81].

2The procedure follows the approach introduced by Ternes et al. [13] and realized by Emmrich et
al. [107] within the group of Giessibl.
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Figure 4.2. (a) Top view of a Fe adatom adsorbed on the Cu(111) surface. The
three possible manipulation orientations (6 directions) which link equivalent fcc hollow
sites are indicated as Za, #p and Z¢. (b) In order to analyze lateral force thresholds,
a two-dimensional Af (z,z) data set needs to be acquired. For that, the tip scans
directly across equivalent fcc hollow sites along a line which matches one of the
three high-symmetry directions of the Cu(111) substrate. After each linescan, the
tip-sample distance z is reduced by decrements of Az = —5pm. The tip’s movement
is stopped manually once the Fe adatom is manipulated laterally.

Af (z,z) and (G (z, z)) data set is simultaneously recorded. For that, the initial
tip-sample distance z = zg . iS set large enough such that the frequency shift
Af (2, zgtary) curve is flat. Using the LabVIEW ! routine of Ref. [107], consecutive
linescans are recorded while the z coordinate is reduced by 5 pm after each linescan
has finished (see Fig. 4.2(b)). During backtracing the tip to the lateral starting
position, the z coordinate is lifted by 50 pm to make sure the lateral manipulation
process occurs in the forward scanning direction. When the Fe adatom is manipulated
laterally at a tip-sample distance z = zy.,, the actual linescan is finished and the
tip moves back to the lateral starting position at z = 2., + 50 pm. The adsorption
position after the lateral manipulation is deduced by investigating the corresponding
conductance curve (G (z, Zman + 50 pm)) acquired during the final backtrace.

Afterwards, the recorded two-dimensional Af (x, z) data set is post-processed
as described in subsection 2.3.4 (in the case of three-dimensional data sets). In
that way, the two-dimensional short-range vertical force F} gg (, 2), the short-range
potential Usg (z, z) and the lateral force F), (z,z) between the Fe adatom and the
tip are deconvoluted [74, 77] (following the procedure introduced in Ref. [13]).

As the data sets are recorded in constant-height mode, it is important to consider

thermal drift between tip and sample as well as piezo creep. The piezo creep

'LabVIEW, National Instruments Corporation, Austin, TX 78759, USA

37



CHAPTER 4. LATERAL MANIPULATION OF SINGLE FE ApATOMS USING
CHARACTERIZED TIPS

and remaining thermal drift which are still present, although all experiments are
conducted in UHV conditions at Tpy. =~ 5.7 K (see section 3.1), are compensated.
This leads to an overall remaining lateral and vertical drift speed of less than 10 fm/s.
The acquisition time of one two-dimensional Af (z,z) and (G (z, z)) data set is
about 30min. This can be converted to a remaining lateral and vertical drift of
18 pm which is significantly smaller than the nearest-neighbor distance on Cu(111)
of 255 pm.

4.3. Directional Dependence of the Force Threshold
in Lateral Manipulation of Single Fe Adatoms
Using Monoatomic Metal and CO-Terminated

Monoatomic Metal Tips

Figure 4.3(a) shows selected Af (za,zime) curves at four different tip-sample
distances zme (1 = 1,2, 3,4) recorded with a monoatomic metal tip in constant-
height along the #s direction (see Fig. 4.2(b)).

The Fe adatom is initially located at xxo = 0. At 21 e = 571 pm, the frequency
shift curve Af (z4) is flat. Upon approaching the tip towards the sample, a shallow
minimum centered at x4 = 0 evolves (see Af (z, z2ne) and Af (x, 23 me) traces). At
the tip-sample distance z4 ye = 186 pm, a sharp change in the Af (z4) curve occurs
at Ta = Tman (see vertical light blue dotted line). Investigating the normalized
conductance curve G (za, z4me + 50pm) /Gy of the last backward scan (see Fig.
4.3(b)) reveals that its maximum is laterally shifted by 4255 pm along the +'s
direction with respect to the conductance curves recorded at larger tip-sample
distances!. Hence, the Fe adatom changed its lateral adsorption position from
xa = 0 to the nearest equivalent fcc hollow site at xp = 255 pm along the +Z'a
direction (as indicated in Fig. 4.3(c)).

Afterwards, the monoatomic metal tip is functionalized with a single CO molecule
(CO tip A) and the experiment is repeated. At a tip-sample distance z; co = 560 pm,
the Af (x, z1,c0) curve no longer varies with x (see Fig. 4.3(d)). Approaching the

CO tip by 120 pm results in the appearance of an attractive depression centered

ITherefore they exhibit smaller maxima (G (za = 0) /Go) at the center of the Fe adatom (z4 = 0).
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at xo = 0. A further reduction of z to z3co = 220 pm leads to the formation of
two bumps at xp ~ £220 pm. These bumps lead to the appearance of a single Fe
adatom as a torus in the (z,y) plane (see Fig. 4.7(b)) [33] whose physical origin is
described in Ref. [42] and is discussed briefly in chapter 5. At the tip-sample distance
24,00 = 205 pm, a sharp change in the Af (z, z4,c0) curve occurs at xp =z}, <0
before the CO tip passes the center of the Fe adatom at x, = 0. All normalized
conductance traces G (x4, z) /G5, except the one acquired at z = z4co + 50 pm,
are centered at xx = 0 (see Fig. 4.3(e)). The conductance curve acquired in the
backward scan after the sharp change in the Af (z, 24 co) curve occurred is centered
at xx = —255 pm. Therefore, the Fe adatom is laterally manipulated from x5 =0
to the nearest fcc hollow site located at xx = —255pm along the —Z direction (as
indicated in Fig. 4.3(f)).

In summary, the Fe adatom was manipulated by 255 pm to a neighboring fcc
hollow site with both tips. However, the manipulation direction is reversed with
respect to each other: In case of the monoatomic metal tip, the Fe adatom was
manipulated along the 4’5 direction while, after the CO termination of the tip,

the Fe adatom was manipulated along the —Z's direction.
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Figure 4.3. (a) Selected Af (x4, ziMe) curves (i = 1,2, 3,4) acquired during scanning
a monoatomic tip across the center of a single Fe adatom adsorbed on the Cu(111)
surface at zp = 0 along the 4 direction (see Fig. 4.2). The tip-sample distances z; me
indicate the distance to the conductance at point contact Go = (12906 Q)" [13] above
the bare Cu(111) surface (see subsection 2.3.1): z;me = 571pm, 22 \me = 291 pm,
z3Me = 211 pm and z4pe = 186 pm. The Af (z,24) curve shows a sharp change at
TA = Tman > 0 after the tip passes the Fe adatom’s center. (b) The conductance
curves G (za,z + 50pm) /Gy acquired during backtracing at z + 50 pm reveal that
the adatom is manipulated by one lattice site along the +&'5 direction to s = 255 pm
(as indicated in the sketch shown in panel (c)). Panels (d) to (f) show the same results
as presented in panels (a) to (c¢) after the monoatomic metal tip is terminated with
a single CO molecule (CO tip A). Using CO tip A, the lateral manipulation occurs
at )., < 0 before passing the adatom’s center and the adatom is manipulated to
the nearest equivalent fcc hollow site along the —Za direction. Using the CO tip,
the tip-sample distances are calculated with respect to the conductance at point
contact of CO tips of Ggo = (404497 Q)_l [81]: 2z1.co = 560 pm, 23 co = 340 pm,
23,00 = 220 pm and z4 co = 205 pm. The corresponding full frequency shift Af (x4, 2)
datasets to panels (a) and (d) are shown in Fig. A.1 of the appendix. The cantilever
and its tip are not sketched to scale in panels (a), (b), (d) and (e). The experimental
data shown in this figure are also presented in Ref. [82].
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To gain further insight into the manipulation process, the short-range potential
Usr (x4, z) and the lateral force Fy (2, 2) are deconvoluted (as described in subsection
2.2.3) and presented in Fig. 4.4. The short-range potential Usg (x4, z) between the
monoatomic metal tip and the single Fe adatom is entirely negative and, hence,
attractive. Figure 4.4(b) depicts selected lateral force traces F, (x,). Here, darker
colored curves correspond to smaller tip-sample distances. The smaller the tip-
sample distance gets, the higher the absolute values of the lateral force curves
become. Throughout this work, a positive (negative) lateral force value indicates
a lateral force acting on the Fe adatom pointing along the negative (positive) ¥
direction. As for tip positions xx < 0 (zx > 0), the lateral force curves are entirely
positive (negative) the Fe adatom is always attracted by the tip. Hence, while the
tip is laterally approaching the Fe adatom at x5 = 0 from the left side, the Fe
adatom is attracted to the left side (towards the tip). After the tip passes the Fe
adatom’s center, Fe atom is attracted to the right side (towards the tip). The lateral
manipulation event of the single adatom occurs at xx = Tpan (see Fig. 4.3). The

lateral force Fi(Zman, zaMe) value at £p = Tpay is given by —29pN. This lateral
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Figure 4.4. Short-range potentials Usg (x4, z) between the Fe adatom and (a) the
monoatomic metal tip and (b) the CO-terminated monoatomic metal tip (CO tip
A) deconvoluted [74, 77] from the frequency shift Af(x,z) datasets presented in
Fig. 4.3(a) and (d), respectively. (b) and (d) By taking the lateral derivative of the
short-range potentials Usgr (x4, z) along the xa axis the lateral force curves F,(za, 2)
are derived (see subsection 2.2.3 for method description). The cantilever and its tip
are not sketched to scale. Figure adapted from Ref. [82].
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force value is called lateral force threshold [13, 67, 107] needed to be overcome
to laterally manipulate the single Fe adatom on the Cu(111) surface. The lateral
force trace Fy(xa,z4me) is slightly asymmetric with respect to (za = 0, F, = 0):
At TA = —Zman, the lateral force value is given by 28 pN and, therefore, by 1pN
smaller than the absolute value of the lateral force threshold. Hence, the Fe adatom
is not laterally manipulated at x5 = —2,., as the lateral force acting on the Fe
adatom is not sufficient to laterally manipulate it. However, after the Fe adatom is
manipulated laterally to the right side by 255 pm the tip passes the adatom’s center
at xx = 255 pm a second time. Due to the periodicity of the substrate, the lateral
force value at xa = Tyan + 255 pm after the first manipulation should be high enough
such that the Fe adatom is manipulated further on to the right side. However, a
second sharp change in the Af(za, 24me) curve is not detected experimentally. The
absence of further lateral manipulation events to the right side can be explained by
a small misalignment of the manipulation path with respect to the high-symmetry
direction of the substrate or a local variation of the surface potential induced by e.g.
a defect.

Figure 4.4(c) shows the short-range potential Usg(z4, 2) between CO tip A and
the single Fe adatom. It is also completely attractive but laterally more confined
than the short-range potential between the monoatomic metal tip and the Fe adatom
shown in Fig. 4.4(a). The corresponding lateral force curves Fj(xa,2) between
the CO tip and the Fe adatom (see Fig. 4.4(d)) are qualitatively quite similar to
the lateral force curves between the monoatomic metal tip and Fe adatom (see
Fig. 4.4(b)): As the tip approaches the adatom from the left side the Fe adatom
is attracted to the left side (towards the tip). After the tip passes the center of
the Fe adatom an attractive lateral force acts on the adatom pointing to the right
side (towards the tip). The lateral force curves F, (z4, z) are also asymmetric with
respect to (xa = 0, F, = 0). However, the asymmetry is reversed compared to the
monoatomic metal tip: The absolute values of the lateral force curves before the CO
tip passes the center of the Fe adatom (x5 < 0) are about 10% higher in absolute
value compared to the absolute values after the CO tip passes the center of the Fe
adatom (xx > 0). This is the reason why the Fe adatom is already manipulated
laterally to the left side while the CO tip approaches its center from the left side.
The force threshold to laterally manipulate the Fe adatom with CO tip A is 21 pN

and, therefore, smaller compared to the experiment with the monoatomic metal tip.
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After the Fe adatom is manipulated laterally to the left side by 255 pm the CO tip
moves away from the center of the Fe adatom. As the lateral force values are 10%
smaller on the right side of the Fe adatom, the adatom is not manipulated further
to the right side after the tip passes the Fe adatom’s center.

In summary, both tips induce an attractive lateral manipulation of the single
Fe adatom (i.e. pulling). However, upon attachment of a CO molecule to the
monoatomic metal tip, the asymmetry of the lateral force field reverses.

The above described lateral manipulation experiment of a single Fe adatom is
repeated with another CO-terminated monoatomic metal tip (CO tip B). The
corresponding A f(za, z) curves are depicted for five selected tip-sample distances
in Fig. 4.5(a). The comparison of these curves with the Af(z4, 2) curves acquired
with CO tip A (see Fig. 4.3(d)) reveals that the two bumps aside the center of the
attractive dip at xao = 0 appear much more distinct in case of CO tip B. Using CO
tip B, a sharp change of the Af(za, Zman) curve occurs at z, = 2/ in a tip-sample
distance 2y, = 175 pm before the CO tip crosses the adatom’s center (x5 < 0). The
normalized conductance curves G (z4, z + 50 pm) /Gy during backtracing indicate
that the Fe adatom was manipulated laterally along the —%, direction towards
the fcc hollow site located at 4 = —255pm!. The short-range potential between
CO tip B and the Fe adatom, depicted in Fig. 4.5(c), shows, similar to the short-
range potential Usg between CO tip A and the Fe adatom (see Fig. 4.4(c)), an
attractive part located at 220pm < 2z < 370 pm around z, = 0. However, the
attraction between CO tip B and the Fe adatom is smaller in magnitude compared
to CO tip A and the Fe adatom. Additionally, two repulsive (positive) features
arise at close distances (z < 200pm) at xx = £200pm. These vertical tip-sample
distances are inaccessible with CO tip A as the Fe adatom is manipulated laterally
at z4co = 205pm. The lateral force curves F,(za, z) between CO tip B and the
Fe adatom display, as a result of the evolution of the two repulsive rims of the
short-range potential Usg, four extrema at close distances z < 200pm (see Fig.
4.5(d)). Consequently, repulsive lateral forces between CO tip B and the Fe adatom
occur. However, the attractive lateral forces are higher in absolute value. Therefore,
the Fe adatom is manipulated towards the tip to the left side at x5 = 2" while the

man

tip approaches the center of the Fe adatom as attractive lateral forces are highest

! This was also observed with CO tip A.
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Figure 4.5. (a) Selected Af(za,z) linescans during a lateral manipulation
experiment of a single Fe adatom using another CO tip (CO tip B). (b) Normalized
conductance curves G (za, z + 50pm) /Gy during backtracing of the tip. The con-
ductance trace G (zA, Zman + 50 pm) /Gq at a tip-sample distance of zpan, acquired
after the lateral manipulation event occurred, is centered at zpo = —255pm. (c) The
short-range potential Usg (x4, z) shows, similar to Usg between the CO tip A and the
Fe adatom (shown in Fig. 4.4(c)), an attractive dip in a z distance regime between
220 pm to 370 pm. However, CO tip B can be approached to zyan = 175 pm before the
Fe adatom is manipulated laterally and, hence, 30 pm closer than CO tip A (see Fig.
4.3 and 4.4). (d) The corresponding lateral force traces F,(xa,z) show, compared
to the lateral force curves of CO tip A (see Fig. 4.4(d)), two more extrema at close
distances. Here, darker lines indicate smaller tip-sample distances. The cantilever
and its tip are not sketched to scale.

in absolute value for x5 < 0. Note that the lateral manipulation position 2 is

80 pm apart from the attractive lateral force maximum of 20 pN. A lateral force of
20 pN results in a lateral deflection of Az = 20 pN/k, = 83 pm. Here k, = 0.24N/m

is the torsional spring constant of a CO molecule adsorbed to a metal tip [60].

"

Hence, the deviation of the lateral manipulation position z|

with respect to the
maximum of the lateral force curve can be a result of the lateral deflection of the
CO tip. Furthermore, the lateral force threshold of 20 pN is similar to the lateral

force threshold determined with CO tip A (21 pN). In the following, CO bending is
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neglected. The reason for the different appearances of the single Fe adatom using
different CO tips is discussed in section 5.2.

Next, the lateral manipulation experiments are repeated along all three high-
symmetry directions ¥, Zp and Z¢ (see Fig. 4.2(a) and Fig. 4.6(b)) using two
different monoatomic metal and three different CO-terminated monoatomic metal
tips. In all experiments, the single Fe adatom is laterally manipulated due to an
attractive interaction between each tip and the adatom (i.e. pulling as defined in Ref.
[8]). Afterwards, the lateral force thresholds for lateral manipulation are determined
(see Fig. 4.6(a)). Gray crosses correspond to the lateral manipulation experiments
using monoatomic metal tips while black crosses correspond to CO-terminated
monoatomic metal tips. Positive or negative lateral force thresholds F, (z = Zpan)
indicate whether the Fe adatom is manipulated before (., < 0) or after (zyan > 0)

the tip has passed the center of the Fe adatom at = 0, respectively. As all lateral

(a) (b) (c) (d)
40 a FeQCuOcoo z z,
~ x 20+4pN ' .
- ¥ 20#4pN X |
%_ 20 * ............................ [ ST
N
)
S 0 x Monoatomic metal tip | |
><E x CO-terminated metal tip
Il
X x I I
\'1'20' -27+6pN x=0 XX Xc x=0 XX Xc
LL kad a*s AFX
-40 .‘x_ L ?. : 0 <
X, Xs Xc

Figure 4.6. (a) Lateral force threshold values F}, (z = Zman) at the location of lateral
manipulation & = 2y, using monoatomic metal tips (gray crosses) and CO-terminated
monoatomic metal tips (black crosses) with respect to the manipulation direction Z.
Each red colored error bar indicates the standard deviation of the mean value with
respect to the manipulation direction and the tip termination. The solid (dashed)
horizontal orange and green line indicate the mean value (standard deviation of the
mean value) of the lateral force threshold with respect to the tip termination averaged
over all manipulation directions. (b) The manipulation directions & € {Za, g, Zc}
match the high-symmetry directions of the Cu(111) substrate. (c) The single Fe
adatom is always laterally manipulated along the positive & directions when using
monoatomic metal tips (see top panel) as the lateral force field is asymmetric with
respect to = 0 as indicated in the bottom panel. (d) The manipulation behavior
reverses after the tips are terminated with a CO molecule (see also Fig. 4.4). The
cantilever and its tip are not sketched to scale in panels (c¢)-(d). Panel (a) is adapted
from Ref. [82].
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manipulation events occur in the attractive (pulling) mode a positive or negative
lateral force threshold F, (z = Zyan) indicate whether the Fe adatom is manipulated
to the left (along the —& direction) or to the right side (along the +& direction),
respectively.

For monoatomic metal tips, all lateral force thresholds are negative and, hence,
the Fe adatom is always manipulated along positive & directions after the tips
passes the adatom’s center (see sketch in top panel of Fig. 4.6(c)). Therefore,
the lateral force curves are higher in absolute value for tip positions x > 0 (see
sketch in bottom panel of Fig. 4.6(c)). All CO tips show the opposite behavior:
The lateral force thresholds F, (x = xn,.,) are entirely positive and, hence, the Fe
adatom is always manipulated along the negative & directions as the tips approaches
the adatom’s center from the left side (see sketch in top panel including a sketch
of the asymmetric F, curve in the bottom panel of Fig. 4.6(d)). The average of
the absolute values of the lateral force thresholds using monoatomic metal and CO-
terminated monoatomic metal tips overlap: 27 & 6 pN and 20 & 4 pN, respectively®.
The diffusion barrier of a single Fe adatom on the Cu(111) surface is theoretically
calculated (28.5meV) and experimentally verified by diffusion experiments using
STM (224 7meV) [98]. Assuming a sinusoidal model potential, the diffusion barrier
transforms into a lateral force threshold of 84.4 pN (theoretically) and 65 + 20 pN
(experimentally) [109]. The lateral force thresholds using monoatomic metal tips
and CO tips determined within this work are 50% to 70% smaller compared to the
values experimentally reported in Ref. [98]. Emmrich et al. [107] discovered, by
performing lateral manipulation experiments of a single CO molecule adsorbed on
the Cu(111) surface using a monoatomic metal tip, that the lateral force threshold is
50% smaller than theoretically predicted. Reference [107] proposed a local lowering
of the surface potential by the presence of the tip during the lateral manipulation
experiment. This explanation can also be applied to the system of single Fe adatoms
on Cu(111) and the above described observation that the lateral force threshold is
50% to 70% smaller compared to the results of diffusion experiments in STM [98]:
As in the diffusion experiments the STM tip is positioned relatively far apart from
the Fe adatom [98], the surface potential is not altered by the presence of the tip.

In contrary, in the lateral manipulation experiments the tip is relatively close to

I This value is similar to the lateral force threshold of 17 4 3 pN to laterally manipulate a single Co
adatom on the Cu(111) surface [13].
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the surface as well as to the adatom and, hence, can induce a local lowering of the
surface potential as proposed by Emmrich et al. for single CO molecules on Cu(111)

[107].

4.4. Determination of the Tip’s Tilt Direction

In the following, the reason for the asymmetric lateral force curves F, (z, z), presented
in section 4.3, is discussed. In this thesis, the monoatomic metal tip! and the CO
tip are selected as they exhibit a radial symmetry at their apexes (see section
3.4). However, the tips can possess an intrinsic tilt. For instance, the tilt can be
a consequence of a small misalignment of the complete tip wire with respect to
the normal vector of the surface. In order to study the tips’ tilt, a constant-height
Af(z,y) image of a single Fe adatom using a CO-terminated monoatomic metal
tip and a COFI image of the monoatomic metal tip before functionalization is
investigated (see section 3.4 for a description of the COFI technique).

Single Fe and Cu adatoms adsorbed on Cu(111) appear in the Af(x,y) image
as bright tori with a dark center imaged in constant-height mode with CO tips at
close tip-sample distances [33] (as shown for the single Fe adatom in Fig. 4.7(a)
and (b)). Figure 4.7(c) depicts the side view of the experimental setup. If the
torus is interpreted as an intrinsic property of the single adatom which is oriented
parallel to the surface it is imaged completely in constant-height mode even if the
CO tip is slightly tilted. The experimental setup for acquiring COFI images is
reversed: A single CO molecule, adsorbed on a top site of the Cu(111) surface (see
Fig. 4.7(d)), is scanned in constant-height mode using a metal tip. In the COFI
setup, the single CO molecule effectively acts as the probe resolving the tip’s apex
on the atomic scale [92, 110]. In case of non-tilted monoatomic metal tips, the
COFI image (Af(x,y,z = const.)) shows, at close tip-sample distances, a closed
torus, similar to the reversed measurement shown in Fig. 4.7(b). The COFI image
of the monoatomic metal tip, used for laterally manipulating a single Fe adatom on
Cu(111), shows a bright sickle in the top part of the image which is centered around
an attractive dip (see Fig. 4.7(e)). This clearly indicates that the tip is terminated

'In the following it is assumed that the presented monoatomic metal tips are terminated by a single
Cu atom as the tips were repeatedly poked into the clean Cu(111) sample for tip preparation
purposes.
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Figure 4.7. (a) Sketch of a Fe adatom adsorbed on the Cu(111) surface (top view).
(b) Frequency shift image Af (x,y) of a single Fe adatom acquired with a CO tip
in constant-height mode showing an almost radial symmetric torus [33, 42]. Single
Cu adatoms also appear as tori when scanned in constant-height mode using CO
tips [33]. (c¢) If the torus is interpreted as an intrinsic property of the adatom, it is
completely imaged in constant-height at close distances z in the A f image, even if
the CO tip is slightly misaligned by an angle o with respect to the surface normal.
(d) Sketch of a single CO molecule adsorbed on a top site of the Cu(111) surface (top
view). (e) The COFI image (Af(z,y,z = const.)) of a monoatomic metal tip used
to laterally manipulate a single Fe adatom shows a bright sickle in the top part of
the image which is interpreted as a torus segment of the frontmost atom of the tip.
The green dotted arrow points in the direction of highest asymmetry. (f) Sketch of
the COFT setup using a tilted monoatomic metal tip (tilt angle a, side view). The
reversed setup as shown in panel (c) also results in the appearance of a torus in the
Af image using monoatomic metal tips (Fe and Cu terminated) at small distances z
[92]. However, if the torus is described as an intrinsic property of the tip’s frontmost
atom, the torus is not necessarily imaged completely in case that the tip’s tilt angle «
is getting too large. Figure adapted from Ref. [82].

by a single metal atom [33, 92, 110]. The bright sickle originates from the top
of a tilted torus. If the torus is interpreted as an intrinsic property of the single
frontmost atom of the tip, the presence of the sickle and absence of the closed torus
can be understood in a pure geometric fashion (see sketch in Fig. 4.7(f)): If the

tip is tilted by an angle a along an axis indicated by the green dotted arrow in Fig.

48



4.4. DETERMINATION OF THE TiP’S TiLT DIRECTION

4.7(e), the torus of the frontmost atom is not oriented parallel to the surface plane.
Therefore, only a segment of the torus is imaged during the COFI measurement.
In theory, a further reduction of the tip-sample distance results in the appearance
of the complete torus in the COFI image. However, experimentally the distance
cannot be reduced further without laterally manipulating the single CO molecule
on the Cu(111) surface (see also Ref. [107]).

Both COFT images of the two monoatomic metal tips that are used to laterally
manipulate a single Fe adatom show a bright sickle and an asymmetry in the very
same direction (indicated by the green dotted arrow in Fig. 4.7(e) for one tip).
Hence, both tips are tilted along the same axis defined by the green dotted arrow.
As the angles between the green dotted arrow and the high-symmetry directions ',
7 and Z¢ are smaller than 90° (see Fig. 4.7(e)), the monoatomic metal tips are
tilted to the right side for all three high-symmetry directions (as sketched in Fig.
4.7(f) for the @y direction and sketched in Fig. 4.8 for all manipulation directions).

After conducting the lateral manipulation experiments, both monoatomic metal
tips are terminated with a single CO molecule and the COFI measurements as well
as the lateral manipulation experiments of single Fe adatoms are repeated. Both
COFT images show an asymmetry along the very same direction as the monoatomic
metal tips as indicated by the green dotted arrow in Fig. 4.7(e)!. Hence, it can
be suggested that the CO molecule adsorbs to the monoatomic metal tip such
that the symmetry of the tip is conserved. This assumption is supported by the
observation that COFI images of many other monoatomic metal tips before and after
CO termination typically exhibit asymmetries in the same direction. Furthermore,
it is found during this thesis that the asymmetry axis does not change for various
different tips if the same qPlus sensor is used, although relatively deep tip pokes
took place in the meantime?. Therefore, it can be assumed that the tip tilt is a
direct result of a macroscopic misalignment of the tip wire with respect to the
surface normal of the Cu(111) surface along the very same axis as indicated by the
green dotted arrow in Fig. 4.7(e). This could be a result of the sensor holder design
which is tilted by 3° with respect to the Cu(111) plane [90].

!The COFI image of the second monoatomic metal prior and after CO-termination is not shown
here.

2Typically the tip is poked hundreds of picometers to tens of nanometers into the Cu crystal to
alter the tip apex (see section 3.4).
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In summary, all monoatomic metal tips and CO-terminated monoatomic metal
tips which were used for the lateral manipulation experiments are tilted along the
direction indicated by the green dotted arrow so that the tilted part of the tip points
to the positive Zs, ¥p and Z¢ directions (see Fig. 4.8). Here, the tilt angle o along
the 5 direction is smaller than the tilt angle o’ along the #p and Z¢ direction
because the angle between s and the asymmetry axis (see green dotted arrow in
Fig. 4.7(e)) is larger than the angle between ¥ and the asymmetry axis similar to

the angle between Z¢ and the asymmetry axis (see Fig. 4.8).

0,

AF
O.A7_>

Figure 4.8. (a) Sketch of the tilt of the monoatomic metal tips and CO tips used
to laterally manipulate single Fe adatoms projected in the zz plane (top panels).
The tip tilt angle a induces a small asymmetry in the lateral force curves as sketched
in the two bottom panels. The influence of the tip’s tilt is reversed before and after
terminating a monoatomic metal tip with a CO molecule. In case of the monoatomic
metal tips, the lateral forces are higher in absolute value if the tilted part of the
tip is pointing away from the adatom (za > 0). After terminating the tip with a
CO molecule, the asymmetry is reversed. (b) The tilt angle o/ projected in the zxp
and zxc plane is larger than the tilt angle o projected in the zxa plane as the angle
between g or Z¢ and the green dotted arrow is significantly smaller than between
¥4 and the green dotted arrow shown in Fig. 4.7(e) (top panels). The asymmetries in
the lateral force curves are, therefore, larger along the ¥y and Z¢ directions compared
to the s direction (bottom panels). The cantilever and its tip are not sketched to
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scale.
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4.5. ANALYTIC MODEL USING VAN-DER-WAALS AND ELECTROSTATIC
INTERACTIONS

4.5. Analytic Model Using Van-der-Waals and

Electrostatic Interactions

Next, an analytic model is used in order to gain insight to the physical origin of the
reversed behavior of CO tips with respect to monoatomic metal tips when laterally
manipulating single Fe adatoms. Within the model, the interaction between the tip
and the Fe adatom is investigated in the zz plane. The model takes van-der-Waals
and electrostatic interactions between a two-dimensional tip consisting of N atoms
and a single Fe adatom into account. The interaction between the Cu substrate and

the tip is neglected as it was subtracted in the experimental analysis as well.

Figure 4.9 depicts the side view of the model tip and the Fe adatom. The metal

part of the monoatomic metal tip (see Fig. 4.9(a)) and CO-terminated monoatomic

>

X=0 X
OCu @Fe ®oC @0

Figure 4.9. (a) Side view of the analytic setup in case of the monoatomic metal tip.
The tip consists of 15 Cu atoms arranged in a pyramidal shape and can be tilted by an
angle .. The Fe atom is located at x = 0 and zp, = —121 pm (see text). (b) In case
of the CO-terminated monoatomic metal tip, an additional CO molecule is attached
to the frontmost atom of the pyramidal metal tip. (c) Electrostatic interactions are
enabled by placing point charges on specific locations: The Fe adatom is carrying
a charge of gre = 0.1e. The metal tip’s dipole [111] is modeled by two charges
+qcy = £0.13 e with opposite sign separated by dcy, = 135 pm [81]. Here, the positive
charge is placed in the center of the metal tip’s frontmost atom (offc, = 0). (d)
The CO molecule carries a negative charge of gco = —0.03 e [81] which is offset by
off co = —100 pm with respect to the O atom’s center [39]. Figure adapted from Ref.
[82].
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metal tip (see Fig. 4.9(b)) consists of 15 Cu atoms! positioned in pyramidal order.
The interatomic distance between the Cu atoms is set to the bulk lattice constant
of Cu (acy, = 361 pm). In case of the CO tip, an additional CO molecule is fixed
with its C atom to the frontmost Cu atom of the metal tip (see Fig. 4.9(b)). The
distance between the center of the C atom and the center of the frontmost Cu
atom of the metal tip is set to r¢ 4+ rcy = 70 pm + 135 pm = 205 pm. The core of
the O atom and the core of the metal tip’s frontmost Cu atom are separated by
ro+2rc+rcy = 60pm+2-70 pm+ 135 pm = 335 pm. Here, r¢, ¢y and ro are the
atomic radii of C, Cu and O, respectively. Both tips can be tilted by an angle a.
The potential U,qw between a single Fe adatom and a tip arising from van-der-

Waals interaction can be written as [53, 112]:

U o al C6,spec(i),Fe 41
sy = 3 e ()
i=1 i,Fe

Here, 7 pe = |7} pe| = \/(mi7pe)2 + (zi7pe)2 describes the distance between the centers
of the interacting atoms (see Fig. 4.9(a) and (b)) while Cg spec(i),re is an elemental-
specific parameter which can be calculated for various atomic pairings [54]. The

relevant Cg spec(s)re coefficients are shown in table 4.1 [54].

Interaction pair k ‘ CuFe C/Fe O,)Fe CuC Cu,0O
C[1077 Jm®] | 3.64 142 0.73 0.99 0.50

Table 4.1. (g, coefficients as a function of interaction partner k used to model the
attractive van-der-Waals interaction between the single Fe adatom and the individual
atoms of the model tip [54].

Both the monoatomic metal tip and the Fe adatom exhibit an electric dipole,
due to the Smoluchowski effect [111]. The lateral manipulation experiments are
performed at tip adatom distances of few hundreds picometers and, hence, the
electrostatic interaction cannot be modeled via dipole-dipole interaction. Therefore,
the electrostatic interaction is calculated using point charges. The dipole of the
monoatomic metal tip is expressed by two point charges of +¢c, = £0.13 e with

opposite sign separated by dc, = 135 pm while the positive charge is placed at the

'In the experiment, the tip was repeatedly poked into the clean Cu surface for tip sharpening and
shaping purposes. Hence, the tip’s apex is likely to be covered with Cu atoms.
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core of the tip’s frontmost Cu atom [81] (offc, = 0, see Fig. 4.9(c)). A charge
of gre = +0.10¢€ is placed in the center of the Fe atom. The CO molecule of an
CO-terminated tip carries a negative charge of goo = —0.03 e [81]. Here, the charge
is placed by offco = —100 pm off-center the O atom towards the Fe atom as it was
found that the electric field of a CO tip is maximal 100 pm in front of the core
of the CO tip’s O atom [39]. In case of the CO tip, the influence of the negative
charge —qc, = —0.13 ¢, arising from the metal tip background, onto the electrostatic
interaction is neglected. The electrostatic potential Ugg between the model tips and

the Fe adatom is given by the Coulomb interaction:

1 ol GFespec(i)
Ugs = . 4.2
ES +47T€0 ; Ti,Fe ( )

The coordinate system is chosen such that it matches the experimental coordinate
system. In the experiment, z = 0 corresponds to a conductance of Gy (monoatomic
metal tip) or G§© (CO tip), respectively. At z = 0, the shell of the tip’s frontmost
atom (Cu or O) is still separated by Appr = 172 pm from the shell of an Cu atom of
the topmost Cu layer [80] (see subsection 2.3.1) and, therefore, the core of a Cu atom
of the topmost layer of the substrate is located at z = 0 — Appr — rcy = —307 pm.
Using the adsorption height of the Fe adatom of h = 186 pm [83] results in the z
position of the core of the Fe atom zr, = —121 pm (see Fig. 4.9(a)). Hence, the Fe
adatom is placed at (z = 0,z = —121 pm) in the analytic model. After calculating
the van-der-Waals U,qw and electrostatic Ugg potential between the model tips and
the Fe adatom, the corresponding lateral force curves F, vaw (2, z) and F, gs(z, 2)
are obtained via F} ;(z,2) = —0U;(x, 2) /0.

Figure 4.10(a) and (b) show the calculated lateral force curves arising from van-
der-Waals interaction (Fjvaw(z,2)) and electrostatic interaction (Fj gs(x,z)) and
the sum of both curves (F, vaw(x, 2) + Fy ms(x, 2)) for the closest approach in the
experiments of the monoatomic metal tip (z4pe = 186 pm) and the CO-terminated
tip (24,00 = 205 pm), respectively (see also Fig. 4.3). The tilt of both tips (a = 20°)
leads to the same asymmetry in the lateral force curve F, yqw(z) arising from van-
der-Waals interaction (light blue dotted curves): The absolute values of Fj yaw(z)
are higher in absolute value when the tilted part of the tips are pointing away

from the center of the Fe atom, i.e. if the tip is positioned at positive x values
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(x > 0, |max (Fyvaw)| < |min (F, vaw)|). The resulting lateral force curves due to
pure electrostatic interaction (F, gs(z)) show a reversed behavior: The Coulomb
interaction leads to a repulsive interaction between monoatomic metal tip and Fe
atom while it results in additional attraction between the CO tip and the Fe atom
(red dotted curves). This leads to a reversed asymmetry of the sum of the lateral
force curves Fj yaw(x) + Fy gs(z) in case of the CO tip compared to the monoatomic
metal tip (solid black curves). In case of the monoatomic metal tip, the lateral
forces F vaw () + F, ms(x) are higher in absolute value if the tilted part of the tip
is pointing away from the Fe atom, i.e. for tip positions x > 0. This agrees with
the asymmetry observed in the experiment (see Fig. 4.4(b)). In case of the CO
tip, the lateral forces F, yaw(z) + Fy rs(z) are higher if the tilted part of the tip
is pointing towards the Fe atom, i.e. tip positions x < 0. This also matches with
the experimental finding shown in Fig. 4.4(d). In summary, the reversed dipole
of the CO tip with respect to the monoatomic metal tip causes in the inversion
of the asymmetry of the lateral force curves. The maxima of the absolute value
of the lateral force curves max (|Fy vaw(z) + Fyrs(z)|) of the monoatomic metal
and the CO tip are given by 13.6 pN and 11.4 pN, respectively, and, hence, are
quite similar. However, the values are about 60% (monoatomic metal tip) and 50%

(CO tip) smaller compared to the experimentally determined values of 27 &+ 6 pN

(a) F.(pN) @ z,,.=186pm
10
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Figure 4.10. (a) Calculated lateral force curves for pure van-der-Waals interaction
(Fyvaw(x,2)), pure electrostatic interaction (F,gs(x,z)) and the sum of van-
der-Waals and electrostatic interaction (Fjyvaw(z,z) + Fygrs(x,2)) between the
monoatomic metal tip and the Fe atom for the tip position z4ne = 186 pm (left
panel). The model tip’s tilt is set to a = 20° (right panel). (b) Calculated lateral force
curves Fy vaw (2, 2), Fy gs(x, 2) and Fy vaw (2, 2) + F; gs(z, z) between a Fe atom and
a tilted CO-terminated metal tip (o = 20°, see right panel) for a tip-sample distance
of 24 co = 205 pm. Figure adapted from Ref. [82].
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(monoatomic metal tip) and 20 £ 4pN (CO tip). These deviations originate from
the usage of a two-dimensional tip in the analytic model compared to the three-

dimensional tip in the experiment.

In order to evaluate the robustness of the above described analytic model with
respect to the input parameters, the parameters are varied while the sum of the
two extrema of the lateral force curve AF, = max (F,) + min (F},) is observed. If
AF, is positive, the absolute value of the maximum lateral force is larger than the
absolute value of the minimum lateral force. Positive lateral forces occur for tip
positions x < 0 while negative lateral forces are present for x > 0 as the lateral
forces between model tip and Fe atom are purely attractive (see Fig. 4.10). Hence,
if AF, is positive, the lateral force is larger in absolute value for tip positions x < 0
(as for the CO tip in Fig. 4.10(b)). In case AF, is negative, the lateral force is
larger in absolute value for tip positions x > 0 (as for the monoatomic metal tip in
Fig. 4.10(a)).
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Figure 4.11. The robustness of the analytic model is studied by varying the input
parameters and observing the sum of the two extrema of the calculated lateral force
curve AF, = max (F,) + min (F,). In case of the monoatomic metal tip (see panel
(f)), the resulting AF, = max (F}) 4+ min (F,) curves are plotted against (a) «,
(b) Zmodel,.cu, (¢) off cus (d) gcu and gre and (e) dcy. When modeling the CO tip,
AF, = max (F;) + min (F}) is investigated in dependence of variations of (g) «, (h)
Zmodel,0O, (1) 0ff oy and off co, (d) gcu and gre and (e) gco. The vertical dotted lines
indicate the parameters used for the calculation in Fig. 4.10. Figure adapted from
Ref. [82].
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Figure 4.11(a) shows AF, as a function of the tip’s tilt angle « in case of the
monoatomic metal tip. AF, is negative (or zero for a = 0) when changing «
in a range from 0° to 40°. Hence, the lateral force is always larger in absolute
value when the tilted part of the tip is facing away from the atom (i.e. for tip
positions = > 0). The vertical gray dotted line indicates the tilt angle o = 20°
used to calculate the lateral force profile presented in Fig. 4.10(a). Figure 4.11(b)
depicts the resulting AF, curve when changing the tip-sample distance zmodel,cu
of the model in a range of Zyodel,cu = [Z4Me — 50 P, 24 Me + 50 pm]. Within this
range, AF, is entirely negative. The same holds true when varying off -, within
off cw = [—150pm, 100 pm], gc, and gre within gcy, gre = [0.05€,0.35¢€] and d¢,
within de, = [0pm, 400 pm]| (see Fig. 4.11(c)-(e)). The analytic model produces,
therefore, a robust result regarding the asymmetry of the lateral force curves in case

of the monoatomic tip (see Fig. 4.11(f)).

In case of the CO tip, the lateral force curve is larger in absolute value when the
tilted part of the tip is facing towards the Fe adatom, i.e. for tip positions z < 0
(see Fig. 4.10(b)). When changing the tilt angle « of the tip between 0° and 40° the
sum of the two extrema of the lateral force curve AF, is positive or zero (for a = 0)
and, hence, the above described asymmetry of the lateral force curve persists (see
Fig. 4.11(g)). AF, is also entirely positive when varying the input parameters as
follows (see Fig. 4.11(h)-(k)):

Zmodel,CO = [24,c0 — 50 pm, 24 co + 50 pm]
off cu» 0ff co = [—200 pm, 100 pm]

qcu, gre = [0.05€,0.35 €]

gco = [—0.10e,—0.01 ¢]

The asymmetry of the lateral force curve using the CO model tip (see Fig. 4.11(1))

is, therefore, also robust with respect to variation of the input parameters.

In summary, the analytic model that describes the physical origin of the reversed
lateral manipulation behavior between monoatomic metal and CO tip is robust with
respect to variations of the input parameters. Hence, it can be concluded that the
reversed electric dipoles of the two different tips are responsible for the reversed

lateral manipulation behavior.
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4.6. Creation of Small Fe Clusters Atom by Atom
Using CO-Terminated Tips

As shown in section 4.3, reproducible lateral manipulation of single Fe adatoms using
CO tips is possible. In this section, the knowledge about the lateral manipulation
mechanism is applied in order to investigate whether small Fe clusters can be
assembled atom by atom using CO tips. This would be beneficial as the Fe cluster
could then be studied after each addition of a single atom on the atomic scale!
using the very same tip and, hence, the next single atom can be added with atomic
precision.

Figure 4.12(a) shows a topographic image? z(z,y) of five individual Fe adatoms
adsorbed on the Cu(111) surface acquired with a CO tip. For clarity, the single Fe
adatoms are labeled with numbers from 1 to 5. Afterwards, the Fe atom number 5 is
imaged in constant-height mode. The corresponding frequency shift image A f(z,y)
(see Fig. 4.12(f)) shows a toroidal structure. The reason for the appearance of a
single Fe adatom as a torus when imaged with a CO tip is described in Ref. [42]
and is discussed in chapter 5. Thereafter, Fe adatoms 1 and 2 are pulled together
using lateral manipulation with the same CO tip. Hereby, the CO tip is laterally
moved in constant-height along an axis connecting the centers of the Fe atoms 1
and 2 (as indicated by the red arrow in Fig. 4.12(a)) and the tip-sample distance
is set such that the lateral force threshold for lateral manipulation of a single Fe
adatoms is overcome. In that way, the two individual Fe adatoms are approached
to about 1nm with respect to each other. However, a further approach of the
two individual Fe atoms is not possible without further reducing the tip-sample
distance as otherwise both atoms are laterally manipulated along the same lateral
direction®. The need for further decreasing the tip-sample distance can be explained
by the increased total energy barrier which needs to be overcome in order to form
a two-atom Fe cluster (Fe dimer). This energy barrier is given by 59meV and,
therefore, it is by 20.5meV larger than the potential barrier which needs to be

overcome for laterally manipulating a single Fe adatom on the bare Cu(111) surface

IThis is not possible with a metal tip as it does not provide atomic resolution on small Fe clusters
[20].

2The filtering of the images was realized by using the software package WSxM 5.0 Develop 8.1,
Nanotec Electronica S.L., Madrid, Spain [113].

3This observation is discussed in more detail in the bachelor thesis of Stilp [114].
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Figure 4.12. (a)-(e) Topographic images z(x,y) of the same area showing five
atoms in various configurations on the Cu(111) surface. In-between each image, a
compact cluster is assembled atom by atom using the five individual Fe adatoms.
(£)-(j) Atomically resolved frequency shift images A f(z,y) of the areas indicated by
the green square in panels (a) through (e). The Af(z,y) images show a single Fe
adatom (monomer, panel (f)), a two-atom Fe cluster (dimer, panel(g)), a three-atom
Fe cluster (trimer, panel(h)), a four-atom Fe cluster (tetramer, panel(i)) and a five-
atom Fe cluster (pentamer, panel(j)). The topographic images presented in panels (a)
through (e) and the frequency shift images depicted in panels (f) to (j) are slightly
smoothed using a Gaussian filter (filter width 2 px x 2px and 4 px x 4 px applied to
the 256 px x 256 px raw images, respectively). Imaging parameters: Vi, = —10mV
and (/) = 10 pA (topographic images), Viip, = —10mV and (I) = 300 pA (frequency
shift images). The single Fe atom shown in panel (f) is scanned in constant-height
mode. Figure adapted from Ref. [82].

(28.5meV) [98]. After further reducing the tip-sample distance, the two Fe atoms are
successfully pulled together (see Fig. 4.12(b)) and, afterwards, imaged with atomic
resolution in constant-current mode (see Fig. 4.12(g)). The constant-current mode
allows simultaneously resolving small Fe clusters and the Cu(111) substrate on the
atomic scale! [33]. The created Fe dimer appears instable in the topographic image
(see Fig. 4.12(b)). A similar behavior (i.e. instability) was observed in case of a Cu
dimer on Cu(111). The instability of the Cu dimer was attributed to a switching

of the Cu dimer between two or more stable adsorption configurations [115]. The

'Note that the Cu(111) lattice is rotated by 16° anticlockwise with respect to the horizontal axis.
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atomically resolved frequency shift image Af(x,y), shown in Fig. 4.12(g), does
not show an instability. However, this image is acquired at a higher conductance
setpoint ((G) = 300 pA/10mV) compared to the topographic image shown in Fig.
4.12(b) ((G) = 10pA/10mV). The higher conductance setpoint approaches the
CO tip closer to the Fe dimer! probably stabilizing the Fe dimer at one adsorption
site due to the presence of the tip. The Fe dimer appears in the Af image as
a sum of two tori with positive frequency shift in-between the individual atoms.
The individual Fe atoms adsorb in an asymmetric fashion close to bridge sites [33].
Figure 4.12(c) shows the same scan frame as Fig. 4.12(b) after Fe atom 3 was pulled
inside the Fe dimer. The frequency shift image, recorded in constant-current mode,
shows the assembled three-atom cluster (Fe trimer) with atomic resolution (see Fig.
4.12(h)). The Fe trimer is centered around a Cu surface atom while the individual
atoms adsorb close to bridge sites. Experimentally, two more stable adsorption
geometries of Fe trimer are found [33]: In both cases the individual Fe atoms adsorb
in fcc hollow sites while they are centered either around a hcp hollow site or around
a top position. DFT calculations revealed that the adsorption in fcc hollow sites
centered around a hcp hollow site is energetically most favorable. The adsorption
close to bridge sites (in fcc hollow sites) and centered around a top position is by
27meV (69meV) less energetically favorable than a fcc site adsorption geometry
centered around a hcp site [33]. Figures 4.12(d) and (e) depict the topographic
images of the same area as Figs. 4.12(a)-(c) after adding the Fe atoms 4 and 5
to the Fe cluster, respectively. The apparent height of the assembled Fe cluster
increases with increasing cluster size from 153 pm to 243 pm. Figures 4.12(i) and
(j) show the corresponding A f images of the created four-atom and five-atom Fe
cluster (tetramer and pentamer). The individual atoms of the Fe tetramer and
the Fe pentamer adsorb on fcc hollow sites as fcc adsorption is energetically most
favorable for Fe clusters consisting of more than two atoms [33].

In general, an atomically precise assembly of the Fe cluster is made possible
by using a CO tip to attach each Fe atom to the existing Fe cluster. However,
when adding the fourth Fe atom to the Fe trimer, the Fe cluster reconfigures. The
reconfiguration is neccessary as the Fe atoms of Fe trimer adsorb close to bridge

sites while the lowest energy adsorption geometry of Fe tetramers is fcc hollow

! An increase in conductance of a factor of 30 reduces the tip-sample distance by Az = —In(30)/2x =
—170 pm assuming a « value of k = 1-101°m~! (see equation 2.16 in chapter 2).
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site adsorption [33]. When adding more Fe atoms to the tetramer, the adsorption
geometry of the cluster does not change anymore and, hence, an additional Fe atom

can be added at a specific location of an existing Fe cluster.

So far, CO tips have been considered to be relatively sensitive and fragile as
they deflect laterally quite easily due to their small lateral stiffness [60, 63, 108].
Hence, CO tips are treated in experiments with great care in order to prevent
tip destruction. As briefly mentioned above, the same CO tip was used for the
atom-by-atom assembly of the Fe clusters and to image them on the atomic scale
in-between each enlargement step without a noticeable change of the behavior of
the CO tip!. In order to prove that the CO tip does not change during the creation
of the Fe pentamer, conductance (G) and frequency shift Af versus distance z
spectra are acquired above and besides a single CO molecule adsorbed on the
Cu(111) surface before and after the assembly of the Fe pentamer shown in Fig.
4.12. Figure 4.13(a) and (b) depict the tunneling current images (/ (x,y)) of a
single CO molecule before and after the Fe pentamer creation, respectively. Both
images show a Gaussian shaped protrusion surrounded by a characteristic halo
[31, 116]. The two (I (z,y)) images are qualitatively and quantitatively? identical.
The distance-dependent conductance traces G (z) /G§© which are shown in Fig.
4.13(c), are recorded above the center of the CO molecule (light blue and green
curve) and above the bare Cu(111) surface (red and black curve), respectively.
The corresponding G (2) /GS© curves recorded on the CO molecule and on the
Cu(111) substrate before and after the pentamer assembly overlay, respectively.
The residuals Gco before = Geo,atter A Geu(111) before — Geu(111) after NOrmalized with
respect to the conductance at point contact GS© lie within the noise level of the
tunneling current amplifier (see Fig. 4.13(d)). Therefore, no sign of a tip change
is arising when investigating the conductance traces before and after assembling
the Fe pentamer. Figure 4.13(e) and (f) show the frequency shift images Af (z,y)
before and after the creation of the Fe pentamer which are recorded simultaneously
with the tunneling current data presented in Fig. 4.13(a) and (b), respectively.
Again, both Af (z,y) images are qualitatively and quantitatively identical. The
Af (z) curves acquired above the center of the CO molecule (light blue and green

LA noticeable change could be a different A f value at a certain conductance reference setpoint.
2The colorbars of both images are identical.
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curve) and above the Cu(111) surface (red and black curve) overlay, respectively
(see Fig. 4.13(g)). The residuals A foui1),before — A fcu(111),after ShOW 10 signature.
The difference A fco before — A fco after T€Veals a slight deviation of less than 0.12 Hz.
However, this deviation can be attributed to a tiny difference in the (z,y) positions
of the recorded spectra as the Af (z) curve on the CO molecule is highly sensitive to
the exact lateral recording position. Hence, the deviation of 0.12 Hz is not significant.

In summary, the above described spectra prove that the CO tip did not change
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Figure 4.13. Tunneling current images (I (x,y)) of a single CO molecule adsorbed
on the Cu(111) surface acquired in constant-height mode (a) before and (b) after the
assembly of the Fe pentamer depicted in Fig. 4.12. (¢) Normalized conductance spectra
G (2) /G§© recorded above the center of the CO molecule and above the bare Cu(111)
surface as indicated by colored crosses in panels (a) and (b). (d) The normalized
residuals AG/G§© above the center of the CO molecule (Gco pefore — Go,after)/ GS°
and above the bare Cu(111) surface (Gcy(i11),before — ch(lll)’after)/GgO show no
significant difference. (e)-(f) Corresponding simultaneously acquired frequency shift
images Af (z,y) to the (I (z,y)) images shown in panels (a) and (b). (g) Af (2)
curves acquired above the center of the CO molecule (light blue and green curve) and
above the Cu(111) surface (red and black curve), respectively. The corresponding
residuals A(Af) above the bare Cu(111) surface A foy(i11) before — Afcu(i11),after and
above the center of the CO molecule A fco pefore — Afco,after are depicted in panel
(h). The (I (z,y)) and Af (z,y) images presented in panels (a), (b), (e) and (f) are
slightly low pass filtered using a Gaussian filter (filter width 5px x 5 px applied to
the 256 px x 256 px raw images). The bias voltages are set to Vi, = —10mV. Figure
adapted from Ref. [82].
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during the assembly process of the Fe pentamer presented in Fig. 4.12. This result

shows the robustness of the CO tip in case of the Fe cluster creation on Cu(111).

In the following, the five-atom Fe cluster is discussed in more detail. Khajetoorians
et al. [20] studied the magnetic properties (e.g. switching rates and temperature
dependence of the magnetic moment) of manually assembled Fe pentamers on
Cu(111). Hereby, they used non-characterized metal tips. Metal tips do not reveal
the internal structure of the created Fe pentamer. Accompanying DFT calculations
proposed a flat (two-dimensional) or a pyramidal (three-dimensional) geometry of
the Fe cluster [20].

In order to experimentally gain insight in the adsorption geometry of Fe pentamers
on a quantitative basis, five different Fe pentamers are assembled atom by atom
using three different CO tips. Figures 4.14(a) and (f) show the topographic z (z,y)
and the simultaneously acquired frequency shift Af (z,y) image of the Fe pentamer
described in Fig. 4.12(j). The post-processed Af (x,y) image (Laplacian and
Gaussian filter) shown in Fig. 4.14(k) allows precisely overlaying the hexagonal
atomic lattice of the Cu(111) substrate. The fcc and hep hollow sites! are indicated,
respectively. As discussed above, the individual Fe atoms within a cluster appear as
asymmetric tori in the Af (x,y) image. Therefore the assignment of their adsorption
site is experimentally difficult. However, DF'T calculations suggest a fcc hollow site
adsorption for flat Fe clusters consisting of more than two Fe atoms [33]. The five
green solid circles which are overlayed in Fig. 4.14(k) indicate the lateral positions
of the five individual Fe atoms. The Fe pentamer is centered around a hcp hollow
site. Afterwards, another Fe pentamer is created using lateral manipulation using
the same CO tip. The topographic z (x,y) and frequency shift images Af (z,y) are
depicted in Figs. 4.14(b), (g) and (1). Apparently, the Fe pentamer also adsorbs
in a flat geometry. In contrast to the first created Fe pentamer, the individual Fe
atoms of the second five-atom cluster adsorb on hcp hollow sites centered around a
top position of the Cu(111) substrate which is not the energetically most favorable
adsorption according to DFT calculations [33]. However, the adsorption position
of the Fe pentamer was stable on the timescale of a couple of hours and the hcp

adsorption persisted even after adding five more Fe atoms in order to create a

!The identification of both hollow sites of the used Cu(111) sample is described in Ref. [114].
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ten-atom Fe cluster (Fe decamer). A different CO tip is used to assemble a third
Fe pentamer (see Figs. 4.14(c), (h) and (m)). The individual atoms of the cluster
adsorb on fcc hollows sites centered around a top position (see Fig. 4.14(m)).
Moreover, the individual Fe atoms of the two Fe pentamers assembled atom by atom

using a third CO tip (see last two columns in Fig. 4.14) also adsorb on fcc hollow

sites centered around a top and a hep hollow site, respectively (see Fig. 4.14(n) and

Opm-:IZ38pm Opm-:IZ41Pm Opm-:IZ41pm Opm-:IZ34pm Opm-:IZ37pm
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Figure 4.14. (a)-(e) Topographic images z (z,y) of five atom-by-atom assembled
Fe pentamers. (f)-(j) Corresponding simultaneously acquired frequency shift images
Af (z,y) to the z (z,y) images shown in panels (a) to (e), respectively. The Af (z,y)
images are slightly low pass filtered using a Gaussian filter (filter width 8 px x 8 px).
(k)-(o) Post-processed Af (x,y) images by subsequently applying a Gaussian filter
(filter width 10px x 10px), a Laplacian filter and a Gaussian filter (filter width
10px x 10px) in order to enable the determination of the adsorption positions of the
individual cluster atoms (see green circles). The bias voltage is set to Vijp = —10mV
and the individual images consist of 256 px x 256 px. The images are recorded in
constant-current mode using a tunneling current setpoint of (/) = 300 pA (panels (a),
(b), (d) and (e)) and (/) = 400 pA (panel (c)), respectively. The first two columns are
acquired with the same CO tip, the central column with a second CO tip and the last
two columns with a third CO tip. Figure adapted from Ref. [82].
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(0)). In summary, the individual Fe atoms of four out of five presented Fe pentamers
adsorb in the lowest energy fcc hollow sites, while the atoms of one five-atom Fe
cluster adsorb in hcp hollow sites. Within this thesis, more small Fe clusters of
various sizes were created via lateral manipulation (see also chapter 5). Out of
approximately 40 Fe clusters consisting of more than 3 atoms, about 90% adsorb on
fce hollow sites, while approximately 10% adsorb on hep hollow sites.

The apparent heights of the five assembled Fe pentamers (see Figs. 4.14(a)-(e)) are
quite similar and the mean value is given by 238 3 pm. The qualitative comparison
of the Af (z,y) images, depicted in Figs. 4.14(f)-(j), show that the atomic contrast
within the Cu(111) substrate and the Fe cluster strongly depends on the specific
CO tip. In case of the first CO tip, the substrate and the Fe cluster are clearly
resolved on the atomic scale in the Af (z,y) images while, in case of the second
and third CO tip, extensive post-processing was required to determine the atomic
structure of the substrate (see Figs. 4.14(f) and (g) versus Figs. 4.14 (h)-(j)).

As all five Fe pentamers adsorb in a flat geometry, a clear preference of the flat
cluster over the three-dimensional cluster is indicated. This finding could be relevant

for further investigations of the magnetic moment of small Fe clusters [20].
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5. Investigation of Artificially
Created Small Fe Clusters

Most of the work presented in this chapter is published in Physical Review Letters
[106]. Parts of the following text are identical to the publication. The experimental
measurements were performed by the author. He was supported by Fabian Stilp’
regarding parts of the experimental data shown in section 5.5. The discussed results
of accompanying DFT calculations were performed by Svitlana Polesya, Sergiy
Mankovsky and Hubert Ebert from the LMU Munich within the framework of the
research project No. SFB 1277, project A02.

In this chapter, atom-by-atom assembled Fe clusters are studied in more detail.
At first, the terminology concerning the coordination number of individual Fe cluster
atoms and the terms physisorption and chemisorption used within this chapter
are introduced (section 5.1). Afterwards, the transition from physisorption to
chemisorption when approaching various CO tips towards the center of a single
Fe adatom are discussed by analyzing vertical short-range force versus distance
curves (section 5.2). In section 5.3, small Fe clusters which are assembled atom by
atom are resolved on the atomic scale and, afterwards, vertical short-range force
spectra on the individual Fe atoms of the Fe cluster are investigated (subsection
5.3.1). Next, a potential influence of CO tip bending is considered (subsection 5.3.2)
and short-range energy spectra on the individual Fe atoms of the Fe cluster are
discussed (subsection 5.3.3). Hereafter, the origin of the atomic contrast of small Fe
clusters is analyzed in detail (section 5.4) and, finally, a possible hydrogenation of

small Fe clusters is studied in section 5.5.

!Fabian Stilp performed his bachelor thesis [114] in the group of Giessibl and was co-supervised by
the author.
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5.1. Terminology

5.1.1. Coordination Number and Number of Nearest Neighbors

of Individual Cluster Atoms

Within this chapter, vertical short-range force curves acquired above the center of
various Fe atoms are presented. These atoms are either single Fe adatoms or a part
of small Fe clusters. In the following, each Fe atom is categorized by using a reduced
coordination number ¢*. As single Fe adatoms [98] as well as individual Fe atoms of
small flat Fe clusters preferentially adsorb on fcc or hep hollow sites! [33, 97, 117],

c* can be expressed by the coordination number c via:
c"=c—3 (5.1)

Furthermore, ¢* is identical to the number of neighboring Fe atoms within the xy
plane of the specific Fe cluster. Table 5.1 notes all possible reduced coordination

numbers ¢* of the investigated Fe atoms as a function of cluster size and cluster

name.

name adatom trimer tetramer pentamer hexamer decamer tri- penta-
decamer decamer

size 1 3 4 5 6 10 13 15

c* 0 2 2,3 2,3,4 2,4 2,4,6 2,5,6 2,3,4,6

Table 5.1. Reduced coordination number ¢* (i.e. number of nearest neighbors in
plane) as a function of Fe cluster size (total number of Fe atoms within cluster).

Figures 5.1(a)-(e) depict the frequency shift images Af(z,y) of an atom-by-atom
assembled Fe trimer, Fe tetramer, Fe pentamer, Fe decamer and Fe tridecamer,
respectively, recorded in constant-current mode. The Af(x,y) images were recorded
with a CO tip. The individual atoms of each Fe cluster and the Cu(111) substrate
are resolved on the atomic scale. The Fe atoms are categorized by the reduced
coordination number ¢* (see colored circles in Figs. 5.1(f)-(j)).

In the following, all vertical short-range force F, g and energy Egsg versus distance

! This holds true for all sizes of Fe clusters except for two-atom Fe clusters.
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Figure 5.1. (a)-(e) Frequency shift images Af (z,y) of an atom-by-atom assembled
three-, four-, five-, ten- and thirteen-atom Fe cluster acquired in constant-current
mode using a CO tip. (f)-(j) Same images as depicted in panels (a)-(e) with overlayed
colored circles (diameter 255 pm). The color of the circles indicates the atom’s reduced
coordination number c*, i.e. number of nearest-neighbor Fe atoms. All Af (x,y)
images were slightly smoothed using a Gaussian filter (filter width 6 px x 6 px applied
to the 256 px x 256 px raw images). Imaging parameters: (a)-(e) Viijp = —1mV, (a)-(d)
(I) = 80pA and (e) (I) = 100 pA, respectively. Figure adapted from Ref. [106].

z curves acquired above the center of individual Fe atoms' are expressed as a function

of distance z and reduced coordination number ¢* (F,gg (2, ¢*) and Esg (2, ¢*)).

5.1.2. Physisorption and Chemisorption

In surface physics and surface chemistry, physisorption describes the adsorption of an
isolated atom or molecule on a surface due to attractive van-der-Waals interactions
(see also subsection 2.2.2). Hereby, the electronic orbitals of the interaction partners
do not change significantly [118, 119]. Chemisorption defines the adsorption of an
isolated atom or molecule on an adsorbent as a result of the formation of a chemical
bond between the adsorbate and the adsorbent involving a significant change of the

electronic orbitals such as a hybridization of electronic orbitals [119, 120] (see also

IEach z spectroscopy curve is acquired either above single Fe adatoms or above Fe atoms incorporated
in flat Fe clusters.
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subsection 2.2.2).

Within this chapter, different CO tips are positioned, in experiment and DFT
calculations, at various (z,y, z) positions above an adsorbent (e.g. a Fe adatom or a
Fe cluster). As DFT only considers the single CO molecule as a tip (see Fig. 5.2(a)),
there is a one-to-one correspondence to the physisorption or chemisorption of an
isolated molecule, i.e. the CO molecule, on an adsorbent, i.e. a Fe atom. In the
experiments, the CO molecule cannot be positioned freely at any (x,y, z) position
without fixing it at one side. Therefore, the single CO molecule is transferred to the
monoatomic metal tip of a qPlus sensor where it chemically binds to the frontmost
tip atom with its C atom [31] (see Fig. 5.2(b)). Hence, the experimental signal
resembles the total interaction between the complete tip and the adsorbent, i.e.
the Fe adatom or Fe cluster. However, as short-range interactions are dominant at
short-distances, the main contribution to the recorded forces originates from the
interaction of the tip’s CO molecule (i.e. the adsorbate) with the Fe adatom or Fe
cluster (i.e. the adsorbent) at close distances. Therefore, the terms physisorption
and chemisorption are used in the following for the experimental recorded data as
well, although the CO molecule is already adsorbed on its C atom side to the metal

tip’s front atom.

(a) 5 theory (b) 5 experiment
A A
adsorbate adsorbate
’/ V'
adsorbent adsorbent
@O(%SOC @O(fg()(
N T » x N T » x
x=0 x=0

Figure 5.2. (a) Sketched theoretical setup in side view. In case of the DFT
calculations, a single, rigid CO molecule (adsorbate) is used as a tip which can be
positioned at various positions (z,y, z) above a single Fe adatom or a Fe atom inside
a Fe cluster (adsorbent). (b) Sketch (side view) of the experimental setup showing a
CO molecule attached to a monoatomic metal tip above a single Fe adatom adsorbed
on the Cu(111) surface. The interaction between the tip and the substrate (unfilled
circles) is subtracted in both theory and experiment (see also section 2.3.3). The
cantilever and its tip are not sketched to scale.
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5.2. Building Block of Fe Clusters: Single Fe Adatom

5.2.1. Origin of the Torus Appearance of Single Fe Adatoms

As mentioned in chapter 4, a single Fe adatom adsorbed on the Cu(111) surface
appears as a torus in AFM imaged in constant-height mode with a CO tip.
Additionally, the torus shows three local maxima (see Fig. 5.3(a)) which point to the
neighboring hep hollow sites [33]. In the following, the reason for the appearance of
the single Fe adatom as a torus is discussed!. The orange colored short-range force
versus distance curve F), s (z) depicted in Fig. 5.3(b) is recorded at a (z, y) position
of the torus appearance. The (z,y) location is marked with an orange cross in Fig.
5.3(a). The F, gr () curve shows a shallow minimum of —3pN at zppys = 365 pm.

At closer tip-sample distances, the force is turning repulsive. The repulsion stems
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Figure 5.3. (a) F, sr (2,y,2 = 239pm) image (Vii, = —0.1mV, 256 px x 256 px) of
a single Fe adatom adsorbed on Cu(111) recorded in constant-height mode using a
CO tip. The contour lines are spaced by 3pN in a range from 40 pN to 52 pN. Note
that the high-symmetry direction of the substrate is rotated by 15° anti-clockwise
with respect to the horizontal axis. (b) The short-range force versus distance curve
F. sr (#) acquired above the torus (orange curve) possesses a shallow dip at z = zppys.
At smaller z distances it is turning repulsive. The F} g (2z,c¢* = 0) curve recorded
above the center of the Fe adatom (green curve) also shows a first shallow minimum
at z = 2zpnys and, after exhibiting a repulsive barrier, a second deeper minimum at
Z = Zchem- The corresponding short-range energy versus distance curves FEgr(z) are
depicted in panel (c). The green colored F, gr (z) and Eggr(z) curves of panels (b)
and (a) are also shown in Ref. [42].

IThe original explanation of the torus appearance of the single Fe adatom including all relevant
DFT calculations is presented in Ref. [42].
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from Pauli repulsion on the CO tip due to an increased overlap of the electron
charge densities of CO tip and Fe adatom. The corresponding short-range energy
versus distance curve Egg (2) is depicted in Fig. 5.3(c). It shows a local minimum of
0.2meV at the z position indicated by the vertical orange dotted line. The presence
of a positive minimum can be attributed to the long-range electrostatic repulsive
interaction between the positively charged Fe adatom! and the in-total positively
charged CO tip [38, 39]. The short-range force F, gr (2) and energy curves Egg (2)
resemble, due to the shallow minima, a typical physisorption-like force and energy
curve.

The green colored F, g (z,¢* = 0) curve with the corresponding Egg (2, ¢* = 0)
curve (see Fig. 5.3(b) and (c)) are acquired above the center of the Fe adatom (as
indicated by the green colored cross in Fig. 5.3(a)). At 2z = zpnys, Fisr (2,0) also
shows a shallow minimum (—8 pN) which is slightly more attractive compared to
the minimum of the orange curve. After passing a distance regime of repulsion,
another more attractive force minimum of —364 pN appears at zepen = 194 pm. The
corresponding Fsg (z,0) curve exhibits a maximum of 2.9 meV between the shallow
energy minimum of —2.3meV at the z position indicated by the vertical green
dotted line and the second minimum at closer z distances which is not resolved, yet.
It was found that the first minimum of the F, g (z,0) curve at z = z,pys, recorded
in the center of the Fe adatom, corresponds to the physisorption force minimum
[42]. Here, pure physical attraction between the tip’s CO molecule and the Fe
adatom occurs. Upon further approaching the CO tip towards the Fe adatom’s
center, the electronic orbitals of the CO molecule and the Fe adatom hybridize
leading to a formation of a chemical bond. The chemical bond formation leads to
additional attraction between the Fe adatom and the CO tip at closer z distances
[42]. The vertical position of strongest attraction is indicated by zehem. The CO tip,
therefore, transitions from a physisorbed to a chemisorbed state when approaching
the center of the Fe adatom. During the transition, the CO tip overcomes a potential
barrier of 5.2meV. The hybridization of the electronic orbitals is maximal if the
CO tip is positioned above the center of the Fe adatom. A lateral shift of the
CO tip with respect to the Fe adatom’s center results in a decrease of the overlap

of the electronic orbitals and, therefore, in a decrease of the hybridization [42].

!The positive charge of the Fe adatom is a result of the Smoluchowski effect [111] (see also chapter
4).
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This leads, consequently, to a less attractive force at the same z position. If the
CO tip is laterally offset by about 200 pm with respect to the Fe adatom’s center,
hybridization does not occur anymore and, hence, the vertical short-range force is
dominated by Pauli repulsion (as shown by the orange colored spectrum in Fig.
5.3(b)). The F, sg (x,y) image depicted in Fig. 5.3(a) is acquired at a tip-sample
distance of z = 239 pm. At this z distance, the tip’s CO molecule transitions from
physisorption to chemisorption when centered above the Fe adatom and, therefore,
the CO tip is slightly attracted to the Fe adatom. However, 200 pm off center,
repulsive forces resulting from Pauli repulsion dominate. Hence, the Fe adatom

appears as a torus in the F, sg (z,y, 2 = 239 pm) image shown in Fig. 5.3(a) [42].

5.2.2. Short-Range Force Spectroscopy above the Fe Adatom’s
Center Using Different CO Tips

Section 4.3 shows that two different CO tips lead to qualitatively different short-
range potentials and lateral forces when interacting with a single Fe adatom. In
the following, the influence of different CO tips is studied in detail by comparing
short-range force versus distance curves F} g (2,0) acquired above the center of
a single Fe adatom with five different CO tips (see Fig. 5.4(a) and Fig. 5.4(b)
for the corresponding Egg (z,0) curves). The chemisorption energy minima (i.e.
the energy minima at smaller z distances) are not resolved in the Egsg (z,0) curves.
In order to determine the chemisorption energy minimum, each CO tip needs to
approach the center of the Fe adatom further. However, a noticeable change in the
drive signal of the qPlus sensor is detected when further reducing the tip-sample
distance. Therefore, dissipative forces between CO tip and Fe adatom occur which
typically indicates that the tip structure will change if the tip-sample distance is
further reduced. However, the chemisorption force minima (i.e. the force minima
at smaller z distances) are fully resolved. As the value of the energy minimum
directly correlates with the value of the force minimum, the chemisorption force
minimum is discussed in the remainder to evaluate the strength of the chemical
bond between CO tip and Fe adatom. Here, the green colored F, sg (z,0) curve (CO
tip 1, see Fig. 5.4(a)) is identical to the F, sgr (z,0) curve depicted in Fig. 5.3(b).
While the physisorption force minima (i.e. the force minima at larger z positions)

of CO tips 3, 4 and 5 are quite similar in absolute value, they are more attractive
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Figure 5.4. (a) Short-range vertical force versus distance curves F} gg (2, 0) recorded
above the center of a single Fe adatom using five different CO tips (CO tips 1 to
5). (b) Corresponding short-range energy versus distance curves Egg (z,0). (c) Force
difference curves AF; = F.gr (2,0)|coup ¢ — F28R (2,0)[cogyp 5 for i =1,2,3,4 (as
indicated by the sketch in the inset). All CO tips consist of a CO molecule adsorbed
to a monoatomic metal tip. However, the metal backgrounds of the various tips differ.
The experimental data shown in this figure is also presented in Ref. [106].

compared to the physisorption force minimum of CO tip 1. In case of CO tip 2, the
physisorption force minimum is represented by a linear slope around z = 300 pm.
The chemisorption force minimum (i.e. the minimum at smaller z distance) of
CO tip 2 is more attractive compared to CO tip 1 while the chemisorption force
minima of CO tips 3,4 and 5 are less attractive compared to CO tip 1. Overall, a
proportional relation between physisorption force minimum value and chemisorption

force minimum value is not observed.

All CO tips consist of a single CO molecule adsorbed to the apex of a monoatomic
metal tip. Hence, the atomic species and the arrangement of the three foremost
atoms (i.e. the O, C and Cu atom) of the tips are identical. However, the metal
backgrounds behind these three atoms differ as the tips were poked repeatedly into
the bare Cu(111) surface in order to generate a monoatomic tip prior to the CO
functionalization (see also section 3.4). If the differences in the metal backgrounds
of the different CO tips would lead to a plain additive contribution in the interaction
between tip and Fe adatom, the force differences AF; = F,gr (2, O)|COtip -
F.sr (2, O)|COtip s with i = 1,2, 3,4 should resemble a simple Lennard-Jones type
behavior [112] (i.e. a single attractive dip at intermediate distances z and repulsion

for short distances z). However, the differential force curves AF; do not resemble
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a Lennard-Jones type behavior!' (see Fig. 5.4(c)). Hence, the contribution of the
differences in the metal tip backgrounds of CO tip 1 to 5 cannot be treated in an
additive manner. Therefore, the interaction (i.e. the chemical bond) between the
individual CO molecules and the metal tips must be different. The differences of
the chemical bond between CO molecules and metal tips lead to the quantitatively
different F, sr (2,0) curves shown in Fig. 5.4(a). This observation agrees with the
finding that the properties of CO tips strongly depend on the exact shape of the
metal tip’s structure behind the terminating CO molecule as discussed in Refs.
(38, 39].

In summary, all F, gg (2,0) spectra acquired with five different CO tips show the
transition from physisorption to chemisorption while the exact shape of the curves
differ due to different chemical bonds between the various CO molecules and their

metal tip backgrounds.

5.2.3. Potential Influence of CO Tip Bending on the
Short-Range Force Spectra Acquired above Single Fe
Adatoms

Repulsive interactions (e.g. Pauli repulsion) between the CO tip and an adsorbate
or a surface can lead to a lateral deflection of the CO molecule on the tip. A lateral
deflection of the tip’s CO can introduce imaging artifacts such as bond elongation
when imaging organic molecules [121] or the appearance of repulsive areas that can
be misinterpreted as bonds [122]. Moreover, the lateral flexibility of CO tips can
lead to the appearance of a second minimum in frequency shift Af (z) or vertical
force F, (z) versus distance z curves if experiencing lateral repulsive interactions
[123, 124].

In principle, CO bending could also be responsible for the appearance of the two
minima in the F, g (2,0) curves recorded above the center of a single Fe adatom
(see Fig. 5.3(b)). However, the lateral force above the attractive center of the Fe
adatom is zero and even a slight lateral offset with respect to the center would lead

to a lateral deflection of the CO molecule towards the center of the Fe adatom [42].

IThis observation does not change qualitatively when introducing a z offset in a range of —20 pm
to 20 pm to the z axes of the individual F, gg (z,0) spectra or subtracting a different F, gr (2,0)
curve of CO tip 1, 2, 3 or 4.
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Moreover, the double minima shape of the F, sg (2,0) spectra are reproduced by
DFT calculations using a rigid CO molecule as a tip model [42]. Hence, the double
minima of the F, sg (z,0) curves in case of the single Fe adatom are not caused by
CO bending and the tip’s CO molecule remains upright during the acquisition of
the F, sr (#,0) spectra [42].

5.3. Fe Clusters Consisting of 3 to 15 Atoms

5.3.1. Force Spectroscopy on Individual Fe Cluster Atoms

Small Fe cluster are assembled atom-by-atom using three different CO tips (CO
tips 2 to 4). Figure 5.5(a) depicts the Af (z,y) image of a ten-atom Fe cluster
recorded in constant-current mode which is created and imaged using CO tip 2. The
individual atoms of the Fe cluster adsorb on fcc hollow sites'. DFT calculations?
confirm the fcc adsorption geometry while the corner (edge) atoms laterally deviate
by 11pm (6 pm) from the ideal fcc hollow position towards the central atom of the
cluster [83, 106]. The atomic positions calculated by DFT? are overlayed as colored
circles on the Af (z,y) image (see Fig. 5.5(b)). The color of the circles indicates the
reduced coordination number ¢* of each Fe atom. The ¢* value of the cluster’s central
atom is ¢* = 6. The six neighboring Fe atoms of the central atoms exhibit a value
of ¢* =4 and the three corner atoms possess a value of ¢* = 2 (see also subsection
5.1.1). Figure 5.5(c) shows three different experimental F), s (2, ¢*) spectra recorded
above the three different types of Fe atoms within the cluster. The three different
types differ by the reduced coordination number ¢*. The force spectra F, g (z,2)
and F, gr (2,4) are acquired slightly off-center the specific Fe atom to ensure that
the CO tip remains upright during the acquisition of the force curves (see subsection
5.3.2 for further details). The experimental F, sg (z,2) curve exhibits a shoulder-like
dip at z ~ 280 pm and a global force minimum of F} gg (2chem;2) = —204pN at
Zehem = 168 pm. The F, g (2,4) curve recorded above an edge Fe atom displays

a global physisorption force minimum (i.e. the minimum at larger z distance) of

!Not shown here.

2All DFT calculations include van-der-Waals interactions (DFT-D3). The computational details
can be found in Ref. [106].

3The calculated adsorption positions are aligned with the experimental image via the central atom
as it appears circularly symmetric in the Af (z,y) image.
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Figure 5.5. (a) Atomically resolved frequency shift image Af(x,y) of an atom-
by-atom assembled ten-atom Fe cluster (Fe decamer) acquired in constant-current
mode using CO tip 2. The high-symmetry direction of the substrate is rotated by
15° anti-clockwise with respect to the horizontal axis. (b) Same image as shown in
panel (a) but overlayed with the atomic positions of the individual cluster’s atoms
(colored circles). The atomic positions are color-coded with respect to the reduced
coordination number ¢*. (c) Experimental F, gr (z,c*) and theoretical F, ppr (2, c")
vertical short-range force versus distance curves above the central, edge and corner
atom of the Fe decamer whose (x,y) positions are indicated by colored crosses in
panel (b). The corresponding experimental energy versus distance spectra Esg (z, ¢*)
are shown in Fig. 5.6. Experimental parameters: (a) Viip = —1mV, (I) = 80 pA and
(c) Viip = 0. Figure adapted from Ref. [106].

F, sr (2phys; 4) = —48 pN at z,pys = 298 pm and a chemisorption force minimum (i.e.
the minimum at smaller z distance) of F, sr (Zchem,4) = 6 pN at a smaller tip-sample
distance zZeyem = 163 pm. The orange colored curve (¢* = 6) exhibits a global force
minimum of F, gg (2phys = 403 pm, 6) = —47 pN and a chemisorption force plateau®
of F, sr (Zchem = 278 pm, 6) = 65 pN.

In conclusion, all three experimental force curves deviate from a simple Lennard-
Jones-type distance dependence. In case of the F, sg (z,2) curve, a shoulder-like
plateau and a global minimum is visible. For the F}, sg (2,4) and F}, gg (2, 6) curves,
two distinct minima are observed, respectively. In the following, the minima at larger
(smaller) tip-sample distances z are interpreted as the physisorption (chemisorption)
force minima, similar to the single Fe adatom. As the chemisorption force minima

are present, the CO tip transitions from physisorption to chemisorption when

Tt is unknown whether the F, gr (z,6) curve displays a second force minimum at smaller tip-sample
distances z, as z cannot be reduced further due to a significant change in the drive signal of the
qPlus sensor.
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approaching individual Fe atoms of the Fe decamer. In case of the edge and central
atoms (¢* = 4,6), the chemisorption force minimum is positive and, therefore, a
stable chemical bond between the tip’s CO molecule and the central Fe atom is not
formed.

The F, prr (2,2) force curve, calculated by DFT, also shows a local minimum
at larger z distance (F, ppr (384 pm, 2) = —29.9pN) and the beginning of a second
global minimum at smaller z distance!. Therefore, it qualitatively agrees with
the experimental F), sr (#,2) curve. However, the physisorption force minimum in
the calculated F. ppr (2,2) curve occurs at a larger z distance compared to the
shoulder-like section of the experimental F, gg (z,2) curve (384 pm versus 280 pm).
This discrepancy can be a result of the simplified tip model® used in the DFT
calculations compared to the experimental tip. In case of the central atom (c* = 6),
the agreement of the position (424 pm versus 403 pm) and the magnitude (—27.1 pN
versus —47pN) of the physisorption force minimum between the calculated and
experimental force curves is enhanced, respectively. Additionally, the calculated
force curve (¢* = 6) reproduces the repulsion at smaller tip-sample distances z. The
calculation of the force curve above a Fe atom of the cluster’s edge (¢* = 4) is in

progress at the time of this thesis’s submission.

In summary, all experimental force curves show a deviation from a simple Lennard-
Jones type behavior, i.e. a single minimum at intermediate distances and repulsion
at small distances. This is interpreted as a transition of CO tip 2 from physi-
to chemisorption when approaching the individual Fe atoms of the ten-atom Fe
cluster, similar as for the single Fe adatom. Hereby, a strong dependence of the
chemisorption force value F, gg (Zchem, ¢*) on the reduced coordination number ¢* is

indicated.

Figure 5.6 shows the Egg (2, ¢*) curves corresponding to the F, g (z, c*) spectra
depicted in Fig. 5.5(c). The light blue colored curve acquired above a corner atom

(¢* = 2) shows a linear slope in the z regime indicated by the light blue arrow.

IThe calculation of further data points at closer z positions is in progress at the time of this thesis’s
submission. Note that the DFT calculations for magnetic systems are very time-consuming.

2 As discussed above, in DFT, a single CO molecule without a metal tip background is used as a tip
while, in the experiments, the tip consists of a CO molecule which terminates a monoatomic metal

tip.
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The linear slope is a result of the competition of van-der-Waals interaction and
Pauli repulsion at intermediate distances and the entering of hybridization of the
electronic orbitals of the CO tip and Fe corner atom. The linear slope leads to
the shoulder-like feature in the corresponding F, g (2,2) curve (see Fig. 5.5(c)).
The chemisorption energy minimum is not resolved, yet, similar as in the case of
the single Fe adatom (see Fig. 5.4(b)). The FEsg (z,4) spectrum acquired above
the edge atom of the Fe decamer shows two distinct minima (indicated by the red
arrows). The minimum at larger z distance is interpreted as the physisorption
energy minimum while the second minimum at smaller z distance corresponds to
the chemisorption energy minimum, i.e. the distance where the electronic orbitals of
the CO tip and the Fe atom hybridized. In case of the central Fe atom (¢* = 6), the
physisorption energy minimum indicated by the orange arrow at larger z distance is
clearly resolved. The chemisorption energy minimum is not visible. However, the
Esr (z,6) curve exhibits a linear slope at the z range indicated by the orange arrow
at smaller z distances. This linear regime corresponds to the repulsive plateau in the
F.sr (z,6) curve depicted in Fig. 5.5(c). As the F, sr (Zchem, 6) value is repulsive

and the corresponding energy versus distance curve exhibits a linear relation in the
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Figure 5.6. Corresponding short-range energy versus distance curves Fgg (z,c*)
to the F, gr (z,c*) spectra depicted in Fig. 5.5(c). The colored arrows indicate
either features, minima or linear slopes which correspond to the physisorption and
chemisorption force minima of the F, gr (z,¢*) curves shown in Fig. 5.5(c). In case of
¢* = 2, the energetic chemisorption minimum is not resolved in the experiment (see
text). The experimental data shown in this figure is also presented in Ref. [106].
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corresponding distance z regime, stable! chemical bonding between CO tip and the
central Fe atom of the ten-atom Fe cluster does not occur. However, the presence of
the linear slope is a distinct signature of an additional interaction between CO tip
and the central Fe atom, presumably resulting from a weak hybridization between
the electronic orbitals of CO tip and the central Fe atom.

In conclusion, all Egg (z, ¢*) curves are entirely attractive and show, next to the
physisorption energy minimum, a second minimum or feature which indicates that a
transition from physi- to chemisorption occurs. However, in case of the edge (¢* = 4)
and central (¢* = 6) Fe atoms of the Fe decamer, the chemisorption energy minima
are not energetically lower than the physisorption energy minima and do not lead
to a stable chemical bond. In case of the corner atom (¢* = 2), the chemisorption
energy minima could not be resolved yet, as a significant change in the qPlus sensor’s
drive signal is detected prohibiting the further reduction of the tip-sample distance
z. However, the chemisorption energy minimum leads to a stable chemical bond as

it is more attractive than the shoulder-like physisorption energy feature.

In the following, the chemisorption strength is investigated by studying the
chemisorption force values F, gr (Zchem, ¢*) as a function of the reduced coordination
number ¢* because the chemisorption energy minima are not resolved in each
of the energy versus distance curves® Esg (z,c*). Hereafter, various F,gsg (2,c*)
spectra recorded with three different CO tips (CO tips 2, 3 and 4) on several
atom-by-atom assembled Fe clusters are analyzed (see Fig. 5.7). The corresponding
atomically-resolved Af (x,y) images of the Fe clusters are shown in Fig. A.2 of
the appendix. First, a clustering of the chemisorption force minima F} g (Zchem, ¢*)
with respect to the reduced coordination number ¢* is observed for all CO tips.
While the chemisorption force minima for CO tip 2 are clearly resolved for all
reduced coordination numbers ¢* = 0,2,3,4,6 (Fig. 5.7(a)), they are only visible
for CO tip 3 and 4 for ¢* = 0,2,3,6 (Fig. 5.7(b) and (c)). For ¢* = 4,5, the
F. sr (z,¢*) curves exhibit a linear relation in a z range between 140 pm and 200 pm

(Fig. 5.7(b) and (c)) leading to a plateau in the short-range force gradient curves®

'If the CO tip were not fixed at one end to the qPlus sensor, the distance between CO tip and Fe
atom would increase until the short-range potential between tip and sample is minimized.

2This restriction is similar to the case of the single Fe adatom in section 5.2.

3The short-range force gradient curves are not shown here.
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Figure 5.7. (a)-(c) Experimental vertical short-range force versus distance curves
F. sr (z,c*) above single Fe adatoms and individual Fe atoms of various atom-by-
atom assembled Fe clusters using CO tips 2 to 4, respectively (see Fig. A.2 of the
appendix for the corresponding atomically resolved Af (z,y) images of all atom-by-
atom assembled Fe clusters). Figure adapted from Ref. [106].

k.sr (z,¢") = —0F, sr (z,¢*) /Oz. Hence, these linear relations in the F, g (z, c*)
curves for ¢* = 4,5 indicate the onset of an additional interaction between the
CO tip and the cluster’s individual Fe atom presumably stemming from a weak
hybridization of the electronic orbitals of CO tip and the investigated Fe atom®.
As discussed in section 5.2, the chemisorption force minima between the single
Fe adatom and CO tips 2, 3 and 4 differ significantly (—448 pN, —231pN and
—296 pN). This observation is attributed to a different chemical binding of the
tip’s single CO molecules on the various metal tip backgrounds (see subsection
5.2.2). The mean value of the chemisorption force minima between the corner Fe
atoms (¢* = 2) and CO tip 2, 3 and 4 also differ (=215 +22pN, —80 + 13 pN and
—98 £+ 16 pN). The variation of the mean value of F, sg (Zchem, 2) With respect to
the CO tip number correlates with the chemisorption force minima of the different
CO tips above the single Fe adatom: Using CO tip 2, the F, gg (Zchem, 0) value is
more negative compared to the F, sg (Zchem, 0) values of CO tip 3 and 4. Also the
F. sr (Zchem, 2) value is more negative compared to the F, gr (Zchem, 2) values of CO
tip 3 and 4. The same holds true when comparing the chemisorption force minima
in case of ¢* =3 (=178 pN, —41 £ 8pN and —30+ 11 pN) and ¢* = 6 (28 pN, 50 pN

'Without the onset of chemical bond formation, the slope of the F, sr (#,¢*) curve would
continuously increase with decreasing tip-sample distance after passing the physisorption force
minimum.
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and 34 pN) with the chemisorption force minima of the single Fe adatom of CO tip
2, 3 and 4. As discussed above, a comparison of the chemisorption force minima of
the different CO tips in case of ¢* = 4 is not possible as they are not clearly resolved
with CO tip 3 and 4.

In summary, a correlation of the chemisorption force minimum F, sg (Zchem, ¢*) and
the reduced coordination number ¢* is deduced: The F} gr (Zehem, ¢*) values correlate
with the chemisorption force minima F} sg (2ehem, 0) of the single Fe adatom when
using different CO tips. This trend becomes more clear when plotting the values of
the chemisorption force minima F), sg (Zchem, ¢*) against the reduced coordination
number ¢* (see Fig. 5.8). Hereby, the error bars indicate the standard deviations
of the mean values of the chemisorption force minima F, sg (Zchem, ¢*) for all three
CO tips. The corresponding trend lines of all CO tips show the same behavior,
namely a decrease of attraction with increasing reduced coordination number c¢*. A
correlation between the F), sg (Zehem, ¢*) value and the cluster size is not found. In the
following, the dependence of F, sg (zchem, ¢*) on the reduced coordination number ¢*
is interpreted as a direct measurement of the chemical reactivity, i.e. the active sites
[30] of individual Fe atoms incorporated in small Fe clusters. However, the black
curve (CO tip 2) is significantly more attractive compared to the golden (CO tip 3)
and gray (CO tip 4) curves. As discussed above, this occurs due to the different
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Figure 5.8. (a) Chemisorption force minima F), sRr (Zchem,C*) versus reduced
coordination number ¢* extracted from the F} g (2, ¢*) curves depicted in Fig. 5.7. (b)
Same plot as shown in panel (a) while the chemisorption force minima F}, g (2chem, ¢*)
are normalized with the corresponding chemisorption minima of the single Fe adatom
F. sRr (%chem,0) curve. The error bars indicate the standard deviation of the mean
value of the chemisorption force minima F. gr (Zchem, ¢*) of (a) CO tip 2,3 and 4 and
(b) of all CO tips with respect to c¢*, respectively. Panel (b) is adapted from Ref.
[106].

80



5.3. FE CLUSTERS CONSISTING OF 3 TO 15 ATOMS

binding of each CO molecule to the different monoatomic metal tip backgrounds
(see also subsection 5.2.2). Hence, the chemical reactivity can only be measured
relatively and not in an absolute manner. To eliminate the influence of different bonds
between the various CO molecules and metal tip backgrounds, the chemisorption
force minima F, sg (Zchem, ¢*) are normalized! with respect to the chemisorption force
minima F, gg (Zchem, 0) of the single Fe adatom (see Fig. 5.8(b)). The normalized
F. sr (Zchem; €*) / F. s8R (Zchem, 0) curve decreases with increasing reduced coordination
number ¢*. Hence, using a CO tip as a probe, it can be concluded that the single
Fe adatom (¢* = 0) is most chemically reactive, followed by the corner Fe atoms
(¢* = 2) and the edge atoms (¢* = 3,4). Fe atoms with six nearest-neighbors within

the xy plane (¢* = 6) are least chemical reactive.

5.3.2. Influence of CO Tip Bending and the Lateral Position on
the Short-Range Force Spectra Acquired on Fe Clusters

Two minima in a vertical force versus distance curve can potentially be a result
of the lateral deflection of the CO molecule on the tip (see also subsection 5.2.3).
In case of the single Fe adatom, the CO remains upright during the acquisition of
the F, sr (#,0) curves as the lateral forces above the radially symmetric attractive
center of the Fe adatom are zero (see subsection 5.2.3).

The F.gr (z,c*) spectra presented above are recorded at the most attractive
(x,y) positions of the atomically resolved Af (z,y) images of the Fe clusters. At
these positions, the lateral forces are typically zero. Hence, by recording the
F. sr (z,¢*) spectra on the most attractive (x,y) positions of the atomically resolved
Af (x,y) images, the lateral forces acting on the CO tips are minimized and CO
bending is suppressed. In the following, this statement is proven by investigating
vertical and lateral force curves at small tip-sample distances across a ten-atom Fe
cluster, calculated by DFT?. Figures 5.9(b) and (c) show the calculated vertical

(F,prr(2')) and lateral (F, prr(z’)) force curves between a Fe decamer and a CO

!This normalization method is inspired by Ref. [125]. In Ref. [125], the normalization method is
used in order to distinguish between different atomic species of a monolayer consisting of Sn, Pb
and Si atoms grown on Si(111).

2Experimentally, the lateral force traces cannot be recorded at these small tip-sample distances as
their magnitude in-between the Fe atoms would result in significant bending of the CO molecule
on the tip probably leading to a change of the tip’s termination.
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Figure 5.9. (a) Same atomically resolved Af(z,y) image of the ten-atom Fe cluster
(Fe decamer) as shown in Fig. 5.5(b). The green dotted arrow indicates the 2’ axis
in panels (b) and (c). (b) Vertical force F, ppr(z’) and (c) lateral force F ppr(’)
curves derived by DFT calculations using a single rigid CO molecule as a tip for three
different tip-sample distances z = {204 pm, 229 pm, 294 pm} across the top corner
atom (¢* = 2) and central atom (¢* = 6) of the Fe decamer (as indicated by the green
dotted arrow in panel (a)). The absolute core-core distances between the tip’s O atom
and the central atom of the Fe cluster (¢* = 6) are transformed to the tip-sample
distance z (see subsection 2.3.1). Here, the calculated adsorption height h = 207 pm
of the central atom (¢* = 6) is used. The blue and orange colored circles indicate the
lateral positions of the cluster’s corner (¢* = 2) and central atom (¢* = 6) along the
z’ axis. Figure adapted from Ref. [106].

molecule in dependence of the lateral position 2’ indicated by the green dotted arrow
in Fig. 5.9(a). The center position of the central Fe atom (¢* = 6, 2/ = 0)
matches the lateral position of the vertical local force minimum for all three
calculated distances z = {204 pm, 229 pm, 294 pm} (see vertical orange dotted
line in Fig. 5.9(b)). Additionally, the lateral force F, ppr(z’ = 0) is zero for
z = {204 pm, 229 pm, 294 pm} above the center of the central atom (see Fig. 5.9(c)).
Hence, the CO molecule remains upright when approaching the tip towards the
central Fe atom’s center of the Fe decamer. In case of the Fe decamer’s corner
atom (c¢* = 2), the lateral position of maximal vertical attraction is laterally offset
by 90 pm with respect to the center of the corner atom (vertical black dotted line
versus vertical light blue dotted line in Fig. 5.9(b)). The lateral force at the lateral
position of maximal vertical attraction is zero (as indicated by the vertical black
dotted line in Fig. 5.9(c)). Therefore, the CO molecule remains upright during
the vertical approach to the lateral position of maximal vertical attraction and the

double minima shape of the vertical short-range force curves F, gg (2, ¢*) are not a
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result of CO bending. This conclusion is further supported by the DFT calculations
that qualitatively reproduce the experimental F, g (2, ¢*) curves using a rigid CO

molecule as a tip (see Fig. 5.5(c)).

The experimental F, gr (2, ") curves were recorded about 90 pm off-center of the
Fe atoms in case of ¢* = 2,3,4,5 (see colored crosses in Fig. A.2 of the appendix).
In case of the single Fe adatom, it is shown (see subsection 5.2.1) that almost no
hybridization of the electronic orbitals of CO tip and Fe adatoms occurs if the
CO tip is laterally offset by 200 pm to the center of the Fe adatom. This leads to
the appearance of the Fe adatom as a repulsive torus with radius 200 pm centered
around an attractive hole in the F, sg(z,y, 2 = const.) image [42] (see Fig. 5.3(a)).
In the following, the influence of the lateral offset of 90 pm with respect to the
center of the Fe atom on the hybridization of the electronic orbitals of CO tip and
Fe atom, i.e. on the vertical short-range force curves F, gg (z, ") is exemplarily
discussed for the single Fe adatom (¢* = 0). Figure 5.10 shows three F, g (2,0)
curves acquired above the center of the Fe adatom (Axz = 0) and laterally offset with
respect to the center of the Fe adatom (Ax = 50 pm and Az = 75 pm, respectively).
All three curves show a physisorption (local) force minimum at z = z,pys and a
chemisorption (global) force minimum at z = zZgem. Hereby, the chemisorption
force minima F, sg (Zehem, 0) do not deviate significantly in magnitude for the three
different lateral positions (—231 pN, —222 pN and —230 pN). Consequently, a lateral

CO tip 3
0
= -50r
Q
=-100t T ¢
Worsob i P —axs0
: i Ax=50pm
-200p — Ax=75pm

100 300 500 700
z (pm)

Figure 5.10. Three F, gg (#,0) curves acquired above the center of a Fe adatom
(Az = 0) and laterally offset by Az = 50pm and Az = 75pm with respect to
the center of the Fe adatom. All curves show a physisorption force minimum and
a chemisorption force minimum as indicated by the vertical blue and gray dotted
lines, respectively. The chemisorption force minima F; sr (Zchem,0) do not differ
significantly. The F. sr (Zchem,0) curve at Az = 0 is also presented in Ref. [106].
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offset of Ax = 75pm does not lead to a significant decrease of hybridization of the
electronic orbitals of the CO tip and the Fe adatom. Therefore, it can be concluded
that the lateral offset of about 90 pm with respect to the Fe atoms’ centers during
the acquisition of the F}gg (2, ¢*) spectra on various Fe atoms of small Fe clusters
(¢t = 2,3,4,5) does not substantially effect the hybridization of the electronic
orbitals of the CO tip and investigated Fe atom. Hence, the chemisorption force
minima of the F, sg (2, ¢*) curves are an appropriate measure to investigate the
chemical reactivity of the clusters’ individual Fe atoms. However, if the F, sg (2, c*)
spectra are recorded on top of the individual cluster Fe atoms with ¢* = 2,3,4,5,
the relatively large lateral forces (see Fig. 5.9(c)) will cause a considerable tilt of
the CO probably leading to artifacts in the F, g (2, ¢*) curves (see also subsection
5.2.3). Hence, to prevent CO tip tilt, the F, gr (2, c*) curves are recorded in the
most attractive positions of the Af(x,y) images which are typically laterally offset
by about Az = 90 pm to the center positions of the individual Fe atoms in case of
¢ =2,3,4,5.

5.3.3. Energy Spectroscopy on Individual Fe Cluster Atoms

Next, the physisorption energy minima' extracted from the corresponding short-
range energy versus distance curves Fsg (z, c*), depicted in Fig. A.3 of the appendix,
are investigated. Hereby, 2,y indicates the position of the physisorption energy
minimum (i.e. the minimum at larger tip-sample distance z). The energy minima
Esr (Zphys, ¢*) become more negative (attractive) with increasing reduced coordination
number ¢* (see Fig. 5.11). It is found that Egsg (Zphys, ¢*) does not depend on
the cluster size. The increase in attraction of Egg (Zphys,c*) as a function of
c¢* can be explained by an increase of van-der-Waals interaction with rising c*,
i.e. the increasing number of neighboring Fe atoms. However, the situation is
more complicated as the local electrostatic interaction may vary with the reduced
coordination number ¢* as well. Hereby, depending on the sign of the local charge
of the investigated Fe atom, the electrostatic interaction can lead to additional
attraction or repulsion on the in-total positively charged CO tip [38, 39]. The

separation of van-der-Waals and electrostatic contribution is not possible in the

!The physisorption energy minima Esg (zphys, c*) are fully resolved in all Esg (z,c*) curves which
is not the case for the chemisorption energy minima Egsgr (Zchem, ¢*)-
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Figure 5.11. Physisorption energy minima Eggr (2phys, ¢*) as a function of reduced
coordination number c¢*. The corresponding short-range energy versus distance curves
Esg (z,c*) are depicted in Fig. A.3 of the appendix. The error bars indicate the
standard deviation of the mean value of the physisorption energy minima Esr (2phys, ¢*)
with respect to ¢*. Figure adapted from Ref. [106].

presented experimental results. Recently, it was found that scanning dot microscopy
is able to probe the electric potential of single atoms, molecules and metal-organic
structures [126, 127] which could in principle be used to study the electric potential
within small Fe clusters. This would help to discriminate between the electrostatic

and van-der-Waals contribution.

5.4. Analysis of the Atomic Contrast of Small Fe

Clusters

The introduction of CO tips in nc-AFM enabled unprecedented atomic resolution
on various sample systems [33-36, 39, 40] including organic molecules [32]. It was
shown that Pauli repulsion at small tip-sample distances is responsible for the atomic
contrast in organic molecules [61-63]. In the following, the origin of the atomic
contrast of small Fe clusters is investigated. Therefore, a 15-atom Fe cluster is
assembled atom by atom which contains four Fe atoms with a reduced coordination
number of ¢* = 6 in its center. Using this specific Fe cluster, the atomic contrast
between atoms with ¢* = 6 and the atomic contrast on the cluster’s corner and edge
(¢* =2,3,4) can be investigated at the same time.

The assembled 15-atom Fe cluster is atomically resolved in the Af (z,y) image
depicted in Fig. 5.12(b). The Af (z,y) image is obtained in constant-current mode.

This mode allows resolving the Fe cluster and the Cu(111) substrate with atomic
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resolution at the same time [33, 88]. The corresponding topographic image z(z,y)
is presented in Fig. 5.12(c). The atomic positions of the individual Fe atoms of
the cluster are indicated by the colored circles. The color of the circles relates
to the reduced coordination number ¢* of each atom. Here, fcc adsorption of the
individual Fe atoms is assumed. This agrees with DFT calculations suggesting
that fcc adsorption is energetically most favorable for Fe clusters containing more
than two Fe atoms [33]. The cluster’s edge atoms appear in the Af(x,y) image
as bright tori [33]. One section of the torus of the top corner atom (¢* = 2)
is indicated by the white arrow. The torus appears in a z distance regime of
Ztorus appearance = |180 pm, 230 pm] (see z(z,y) image in Fig. 5.12(c)). Figure 5.12(a)
shows vertical short-range force versus distance curves F), sg (#) which are recorded
at the (z,y) positions marked by the colored crosses in Fig. 5.12(b) through (d).
The light blue curve recorded above the Fe cluster’s top corner atom (c¢* = 2)
shows two distinct minima, i.e. a physisorption force minimum at z,hys = 292 pm
and a chemisorption force minimum at ze,e, = 162 pm. The 2 range of the torus
appearance lies between the physisorption and chemisorption force minimum (see
gray shaded area in Fig. 5.12(a)). The same holds true for the left corner atom
(see F,gsr (z,3) spectrum in Fig. 5.12(a)). The appearance of a single Fe adatom as
a repulsive torus also occurs in a distance regime in which the CO tip transitions
from physi- to chemisorption, i.e. the electronic orbitals of CO tip and Fe adatom
start to hybridize [42] (see Fig. 5.3). Hence, the appearance of the corner and edge
atoms as repulsive tori is a result of the hybridization of the electronic orbitals of
the CO tip and corner or edge atom when the tip is positioned above the Fe atom
and the vanishing hybridization if the CO tip is about 200 pm laterally offset to the

Fe atom’s center.

Figure 5.12(d) depicts a vertical short-range force image F, gg (z,y, 2 = 335 pm),
recorded in constant-height mode, of the same area as shown in Fig. 5.12(b). The
z distance is chosen such that a noticeable atomic contrast is achieved. A further
lowering of z is experimentally not feasible as significant lateral forces occur in-
between the individual Fe atoms which would lead to a CO tip loss if the tip-sample
distance z was reduced further. Here, the corner and edge atoms (¢* = 2,3,4)
appear as depressions (dark, attractive features) with repulsion (bright) in-between

the atoms. In the F, gg (x,y, 2 = 335 pm) image, the torus-like structure of single Fe
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Figure 5.12. (a) Short-range vertical force versus distance curves F,gg (2) at
various (x,y) positions above an atom-by-atom assembled 15-atom Fe cluster. The
inset shows the enlarged region indicated by the red square. (b) Atomically resolved
Af (z,y) image of the 15-atom Fe cluster acquired in constant-current mode ((I) =
110pA, Viip = —1mV). (c) Corresponding topographic image z (x,y) to panel (b).
(d) Atomically resolved F, sr (x,y,2 = 335pm) image of the 15-atom Fe cluster of
the same cutout as shown in panel (b) and (c). The atomic positions (fcc adsorption)
and the (z,y) locations of the F, ggr () spectra are indicated as colored circles and
crosses in panels (b) through (d). Hereby, the color of the circles indicates the
reduced coordination number c* of the specific Fe atom. The white arrow indicates
the position of a section of the torus of the top corner Fe atom in panel (b). The
non-overlayed images of panels (b) and (d) are depicted in Fig. 5.13. (e) Electron
charge density p (z,y) of a 10-atom Fe cluster at z = 320 pm calculated by DFT. The
high-symmetry direction of the substrate is rotated by 15° anti-clockwise with respect
to the horizontal axis in panel (b) through (e). Figure adapted from Ref. [106].

adatoms is not observed for the corner and edge atoms'. The atomic contrast of the
top corner atom (¢* = 2) occurs 43 pm before the physisorption force minimum is
reached (see light blue versus dark blue curve in Fig. 5.12(a)). The same holds true
for the left corner atom (¢* = 3, dark green curve versus light green curve). Hence,
above the atoms the CO tip interacts purely physically with the corner and edge
atoms, namely via the attractive van-der-Waals and the electrostatic interaction.

The electrostatic interaction results presumably in additional attraction as the edge

!The white arrow indicates the (z,y) location of a torus’s section in the Af(z,y) image depicted in
Fig. 5.12(b).
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and corner atoms probably exhibit a local positive charge due the Smoluchowski
effect [111]. The dark blue and light green curve acquired in-between the atoms
passed their force minima and exhibit a positive force gradient at z = 335 pm. The
dark blue curve is already repulsive. The positive force gradient arises from Pauli
repulsion induced by the increased electron charge density in-between the cluster’s
Fe atoms on the CO tip. The electron charge density p(z,y) of small Fe clusters is
typically increased in-between the individual Fe atoms as shown exemplarily! for a
Fe decamer in Fig. 5.12(e) for z = 320 pm. Therefore, the atomic contrast on the
cluster’s edge and corner atoms is a result of the van-der-Waals and electrostatic
interaction above the Fe atoms and Pauli repulsion in-between the atoms.

The atomic contrast of the Fe cluster’s corner and edge atoms in constant-current
and constant-height mode have a different origin. While the appearance of the edge
and corner atoms in the constant-current mode as tori can be attributed to the
chemical bond formation between the CO tip and the individual Fe atom, their
appearance as attractive depressions in constant-height mode is a result of the
interplay of attractive van-der-Waals interaction and electrostatic interaction above
the Fe atoms and Pauli repulsion in-between the Fe atoms. In conclusion, the
different tip-sample distances in the constant-current and constant height modes

result in the different appearances of the edge and corner atoms.

Next, the origin of the atomic contrast in the Fe cluster’s center is analyzed. In
the constant-current mode, the atomic resolution in the center of the 15-atom Fe
cluster (i.e. in-between the four central atoms with ¢* = 6) occurs in a distance
regime between 330 pm and 350 pm (see Fig. 5.12(b) and (c) and Fig. 5.13(a) for
the non-overlayed Af(x,y) image). This regime matches with the z distance of
the constant-height scan (see F,gr (z,y, 2 = 335 pm) image in Fig. 5.12(d) and Fig.
5.13(b)). In the constant-current and constant-height scans, the four central atoms
are imaged as depressions (dark) with slight repulsion (bright) in-between the Fe
atoms. At z = 335 pm, the value of the F, gg (z,6) curve recorded on the left Fe
atom within the center of the 15-atom Fe cluster lies between the physisorption
force minimum and the second local repulsive force minimum (see orange curve in

Fig. 5.12(a)). The presence of the second repulsive force minimum of the F, sg (2, 6)

!The charge density p(x,y) of the Fe decamer is calculated by DFT. The charge density of the
15-atom Fe cluster is not calculated, yet.

38



5.4. ANALYSIS OF THE ATOMIC CONTRAST OF SMALL FE CLUSTERS

(a) (G)=110pa/1mv (D) 7 =335pm (C) 7 = 335pm
AF Fren

500pm
-6.8Hz ] 0.5Hz -58pN @ ) 13pN -2.6Hz ] 1.5Hz

Figure 5.13. (a) Same Af (z,y) image as depicted in Fig. 5.12(b) without the
colored circles and crosses. (b) Identical F, gr (z,y, 2 = 335 pm) image of the 15-atom
Fe cluster as shown in Fig. 5.12(d) but without overlayed atomic sites and spectra
positions. (c¢) Corresponding short-range image Af (x,y, z = 335 pm) prior to vertical
short-range force deconvolution of the F} ggr (x,y,2 = 335pm) images depicted in
panel (b). The high-symmetry direction of the substrate is rotated by 15° anti-
clockwise with respect to the horizontal axis in all panels. Panels (b) and (c) are
adapted from Ref. [106].

curve results in a decrease of the slope in the distance regime of 300 pm to 360 pm.
The magenta curve acquired in the center of the upper triangle formed by three
central atoms exhibits a steeper slope in the same z regime compared to the slope
of the F,gsr (z,6) curve. This can be attributed to the absence of an additional
attractive force in-between the Fe atoms. Hence, the atomic contrast within the
center of the 15-atom Fe cluster is a result of the presence of the second local force

minimum in the F, gg (z,6) curve.

In summary, the atomic contrast in the constant-current mode is a result of the
presence of the chemisorption force minima in the vertical short-range force curves
F. sr (2, ¢*) above the individual Fe atoms of the 15-atom Fe cluster. This leads
to the tori-like appearance of the edge and corner atoms, similar to the single Fe
adatoms. In constant-height mode, the atomic resolution within the Fe cluster’s
center is also a result of the presence of the chemisorption force minimum while the
atomic contrast of the edge and corner atoms is a consequence of van-der-Waals and
electrostatic interaction above the Fe atoms and of the Pauli repulsion in-between

the Fe atoms.
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5.5. Possible Hydrogenation of Small Fe Clusters

It was surprising to find that in long-term observations of small Fe clusters their
appearance can change over time. The rate of the appearance change increases with
the time ¢ during which the microscope is at its base temperature T, = 5.7 K.
When the cryostat had been cooled down recently (i.e. ¢ = [0,14d]) from liquid
nitrogen temperatures to its base temperature, the assembled Fe clusters did not
change their appearance in the STM and atomically resolved AFM images. However,
after a couple of weeks, Fe clusters change their appearance over time. In the
following, these changes in the appearance are discussed.

Figure 5.14(a) shows an atomically resolved Af(x,y) image of an atom-by-atom
assembled 13-atom Fe cluster recorded in constant-current mode!. The Af(z,y)
image is highly symmetric except for a sharp change indicated by the white arrow.
After the acquisition of the Af(z,y) image depicted in Fig. 5.14(a), the Fe cluster
is imaged again using the same scan parameters. The corresponding A f(x,y) image
is similar to the Af(z,y) image shown in Fig. 5.14(a). However, it additionally
exhibits a bright spot (as indicated by the red arrow in Fig. 5.14(b)). Therefore, the
appearance of the 13-atom Fe cluster changed during the acquisition of the A f(z, y)
image shown in Fig. 5.14(a). As the slow scanning direction is chosen from bottom
to top, the change in the appearance, except for the sharp change, is not detected
in the Af(z,y) image viewed in Fig. 5.14(a). After the acquisition of the Af(z,y)
image depicted in Fig. 5.14(b), a three-dimensional set of constant-height images is
recorded. Figure 5.15(a) shows the experimental F, gg(z,y) image® of the closest
scan at z = 353 pm. The adsorption geometry is calculated using DFT [83].

The individual Fe atoms adsorb on or close to fcc hollow sites (see magenta colored
circles): The six corner atoms are laterally offset from the ideal fcc adsorption by
26 pm towards the center of the Fe cluster. The six neighboring Fe atoms of the
central atom are laterally offset by 9 pm towards the central Fe atom. Maximal
repulsion occurs in-between the individual Fe atoms, similar to the 15-atom Fe
cluster discussed in section 5.4. Figure 5.15(b) shows the calculated [83] electron
charge density p(z,y,z = 353 pm) of a 13-atom Fe cluster with an additional H

IThis cluster was created together with Stilp and the corresponding images are also depicted in his
bachelor thesis (see Figs. 2.18(e) and (f) in Ref. [114]).

2The experimental results depicted in Figs. 5.15(a) and (d) are presented in a similar fashion in
Figs. 2.20(a) and (b) of Ref. [114].
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Figure 5.14. (a) and (b) Consecutively recorded Af(x,y) images showing atomic
resolution of an atom-by-atom assembled 13-atom Fe cluster. The images are acquired
in constant-current mode using (I) = 300 pA and V;jp = —10mV. The white (red)
arrow in panel (a) ((b)) indicates a sharp change (bright feature) in the Af(z,y)
image. Note that the high-symmetry direction of the substrate is rotated by 15°
anti-clockwise with respect to the horizontal axis. The experimental data shown in
this figure is also presented in Ref. [114].

atom in the second layer. The green colored circle indicates the lateral position
of the H atom. A perspective view of the geometrical structure is shown in Fig.
5.15(c). The charge density is increased in-between the Fe atoms. Therefore, the
repulsion in-between the Fe atoms in the experimental F, gg(x,y) image depicted
in Fig. 5.15(a) can be explained by Pauli repulsion on the CO tip induced by the
increased electron charge density in-between the Fe atoms. Moreover, the electron
charge density p(x,y,z = 353 pm) is locally further increased at the location of
the H atom. The experimental F, sg(x,y) image shows stronger repulsion on the
position indicated by the green colored circle in Fig. 5.15(a). Hence, the increased
repulsion of the experimental F, gg(x,y) image at the lateral position indicated by
the green colored circle in Fig. 5.15(a) might be explained by an adsorption of a
H atom in the second layer of the 13-atom Fe cluster. This suggestion is further
supported by comparing the experimental I, gg curve along the orange colored ring
depicted in Fig. 5.15(a) with the vertical forces calculated by DFT (see orange
colored curves and black crosses in Fig. 5.15(d)). DFT calculations [83] lead to
an increased repulsive force of 9.69 pN above the H atom compared to equivalent

positions without a H atom (2.37pN). In summary, the change in appearance of
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Figure 5.15. (a) F, sr(z,y) image of the 13-atom Fe cluster shown in Fig. 5.14(b)
recorded at z = 353 pm. The magenta colored circles indicate the (z,y) positions
of the individual Fe atoms as calculated by DFT [83]. (b) Electron charge density
p(x,y,z =353 pm) of a 13-atom Fe cluster (magenta colored circles) with a single H
atom on top (green colored circle) derived by DFT calculations [83]. (c) Perspective
view of the atomic arrangement of the 13-atom Fe cluster (orange colored atoms) with
a H atom on top (gray colored atom) adsorbed on the Cu(111) surface (gold colored
atoms) as calculated by DFT [83]. The adsorption height h of the central Fe atom
is 205 pm. The H atom adsorbs in a hollow site with a vertical offset of 97 pm with
respect to the central Fe atom. (d) Experimental F, gg curve along the orange colored
circle, depicted in panel (a), with radius » = 296 pm against radial angle ®. The
vertical forces at specific positions of the circle above the 13-atom Fe cluster including
the H atom position are calculated by DFT [83] (black crosses). The vertical green
dotted line indicates the position of the H atom in the DFT calculations [83]. The
experimental data shown in panel (a) and (d) are also presented in Ref. [114].

the 13-atom Fe cluster, as shown in Fig. 5.14, might be a result of the adsorption of
a H atom in the second layer of the Fe cluster. DFT calculations [83] investigated
whether structural changes of the 13-atom Fe cluster without a H atom in the second
layer can result in a change of the appearance of the cluster. However, a structural
reconfiguration which could induce a change in the appearance of the Fe cluster can

be excluded as a second stable adsorption geometry is not found [83].

Consequently, a single H atom might have adsorbed on the 13-atom Fe cluster
during the image acquisition of the A f(x, y) image depicted in Fig. 5.14(a). However,
atomic hydrogen was not dosed into the UHV chamber. As the experiments are

conducted at liquid helium temperatures, all residual gases except for hydrogen
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and helium!

are immobilized (see section 3.1). Additionally, it is experimentally
observed that the amount of molecular hydrogen (H,) increases over time within the
cold He shields [128]. Molecular hydrogen can dissociate to atomic hydrogen? in the
vicinity of a catalyst such as single Ti atoms on hBN at 50 K or single Fe adatoms
on Pt(111) [29, 131-133]. While dissociation does not occur on the bare Cu(111)
surface [134], the catalytic properties of single Fe adatoms could in principle foster
a dissociation [133, 135, 136]. Furthermore, hydrogen is quite mobile on various
chemically-nonreactive surfaces such as Cu(111), and it can be accidentally or
intentionally trapped between tip and sample which can lead to image artifacts or
enable intramolecular resolution in scanning tunneling microscopy [137-139].

The molecular hydrogen originating from the residual gas within the UHV chamber
can cause the appearance of the repulsive feature in the Af(x,y) image depicted in
Fig. 5.14(b) in three possible scenarios: Either, molecular hydrogen is dissociated at
a nearby located single Fe adatom, and afterwards, a single H atom diffuses to the
Fe cluster and adsorbs on its second layer®. Another possibility is that H, diffuses
to the Fe cluster, dissociates at the cluster and one out of two H atoms adsorbs on
the Fe cluster while the other one diffuses away or adsorbs somewhere at the side of
the tip?. A third possible explanation is the non-dissociative adsorption of a single
H, molecule on the Fe cluster, assuming that the adsorption of a single H,, molecule
leads to the appearance of a single repulsive feature. The last two scenarios have
not yet been checked by DFT calculations.

The adsorption mechanisms for H and H, on an adsorbent differ. While a single
H atom probably binds strongly to the Fe cluster by forming a chemical bond
(chemisorption), H, presumably adsorbs via the weaker van-der-Waals interaction®
(physisorption). As the adsorption of H, does not involve the formation of a chemical
bond, it could be more easily manipulated on the Fe cluster compared to a single

H atom. Emmrich et al. [33] present an atomically resolved Af(z,y) image of

LA rest gas analysis within the UHV chamber shows that the amount of H, is bigger by three orders
of magnitude than the amount of He. Therefore, the influence of He is neglected in the remainder.

2The dissociation energy of a Hy molecule in the gas phase is 4.5¢eV [129] and, hence, 41% of the
dissociation energy of a CO molecule in the gas phase (11.1eV) [130].

3The resulting charge density and vertical forces calculated by DFT for a 13-atom Fe cluster with a
H atom adsorbed on the second layer show similarities with the experimental observations of the
13-atom Fe cluster with a bright feature on top of it.

40Otherwise two repulsive features would evolve.

SUnless it is not dissocitated to two hydrogen atoms due to the catalytic properties of Fe clusters.

93



CHAPTER 5. INVESTIGATION OF ARTIFICIALLY CREATED SMALL FE CLUSTERS

a 15-atom Fe cluster which exhibits a bright feature on top of the cluster. The
bright feature is interpreted as an atom in the second layer of the Fe cluster [33].
Furthermore, it was accidentally manipulated laterally to another position while
scanning the Fe cluster in constant-current mode. This observation supports the
scenario that the adsorption of a H, molecule is responsible for the appearance of the
repulsive features on top of small Fe clusters as they can be laterally manipulated
more easily compared to atomic hydrogen. However, the binding energies of
molecular and atomic hydrogen on small Fe clusters adsorbed on Cu(111) are

currently unknown.

In order to get further insight on the evolution of additional repulsive features,
another 13-atom Fe cluster is assembled atom by atom and repeatedly imaged in
constant-current mode. Figure 5.16(a) shows a Af(z,y) image of that second 13-
atom Fe cluster recorded in constant-height mode at z = 404 pm prior to consecutive
scanning in constant-current mode. For clarity, the atomic positions of the individual
Fe atoms resulting from DFT calculations are overlayed as magenta colored circles.
The green colored circles indicate the experimentally determined positions of two
repulsive features. Figure 5.16(b) shows a Af(z,y) image of the same 13-atom Fe
cluster recorded 909 min after the acquisition of the first Af(z,y) image depicted
in Fig. 5.16(a). Thereby, the number of repulsive features increased from 2 to 6 (as
indicated by the green colored circles). Between the acquisition of both Af(z,y)
images, the Fe cluster is scanned® in constant-current mode every 20 min. Selected
topographic images z(z,y) are shown in Figs. 5.16(c)-(g). At t = 16 min, the
13-atom Fe cluster appears symmetric except for a diffuse shadow-like area in the
top right part of the image? (see Fig. 5.16(c)). The Fe cluster’s apparent height
is 223 pm. The appearance of the Fe cluster does not change in the consecutive
topographic scans until £ = 182 min. At ¢t = 182 min, an additional feature indicated
by the red arrow in Fig. 5.16(d) is present in the lower part of the Fe cluster and
the apparent height increased by 2 pm compared to the z(x,y) image at t = 16 min.

!Technically, a three-dimensional constant-height set with active drift compensation is recorded
using an adapted LabVIEW routine based on the routine introduced in Ref. [75]. To determine
changes in the drift speeds, topographic images are acquired in constant-current mode every
20 min.

2The shadow-like feature is probably a result of a small macroscopic tip tilt of the CO tip with
respect to the normal vector of the Cu(111) surface.
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(a) z=404pm, t=0 (b) z=404pm, t=909min
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Figure 5.16. Af(z,y,z = 404pm) images of a second atom-by-atom assembled
13-atom Fe cluster at (a) ¢ = 0 and (b) ¢ = 909 min, respectively. The magenta
colored circles indicate the calculated [83] positions of the Fe atoms while the green
colored circles mark the locations of repulsive features. (c) through (g) Consecutively
acquired z(z,y) images ((I) = 10pA, Vijp = —10mV) of the 13-atom Fe cluster at
t = 16 min, t = 182 min, ¢t = 205 min, ¢ = 701 min and ¢ = 725 min. The red arrows
in panels (e) and (f) indicate temporal lateral enlargements of the Fe cluster.

23 min later, the additional feature disappears and the apparent height decreases by
15pm to 210 pm. The appearance in the subsequently recorded topographic images
does not change until £ = 701 min. At ¢ = 701 min, the topographic image exhibits
a lateral enlargement at another position of the Fe cluster and the apparent height
increases by 7pm (see Fig. 5.16(f)). 24 min later, the enlargement vanishes and
the apparent height decreases to 210 pm. In summary, two temporal enlargement
events occur during the acquisition of the topographic images. This observation
can be explained by a diffusion of either two H atoms, two H, molecules or a H
atom and a H, molecule to the Fe cluster. The Af(x,y) images recorded before
and after the consecutive topographic scans reveal that four additional repulsive

features evolve between ¢t = 0 and ¢ = 909 min. This evolution could be explained
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by the diffusion of two H, molecules to the Fe cluster, the dissociation of these two
H, molecules to four H atoms in the vicinity of the Fe cluster and the adsorption of
the four H atoms on the Fe cluster at the positions indicated by green colored circles
in Fig. 5.16(b). However, it might be that not all diffusion events are captured in
the topographic scans. Hence, the four additional features in the Af(x,y) image
can also be explained by two more H, molecules which diffused unnoticed to the Fe
cluster and physisorbed on top of it. Alternatively, the appearance of four additional
features could be a result of the adsorption of four H atoms on the cluster which
diffused to the cluster beforehand while only the diffusion of two H atoms is captured

in the constant-current images.

In the following, the findings of this section are briefly summed up: At first, a
single repulsive feature evolved during the scan of the first 13-atom Fe cluster (see
Fig. 5.14) which can be explained by either the chemisorption of a single H atom or
by the physisorption of a single Hy, molecule. In Ref. [33], a similar single repulsive
feature is accidentally manipulated laterally on a 15-atom Fe cluster during imaging
in constant-current mode suggesting that the bond between the adsorbate and the
Fe cluster is relatively weak. The latter observation fosters the adsorption of a H,
molecule on the Fe cluster but it can also be explained by the adsorption of a H
atom!. The last discussed experimental results of the second 13-atom Fe cluster
shown in Fig. 5.16 can be explained by the diffusion of two H, molecules to the Fe
cluster which dissociated to 4 single H atoms which then adsorbed on top of the
Fe cluster causing the additional four repulsive features. However, not all diffusion
events might be captured in the constant-current scans and two more H, might be
diffused unnoticed towards the Fe cluster and adsorbed on top of it causing four
additional repulsive features in the Af(x,y) image in Fig. 5.16(b).

Overall, a clear conclusion whether the adsorption of atomic or molecular hydrogen
is responsible for the appearance of additional repulsive features cannot be drawn
at the present stage of the study. In all cases, either atomic hydrogen or molecular
hydrogen is likely to be responsible for the appearance of the repulsive features.
Hence, further theoretical work on the specific system (i.e. small Fe cluster on

Cu(111)) is needed as, so far, both chemisorption upon dissociation and physisorption

!The adsorption energy of a single H atom and Hy molecule on a Fe cluster is unknown, so far.
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of H, molecules on Fe clusters is reported for Fe clusters in the gas phase [135, 136,
140].

Moreover, the lateral positions of the repulsive features do not agree with the
active sites on the Fe clusters as determined with the CO tips: In section 5.3 it
was found that the tip’s CO is mostly attracted to the centers of the Fe cluster’s
individual atoms!. In this section, it was shown that the additional repulsive features
evolve in-between the cluster’s Fe atoms. This observation indicates that the location
of the active sites of Fe clusters depend on the atomic species of the adsorbate. In
case of hydrogen?, the active sites seem to lie in-between the Fe cluster’s individual

atoms.

LA slight lateral offset of 90 pm is reported for Fe atoms with ¢* = 2,3, 4, 5.
2Whether the adsorption of atomic or molecular hydrogen results in the appearance of additional
repulsive features is still unclear.
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6. Summary

The first part of this work demonstrates that CO tips can be used to assemble small
Fe clusters with atomic precision via the lateral manipulation of single Fe adatoms
(chapter 4). The second part studies the chemical reactivity of small Fe clusters on

the atomic scale using the same tips (chapter 5).

In chapter 4, the lateral manipulation of single Fe adatoms using monoatomic metal
tips and CO-terminated monoatomic metal tips was compared. It was found that
both tips reliably laterally manipulate single Fe adatoms on the Cu(111) surface in
the attractive pulling mode. The determined force thresholds needed to be overcome
to laterally manipulate a single Fe adatom were identical for the monoatomic metal
and CO tip. However, the detected force thresholds were significantly lower than
theoretically expected. This was attributed to a lowering of the diffusion barrier
due to the presence of the tip. Furthermore, it was found that the lateral force
profiles between the tips and the Fe adatoms are slightly asymmetric with respect
to the center of the Fe adatom. This asymmetry was attributed to the tilt of the
tips. The asymmetry of the lateral force curves acquired with a monoatomic metal
and a CO tip were reversed with respect to each other although both tips exhibit a
tip tilt in the same direction. Furthermore, it was shown that the tilt direction of
the tip did not change prior and after functionalization with a CO molecule.

The experimental observations were confirmed by applying a two-dimensional,
analytic model using van-der-Waals and electrostatic interactions. It was concluded
that the reversed dipoles of the CO tip and the monoatomic metal tip are responsible
for the reversed asymmetry of the lateral force curves of both tips. The robustness
of the analytic model was verified by varying its input parameters.

In addition, it was shown that CO tips can be used to assemble small Fe clusters
atom by atom. Using CO tips instead of metal tips to build up Fe clusters

allowed studying the created clusters on the atomic scale without changing the tip
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termination. This had been not possible beforehand as metal tips do not allow
resolving the clusters on the atomic scale. Using CO tips, various Fe cluster including
five different 5-atom Fe clusters were built up atom by atom. It was shown that
all five 5-atom Fe clusters adsorbed in a flat geometry on the Cu(111) substrate
which might be valuable for theoretical calculations of their magnetic moment in
the future. Furthermore, it was proven that CO tips are relatively robust as they

do not change during the assembly of small Fe clusters.

In chapter 5, the atom-by-atom assembled Fe clusters were investigated in detail.
In the beginning, the terminology concerning reduced coordination number and the
concept of physi- and chemisorption were introduced. Afterwards, the building block
of small Fe clusters — the single Fe adatom — was revisited: A vertical short-range
force versus distance curve with two minima recorded above the center of a single
Fe adatom with a CO tip was presented. Following the findings of Ref. [42], the
presence of the second minimum at smaller tip-sample distance was attributed to
the hybridization of the electronic orbitals of the CO tip and the single Fe adatom.
This hybdridization results in the formation of a chemical bond between CO tip
and the single Fe adatom at close distances [42]. Hence, the CO tip transitions from
physisorption to chemisorption when approaching the center of a single Fe adatom
[42]. 200 pm off-center, chemisorption between the CO tip and the Fe adatom
does not occur resulting in the appearance of single Fe adatoms as repulsive tori
in the constant-height vertical force image at a specific tip-sample distance [42].
Furthermore it was shown, that the exact shape of the vertical short-range force
versus distance curves above the center of the single Fe adatom changes if a different
CO-terminated metal tip was used. This observation was attributed to a different
chemical bond between the CO molecule and the metal tip’s apex.

Next, vertical short-range force spectroscopy was performed on individual Fe
atoms of various atom-by-atom assembled Fe clusters using different CO tips.
The vertical short-range force curves exhibited two minima. Accompanying DFT
calculations confirmed that the CO tip remained upright during the acquisition of the
vertical short-range force curves proving that the appearance of a second minimum
is not the result of CO bending. Hence, the force minima at smaller tip-sample
distances were interpreted as a result of chemical bond formation between the CO

tips and the individual Fe atoms of the Fe clusters, similar to the single Fe adatom.
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Moreover, it was shown that the chemisorption force minimum values F, gr (Zchem, ¢*)
(i.e. the values of the F, gg(z,c*) curve’s minimum at smaller tip-sample distance
Zehem) depend, first, on the reduced coordination number of the specific atom
¢* and, second, on the specific CO tip. The influence of different CO tips was
disentangled by normalizing the F, gg(Zchem, ¢*) values with the chemisorption force
minimum value of the single Fe adatom (F. sg(Zchem,0)). The resulting normalized
F. sr(Zchems €*) / Fx SR (Zehem, 0) value was interpreted as a local measurement of the
relative chemical reactivity, i.e. the active sites, within a Fe cluster. Here, it was
found that the chemical reactivity of a cluster’s Fe atom reduces with increasing
coordination number ¢*. Therefore, it was concluded that the Fe cluster’s corner
atoms (¢* = 2) are most chemical reactive followed by the edge atoms (¢* = 3,4)
interacting with a CO tip. Additionally, it was deduced that stable chemical bonds
between CO tip and the Fe atoms with ¢* = 6 are not formed.

Furthermore, the physisorption energy minima (i.e. the energy minima at larger
tip-sample distances) of the corresponding short-range energy versus distance curves
showed a dependency on the reduced coordination number ¢* of the individual Fe
atom. This was explained by an increase of van-der-Waals interaction with increasing
coordination number ¢* neglecting an influence of the electrostatic interaction.

Afterwards, the physical origin of the atomic contrast of small Fe clusters in the
nc-AFM images was investigated. In constant-current mode, the corner and edge
atoms of small Fe clusters appear as bright tori in the Af(x,y) image, similar to
the single Fe adatom in the constant-height mode. It was demonstrated that the
atomic contrast of the corner, edge and central atoms (¢* = 2,3,4,5,6) occurs in a
distance regime in which the CO tip transitions from physisorption to chemisorption
if positioned above the individual Fe atoms of the cluster. This was done by linking
the vertical short-range force curves acquired above various lateral positions of an
atom-by-atom assembled 15-atom Fe cluster with the atomically resolved Af(z,y)
image. Hence, the atomic contrast in constant-current mode is a direct result of
the chemical bond formation of the CO tip with the individual Fe atoms of the
Fe cluster. If the feedback loop controlling the tip-sample distance was switched
off above the Fe cluster and the latter was imaged in constant-height mode, the
corner and edge atoms did not appear as tori but as attractive depressions with
repulsion in-between the individual atoms. This different appearance of the corner

and edge atoms of the Fe cluster in the constant-current and constant-height mode
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is a result of the different tip-sample distance at the edge and corner of the Fe
cluster. In constant-current mode, the CO tip approached the sample in order
to maintain a specific tunneling conductance while in constant-height mode the
tip-sample distance remained constant. At constant tip-sample distance, the CO
tip does not transition from physisorption to chemisorption when positioned above
the corner and edge atoms of the Fe cluster. Moreover, the atomic contrast at the
corner and edge atoms in constant-height mode is a result of van-der-Waals and
electrostatic interaction above the Fe atoms and Pauli repulsion in-between the Fe
atoms. DFT calculations suggested that the Pauli repulsion in-between the Fe atom
at the corner and edge of the Fe clusters is a result of an increased electron charge
density in-between the Fe cluster’s atoms. However, the atomic contrast within
the center of the Fe cluster (¢* = 6) is again a result of the CO tip’s transition
from physi- to chemisorption when approaching the individual Fe atoms of the Fe
cluster’s center.

Finally, the time dependence of the appearance of small Fe clusters in atomically
resolved Af(x,y) images was studied. Over time, repulsive features evolve on
small Fe clusters if the microscope head was exposed to low temperatures for a
couple of weeks. As the amount of molecular hydrogen (H,) increases with the
time the microscope is subjected to low temperatures, the appearance of repulsive
features was attributed to the adsorption of hydrogen on the investigated Fe clusters.
However, the experiments did not reveal whether molecular (H,) or atomic (H)
hydrogen adsorbed on the Fe cluster. The latter could be a result of the dissociation
of H, to atomic hydrogen due to the catalytic properties of small Fe clusters. Future
research, mainly in the form of theoretical calculations, is required to clarify this

open issue.
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A. Appendix

A.1. Full Frequency Shift Dataset During the Lateral
Manipulation of a Single Fe Adatom Using a

Mononoatomic Metal and a CO-Terminated Tip

Figures 4.3 (a) and (d) in chapter 4 show selected Af (x4, z) curves recorded above
a single Fe adatom using a monoatomic metal and a CO tip, respectively. The

corresponding full Af (x4, z) datasets are shown in Fig. A.1 (a) and (b), respectively.

(b) o

(@) o

Af (Hz)
A

-20

-500 0 500 -500 0 500
x (pm) x (pm)
Figure A.1. Full Af (x4, z) dataset above a single Fe adatom using (a) a monoatomic

metal tip and (b) a CO-terminated monoatomic metal tip corresponding to Fig. 4.3(a)
and (d) in chapter 4, respectively. Figure adapted from [82].
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A.2. Atomically Resolved Frequency Shift Images of
Various Atom-by-Atom Assembled Fe Clusters

Figure 5.7 in chapter 5 shows various F, gr (2, ¢*) curves which are recorded above
the individual Fe atoms of different atom-by-atom assembled Fe clusters. The
corresponding Fe clusters are atomically resolved in constant current-mode using

CO tips 2 to 4. The corresponding Af (z,y) images are depicted in Fig. A.2.
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A.2. AToMICALLY RESOLVED FREQUENCY SHIFT IMAGES OF VARIOUS
ATOM-BY-ATOM ASSEMBLED FE CLUSTERS

(a) Trimer (3 atoms), (b) Tetramer (4 atoms) (C) Pentamer (5 atoms) (d) Hexamer (6 atoms) (e) Decamer (10 atoms)

N +1.6Hzl -4.8Hz

(A Trimer (3 atoms)§ (g) Tetramer (4 atoms)§(hy) Pentamer (5 atoms)Q(j)  Hexamer (6 atoms)f(j) Pentadecamer

(15 atoms)

N +0.1Hz[§ -9.3Hz N +3.1Hz [} -6.7THz N +0.7Hz | -7.5Hz

(9] Trimer (3 atoms)f () Tetramer (4 atoms)@(m) Pentamer (5 atoms)@(N) Hexamer (6 atoms)f(0)

Figure A.2. Corresponding atomically resolved Af(z,y) images of various Fe
clusters (top panels) including the atomic positions (colored circles) and the (z,y)
locations (colored crosses, bottom panels) of the F), g (z, ¢*) curves which are depicted
in Fig. 5.7 of chapter 5. Panels (a)-(e), (f)-(j) and (k)-(o) correspond to CO tip
2, 3 and 4, respectively. Imaging parameters: [CO tip 2] (a)-(e) Viip = —1mV,
(I) = 80pA, A =50pm; [CO tip 3] (f)-(j) Viip = —1mV, () = 110pA, A =10pm
except (I) = 100pA for panel (f) and A = 10pm for panel (j); [CO tip 4] (k)-(o)
Viip = —1mV, (I) = 100pA, A = 50pm. Note that the high-symmetry direction
of the substrate is rotated by 15° anti-clockwise with respect to the horizontal axis.

Figure adapted from [106]. 105
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A.3. Energy versus Distance Spectroscopy on

Individual Fe Atoms of Small Fe Clusters

Figure 5.7 in chapter 5 shows various F, gr (2, ¢*) curves which are recorded above

the individual Fe atoms of different Fe clusters. The corresponding FEgg (z, ")
spectra recorded with CO tips 2 to 4 are depicted in Fig. A.3.
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Figure A.3. Corresponding short-range energy versus distance curves Fgg (z,c")
above individual Fe atoms of different Fe clusters to the F, ggr (2, ¢*) spectra depicted
in Fig. 5.7 of chapter 5. The color of the individual curves indicates the reduced
coordination number ¢* of the investigated cluster’s Fe atom. Figure adapted from
[106].
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