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Abstract

This thesis presents a collection of experimental results that emerge from the interaction of
the two related materials graphene (g) and hexagonal boron nitride (h-BN), with transition
metal atoms, measured with a scanning tunneling microscope.

We describe the preparation of graphene on Ru(0001), and of hexagonal boron nitride on
Rh(111) and Ni(111), respectively. In both cases the layer growth relies on the catalytic activity
of the substrate to induce the pyrolysis of suitable precursor molecules at high temperature.
This precursor is ethylene for g, and borazine for h-BN. Variations of the growth parameters
allow for a preparation of a completely or, if desired, a partially covered surface.

For the deposition of transition metal atoms onto #-BN/Rh(111), we determine an initial
sticking coefficient for Ti, Mn, Co below one. We investigate the evolution of Co island
densities for different coverages at the temperatures of 10 and 50 K. The moiré pattern is
shown to inhibit the inter-cell movement of Co adatoms at low temperature. For individual
Mn, Fe, and Co adatoms a bi-stable adsorption complex was encountered, whereof one state
is characterized by a sizeable weakening of the h-BN-substrate interaction, while the other
leaves the interaction unchanged. Via tip manipulation we show the reversible switching
between the two states and thus pinning and un-pinning the #-BN layer to and from the
Rh(111) substrate.

By using Ti adatoms on 4-BN on Ni(111) and Rh(111), we could establish how hydrogen from
the residual pressure interacts with the sample even for base pressures as low as 5 x 10~ ! mbar.
The hydrogenation of a Ti adatom will result in a sizeable reduction of the apparent height, as
well in the emergence of a Kondo feature in differential conductance (d1/dV). The interplay
with hydrogen stimulated the development of an improved deposition routine that allowed
for a dosing of transition metal atoms in the cleanliest fashion.

Through a deliberate dosing of molecular hydrogen we could prove the above interplay of
hydrogen. In the course of those experiments we furthermore discovered a (v/3 x v/3)R30° su-
perstructure in which molecular hydrogen is stabilized. Measurements of d1/dV on molecules
within this superstructure revealed an inelastic excitation reminiscent of a 3D rotational state.
The latter was scrutinized with molecular deuterium and the energy shown to scale with 1/2,
as expected for a rotational process.

Keywords: Scanning tunneling microscope, graphene, hexagonal boron nitride, layer growth,
transition metal adatoms, layer detachment, hydrogen interplay, molecular rotations






Zusammenfassung

In der vorliegenden Arbeit werden Experimente mit einem Rastertunnelmikroskop vorgestellt,
die sich mit der Adsorption von Ubergangsmetallen (UM) auf den Oberflichen von Graphen
(g) und hexagonalem Bornitrid (h-BN) beschiftigen.

Wir beschreiben das Wachstum von Graphen auf Ru(0001), beziehungsweise von h-BN auf
Ni(111) und Rh(111). Die Methoden basieren auf der katalytischen Wirkung der Substrate,
welche ein geeignetes Molekiil bei hoher Temperatur dissoziieren. Dabei wird fiir g Ethen, und
fiir h-BN Borazin als Precursor verwendet. Durch geeignete Wahl der Wachstumsparameter
konnen partielle und vollstindige Bedeckungen erzeugt werden.

Die Bedampfung von #-BN/Rh(111) mit UM ldsst uns auf einen Haftkoeffizienten fiir Ti, Mn
und Co, geringer als eins schliessen. Wir untersuchen die Evolution der Inseldichten fiir Co in
Abhingigkeit von der Dosis, jeweils bei den Temperaturen von 10 und 50 K. Es wird gezeigt,
dass es Co Adatome bei tiefen Temperaturen nicht vermégen die Barriere in die néchste
Moiré Einheitszelle zu tiberwinden. Fiir einzelne Adatome von Mn, Fe und Co, beobachten
wir einen bistabilen Adsorptionskomplex. Der erste Zustand ist durch die Abschwédchung der
h-BN-Substrat Wechselwirkung gekennzeichnet. Der zweite Zustand lasst diese intakt. Wir
demonstrieren die reversible Transformation zwischen diesen Zustinden mittels der Spitze
des Rastertunnelmikroskops. Es ist dadurch moglich beliebig die #-BN Lage an das Substrat
zu kleben, bzw. von diesem abzulGsen.

Mittels einzelner Ti Adatome auf h-BN/Ni(111) sowie auf 2-BN/Rh(111) konnten wir zeigen,
dass der Restdruck des Vakuumsystems trotz seiner 5 x 10~'! mbar, zu einer Interaktion mit
Wasserstoff fiihrt. Die Adsorption von Wasserstoff auf Ti bewirkt einen starken Riickgang
der gemessenen Hohe, sowie das Entstehen einer Kondo Resonanz an der Fermi-Energie in
dlI/dV Spektren. Wir entwickelten, angeregt durch die Beobachtung von Wasserstoff bedingen
Einfliissen, eine verbesserte Depositionsstrategie, welche es uns erlaubt alle UM in reinster
Weise aufzudampfen. Durch eine gezielte Aussetzung unserer Proben mit Wasserstoff konnten
wir die obigen Annahmen iiberpriifen. Zudem entdeckten wir in diesen Experimenten eine
(v/3 x v/3)R30° Wasserstoff-Uberstruktur. Die Vermessung einzelner Wasserstoffmolekiile in
dieser Struktur zeigte uns inelastische Anregungen, welche mit einer Rotation erkldrt werden
kdonnen. Dies wurde mittels molekularem Deuterium iiberpriift, wobei sich die Anregungs-
energie um den Faktor 2 dnderte, wie es bei einer Rotation zu erwarten ist.

Schliisselworter: Rastertunnelmikroskop, Graphene, hexagonales Bornitrid, Wachstum, tiber-

gangsmetalladsorbate, Schichtablésung, Wasserstoffwechselwirkung, molekulare Rotationen
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Résumé

Ce travail présente 'adsorption de métaux de transition sur des surfaces de graphéne (g) et de
nitrure de bore hexagonal (h-BN), mesurée par microscopie a effet tunnel.

Nous étudions la croissance du g sur la surface de Ru(0001) et du k-BN sur les surfaces
de Ni(111) et Rh(111). L'approche est basée sur l'activité catalytique d'une surface a haute
température permettant de dissocier une molécule appropriée. Cette molécule est I'éthyléne
dans le cas du graphene, et la borazine dans le cas de la croissance du i-BN. Des variations
des parametres de croissance nous permettent de réaliser des surfaces partiellement ou
entierement couvertes.

La déposition de métaux de transition sur des surfaces de h-BN nous permet de déduire un
coefficient de collage plus petit que un pour Ti, Mn, et Co. Nous déterminons I’évolution de
la densité d’ilots de Co en fonction du recouvrement a des températures de 10 et 50 K. Il est
démontré qu’a basse température un adatome de Co n’arrive pas a surmonter la barriére entre
deux mailles du réseau moiré. Pour des atomes de Mn, Fe, et Co, nous montrons I’existence
d’'un complexe d’adsorption bistable. Son premier état est caractérisé par un affaiblissement
de la liaison entre la couche de h-BN et le substrat. Par contre, le second état ne modifie pas
I'interaction. A I'aide de la pointe de notre microscope a effet tunnel nous pouvons changer
le complexe arbitrairement entre ces deux états, ce qui signifie que nous pouvons coller ou
décoller localement la couche de h-BN.

L'observation des adatomes de Ti sur les surfaces du #-BN/Ni(111) et 2-BN/Rh(111) nous a
fait réaliser que l'effet de hydrogeéne est non négligeable méme si la pression résiduelle du
systéme est de 'ordre de 5 x 10~!! mbar. Chydrogénation d'un atome de Ti provoque une
réduction de sa hauteur apparente, et 'émergence d'un effet Kondo, dont la signature est
visible dans les spectres d1/dV au niveau de Fermi. Vu que la présence d’hydrogéne meéene
a des tels effets, nous avons amélioré notre facon de déposer les métaux de transition, ce
qui nous permet de les doser le plus proprement possible. L'exposition délibérée de notre
systeme a de ’hydrogene moléculaire a aussi généré les effets décrits ci-dessus. De plus, nous
avons constaté la formation d'une superstructure (v/3 x v/3)R30° d’hydrogene qui stabilise les
molécules sur la surface. Sur ces molécules nous observons des excitations inélastiques dont
I’énergie correspond a celle d'une rotation. Le dosage de deutérium moléculaire montre une
excitation a une énergie deux fois plus basse, comme c’est attendu pour une rotation.

Mots-clés : microscope a effet tunnel, graphene, nitrure de bore hexagonal, croissance, métaux
de transition, détachement de couche, interaction avec hydrogeéne, rotations moléculaires.
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|§ Introduction

If one was to arrange atoms at the corners of a honeycomb lattice, and if these atoms were
carbon, one would have created the famous two dimensional (2D) crystal, notoriously known
as graphene (g). The carbon atoms of this lattice are sp? hybridized and threefold coordinated
with respect to their nearest neighbor atoms to which they are covalently bound. Similarly,
if one was to replace alternatingly one C atom by a boron, and one C atom by a nitrogen
atom, the resulting crystal would be known as hexagonal boron nitride (2-BN). While the
7 derived electrons in graphene are delocalized and responsible for many of the peculiar
transport properties, the corresponding electrons in #-BN are bound to the nitrogen atom.
This subtle difference between the two isoelectric materials entails that graphene is a zero-
gap semiconductor whereas h-BN is a large gap isolator. As a consequence of their true 2D
structure, many interesting properties emerge. Disregarding the already mentioned peculiar
transport characteristics, other curious properties are, for instance, that one sheet of graphene
or h-BN represents the lowest physically possible thickness of a material. This material can
then be regarded as the prototype of an ideal 2D membrane.

™ I « boron
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Figure 1.1: Graphite and hexagonal boron nitride stacking sequence and lattice parameters.
Figure from Wiechert [144].



Chapter 1. Introduction

The investigation of the intrinsic properties of freestanding graphene and /-BN has become a
large field of research. This is but the beginning. Exponentially more intriguing properties
emerge through the interaction of these 2D layers with various substrates. Following this
line of thought, one could stack a layer of graphene on another one, and would have created
bilayer graphene. Depending on the stacking sequence, which could either be AB or AA, the
resulting properties are quite distinct [103]. If many graphene layers are stacked together in the
sequence ABAB, the corresponding bulk structure would be known as graphite, which is shown
in Fig. 1.1. This layered crystal is characterized by a weak inter-layer van der Waals attraction.
Similarly, the layered crystal of h-BN exhibits the equivalent weak inter-layer attraction. It is
for this reason why graphite and i-BN are attractive lubricants in technical applications, and
why the micro mechanical cleaving with adhesive tape, pioneered by Novoselov, Geim, and
co-workers [97, 98], allows the creation of a single atomic sheet of graphite, #-BN, molybdenite,
and related 2D materials.

Instead of stacking graphene or h-BN onto itself, these single sheets can be put on a lattice
matched metallic substrate. The resulting interaction of the layer and the substrate can have
a considerable different nature and modify the properties of both participating materials.
The weak van der Waals attraction is completely replaced by a strong chemical interaction
for the case of #-BN/Ni(111) which is characterized by a sizeable hybridization with the
metal substrate [87, 7, 109]. This system is the focus of section 3.1.1. For a substrate with a
different lattice parameter, the interaction of graphene and /-BN with the respective metal
surface will be strongly inhomogeneous. The interaction is found to be modulated with the
same periodicity as the resulting moiré pattern that results from the lattice mismatch of layer
and substrate. Examples that are included within this thesis are the moiré structures of h-
BN/Rh(111)-(12x12) [36, 110], examined in section 3.1.2, and g/Ru(0001)-(23 x 23) [82, 81, 84],
focus of chapter 4. In both cases, the bonding between the layer and the substrate is locally
modulated. Distinct regions are formed that are strongly hybridized with the substrate as
well as areas that are only weakly attracted to the supporting substrate. A further degree of
complexion is obtained from the relative rotation of the two lattice planes, as yet another
moiré periodicity develops [93] with the corresponding local variations in the interaction
strength between layer and substrate.

If we turn the carousel of changes to its extremes, for instance, by reducing the size of the
metal substrate down to a small number atoms or even down to the individual atom, one can
investigate the properties that arise from the interaction of an adsorbate with the surfaces of
h-BN and graphene. For the latter, it was shown that a periodic array of Ir clusters arranged
into a superlattice [92] could introduce a band-gap [115] in g/Ir(111).

For the case of individual transition metal atoms dosed onto h-BN/Rh(111) atlow temperature,
we found an initial sticking coefficient below unity. Upon dosing Mn, Fe, and Co, we discovered
a bi-stable adsorption complex that is characterized by a strong perturbation of the h-BN—
substrate interaction. Individual atoms of Mn, Fe, and Co were shown to locally detach the
h-BN layer from the metal surface [89]. The two states exhibit a very peculiar topography.



While one state is imaged with a scanning tunneling microscope (STM) as a circular structure,
the other state is seen as an individual protrusion, as expected for a single adatom. From a
thorough analysis we could deduce that the attraction between the STM tip and the i-BN layer
locally lifts the latter off the substrate. This deflection of the h-BN layer from the substrate
takes us back to the beginning of this introduction, where /-BN was mentioned as being the
ideal membrane. We show that we can reversibly switch the two states with the tip of our
STM, and thereby pin and unpin the i-BN layer to and from the Rh substrate. These findings
represent the major results of this contribution and are the topic of section 3.2.3.

In the outlook of section 5.1 we will allude to the intercalation of gold underneath a layer of
h-BN that reverts the originally strong hybridization with the Ni(111) substrate and leaves
the h-BN layer floating, and merely attached by van der Waals attraction to the intercalated
Au islands. Curious one dimensional wire structures spread out from intercalated Au islands
that may form a connected honeycomb structure reminiscent of the known moiré pattern
of h-BN/Rh(111)-(12 x 12). Dosing of manganese allows to potentially generalize the above
discussed findings for a local detachment of the i-BN layer. Circular structures were observed
to behave in the same way as the above mentioned Mn, Fe, and Co rings.

In a final note in section 5.2, we will discuss exciting prospects of using the surface of #-BN
as a decoupling layer to attenuate the interaction of the substrate with an adsorbate. This
allows for a study of the intrinsic adsorbate properties, and we inspect and report rotational
excitations of hydrogen and deuterium molecules.

Hydrogen has received a lot of attention throughout our contribution, since it was found to
strongly interfere with the structures under study, even if the ultra-high vacuum system was in
the low 5 x 10~ !! mbar range. Our results were therefore scrutinized for a possible hydrogen
interplay, and the corresponding problematic is presented in section 3.2.1 and section 3.3.






¥4 Scanning tunneling microscope

This chapter is devoted to our principal tool of investigation used in this study, the scanning
tunneling microscope (STM). Since its invention by Binnig and Rohrer in 1982 [21], the STM
has seen a tremendous development and the technique undergone a pronounced maturing.
As beautifully expressed in the Nobel lecture of Binnig and Rohrer in 1986 [20], they have seen
the birth of STM, its adolescence and witnessed its departure for a time of travel. Nowadays,
the STM has become a widely employed instrument as ready-made units are commercially
available alongside with its close relative, the atomic force microscope (AFM). Atomic reso-
lution of surfaces and controlled manipulation of objects at the atomic scale are routinely
achieved. Furthermore, scanning tunneling spectroscopy (STS) with high energy resolution
is readily employed in the study of local electronic excitations. Naturally, a huge body of
literature covering all aspects of this technique has evolved in the course of time (refer for
instance to the review of Chen [33]). In view of the high abundance of this instrument in
laboratories around the globe, we limit ourselves to describing the principal modi of operation
that are also directly related to our main experimental results.

2.1 Principle of operation

The principle of operation of an STM is intriguingly simple. A sharp metallic tip is approached
to a conducting sample and laterally scanned along the surface by piezoelectric actuators. This
basicidea is illustrated in Fig. 2.1(a). Already before the actual physical contact, at a tip—sample
separation of the order of a few angstroms (10~'? m), electrons can traverse the vacuum gap
between the electrodes by the quantum mechanical effect of tunneling. A tunneling current
flows as long as the Fermi levels between the electrodes are imbalanced. In order to establish
a continuous tunneling current [cp. Fig. 2.1(b)], a bias voltage is applied between tip and
sample that shifts the previously aligned Fermi levels (at V; = 0) with respect to another by eV;
(e denotes the electron charge).

The constant current mode is the predominant modus operandi in STM. Hereby, the tunneling
current is kept constant by the feedback-loop through varying the tip-sample separation with



Chapter 2. Scanning tunneling microscope
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Figure 2.1: (a) Schematic view of a scanning tunneling microscope (figure by Michael Schmid,
TU Wien). (b) DOS diagram of tip and sample with applied bias voltage V;. Figure adapted
from Ternes [132].

the z-piezo in order to match a desired current setpoint, typically of the order of pico to nano
amps. When the tip is scanned laterally along the surface it follows the sample topography
and the computer control records maps of vertical tip displacements Az(x, y).

The feedback control is facilitated by the exponential response of the tunneling current to
variations of the tip-sample separation (As) which allows for a precise vertical tip positioning.
The tunneling current for a 1D barrier is written as follows:

I;(As) = I:(0) exp(—2xAs)

2D (2.1)
A2

K=

where m, h and ® are the electron mass, the reduced Planck’s constant and the apparent

barrier height, respectively. For the approximation of a trapezoidal tunneling barrier one can
DO+ Dg—eV
2

used practical expression is I;(As) = I;(0) exp(—1.025v/®As) where @ is expressed in units of
electron volt and s in angstrom. Accordingly, for every angstrom change in the electrode
separation, the tunneling current varies by about one order of magnitude (for a typical barrier
height of 4-5 eV).

write ® = [123], where @t and ®g are tip and sample work function. A frequently

In order to study the electronic structure of the sample with spectroscopy, we apply Bardeens
formalism [12] for 1D tunneling that relates the tunneling current to the properties of two

6



2.1. Principle of operation

planar electrodes':

4 o0
I(V) = %ef deps(e)pr(e—eV) [fle) - fle—eVy)] x IM(e)*

(2.2)
fle)=
1+exp [ﬁ

Here, prs describe the density of states (DOS) of tip and sample, f(e) the Fermi distribu-
tion function, and M the tunneling matrix element, respectively. The factor M denotes the
probability flux between the two electrodes by the overlap of their respective wave functions
and M carries the exponential current-distance dependence [12]2. In a simplified picture,
which is a good approximation at low bias voltage (eV; < ®) and zero temperature, the energy
dependence of the tunneling matrix element is irrelevant and M assumes a constant value at
fixed gap width. Inserting this approximation into Eq. 2.1 and deriving with respect to V, we
obtain the differential conductance:

dly| 4me®

2
avl, = h ps(Er +eVy) pr(Ep) M| 23)

One recognizes from the convolution in Eq. 2.2 that, apart from M, a proper knowledge of
either electrode is required in order to characterize the other. However, usually the tip DOS is
assumed to be constant?, that is, featureless, and thus Eq. 2.3 is directly proportional to the
sample DOS. It is for this reason that frequently differential conductance and sample DOS
are interchangeably used. Since spectroscopy is performed with the tip at a distinct position
we actually probe the local density of states (LDOS) of the sample. We note that an analytical
account of the tunneling matrix element is given by Tersoff and Hamann [133] for a spherical
tip and the approximation of a s-like tip orbital.

Another spectroscopy approach is the barrier height determination which relies on the z
dependence of the tunneling current. Revisiting Eq. 2.1, applying the approximation of small
bias voltage and considering the exponential gap width dependence of the tunneling current,
we can write [58]:

dlnIt _
ds

—2K. (2.4)

The parameters are the same as in Eq. 2.1 and valuable information about the local work
function can be harvested from this approach. The apparent barrier height is defined as [33]:

®= %(‘i;ﬂsﬂ)z :0.95(%)2 (2.5)

IHere we principally follow the formulation and nomenclature of Chen [33]. Note that the energy scale refers to
the common chemical potential of tip and sample.

2The tails of the wave functions decay exponentially into the vacuum.

3Experimentally, great an effort is undertaken in order to prepare a tip with such conditions, i.e., by small voltage
pulses, field emission or gentle collisions with the sample surface.



Chapter 2. Scanning tunneling microscope

We wish to note at this point that the tip displacement Az and the change in gap width

As are generally used synonymously, i.e., % =1 is assumed to hold. However, we will
highlight an important exception to this assumption in the following section where the actual

experimentally accessible quantity is d(linzl‘ and not d(linslt.

2.2 Experimental setup

The measurements of this study were carried out with three different homemade STM in ultra
high vacuum (UHV). For the investigation of graphene growth, presented in chapter 4, an
STM at the EPFL [75], and at the APE beamline [102] at the ELETTRA synchrotron facility
were used. The study of h-BN on close packed metal surfaces, reported in chapter 3, was
carried out with a third STM at the EPFL [48], and preliminary results of Buluschek [29]
were realized with the STM mentioned before for graphene [75]. The difference between the
employed instruments is the effective temperature range for which they have been designed.
For instance, the STM of Ref. [75] can operate at variable temperature of 60-800 K, the STM of
Ref. [48] runs typically at 4.7 or 50 K, and the ELETTRA instrument works at room temperature.
The common characteristic of these instruments are the UHV environment in which they are
accommodated, and the efforts that are made in order to decouple the STM from mechanical
vibrations.

Modulation techniques

The spectroscopic characterization of the samples were carried out by so called modulation
techniques. In these approaches an external control parameter (i.e., bias voltage, z-piezo
actuator) is modulated by a small periodic perturbation and the concomitant reaction of the
tunneling junction detected by a Lock-In amplifier. For differential conductance measure-
ments the bias voltage is modulated, and for performing z-spectroscopy a small tip vibration
is superimposed on the z-piezo displacement. In principle, already recording I -V and I — z
traces without modulation allows for performing spectroscopy by numerically deriving the
latter curves to determine the sought sample properties by Eqns. 2.3 and 2.4. However, it turns
out that the signal to noise ratio is rather poor and that many spectra need to be averaged
in order to improve the quality of the data*. The advantages of the modulation techniques
are their better signal to noise ratio and the natural connection to the sample properties
found from Eqns. 2.3 and 2.4, i.e., the Lock-In signal is directly proportional to the differential
conductance and work function, respectively.

A thorough account for STS is given by Ternes [132] for our principally employed low tempera-
ture STM [48]. Here we outline the principal aspects of the first reference that are relevant for
differential conductance measurements and we will dwell in more detail on z-spectroscopy in
the second part.

4The standard deviation per data point is of order v/N, where N is the number of averaged spectra.
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Figure 2.2: Differential conductance spectra of a hydrogenated Ti adatom [more details in
section 3.2.1] from a numerically differentiated I — V trace (red), in comparison with data
directly obtained from a Lock-In amplifier (black). Although three curves each were recorded
and averaged, the signal to noise ratio is much better for the Lock-In data. The Lock-In
conductance was calibrated with the help of the I — V trace. Setpoint before opening the
feedback-loop: V; = —=50 mV and I; = 200 pA.

2.2.1 dlI/dV spectroscopy

In order to record the differential conductance, we added an alternating voltage from an
external function generator to the bias voltage at a desired frequency v, and used a Lock-In
amplifier to detect the first harmonics for %, and the second harmonics for Z;@ spectra.
Typically a modulation voltage of the order of 10 mV at 397 Hz for point STS was used. A
measurement routine includes (i) the stabilization of the tip at a setpoint current and bias,
(ii) opening of the feedback-loop, (iii) varying the bias voltage in the chosen energy interval,
and (iv) recording the concomitant response of current and differential conductance. As
mentioned earlier, I — V traces are typically not consulted for studying the spectroscopic
characteristic of the sample, however, they allow to transfer the calibration onto data obtained
from the Lock-In amplifier. An example of the latter is given in Fig. 2.2.

If the spatial differential conductance is of interest, i.e., for mapping the local density of states,
many % point spectra need to be recorded, which is a time-consuming task. However, one
can either reduce the density of points at which % spectra are taken, or measure differential
conductance maps at a single energy. For a % map measurement the bias modulation
frequency is set to a value much higher than the response time of the engaged feedback-loop
and accordingly the gap width remains largely unaffected. From such an approach two data
sets are generated when laterally scanning with STM. One contains the usual topographic
information and the other the local % at one selected energy eV;. This approach drastically
quickens the recording time, however, at the cost of a significantly reduced information depth,
since the differential conductance is only recorded at one energy. A frequently employed
strategy is therefore to scrutinize point spectra for energies of pronounced differences and

measure % maps accordingly. In a first step, this serves to illustrate the approximate LDOS

9



Chapter 2. Scanning tunneling microscope

variations at the scale of the STM image. In a second step, point spectra are consulted in order
to present the LDOS of a structure in a more complete manner.

2.2.2 dlInl/dz spectroscopy

The z-spectroscopy can be carried out by recording current-distance (I — z) traces and numer-
ically deriving the latter to yield information on the tip-sample apparent barrier height via
Eq. 2.5. As mentioned earlier, the signal to noise ratio is rather poor in this approach but it can
be greatly improved by employing a modulation technique. Hereby a small vibration of the
tip is superimposed on the actual vertical tip displacement by adding a sinusoidal voltage to
the z-piezo actuator that results, in the present case, in a 16 pm peak-to-peak modulation of
the tip apex. The bandwidth of the current preamplifier is much smaller than the modulation
frequency, which is in the present study mostly 777 Hz, and the measured tunneling current
in consequence a time average over one oscillation cycle [50]. Furthermore, limitations of

the preamplifier dynamic range and the form of Eq. 2.4 make it favorable to detect dglslt, ie.,

a signal that is directly related to the apparent barrier height via Eq. 2.5. In order to record
the apparent barrier height, we feed the output of the preamplifier into a logarithmic ampli-
fier before directing the signal into the Lock-In detector. A measurement routine for point
spectra includes (i) the stabilization of the tip at a setpoint current and bias, (ii) opening
of the feedback-loop, (iii) varying the gap width by approaching or retracting the tip, and

(iv) recording the concomitant response of current and the dtlinzl‘ signal. In agreement with

the previous discussion of the differential conductance, I — z traces can serve to transfer the
calibration to the data obtained from the Lock-In amplifier as is exemplified in Fig. 2.3. The
inspection of the signal to noise ratio clearly advocates the Lock-In approach.

In analogy to aspects of the previously described % maps, the corresponding imaging mode
can also be applied to record maps of W and hereby image local local variations of the
apparent barrier height for rigid tunneling junctions, or, as we will see later, local deformations
of the tunneling junction due to tip sample interactions, respectively. The latter is the main

result of this contribution and will be treated in more detail in chapter 3.

2.2.3 dlInlI/dz spectroscopy for flexible tunneling junctions

In the sofar discussed z-spectroscopy, dz and ds were used interchangeably, i.e., the imposed
tip displacement was assumed to be commensurate with the varying gap width of the tunnel-
ing junction. An important exception is given for flexible sample or tip geometries. In such
cases, deformations of the respective electrode render the description of the gap width more
elaborate, and we have to consider in the derivative of the current of Eq. 2.4 that [34]:

(dln]t) (dln[t)(dz)
= — (2.6)
ds dz ds

10
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Figure 2.3: (a) Current-distance traces and (b) the resulting decay length of a Rh(111) supported
h-BN layer. In subfigure (b) d1n I;/dz data from the Lock-In amplifier is superimposed on a
mean of three numerically differentiated I — z traces. The latter exhibit a noisy background
around the mean decay length of x = 1.1 A=, As expected, the decay length of this curve is
constant whereas the green curve varies with tip displacement, i.e., being a remainder of a
sample deformation [more details in chapter 3]. The Lock-In data was calibrated with the
help of the red I — z trace and insertion of x into Eq. 2.5 yields an apparent barrier height of
® = (4.6 £ 0.6) eV. Setpoint before opening the feedback-loop: V; = -100 mV and I; =5 pA.

The experimentally accessible quantity is the factor dglzl‘ , because the tip displacement (d z)

corresponds to the experimentally imposed z-piezo modulation. If we can ensure that the
barrier height is a constant®, the analysis of dglzlt spectra focuses on how the true gap width (s)
evolves with tip displacement, i.e., we are interested in the functional dependence of s = s(z).
Figure 2.4(a) shows an example of a W-tip and a Si sample that exhibits a distinct decline in the
apparent barrier height® as the gap width is reduced [34]. It was found that such a behavior is

characteristic for a deformation of the tunneling junction [34].

The relation between the quantities s and z can be modeled, and fit to dllinzl‘ data. Following

Chen and Hamers [34] (and references therein), the force acting in the tunneling junction is
well described by a Morse potential (F = —V¢) [cp. Fig.2.4(b)]:

F = —2xUe{exp [k (s — se)] —exp [-2k (s — se)1}, 2.7

where U, denotes the binding energy, s. is the equilibrium distance (F = 0), and « the decay
length as in Eq. 2.1. If the deformation of the junction is assumed to be reversible, we can
introduce an elastic constant and express small variations of the tip displacement as:

§z=aF=(E*ay) '~ (E;' +E5') ay'F, 2.8)

5The current is found to strictly follow an exponential over several A tip displacement for most tip sample
combinations. Close to contact, however, a dramatic reduction of the apparent barrier height will be observed [99].

6Figure. 2.3 also features a varying decay length and therefore also a different apparent barrier height with tip
displacement. As is outlined in chapter 3, this barrier height characteristic is a remainder of a deformation of the
h-BN layer due to an interaction with the tip.
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Figure 2.4: (a) The apparent barrier height varies due to forces acting between a W-tip and
a Si sample that deform the tunneling junction. Figure from Ref. [34]. (b) Morse potential ¢,
where s, corresponds to the equilibrium position and Us to the binding energy, respectively.

where E* is the effective Youngs modulus of the junction, which is determined by the respective
moduli of tip and sample. The parameter a, expresses the characteristic radius of the tip apex.
Summing up the elastic contribution (6z = @ F) and the true gap displacement (ds) we can
finally relate the true and apparent gap displacement via Eqns 2.7 and 2.8:

dz

i 1—B{exp[—k(s—se)] —2exp [—2k(s—se)}. (2.9
The parameter 8 = 2ax>U, governs the stability of the tunneling junction and expresses the
tip-sample stiffness. Figure 2.4(a) demonstrates the application of this procedure and nicely
shows the evolution of the true gap width with tip displacement. In chapter 3 we will present
results for a 2-BN layer that is detached from the underlying Rh substrate by a doping with

transition metal adatoms, and show how the layer deflects due to an interaction with the tip.

2.2.4 STM datarecording and image treatment

This is a short reminder of how STM image data was obtained and subsequently processed.
All STM images presented within this contribution were recorded in the constant mode unless
stated otherwise. We restricted the image treatment to an absolute minimum. The STM
images of this work therefore reflect raw data without the application of any blur or other
high level manipulation. The only modifications that were used, are the substraction of a
linear plane and the adjustment of contrast if judged necessary, for a better highlight in the
presentation of a chosen detail. These image treatments were carried out with the software
Image] [1]. The same program was used to create partial views of a region of interest and to
extract the height values for line—profiles. We have furthermore used the above software to
determine and to document every step of the island density analysis in order to conserve data

transparency.
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8] Monolayers of hexagonal boron
nitride on close packed metal sub-
strates

This chapter is designated to the principal results of this contribution and thereby outweighs
the others in volume. In the following we will present a compilation of experiments that
have hexagonal boron nitride (%-BN) supported by the surface of a close-packed transition
metal in common. At first, we will outline the preparation of these atomically thin layers that
are created by the catalytic action of the substrate through the pyrolysis of borazine at high
temperature. Secondly, we will describe the adsorption of transition metals onto the #-BN
layer, and indicate the calibration procedure. For the case of Ti, we will introduce the improved
deposition procedure through which we were able to deposit transition metals in the cleanliest
fashion, since Ti adatoms showed a sizeable interaction with hydrogen. For Co, a large coverage
range was explored at the temperatures of 10 and 50 K, and will be presented. The transition
metal atoms of Mn, Fe, and Co showed a peculiar bistable adsorption complex whereof one
state considerably weakens the h-BN-substrate interaction. These ring states represent the
major finding of this thesis and are included in this chapter as well. The corresponding analysis
for either transition metal is shown. Finally, we allude to hydrogen related issues that arose if
the sample was measured at 50 K, or if the liquid helium of the cryostat was boiled off.

3.1 Growth of hexagonal boron nitride films

The preparation of atomically thin #-BN films is realized by the pyrolysis of precursor
molecules at the catalytically active surface of a transition metal. A partial pressure of borazine
[BsHgNs3, cp. Fig. 3.1(a)] is hereby introduced into the UHV system and exposed to the hot
sample surface [87, 36]. The interaction with the sample tears away the hydrogen and leaves
the fully dehydrogenated molecule to diffuse about the surface. When two or more of such
trimmed molecules meet, they combine in order to saturate their open bonds. The tiling
of many molecules finally results in a perfect two dimensional crystal lattice of hexagonal
boron nitride, as is sketched in Fig. 3.1(c). As it turns out, the catalytic activity of the closed
h-BN layer is drastically reduced compared to the one of the transition metal surface [87]. The
different reaction rates entail a self-limiting growth and allow for a straightforward preparation
of exactly one layer of h-BN. Only after largely extended borazine exposures, will a second
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Chapter 3. Monolayers of hexagonal boron nitride on close packed metal substrates
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Figure 3.1: Structural formula of a borazine molecule. (a) The borazine molecule is isostruc-
tural to benzene. (b) The catalytic interaction with the hot sample surface removes hydrogen
from the molecule. (c) Periodic tiling of dehydrogenated borazine that forms the layer of
hexagonal boron nitride.

layer effectively be nucleated [87].

The preparation is experimentally done as follows. At first, several preceding cleaning cycles
of our Rh and Ni samples are carried out by Ar" ion sputtering, annealing in oxygen and a
finalizing flash to high temperature. The atomically clean surface is then exposed to a borazine
dose of the order of 100 langmuir (1 L = 1.33 x 10~® mbar-s) at a sample temperature of
1040 K [36, 87]. This approach was successfully used in numerous studies to prepare h-BN
on the close-packed surfaces of Ir(111) [107, 100], Pt(111) [88, 110, 107, 32], Ni(111) [87, 7],
Rh(111) [36, 110, 107], Pd(111) [88], Ru(0001) [107, 51], Cu(111) [108], Ag(111) [85], and also
on the more open surfaces of Ni(110) [53], Mo(110) [2], Pd(110) [37], and Fe(110) [139]. Note
that the dehydrogenation temperature for the coinage metals was slightly lower. The growth
procedure sets the standard in achieving excellent sample qualities and is routinely employed
throughout this contribution. The recipe is furthermore robust to excursions in borazine
exposure given the self-limiting growth properties discussed before. We note that h-BN
can also be prepared by other means, for instance, by exposing ammonia and diborane
simultaneously to a hot Ni(100) substrate [38]. Such alternative h-BN preparation procedures
are, however, more elaborate and are not being referred to in the following.

In our case, the borazine! is delivered to the UHV chamber from a pressure cylinder that is
permanently kept in a freezer at 250 K to avoid degradation of the molecule due to thermal
decomposition. An aperture in the freezer allows to feed borazine to the leak-valve via a stain-
less steel tube. This gas line is always pumped with a turbo molecular pump and only filled
with a borazine partial pressure minutes before the actual sample preparation is carried out.
We typically expose our single crystals to a partial pressure of around p = 1 x 10~ mbar for a
duration of 3 minutes. In the following sections, however, variations of this technique are also
presented. We note that the growth method of h-BN is basically equivalent to graphene chem-
ical vapor deposition with hydrocarbon precursor molecules without the parallel segregation

1 Advanced Delivery Chemical Systems (Austin, TX)
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3.1. Growth of hexagonal boron nitride films
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Figure 3.2: STM images of #-BN/Ni(111). (a) Overview scan showing large terraces and
monoatomic steps with a height separation of about 200 pm. (b) Line profile across a step. (c)
The atomic resolution illustrates the hexagonal arrangement of BN unit cells. [(a) Vi = =200 mV
and I; =20 pA, (c) Vy =—-50mV and I; =20 pA.]

channel of bulk dissolved carbon impurities [cp. chapter 4].

3.1.1 h-BN/Ni(111)

In this section we focus on Ni(111) as a substrate for the growth of hexagonal boron nitride.
Our interest in using this system stems from our studies of #-BN/Rh(111), where we intended
to scrutinize our results for a possible hydrogen interaction [cp. section 3.2.1]. The lattice
parameters of Ni (anj = 249.2 pm) and h-BN (apy = 250.4 pm) are with agﬁl(aNi—aBN) =-05%
very similar and thus allow the £-BN/Ni(111) system to adopt a commensurate (1 x 1) structure.
The absence of a moiré pattern, as is otherwise frequently encountered for a variety of lattice
mismatched h-BN substrate combinations, renders the height analysis of adsorbates more
amenable. The system h-BN/Ni(111) was extensively studied with STM and photoemission
by Auwdérter [6]. He found two possible lateral arrangements of nitrogen and boron atoms
with respect to the Ni atoms. These are described with respect to the Ni surface atoms by the
registry (N,B) = (top, fcc) or (N,B) = (top, hcp), whereof the latter is slightly less favorable
in energy [52]. There exist furthermore a strong chemical interaction between the h-BN
layer and the Ni(111) substrate through a Ni 3d-BN & hybridization, rendering the interface
metallic [109].

Our experiments are in line with the already established works as is briefly explained in
the following. The Ni(111) single-crystal was cleaned in UHV by repeated cycles of Ar*
ion sputtering (300 K, 30 min, 10 yA/cm?, 1 kV), annealing in oxygen (815 K, 5 min, 2 x
1077 mbar) and flash to 1100 K. Cleanliness of the Ni surface was checked with STM and the
stated cleaning routine repeated if required. The single layer #-BN was prepared by exposing
the sample surface held at 1040 K to a borazine partial pressure of 2 x 10-% mbar for three
minutes [36, 87]. Figure 3.2 gives an account of the sample topography after the growth of
one layer h-BN/Ni(111). Large terraces are visibly separated by mono atomic steps of 200 pm
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Figure 3.3: Holes in Ni substrate persist the #-BN growth. (a) The STM image shows sputter
holes distributed about the terrace. (b) Line profile across a hole. (c) Field emission resonances
(FER) show that even the holes are covered with h-BN. [(a) V;=—-1V, I; =20 pA, and Tstm =
50 K, (c) FER spectra recorded at constant current with the parameters: Iy = 100 pA, Vinoq =
10 mVpp, and v = 1387 Hz.]

height , which matches the value of the Ni(111) interlayer separation of 203 pm. An STM image
with atomic resolution highlights the honeycomb arrangement of the BN unit cells. From
this data alone, however, no conclusion whether the boron atom is situated in the fcc or hcp
position can be made. The choice of the honeycomb overlay in Fig. 3.2(c) is therefore arbitrary
modulo a rotation by 60°. The absence of dislocation lines that separate the two stacking
regions, however, favors the phase with the boron atom located in the fcc position [9, 52].
Note that the enhanced resolution, despite the moderate tunneling conditions, is likely to
be mediated by a hydrogen molecule trapped in the gap of the tunneling junction [131]. The
corrugation of the layer in this case is (12.3 +£0.2) pm.

Finally, we demonstrate a scenario where the Ni surface exhibits holes due to an insufficient
finalizing flash in the course of the sample preparation. The sputter damage could not be
healed with annealing, and therefore holes are distributed about the surface as can be in-
spected in Fig. 3.3. Interestingly, these holes survive the growth of the i-BN layer and, what is
even more curious, many of the smaller holes are covered with #-BN. From the line profile
in Fig. 3.3(b) and from the peak positions of the field emission resonances (FER) [16, 19], we
recognize that two monolayer deep holes are equally covered with i-BN as is the remaining
sample surface. With the exception of the deepest sputter holes, the #-BN layer thus covers the
complete surface as it strictly follows the sample topography. We note that some of the shallow
holes exhibit a strong noise when scanning with STM. We ascribe this to some adsorbate
species that is trapped in the hole and that interacts with the electrical field of the STM tip.
The latter is a further indication that the shallow hole is actually covered with k-BN, since
adsorbates in bare Ni holes would be better trapped due to the high surface reactivity and the
limited adsorbate mobility at the low temperatures employed.

The h-BN/Ni(111) system is extensively used in this contribution in order to scrutinize the
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3.1. Growth of hexagonal boron nitride films

interplay of transition metal adatoms with hydrogen, which is described in section 3.2.1. We
performed a series of test experiments, in particular with Ti adatoms, to measure how hydro-
gen modifies their appearance in STM images. With the help of these studies we developed a
cleaning routine for our transition metal evaporation source that enabled us to prepare TM
adatoms in the cleanliest fashion. The knowledge of these studies is applied to the experiments
relying on TM adatoms. In the outlook of chapter 5, we furthermore discuss the properties of a
hydrogen related superstructure on a #-BN/Ni(111) surface, and show some gold intercalation
experiments.

3.1.2 h-BN/Rh(111)

The preparation of hexagonal boron nitride on rhodium substrates represents the most used
sample configuration of this contribution. The principal results of this work were found
for transition metal adatoms deposited on #-BN/Rh(111). Before we give an account of the
sample preparation and highlight some modifications of the standard recipe, we briefly start
by reviewing the characteristics of this system.

The lattice parameters of Rh (268.7 pm) and /-BN (250.4 pm) differ by 6.8 %. This large misfit
cannot be accommodated by a stretching of the /-BN layer and the strain has to be resolved by
some different means. It turns out that the system finds a favorable configuration for 13 BN unit
cells situated on 12 Rh atoms [36]. The resulting structure is the characteristic #-BN/Rh(111)-
(12 x 12) moiré pattern [36] with its 3.22 nm periodicity [30]. Since the surface topography
resembles a honeycomb lattice, the structure is frequently referred to as nanomesh. However, it
was shown not to exhibit holes but to be rather covered by a periodically rippled single layer -
BN [74]. In contrast to Ni(111), where the h-BN layer is virtually flat, the 7-BN/Rh(111) system
features a strong vertical corrugation of 1 A [40]. Experimentally, the apparent corrugation of
the moiré pattern is strongly bias dependent and it can even appear inverted at high positive
bias [25]. The two regions are also characterized by an inhomogeneous bonding landscape.
The first region appears in STM images as a circular depression of 2 nm diameter. This region is
strongly bound due to the hybridization of the N lone pair orbital with the Rh d-states [110, 40].
The second region is merely weakly bound to the substrate by a van der Waals interaction [40].
This so called wire region [36] appears as a connected honeycomb network and is vertically
lifted by 1 A with respect to the hole areas [40]. The inhomogeneous binding involves a
splitting of the sp?-derived o and 7 bands by 1 eV [36, 18, 26]. Another consequence is a
nonuniform charge transfer from /#-BN to Rh [73, 40], leading to a spatial modulation of
the work function [39, 54, 76] and to large lateral electric dipoles [39]. These dipoles exert
electrostatic forces on polarizable adsorbates enabling the trapping of naphthalocyanine [18],
of Cu-phthalocyanine [39], and of water molecules [40, 76], as well as of rare gas atoms [39, 143].
Using a Xe buffer layer technique, large Co clusters could be preferentially adsorbed in the
hole regions of the moiré pattern [146].

Turning to the experimental part. The Rh(111) single-crystal was cleaned in UHV by repeated
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(a)

Figure 3.4: STM images of h-BN/Rh(111). (a) The h-BN layer exhibits a moiré pattern with
macroscopic long range perfection. (b) Atomic resolution of the wire region and the (c) FFT
image corroborating the (13 x 13) BN unit cells periodicity. [(a) V; = -1V, I; = 50 pA, and
Tstm =4.7K, (b) V= —-100 mV and I; = 100 pA.]

cycles of Ar" ion sputtering (300 K, 30 min, 10 uA/cm?, 1 kV), annealing in oxygen (815 K,
5 min, 2 x 10”7 mbar) and flash to 1450 K. Cleanliness of the Rh surface was checked with STM
and the stated cleaning routine repeated if required. The single layer #-BN was prepared by
exposing the sample surface held at 1040 K to a borazine partial pressure of 2 x 10~% mbar for
three minutes [36, 87].

The result of such a preparation is shown in Fig. 3.4. The beautiful moiré pattern persists
with great perfection over macroscopic distances of the sample surface. It is aligned along
the close-packed directions, (110, of the Rh substrate. A high resolution image and the
concomitant FFT data [cp. Fig. 3.4(b)-(c)] corroborate the (13 x 13) structure, i.e., 13 BN unit
cells are situated on 12 Rh atom sites. Note that the STM maps the BN unit cells and not the
Rh sites. Since the sample preparation readily yielded surfaces of this quality, we relied on the
3.22 nm periodicity of the moiré pattern [18] to calibrate our (x, y)-piezo scanner. All length
data are therefore measured relatively to the moiré periodicity. A line profile along [11] in
Fig. 3.5(c) indicates a height difference between the wire and the hole region of about 90 pm
at —100 mV bias voltage. The two different heights in the wire regions furthermore reflect
the threefold symmetry of the underlying Rh? substrate that is transferred to the h-BN layer.
We recall the varying degree of hybridization between the h-BN layer and the Rh substrate
of the wire and the hole region [110, 40], i.e., the height profile is a direct fingerprint of the
local metal-/-BN attraction. A valuable mean to gauge this interaction is found from field
emission resonance spectra (FER) [16, 19]. Figure 3.5(b) shows a series of FER spectra recorded
at the indicated positions of the h-BN/Rh(111) interface. If we focus on the first resonant
peak below the energy of 3 eV, we can clearly follow its evolution when moving from the
strongly (1), to the weakly (5) bound regions of the i-BN layer. The first peak is fully quenched
at the weakly bound wire regions. An interesting analogy arises from comparison with the

2Rhis an fecc metal and its (111) surface features two inequivalent hollow sites in contrast to, e.g., Ru(0001)
which is a hcp metal.
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interfaces of h-BN/Ni(111) and /-BN/Au/Ni(111). While the first is characterized by a strong
hybridization of the h-BN layer with the Ni surface [109, 108], the latter interface is expected
to be dominated by an equally weak van der Waals interaction as was found for the coinage
metal-h-BN interfaces of Cu(111) [108] and Ag(111) [85]. Returning to the first resonant peak
in FER spectra of Fig. 3.5(b): The peak persists for the strongly bound /-BN/Ni interface, in
agreement with the strongly bound region (1) of the h-BN/Rh case. In contrast, the peak
is quenched for the weakly bound /#-BN/Au/Ni interface, a behavior equally characterizing
the van der Waals bound part of the wire region (5). The FER spectra are thus valuable in
identifying the respective bonding nature of the metal-/-BN interface, and in scrutinizing
whether a certain sample location is actually covered with i-BN or still terminated by the
bare metal surface. The latter was extensively applied in the study of the sputter holes in the
h-BN/Ni system.

We have also slightly modified the above cited growth recipe. In the following we will illustrate
the resulting surface morphology and the intention why the particular recipe was chosen.
The first modification is straightforward and consists simply in a reduced borazine exposure.
As was discussed above, the recipe is robust to excursions to higher exposures, since the
catalytic activity of the i-BN layer is negligible as compared to the one of the transition metal
surface [87]. Lower exposures, on the other hand, will result in a partially covered substrate [25].
Figures 3.6(a)-(b) show an example of such a sample after the borazine dose was reduced to
15 L, and the recipe otherwise applied as usual. We find large regions with the bare Rh surface
exposed and no trace of #-BN, and vice versa, large regions covered with #-BN and no sign of
the Rh substrate. Figures 3.6(a)-(b) were recorded at the very boundary of such regions and
confirm the coexistence of both surface terminations on the same sample.

The samples with the bare and the covered Rh substrate are essential for a precise adsorbate
calibration in the study of transition metal (TM) adsorption on h-BN. For low temperature
deposition of TM adatoms, we found, in the course of our experiments, an initial sticking
coefficient below unity. On the bare metal substrate, on the other hand, the initial sticking
coefficient is one. We therefore distinguish in the followings sections, concerning TM adatoms,
between exposure and coverage. Exposure corresponds to the actually dosed amount of
material, as obtained from the calibration on the bare metal substrate, whereas the sticking
coefficient of the respective TM on the h-BN layer is included if we mention coverage. We note
that a sticking coefficient below unity was reported for Co/h-BN/Ni(111) [8], and in our recent
contribution for Mn/hk-BN/Rh(111) [89]. More details will be presented in the respective
section where the adsorption of transition metal adatoms is covered.

A second variation of the standard recipe consist in exposing the sample, held at low tempera-
ture, to a partial pressure of borazine, followed by a flash. The resulting surface shows a quite
distinct topography resembling the coat pattern of a jaguar. Figure 3.6(c) demonstrates this
particular sample surface resulting from a 200 L borazine exposure at room temperature and a
flash to 1040 K. In contrast to the standard high temperature recipe, large areas of the bare
Rh substrate remain uncovered. This behavior is rationalized by the saturation coverage of
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Figure 3.5: Field emission resonance spectra (FER) gauge the metal-h-BN interaction. (a) STM
image indicating the positions where the respective (1)-(5) FER spectra and the height profile
were recorded. The sequence (1)-(5) follows decreasing hybridization with the Rh substrate.
The interfaces h-BN/Ni (strongly hybridized) and h-BN/Au/Ni (van der Waals) are shown
for comparison. (c) Height profile along [11] as defined by the surface vectors X and y. [(a)
Vi = -100 mV and I; = 20 pA, (c) FER spectra recorded at constant current with the parameters:
I; =100 pA, Vinoq = 10 mVpp, and v = 1387 Hz. The FER spectra were normalized with respect
to the initial conductance and laterally offset by four units.]
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Figure 3.6: STM images of h-BN partially covering Rh(111). (a) Large scale STM image showing
the coexistence of the bare Rh substrate and the #-BN layer. (b) Close inspection of the
transition region with the corresponding line profile. (c) Jaguar coat like pattern resulting
from the room temperature borazine exposure on Rh(111). (For all STM images V; = -1 Vand
Iy =20 pA)

borazine molecules on a Rh(111) surface. For the analog case of ethylene exposure at room
temperature, discussed in chapter 4, the saturation coverage is 25 %, whereas it is (71.4+0.5) %
in the present circumstance. We note that a lower dose will result in a more loosely connected
h-BN network and that small isolated /-BN islands can be created with this technique. The
moiré pattern formed by the method of room temperature exposure and flash shows an in-
homogeneous distribution of pore sizes as can be inspected from a close-up in Fig. 3.7(a).
The corresponding height histogram in Fig. 3.7(b), reveals that the aerial ratio of wire and
hole regions is approximatively constant in the room temperature (red), as compared to the
high temperature preparation (black). This aerial ratio is therefore a characteristic figure of
how the system lowers its energy, since we recall that the hole and the wire regions reflect
areas of strong and weak metal-s-BN interaction, respectively. The h-BN layer therefore
accommodates the misfit strain from the (1 x 1) registry in the hole regions of the 4-BN unit
cells with respect to the Rh sites by a buckling away from the substrate in the wire regions.
Finally, the height histogram also measures a vertical separation of the 2-BN layer with respect
to the Rh substrate of about 140 pm.

We finish by noting the intention of using the room temperature exposure and flash method.
In the study of TM adatoms on #-BN/Rh(111), we were challenged to explain the mean size
of the found TM adsorption complexes either by a high mobility at low temperature, or by
an initial sticking coefficient below unity. The idea of employing the loosely connected i-BN
regions was to obscure a hypothetical TM adatom motion across the surface by creating
distinct regions, separated by the exposed Rh substrate where TM adatoms are known to be
immobile at the low temperatures employed [22]. In the following sections, we will show
that the mean size of the TM adsorption complexes is a consequence of an initial sticking
coefficient below one.
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Figure 3.7: (a) STM image of h-BN partially covering Rh(111). (b) Height histogram of the
inhomogeneous moiré pattern (red) in comparison with the regular moiré pattern of a high
temperature sample (black). The histograms were normalized with the counts of the peaks at
large height values, and both data sets were harvested from STM images recorded at the same
bias and current setting. (V; = -1 Vand I; = 20 pA.)
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Figure 3.8: Mean island size as a function of coverage. Figure from Brune [27].

3.2 Adatom adsorption on metal supported /i-BN

Having learned how to prepare the metal supported h-BN layer in the preceding section,
we now turn to the deposition of adsorbates onto these samples. Ideally, the calibration
of the deposition source is carried out with small adsorbate quantities on samples with no
adsorbate mobility. The experimental realization is frequently given for the deposition of
per mill amounts onto a bare metal surface at low temperature. Inspection of Fig. 3.8 shows
the mean island size evolution with coverage for the case of a hit and stick deposition, and
easy attachment [27]. Focusing on the low coverage regime, we can immediately appreciate
that most of the measured islands are in fact individual adatoms. This is especially true for
coverages below © < 0.01 ML, where 1 ML is defined as one adsorbate adatom per substrate
atom. We can therefore deduce the coverage with sufficient precision by a determination
of the adatom densities on the metal substrate. Higher coverages are finally obtained from
extrapolation of the calibrated flux.
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3.2. Adatom adsorption on metal supported /-BN

In the present study, we used a thoroughly degassed electron bombardment evaporator® and
high purity transition metal (TM) rods as the material source. The exit nozzle of the evaporator
is biased with a stable 12 V battery. The electrical field deviates the ionized fraction of the
sublimated TM atoms to the exit capacitance, where the drain current is measured with a
nanoamperemeter. This allows for a precise measurement and control of the deposition
flux. A shutter finally enables a quick interruption of the atom beam. The flux calibration
was carried out separately on the bare Rh(111) substrate, on Ag(100), and, in particular, on
the partially h-BN covered Rh(111) samples at a deposition temperature of 10 K. The first
two examples were employed to exclude that either substrate exhibits a high mobility for the
selected adsorbate species that would obscure the calibration procedure. If a low temperature
mobility was an issue, the two distinct substrate symmetries would entail a different diffusive
behavior and we would observe disparate adsorbate densities [27].

The partially covered sample helped to exclude systematic deviations from one deposition
cycle to the following. Since a flux calibration on the bare metal substrate, and the deposition
on the h-BN sample need necessarily to be carried out in two separate experiments, the second
exposure suffers from deviations due to fluctuations in the flux, and from the uncertainty
in the exposure time. For instance, many experiments relied on per mill coverages and the
exposure time was consequently short; frequently of the order of 10 seconds. Although the
shutter allows for a quick interruption of the atom beam, we estimate the error of this approach
to be about 10 %, which has to be added to the deviations intrinsically present due to flux
fluctuations. Relying on the partially #-BN covered sample nullifies both uncertainties. This
is true, since the deposition simultaneously populates both regions, i.e., the bare and the
h-BN terminated parts of the sample, and allows for a direct and unbiased comparison of the
respective densities.

3.2.1 Tion h-BN/Ni(111) and /#-BN/Rh(111)

We start by discussing the deposition of Ti adatoms onto Ni(111) and Rh(111) supported
h-BN. Titanium was found to exhibit a strong affinity for capturing hydrogen molecules with
a strong concomitant change in its appearance in STM, as well as a dramatic shift in its
electronic properties. Hydrogen can be removed from the Ti host adatom by tip manipulation.
We furthermore show an improved deposition procedure in order to prepare samples with
clean Ti adatoms. The new and clean deposition technique was also used in the study of the
other transition metal adsorbates, in particular, our principal result obtained for manganese
adatoms was scrutinized for a possible hydrogen interplay.

Figure 3.9 shows the sample after deposition of per mill amounts of Ti onto (a) Rh(111) and
(b) Ni(111) supported h-BN at 10 K. Individual protrusions are randomly distributed about
the surface. The case of the Rh(111) substrate is an example of an early experiment where,
although the Ti source had been cleaned by several degassing cycles, the pressure during Ti

30Omicron EFM 3T
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Figure 3.9: Ti deposition on Rh(111) and Ni(111) supported /-BN at 10 K. (a) A poorly degassed
source yields two species of Ti adatoms with distinct apparent heights [© = (8.1+0.4) x10~* ML].
(b) Improving the degassing routine (see text) results in a sample with almost exclusively large
Ti adatoms [© = (3.4+0.1) x 1073 MLJ. (c) An apparent height histogram shows the abundance
of low and high Ti adatoms on both samples. (d) Line profile across a high () and a low () Ti
adatom. [(a) V; =—-100 mV and I; =20 pA, (b) V;=-100mV and Iy =10 pA, Tsty =4.7K.]

dosing was still in the low 107'° mbar and not in the usual 10~'! mbar range. Clearly, two
species of protrusions are found located at the borders between the #-BN/Rh(111)—(12x12) [36,
30, 74, 18, 110] moiré depressions and the wire regions [36]. The bimodal apparent height
distribution of Fig. 3.9(c) reveals peaks at 150 and 300 pm. Since the depressions of the (12 x12)
moiré pattern have been shown to readily trap and immobilize molecules [36, 18, 76, 40], rare
gas atoms [39, 143], and transition metal adatoms [89], we analyze, in accordance with our
previous work [89], the abundance of empty moiré unit cells in order to extract the mean
cluster size per protrusion and the initial sticking coefficient.

In a first step we calibrate the deposition flux on the bare Rh(111) surface, where the initial
sticking coefficient is one. With this calibration we derive a nominal coverage of © = (8.1 £
0.4) x 10~ ML for Fig. 3.9(a). This nominal coverage ought to leave the fraction Py = (1-0)" =
(0.890 + 0.005) [27] of moiré unit cells with size n = 144 vacant. However, we observe with
(0.906 + 0.005) a slightly but significantly larger ratio of empty cells. This experimentally
observed quantity of unoccupied moiré cells is obtained for a coverage of ® = (6.9 +0.3) x
10~* ML. The ratio of this real coverage to the one derived from the dose yields the initial
sticking coefficient for Ti on h-BN/Rh(111) at 10 K of sy = (0.85 £ 0.09), and concomitantly
a mean cluster size per protrusion of (1.05+ 0.20) atoms in Fig. 3.9(a). We can therefore
conclude that the protrusions of Fig. 3.9(a) are almost exclusively individual Ti adatoms on
h-BN/Rh(111), and therefore the bimodal apparent height distribution is not a size effect. We
note that an initial sticking coefficient below unity for transition metal adatoms on s-BN has
previously been reported for a Rh(111) [89] and a Ni(111) [8] substrate.

By modifying the degassing routine of the Ti source one can curtail the number of low Ti
adatoms to an almost negligible extent. The routine now includes, besides the thorough stan-
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3.2. Adatom adsorption on metal supported /-BN
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Figure 3.10: STM apparent height analysis of clean and hydrogenated Ti adatoms on h-
BN/Ni(111). (a) Sample before hydrogen exposure. Point defects in the /-BN layer are labeled
by the letter d. (b) Dosing one langmuir molecular hydrogen results in an apparent height
reduction for Ti adatoms from (330+16) pm to (110+20) pm. (c) Superimposed apparent height
histograms of the sample before and after molecular hydrogen exposure. [(a) V; = —100 mV
and I; =10 pA, (b) Vi =-100mV, I; = 20 pA, and Tsty = 4.7 K, note that a logarithmic scale
was applied for the gray levels of both STM images.]

dard degassing of the evaporation material and evaporator shroud, several preliminary cycles
of Ti deposition onto the closed and cooled radiation shields of the cryostat with a slightly
higher flux (about 50 to 100 %) than used in the actual deposition. It was checked previously
that exposing the cryostat to a directed flux of atoms or to a gas does not contaminate the
sample, i.e., the pressure inside the closed, and liquid helium cooled radiation shields stays
well below 10~ mbar [47]. The preceding deposition cycles thus clean the surface of the
Ti rod without interfering with the sample. The evaporator shutter is hereby left open to
guarantee that the desorbing gas is not trapped but effectively pumped from the evaporator.
This approach finally creates a clean environment necessary for the shortly following actual
deposition. For the actual Ti dosing the cryostat’s shields are rotated so that a small aperture
opens in the line-of-sight between evaporator and sample. The effect of this degassing routine
is seen from inspection of Fig. 3.9(b), where the majority of Ti adatoms are now in their high
(), and only 2 % are in their low apparent height state (¢). This degassing routine has finally
enabled us to dose from all transition metal sources in the cleanliest fashion.

We have just ascertained that the bimodal apparent height distribution of Ti adatoms is not a
size effect. It might therefore originate from a co-adsorption of, and interaction with, residual
gas molecules. A potential candidate is hydrogen, which is the prevailing residual gas in
common UHV systems. The inspection of the Ti adatom population after a deliberate exposure
to a partial pressure of molecular hydrogen proofs this hypothesis*. The effect of this exposure
is presented in Fig. 3.10 and reflects the situation before and after dosing 1 L hydrogen at 10 K.
An apparent height histogram in Fig. 3.10(c) clearly shows the abundance shift towards the

4The UHV chamber is backfilled with molecular hydrogen which can enter the cryostat volume through the
therefore opened aperture.
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Figure 3.11: (a)-(b) Transformation of an ensemble of Ti adatoms from their low to their high
apparent height state by a bias pulse of +4 V applied at the indicated position (x). STM image
(a) before and (b) after bias pulse. (c) Transformation of Ti adatoms in the high state (top)
into the low state (bottom) by a 5 nA current linescan at the indicated location (dashed line).
[Vt =—-100 mV, I; =20 pA, and © = (1.36 +£0.06) x 1073 ML.]

low state as the height drops from (330 + 16) to (110 +20) pm. A comparison with Fig. 3.9(c)
shows the perfect matching of the two peak values to the case of a Ti adatom dosed from a
commonly degassed source, and where both adatom species were numerous. We can therefore
conclude that the high and low states are characteristic of clean and hydrogenated Ti adatoms,
respectively. Interestingly, we also note the defect line [9] and point defects (d) of the z-BN
layer in Fig. 3.10. The latter show a marked contrast inversion once the sample had been
exposed to hydrogen. This might indicate that hydrogen also interacts at defect sites with
the sample. The observed phenomena of the present contribution can finally be linked to a
hydrogen interplay and we will interpret the experimental observations accordingly. In the
following, we will use clean and high apparent height Ti adatoms synonymously, as well as low
apparent height state and hydrogenated Ti adatoms.

There is a close connection between both Ti adatom species and we are able to transform
a hydrogenated into a clean Ti adatom via tip manipulation. A sample with a majority of
hydrogenated Ti adatoms is shown in Fig. 3.11(a). A bias pulse of +4 V with open feedback-
loop transformed virtually all Ti adatoms located within a radius of 38 nm from the tip location
where the pulse had been applied (x) from the low into the high apparent height state. The
larger the bias the larger the transition region. Radii of 70 nm and more were observed. In
rare cases high Ti adatoms could be switched back into their low state by tip manipulation.
However, this succeeded only on samples where already some hydrogenated Ti adatoms
were discernible. If so, a line scan across a high Ti adatom at small tunneling resistance
(Rg =2 x 107Q) may result in a sudden drop of its apparent height to about 110 pm as can be
seen in the example of Fig. 3.11(c).

In addition to the apparent height variation, the two states of the Ti atoms distinguish them-
selves in their differential conductance (d1/dV). Figure 3.12 shows that the STS signal of
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3.2. Adatom adsorption on metal supported /-BN

a clean Ti adatom is basically featureless whereas the hydrogenated Ti adatom exhibits a
distinct zero-bias resonance with a conductance increase of 100 %. A voltage pulse (+1.2'V,
feedback-loop open) on this adatom switches it into its high state and concomitantly resets
the differential conductance to the featureless one characterizing the clean Ti adatom, as can
be inspected in Figs 3.12(c)-(d). The peak at the Fermi energy is attributed to a Kondo fea-
ture [61, 77]. Below the Kondo temperature (Tx), the magnetic moment of a localized magnetic
impurity is screened collectively by the surrounding conduction electrons [61, 77]. The Kondo
feature arises from the interference of electrons tunneling directly into this impurity state with
electrons tunneling into the continuum, and can be modeled by a Fano function: [43, 77, 86]

(q+€/)2 ’ eV —e¢g
,€ = .
1+¢? r

ﬂ (V) x (3.1)
dv

The parameter I' describes the half-width of the resonance at half-maximum (HWHM), g
measures the ratio of direct tunneling into the impurity versus tunneling into the continuum,
and €p marks the position of the impurity state with respect to the Fermi level [43, 77, 78, 86].
The recorded d1/dV curve was reproduced by iteratively adjusting the Fano line-shape pa-
rameters and subsequent convolution with the function of thermal and modulation broaden-
ing [70, 106]. The sample and tip temperature were hereby assumed to be equal to 4.7 K.
The result of this procedure is shown as full black line in Fig. 3.12(c). It is in excellent
agreement® with data, and yields I' = (2.8 + 0.2) meV and g = (4.15 + 0.05). From these pa-
rameters we ultimately extract the intrinsic Kondo temperature of Tx = (29 + 3) K, through
I'=+/(mkgT)2 + (kg Tx)? [86, 101], where T is the sample temperature of 4.7 K, and kg the
Boltzmann constant®.

As we have deduced before, we may attribute the low Ti adatom as being in contact with
hydrogen. The questions remains as to whether the hydrogen is molecularly attached or
dissociated. The available d holes in transition metals mediate hydrogen dissociation by a
suppression or a significant reduction of the activation barrier [60]. Furthermore, it was found
that the dissociation ability of a transition metal surface is seriously enhanced if step and
defect densities are increased [35]. In the extreme of isolated transition metal atoms, e.g., for
Ni atoms, it was concluded that hydrogen attachment advances via a charge transfer from the
TM host to the anti-bonding states of the molecule, which will increase the H— H separation
and ultimately lead to its dissociation [67, 96]. In this sense, the present Ti adatoms and point
defects constitute ideal active sites for hydrogen dissociation. One can thus view the hydrogen
molecule as being dissociated at the Ti host adatom. Hitherto, the maximum amount of
hydrogen per Ti host adatom remains unknown, however, we note that a close inspection of
the height distribution [using a smaller bin size as opposed to Fig. 3.10(c)] reveals two peaks at

5The error was determined by manually varying the simulation parameters until the agreement with the
measured conductance significantly worsened.

6The above formula is expressed for HWHM and the factor « from Ref. [101] is not obtained from a fit of the peak
width evolution for different temperatures, but set equal to 27, in agreement with Ref. [86]. We note that applying
a magnetic field should result in a splitting [61, 101], and increasing the temperature in a broadening [86, 101] of
the resonant peak. To test for this behavior, however, is beyond the scope of our experimental apparatus.
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Figure 3.12: STM images (a) before and (b) after transformation of a low into a high Ti adatom
via tip manipulation [+1.2 V pulse next to low Ti adatom (+), feedback-loop open]. (c) The
hydrogenated (low) Ti adatom exhibits a Kondo feature in differential conductance (d1/dV)
which is (d) absent for the clean Ti adatom. The full black line in (c) shows a Fano function
yielding Tx = (29.0 £2.6) K. [V; = —100 mV, I; = 20 pA, setpoint before opening the feedback-
loop: Vi = —=50 mV and I; = 200 pA. The spectra are normalized with the conductance at
—50 mV and vertically offset by one unit.]

the low height values, one centered at 110 and the other at 150 pm. This may be a signature of
a varying hydrogen occupation.

The conversion of high into low Ti adatoms and vice versa is interpreted as the attachment and
removal of hydrogen to and from the Ti host adatom, respectively. A voltage pulse therefore
cleans a Ti adatom by removing hydrogen. Although the transformation scheme is qualita-
tively equivalent to a charging, e.g., as shown for NaCl supported Au adatoms by electron
injection [113], it should not be confused with the latter. It shares, however, resemblance with
the non-local dissociation of molecules reported in Ref. [79]. Such a large spatial liberation of
hydrogen by the electrical field of an electrode could have ramifications in hydrogen storage
applications. The inverted process of attaching hydrogen to Ti adatoms at low tunneling
resistance was observed as well [cp. Fig. 3.11(c)]. We rationalize this transformation with a
hydrogen molecule that is confined in the gap of the tunneling junction [131] and dragged
from the neighborhood toward the Ti adatom.

We finish this section by stressing how this study relates to other experimental results. First
of all, the strong affinity of Ti adatoms for capturing hydrogen has risen our awareness that
hydrogen may act as an interfering agent in our UHV system. It has furthermore led to the
implementation of the improved deposition routine described above, through which the
other experiments of this contribution were scrutinized for a possible hydrogen interference.
We note that physisorbed hydrogen has an almost negligible activation barrier for diffusion
on the h-BN surface. The ramification of this high mobility is that hydrogen molecules will
always find an impurity site to which they may attach, i.e., in the worst case the adsorbate we
intend to study. There are important consequences of this fact: A co-adsorption of even the
smallest amounts of hydrogen at low temperature, will always result in a hydrogenation of
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3.2. Adatom adsorption on metal supported /-BN

the adsorbate, irrespective of where the adsorbate or the hydrogen molecule initially adsorbs.
This stresses the importance of preparing samples in the cleanliest fashion, in particular, for
non local studies which average over a comparatively large surface area, and therefore over a
great ensemble of adsorbates. Given the similar properties of graphene, these consequences
may equally apply to samples that are covered by this carbon layer’. Since the mobility of
hydrogen is comparatively limited on the bare metal surface®?, we propose the preparation of
a partially covered h-BN sample to circumvent the hydrogen diffusion issue. Recalling that
we can create separated h-BN islands by the room temperature adsorption of borazine, a
distribution of /-BN islands could be grown that is separated by the exposed metal substrate.
In consequence, hydrogen molecules that adsorb on the metal substrate or an island cannot
reach another island and leave therein located adsorbates untouched. Such separated islands
were readily created for graphene by the room temperature adsorption of ethylene and subse-
quent dehydrogenation, as is outlined in chapter 4. Note that a sample with separated island
would only alleviate the diffusion problem but not prevent co-adsorption of hydrogen coming
from the residual pressure. We will address the issue of such a hydrogen co-adsorption in UHV
for a sample surface held at 50 K in section 3.3.

3.2.2 Mn, Fe and Co on /2-BN/Rh(111)

The transition metals Mn, Fe, and Co are bundled together into this section since they were
found to exhibit an equivalent behavior, responsible for the main results of this contribution.
We will explore how a dosing of small amounts of the latter elements can influence the bonding
of the h-BN layer to the underlying metal substrate. It is shown that one single adatom can
effectively detach the /-BN layer from the substrate. The so weakened layer then behaves as
a soft membrane that is deformed in the presence of the tip due to tip-sample interactions
competing with the i-BN-substrate forces. The first part of this section is dedicated to clarify
experimental findings in order to understand the conclusion of the #-BN-substrate weakening.
We therefore have to rationalize the number of atoms per adsorption complex, discuss the
influence of the sticking coefficient, and demonstrate the impact of the scanning tip on the
measured island densities. These factors are best exemplified for the case of cobalt, given that
all essential experiments were carried out with this element. The findings also apply to iron
and manganese. Later we will focus, however, on manganese, since Mn turns out to be the
most robust adsorbate with respect to the bias of the scanning tunneling microscope.

Co/h-BN/Rh(111)

The STM image series of Fig. 3.13(a) shows the distribution of cobalt, deposited at 10 K, as
a function of exposure. The exposure was iteratively increased and every deposition step
investigated with STM. The partially /-BN covered sample carried the precise flux calibration.
We determined the Co island densities on the h-BN covered and on the Rh exposed parts

7Our colleagues E Donati and Q. Dubout encountered similar problems in their study of Co/g/Pt(111).
8The migration barrier for hydrogen on Rh(111) is of the order of 40 meV [117].
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10 nm

Figure 3.13: Deposition of Co/h-BN/Rh(111) for an exposure of (a) 0.009, 0.036, and 0.072 ML
at 10K, and for an exposure of (b) 0.01, 0.04, and 0.078 ML at 50K. (V; = —100 mV and I; = 10 pA).

of the sample. The latter densities were compared to the initial exposure at low densities
and scrutinized whether the extrapolation would correctly match the long exposure. We
furthermore ensured that the deposition of the full amount of cobalt in one step yielded
comparable densities as did the stepwise approach. The circular structures that can be seen in
(a) constitute a bistable adsorption complex. The properties of these rings will be elucidated
in section 3.2.3. The rings are taken into account in the analysis of island densities and count
equally as do the other islands®. For the time being, we will focus on the Co island evolution
as a function of exposure. The same procedure was carried out for a Co deposition at 50 K as is
shown in the sequence of Fig. 3.13(b).

We have realized a large number of the mentioned cobalt deposition experiments to obtain a
stable statistical insight into the adsorption behavior. The data is presented in Fig. 3.14 and (a)
shows the mean Co island size evolution for two deposition temperatures of 10 and 50 K. The
mean island size is derived from the Co island densities on the i-BN layer and on the bare Rh

9A surface area with rings (Ng) and Co islands (IN;) will be considered in the data analysis by the sum of both
populations (Nt = Ng + Np).
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substrate. We calculate the mean Co island size as:

(s) = %, (3.2)
OBN

and plot the latter as a function of exposure. Note that every data point was calculated
with the mean value of several STM images and the error bars denote the standard error of
the respective mean (¢/v/N). From an extrapolation to zero exposure, we can immediately
appreciate that the mean island size of (s(® — 0)) = (1.21 £0.04) atoms is larger than one, but
clearly less than two. In the zero exposure limit, however, mobile adsorbates should tend to
larger mean island sizes values, and immobile adsorbates ought to exhibit a mean island size
of one. We resolve the discrepancy by formally introducing an initial sticking coefficient

So = lim (3.3)
0—0

(s(0))
The mean island size of one at zero exposure is finally found if an initial sticking coefficient
for Co/h-BN/Rh(111) of sgo = (0.83 £ 0.04) is assumed. We note that the method described
for Ti adatoms at the beginning of this section is deduced from an independent argument,
and yields a result of the same order [sgi = (0.85 £ 0.09)]. These values join the ranks of
the already established sticking coefficients below unity, i.e., for Co/h-BN/Ni(111) [8] and
Mn/h-BN/Rh(111) [89]. The many parallels of -BN to graphene presumably entail a similar
adatom sticking behavior with coefficients below unity. It would be worthwhile to determine
the sticking coefficient for other TM—-h-BN and graphene combinations. We also note that
omitting the sticking coefficient in the data analysis may have a sizeable influence on derived
physical quantities. For instance, the mean island size naturally deviates by the value of the
sticking coefficient. We have respected the latter for Co in the presentation of our data at 10
and 50 K in Fig. 3.14(b). For the mean island size we write:
Orh

(s) = SO@_BN. (3.4)

The coverage is brought into relation with the sticking coefficient by:
© = 50Ogrp (3.5)

We have also included the 200 K Co deposition series on h-BN/Rh(111) in the graph of
Fig. 3.14(b), carried out by Buluschek [29]. Please note that the error bars of the latter represent
the standard deviation and not the standard error of the mean. A binomial distribution (green)
describes the expected Co island size evolution and is also added to Fig. 3.14. It is calculated
via [27]:

() =X k- Pi/(1- Py)

P_I’l
7k

(3.6)
@k(l _ @)n—k,
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Figure 3.14: Summary of Co deposition on k-BN/Rh(111) for varying coverage. (a) The initial
sticking coefficient for Co on h-BN/Rh(111) is deduced from the extrapolation of the mean
island size to zero exposure and is applied in the following to the data presented in (b) and
(c). (b) The mean island size for Co deposited at 50 K is equal to the calculated mean size for
a binomial distribution. The evolution for statistical growth (orange) [27] and the data from
Buluschek (blue) [29] are shown for comparison. We have corrected the latter data with the
initial sticking coefficient. (c) Co island density per Rh site in dependence of coverage. The
dashed line marks the density of one island per moiré unit cell. Note the distinction between
exposure and coverage. The error bars of the Buluschek data correspond to the standard
deviation.
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3.2. Adatom adsorption on metal supported /-BN

where n =12 x 12 denotes the cell size, k the cell occupation, and © the coverage, respectively.
We note that the close relation of the above binomial to the Poisson distribution for the present
cell size, allows to conveniently express the mean island size in closed form as:

()=nO(1- exp{—n@})_1

3.7)
Py = exp(—n®) (n®)~/ k!,

Finally, the mean island size for a statistical growth without mobility (orange) is appended for
comparison to Fig. 3.14(b) [27].

The Co island size evolution in Fig. 3.14(b) is characteristic for a distinct adsorbate diffusion
on the inhomogeneous #-BN/Rh(111)-(12 x 12) moiré topography. Figure 3.14(c) is a different
representation of the Co island data. Therein we plot the Co island densities (p = ©/(s)) as a
function of coverage. The green curve illustrates the calculated Co island density that allows to
occupy the (12 x 12) moiré unit cell by maximally one Co island. At coverages of 2 % and above,
one can view the curve as the threshold separating three different diffusion regimes. The
measured mean Co island size evolution for the temperatures of 10, 50, and 200 K represent
examples of these three regimes. For the case of 10 K, the island density is higher than one
island per (12 x 12) moiré unit cell. It matches exactly one island per cell for a Co deposition
at 50 K, and it is lower than one per cell for Co dosed at 200 K. We interpret this behavior as
follows. For the case of low temperature, the inter cell diffusion is prohibited and Co adatoms
cannot traverse the wire region and interact with neighboring Co adatoms. The intra cell
diffusion, however, is allowed but slow, since we find several islands per moiré unit cell, but
less than would be expected with no adatom mobility, i.e., for the statistical growth of Fig. 3.8.
At 50K, on the other hand, the intra cell diffusion is sufficiently high that all Co adatoms within
the same moiré unit cell nucleate into the same island but still no Co adatom can cross the wire
region to combine with neighboring Co islands. Finally, at 200 K and the concomitant high Co
adatom mobility, all present barriers can be overcome, including the ones of the wire region.
We have to remark that only a negligible number of Co adatoms is found on the wires of the
moiré pattern'’. The absence of Co adatoms on the wire cannot be rationalized by the initial
sticking coefficient, since the wires have an aerial ratio of about 70 %. A Co adatom arriving
from the vapor phase and hitting a wire site has to execute some final hops in order to end up
in the hole. The corresponding migration barrier for Co adatoms on the wire must be small
and well below 20 meV'!. Two principal barriers finally describe the nucleation behavior of
Co/h-BN/Rh(111) for the temperatures beyond 10 K. The first is the intra cell migration barrier
of order 20 < Ey < 30 meV, governing the low temperature nucleation, and responsible for Co
island densities larger than one per moiré unit cell. The second barrier of order Ejc = 120 meV
intervenes in the nucleation as is prevents the inter cell diffusion of Co adatoms.

The Arrhenius plot in Fig. 3.15(a) shows the logarithm of the island densities for a coverage of
0.07 ML in dependence of the inverse temperature in the interval of 10 to 500 K. Typically, the

10The Co adatoms that are found on the wire regions are presumably pinned to point defects in the z-BN layer.
U Ey = —kgTIn(1/vp), with T < 10K.
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Figure 3.15: (a) Arrhenius representation of Co island densities on #-BN/Rh(111) for a coverage
of 7 % as a function of inverse temperature. The two low temperature data points at 10 and
50 Kwere added in this contribution, the remaining data is from Buluschek [29]. The dashed
line corresponds to the one island per (12 x 12) unit cell threshold and the blue line results
from an inadequate rate equation description. (b) Energy profile across the moiré unit cell.

migration barrier and the attempt frequency can be extracted from such a data representation
for saturation island densities on a homogeneous substrate by a linear fit. The migration
barrier corresponds to the slope, and the attempt frequency to the infinite temperature
intercept of the linear fit. Buluschek [29] derived a migration barrier of 23 meV for Co/h-
BN/Rh(111), and he furthermore pointed out a significant quenching of the attempt frequency
to a physically unlikely low rate of 10° Hz. The reduction of the attempt frequency is commonly
encountered for confined diffusion on inhomogeneous substrates and was first presented in
the prominent example of Ag diffusion on the (25 x 25) dislocation network formed by 2 ML
Ag/Pt(111) [28]. The Co island densities for temperatures above 117 K are from Buluschek [29],
and the data points at 10 and 50 K were added in this contribution to the Arrhenius plot. The
trend from high temperature data is visibly not respected when the temperature is lowered to
117 K and below. The island density flattens out and becomes less temperature dependent in
the interval of 10 to 50 K. The slope of a hypothetic linear fit at the latter temperature interval
would yield a migration barrier of only 2 meV. A preliminary attempt to describe the nucleation
behavior by rate equations'? yielded Ey; = 25 meV and Ejc = 600 meV and is shown as a blue
curve in Fig. 3.15(a). We decided not to highlight these values since the model was found to
be inadequate'3. The most appropriate approach describing the nucleation behavior of Co
on h-BN/Rh(111) would be the implementation of a kinetic Monte-Carlo (KMC) simulation
in order to refine the above estimated migration barriers'*. The execution of such a KMC

12gee for instance Venables et al. [137] and references therein.

13The model deposits the fraction of adatoms landing on wire sites into the holes of new moiré cells and thereby
simulates the binomial distribution. The remaining fraction of adatoms landing in the hole regions serve as a
correction reservoir that augments the island density at low temperature, and suppresses the island density for
high temperatures. Only the two mentioned barriers were included. No high order processes like monomer
diffusion or desorption were considered. Desorption and diffusion up to the pentamer were accounted for by
Buluschek [29].

lThe energy profile sketched in Fig. 3.15(b) is very similar to the adsorption landscape proposed by Widmer et
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3.2. Adatom adsorption on metal supported /-BN

routine uniquely dedicated to the (12 x 12) moiré pattern would constitute a good starting
point. Given the adatom denuded wire zones, due to thereon negligible migration barriers,
the structure could be renormalized to a size emulating the wire to hole areal ratio. Instead
of using the (12 x 12) unit cell, the simulation could be carried out with a box of size (7 x 7).
The effective coverage would then be increased by the factor 144/49. The realization of such a
KMC simulation is at this point, however, beyond the scope of this contribution.

Table 3.1: Wipe factor reducing the Co island densities when scanning with the tipat V; = -1V
and I; = 10 pA. Note that multiple scans will further decrease the island density.

Coverage (ML) 10K 50K

0.009 1.46 1.26
0.018 1.39 1.21
0.036 1.45 1.16
0.072 1.43 1.12

We finish this section by describing one final aspect in the study of Co island densities on k-
BN/Rh(111). In the course of our experiments we observed that the tip modified the measured
Co island densities while scanning, in particular at elevated bias. To exemplify this impact, the
island densities were determined for different coverage before and after scanning the same
surface region at V; = —1 Vand I; = 10 pA. For the case of low coverage, the island density is
reduced by a factor of 1.46 at 10 K, and by 1.26 at 50 K. Table 3.1 summarizes the influence of
the bias voltage on the Co island densities. It is seen that at higher temperatures and coverage
the impact of the tip-sample interaction is reduced. This can be rationalized by the fact that
Co islands are larger at 50 K than they are for Co deposited at 10 K [cp. Fig. 3.14(b)]. The
modification of the observed densities is, however, striking and we note that a second scan at
the high bias will continue to falsify the measured densities. We have empirically optimized the
scanning parameters to avoid a sample modification by the tip, and we obtain stable conditions
for V; = -100 mV and I; = 10 pA. At the beginning of our study, we were oblivious of this bias
influence and recorded the Co island densities at V; = —1 V and I; = 5 pA. We therefore had to
repeat the experiments. The consideration of the wipe factor and the initial sticking coefficient
in the representation of the erroneously obtained data, reconciles the measurements to the
above results. They are, however, not included in this contribution. Both, the tip-sample
interaction as well as the effect of the initial sticking coefficient compensate another to some
extent. Nonetheless, we stress the importance of scrutinizing the measured densities for a
possible tip-sample interaction and to properly characterize the sticking behavior in order to
correctly describe the physical process under study. A final note concerning the parameter
tuning in the search for gentle scanning conditions is that it has lead to the discovery of the
initially mentioned rings. These rings deserve a closer focus and are therefore the topic of the
next section.

al. [143] for Xe adatoms on h-BN/Rh(111).

35



Chapter 3. Monolayers of hexagonal boron nitride on close packed metal substrates

3.2.3 Ring state for Mn, Fe and Co adatoms

This section is dedicated to the major finding of this contribution. The results concerning the
weakening of the h-BN-substrate interaction through the adsorption of single transition metal
(TM) adatoms were recently published in the issue of Physical Review Letters 109, 066101
(2012) [89]. The article is included within this version of the manuscript for completeness.
Here, we briefly summarize the content of this work and outline the author’s contribution. The
experiments were carried out in collaboration with E Patthey. The author signs responsible for
the data analysis and wrote the draft of the manuscript. The latter was subsequently refined in
a concerted effort of H. Brune, E Patthey, and E D. Natterer.

The highlight of this work was found in the sizeable weakening of the #-BN-substrate in-
teraction through the deposition of individual Mn adatoms on h-BN/Rh(111) at 10 K. The
deposition of per mill amounts of Mn on /#-BN/Rh(111) resulted in a distribution of two differ-
ent adsorption complexes, one dot like structure, as expected for monomers, and one circular
structure that was concentrically aligned in the holes of the (12 x 12) moiré structure. The
rings exhibited a sixfold segmentation with two different maxima. In a first step, the focus was
put on scrutinizing the number of adatoms per observed adsorption complex. The statistical
analysis of the adsorbed Mn densities finally yielded a size of one Mn atom per adsorption
complex, and a sticking coefficient for Mn on 2-BN/Rh(111) below unity. The two different
adsorption complexes, ring and dot, were found to be two distinct consequences of the same
Mn adatom. We demonstrated the reversible transformation of dots into rings, and vice versa,
via tip manipulation. The observed objects therefore constitute a bistable adsorption complex
that can reversibly be switched between both states. The final step consisted in determining
the origin of the two distinct adsorbate morphologies. Non exponential distance—current
traces and dIn I/dz curves were finally the essential instrument in revealing a -BN deflection
in the presence of the STM tip. We introduced an empirical model based on results by Chen
and Hamers [34], and found that the tunneling junction is highly deformable and almost
instable for distinct positions within a Mn ring. It was shown that the interaction of the tip
and sample locally deformed the /#-BN layer. STM images recorded at low and high current
finally revealed that some parts of the rings were intrinsically lifted off the substrate, while
others appeared to be due to tip—sample interactions only. In a conclusion it was discussed
that the doping of i-BN with single Mn adatoms weakened, in particular, the h-BN—-substrate
interaction in a region that is strongly hybridized with the Rh substrate. The tip mediated
transformation between the ring and the dot state is interpreted as a pinning and un-pinning
of the h-BN layer to and from the rhodium substrate.
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The low-temperature adsorption of isolated transition metal adatoms (Mn, Co, and Fe) onto hexagonal
boron nitride monolayers on Rh(111) creates a bistable adsorption complex. The first state considerably
weakens the hexagonal boron nitride- (h-BN-) substrate bond for 60 BN unit cells, leading to a highly
symmetric ring in STM images, while the second state is imaged as a conventional adatom and leaves the
BN-substrate interaction intact. We demonstrate reversible switching between the two states and, thus,
controlled pinning and unpinning of the #-BN layer from the metal substrate. /(z) and d Inl/dz curves are

used to reveal the BN deformation in the ring state.

DOI: 10.1103/PhysRevLett.109.066101

Monolayers of s p?-hybridized honeycomb lattices, such
as graphene and hexagonal boron nitride (h-BN), grown
on close-packed single crystal surfaces are fascinating
substrates, in particular in their role as novel hosts for
adsorbed atoms, molecules, or nanostructures, but also
due to their intrinsic electronic and structural properties.
A prominent example is the moiré pattern formed by
h-BN/Rh(111) — (12 X 12) [1-6]. This system is charac-
terized by highly inhomogeneous substrate binding of the
different stacking areas of the moiré unit cell. The regions
where N atoms are on top of Rh atoms are strongly bound
due to the hybridization of the N lone pair orbital with the
Rh d-states [6,7]. No such chemical bond is formed where
N atoms are situated on the threefold Rh hollow sites.
These stacking areas are, thus, only weakly bound by van
der Waals interactions [7]. Since there is only one type of
on-top site and two types of hollow sites, the ratio of both
stacking areas is 1:2. This gives rise to strongly bound
equidistant circular regions surrounded by a connected and
weakly bound area, also called wires [1].

The transition between the differently bound parts of the
layer occurs on a lateral scale of only two atomic rows [7].
Therefore, the structure essentially consists of two levels,
disconnected hexagonal bound areas close to the Rh, sur-
rounded by a connected honeycomb area lifted off the
substrate by 1.0 A [7]. This abrupt transition is untypical
for moiré patterns, however, since the layer doesn’t exhibit
holes [3], we refer to it as a moiré pattern and not as a
nanomesh. The inhomogeneous binding involves a split-
ting of the sp?-derived o and 7 bands by 1 eV [1,4,8] and
nonuniform charge transfer from 4-BN to Rh [7], leading
to a spatial modulation of the work function [9-11] and to
large lateral electric dipoles [10]. These dipoles exert
electrostatic forces on polarizable adsorbates enabling the
trapping of naphthalocyanine [4], of Cu-phthalocyanine
[9], and of water [7,11] molecules, as well as of rare gas
atoms [9,12]. Concerning metals, large Co clusters show
preferred adsorption in the bound areas [13], but single
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metal atoms appear less well steered as they are predom-
inately resting at the borders of the bound areas. Apart
from a theoretical study for Au atoms revealing large
binding energy differences [14], the interaction of metal
atoms with the s#-BN layer, as well as possible effects on
the h-BN-substrate interaction, remain largely unexplored.

We report that single transition metal (TM) adatoms,
namely Mn, Co, and Fe, adsorbed onto A-BN/Rh(111) —
(12 X 12), exhibit a bistable state at T << 35 K. The first
state considerably weakens the h-BN substrate bond for
60 BN unit cells and is imaged in STM as a highly
symmetric ring with 1.9 nm diameter that is centered in
the moiré unit cell. Many rings have six symmetrically
arranged protrusions, as shown in Fig. 1. The second
state is imaged as a single and sharp protrusion (dot), as
expected for a single adatom. We demonstrate reversible
switching between the two states. Evidence for the adlayer
substrate bond weakening is inferred from nonexponential
current distance curves and from STM images.

The measurements were performed with a homemade
STM, operating at 4.7 K and a base pressure below
5% 107" mbar [15]. TM atoms were deposited from

FIG. 1. STM image of highly symmetric rings centered at the
apparent depressions of the 4-BN/Rh(111) — (12 X 12) moiré
unit cell (V, = —0.10 V and I, = 10 pA).

© 2012 American Physicalsgociety
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FIG. 2. STM image showing the coexistence of Mn rings with
single protrusions (dots). [® = (1.71 = 0.03) X 1073 ML,
Tgep = 10K, V, = —0.10 V, and I, = 10 pA].

high purity rods with an e-beam evaporator onto the sample
in the STM position and at 10 K. The #-BN monolayer
was prepared by exposing the clean Rh(111) surface [16] at
1040 K for 100 s to a borazine partial pressure of
2 X 1077 mbar [1]. The resulting sample exhibits large
and very well ordered #-BN regions coexisting with the
clean metal substrate. The latter serves for a precise cover-
age calibration. On Rh(111), Co, and Fe are immobile at
T4ep = 10 K [17]. Hence, they exhibit statistical growth,
leading for the low coverages used in the present study
almost exclusively to single atoms; e.g., at the coverage of
Fig. 2 the mean size is 1.005 [18]. Therefore, the density
of adsorbates is equivalent to the coverage, given in
monolayers, where one ML is defined as one adatom per
Rh substrate atom. The indicated tunnel voltages V, corre-
spond to the sample potential. The dInl/dz curves were
measured by feeding the output of the 7V-converter through
a logarithmic amplifier into a Lock-In amplifier using a
z-modulation of 16 pm peak-to-peak at 777 Hz.

Figure 1 shows highly symmetric rings observed after
Mn deposition on h-BN/Rh(111) — (12 X 12) at 10 K.
Each ring exhibits six protrusions, every other of them
with slightly different appearance giving rise to threefold
symmetry. All rings are concentrically arranged around
the apparent moiré depressions and have a diameter of
(19.2 +0.2) A, which is (0.59 = 0.01) times the moiré

3nm

FIG. 3.

period. Their apparent height with respect to the wires is
1.8 A. Deposition of Fe and Co leads to rings with identical
symmetry, diameter, and apparent height [19]. In what
follows, we concentrate on Mn; however, the results are
representative also for Co and Fe.

Figure 2 displays the coexistence of dot and ring state. In
addition, there are asymmetric and incomplete rings. We
attribute these different ring shapes to the varying TM atom
position and to defects in the supporting A-BN. STM
images of this kind are used to infer the average number
of Mn atoms involved in both adsorption complexes.
Deposition of a coverage ® onto a surface with unit cells

of size n leads to a probability P, = (Z)@k(l — @) Fof

finding k atoms per unit cell [18]. For the present case of
n = 12X 12 and the coverage of ® = (1.71 = 0.03) X
1073 ML on the bare Rh(111) areas, we expect a fraction
of Py =(1—0)"=(0.782 = 0.004) empty moiré unit
cells on the A-BN. However, we observe with (0.833 =
0.004) a significantly higher amount. This can either be
attributed to a sticking coefficient below unity on 4-BN, or
to an adatom mobility across moiré unit cells at the depo-
sition temperature. Sticking coefficients below one have
been reported for Co/h-BN/Ni(111) [20]. No sign of
intercell adsorbate diffusion is observed when heating the
sample beyond the deposition temperature. Therefore, we
attribute the larger fraction of empty cells solely to the
sticking coefficient. The experimentally observed quantity
of empty moiré cells is obtained for a Mn coverage on
h-BN of ® = (1.27 = 0.03) X 1073 ML. The ratio of this
coverage to the one on Rh yields an initial sticking coef-
ficient of sq = (0.74 = 0.03) for Mn on 2-BN at 10 K and
concomitantly a mean size of (1.09 = 0.02) atoms per
adsorption complex. Therefore, the majority of the rings
and dots originate from a single TM adatom.

We show in Fig. 3 the reversible transformation of rings
into dots proving that both are different appearances and
states of the same TM adatom/h-BN complex [21]. The
transformation of a dot into a ring is achieved by applying
a positive voltage pulse ( + 1 V, feedback-loop open) with
the tip positioned on top of the dot. The back transformation
isinduced by a current ramp from 10 pA to 220 pAat—0.1 V
with the tip centered on the former dot position [22].

Sequence of STM images, demonstrating the reversible transformation of a Mn dot into a ring and vice versa. (a)—(b) and

(c)—(d) Switching a dot into a ring via a +1 V bias pulse applied at the center of the dot. (b)—(c) Transformation of a ring back into a
dot via a current ramp at the former dot position (V;, = —0.10 V, ramp from 10 to 220 pA). Position and shape of dot and ring are
unchanged. (e) Difference image of dot and ring indicates the adatom position. (V, = —0.10 V and I, = 10 pA).
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A remarkable feature of these manipulations is that not only
the dot and ring position, but also the internal ring structure
are unchanged. Surprisingly, the adatom itself is hidden in
STM images of the ring state. While we ignore the reason
for the STM transparency of the TM atom in the ring state, we
exclude the possibility that it is reversibly pushed below
(ring) and pulled above the i-BN layer (dot), since once
below, it is expected to bind much stronger to Rh.

Voltage pulses have been reported to modify the charge
state and appearance of Au atoms on NaCl [23]. We,
therefore, suggest the involvement of a charge difference
between ring and dot state in the present study. However,
the difference in appearance to the STM is much more
striking in the present case. We note that 12 Xe atoms on
h-BN/Rh(111) — (12 X 12) have been shown to form
rings with similar appearance [12] and, therefore, wish to
stress that the present ring state is attributed to a single
TM adatom only.

The following analysis shows how the TM adatom
weakens the h-BN-substrate bonding in the ring state.
The intriguing STM appearance is due to elastic deforma-
tion of the 2-BN layer by tip-sample interactions and due
to its intrinsic detachment from the substrate. Large defor-
mations have been reported for tip-sample interactions
acting on a soft membrane, such as freestanding [24] and
SiO, supported [25] graphene. A signature of such deforma-
tions is that the true (s) and apparent (z) tip-sample distances
are different, leading to deviations from exponential 1(z),
respectively, constant d Inl/dz curves [26]. Figure 4 depicts
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FIG. 4 (color online). (a) STM image of a Mn ring indicating
the positions where (d) 1(z) and (c) d Inl/dz curves are recorded.
(b) Parallel conduction channels A and B. (e) Product of curves
(+) from (c) and (d) compared to a fit produced with Egs. (1)
and (2) (V, = —0.10 V and I, = 20 pA).
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1(z) and d Inl/dz curves recorded at three distinct positions.
The current varies exponentially with tip displacement at
the #-BN substrate (o) and at the ring maxima (X). At the
ring minima, however, 1(z) exhibits a change in slope and
correspondingly d Inl/dz a large peak, see curves (+).

The exponential I(z) curve over the £-BN is reminiscent
of the tip-sample interaction being smaller than the 4-BN-
substrate interaction, whereas we attribute the exponential
1(z) signal above the ring maxima to the tip-sample interac-
tion being stronger than the one between #-BN and substrate
over the probed distance regime. Therefore, the #-BN mono-
layer is lifted off the substrate and attached to the tip, and
the tunnel current is dominated by tunneling from this #-BN
covered tip into Rh. Above the ring minima, the 4-BN
changes from being close to the sample at large z to being
close to the tip at low z. Therefore, this regime allows us to
assess the relative strength of both interactions. The current
can be modeled by a superposition of two conduction chan-
nels. Channel A describes tunneling into the flexible mem-
brane and, therefore, s # z, and channel B is tunneling across
the #-BN into the underlying metal substrate. This yields

I dnl dz\~1
_Ed—zz KAIA<£) + KBIB, (1)

where k,p are decay lengths of the respective wave
functions [26]. dz and ds can be related by describing the
tip-sample interaction with a Morse potential [26]:
dz

5 1 — Blexp(—kAs) — 2exp(—2xAs)],  (2)
where As is the gap width relative to the point where the force
between tip and sample is zero. The stability of the tunnel
junction is governed by the parameter 3 that expresses the
tip-sample stiffness [26,27]. A plot of Id InI/dz is shown in
Fig. 4(e). The experimental values of curve (+) are well
described by the model as indicated by the full curve. The
model permits to disentangle the contributions of both con-
duction channels and to extract 8 = 7.5 = 1.0. This value is
close to the upper limit for stability [27] and about ten times
larger than in Ref. [26], where tip and sample consisted of
tungsten and silicon, respectively. This scales reasonably
with the Young’s moduli of the respective materials of
Egn=27GPa [28], Ewy =340GPa, and Eg; = 120GPa [26].

The most prominent features of the ring state are the
maxima. As outlined above, their appearance is caused by
tip-sample interactions and an intrinsic weakening of the
h-BN substrate bond. We now show evidence for the latter.
Figure 5 compares two STM images, one recorded at a
common gap resistance of R, = 10° Q, and one very far
from the surface at R, = 2 X 10'" Q). From the line profile
it is seen that one of the maxima deflects by almost 1.5 A
upon changing the tip-sample separation, whereas the appar-
ent height of the other maximum is unaffected. This strongly
suggests that the latter maximum represents an intrinsic
deformation of the #-BN layer. Notice that the ring is located
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FIG. 5 (color online). STM images of the same Mn ring at
(a) small and (b) large tip sample separation. While on one
maximum, the #-BN membrane deflects by 1.5 A between the
two images, the other appears unchanged. (c) Line profiles.
[V, = —=0.10V, (a) I, = 100 pA, and (b) I, = 0.5 pA].

at the transition from the strongly to the weakly bound 4-BN,
and surprisingly, it is this transition region that gets detached
in the ring state, while the weakly bound wires remain
unaffected. This can be seen from the apparent heights of
the wire areas between adjacent rings equaling the ones
around empty moiré cells in Fig. 1. We note that a local
weakening of the ~-BN/Rh bond has been calculated for
Au adsorption [14]; however, the present weakening goes
far beyond in magnitude and in spatial extent.

In summary, the low-temperature deposition of small
amounts of transition metal atoms (Mn, Fe, and Co) leads
to a distribution of single adatoms on 2-BN/Rh(111). Such
a doping drastically influences the bonding of the #-BN
layer to the metal substrate. A single TM adatom weakens
the interaction of more than 60 surrounding /#-BN unit cells
to the underlying metal. The adsorption complex can be
switched between the dot and the ring state and thereby the
h-BN layer can be pinned to and un-pinned from the metal
substrate in a reversible and controlled fashion.

We gratefully acknowledge funding from the Swiss
National Science Foundation and discussions with M.
Tannuzzi, P. Blaha, and F. Mittendorfer.
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3.2. Adatom adsorption on metal supported /-BN

We intend to use the remaining part of this section to advance more into aspects of the work
of TM adatoms on h-BN/Rh(111). As we have mentioned in the beginning of this section,
circular structures were observed after the dosing of per mill amounts of the transition metals
Mn, Fe and Co at 10 K [cp. Fig. 3.13(a)]. We originally encountered Co rings in our study of Co
island densities and later expanded the findings to iron and manganese. The latter proved
to be particularly convenient in the study of the ring properties, as Mn was the most stable
element with regard to the scanning bias of the tip.

A comparison of three samples with per mill amounts of Mn, Fe, and Co is shown in Fig. 3.16(a)-
(c). The TM adatoms were deposited onto the h-BN/Rh(111) surface at 10 K. In either sample,
TM rings are encountered distributed about the surface as they are concentrically aligned in
the center of the moiré unit cells. We also observe a number of individual protrusions referred
to as dots. A superimposed line profile across a Mn, Fe, and Co ring in Fig. 3.16(e) exemplifies
the similarities between the observed rings of different adsorbate species. The diameter, the
apparent height and the shape are equivalent in Mn, Fe and Co rings within experimental
precision. In fact, there is no way to distinguish one element from the other with the help of
such a line profile alone.

There is, however, an element specific threshold bias for destruction that would allow in
principle to differentiate among rings of different elements. We observe a removal of the
ring from the surface when the bias voltage reaches a characteristic magnitude. In order to
systematically study this threshold bias, we recorded z — V traces with the tip centered on top
of the ring. Hereby, the bias voltage is stepwise increased and the feedback-loop left locked
so that it maintains the setpoint current. Accordingly, the tip moves away from the surface
as the voltage is increased. At the mentioned threshold value, however, the tip suddenly
jumps toward the sample because the ring has disappeared from the junction which renders
the gap width too large for the desired current. Figure 3.17(a) shows a z— V trace for the
example of a Co ring. Inspecting the bias values of the respective elements reveals why we
focus on manganese rather than on the other elements. The threshold biases for the respective
elements are |Vyn| = 1.7+£0.1V, | Vel = 0.6V, | V0| = 0.4+ 0.2 V. Note that the threshold bias for
iron represents an order of magnitude, because we have no reliable statistics for this element®.
Since we do not find any additional structures nearby a destroyed TM ring, it is reasonable
to assume that the material is transferred from the ring to the tip. In terms of the threshold
bias we recognize that manganese rings represent the most stable species. We encountered,
however, the least stable Co rings first. It is for the high bias value of V; = —1 V that we were
oblivious to the presence of Co rings at the beginning of our Co deposition study. All then
present rings were readily swept away from the scanning region. Only after we started to worry
about the noise issues while scanning with the tip, did we successfully tune the scanning
parameters in a way that was described in the previous section. After we had encountered iron
and manganese as ring forming elements, we naturally decided to focus on the most robust
candidate Mn. We have to emphasize, however, that also for the gentle scanning conditions

150nly three z — V traces were recorded for Fe.
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Figure 3.16: STM images of a distribution of (a) Mn, (b) Fe, and (c) Co rings and dots deposited
on h-BN/Rh(111) at 10 K. (d) Zoom into Mn (top), Fe, and Co (bottom) rings indicating where
the respective (e) line profile was recorded. (V; = —100 mV and I; = 10 pA).

applied, the shape of the tip can have a considerable influence on the tip—sample interaction.
In some cases, the interplay was so strong that all the material was basically swept away from
the scanning region. In such cases we had to treat the tip by voltage pulses or gentle collisions
with the surface. Furthermore, we also observed a spontaneous removal of rings, a sudden
transformation of a ring into a dot, and, very rarely, the opposite, while scanning with the
optimized scanning conditions.

As we have seen for low coverages of Ti and Co, the mean island size of the observed adsorption
complexes is close to one. A small deviation from unity was found to be due to an initial
sticking coefficient below one. If we correct for the latter, we can attribute to almost all
encountered TM complexes one individual atom. The same analysis was carried out for Mn
deposited on #-BN/Rh(111) [89] and yielded the equivalent conclusion that the observed
structures were composed of exactly one adatom. For the statistical analysis, no distinction
between dots and rings was made, and both were counted with the same weight. We observed
that, while the total number of structures remained constant, the individual populations
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Figure 3.17: Element specific threshold bias for destruction of Mn, Fe, and Co rings. (a)
Example of a z — V trace for cobalt. For recording z — V traces the tip is positioned on top of
the ring, the bias voltage is stepwise increased, and the feedback-lop left engaged to maintain
the setpoint current constant. (b) At a characteristic bias value (V) the ring is removed from
the surface and the tip jumps toward the sample in order to again reach the setpoint current.

of rings and dots strongly varied from one surface region to the next. For the Mn coverage
of ® = (1.22 +0.03) x 1073 ML, an ensemble of N = 54 STM images was collected, and the
respective densities were evaluated. The corresponding distributions (¢ + o) for the total
number of objects, the number of rings, and the number of dots are (93 + 11), (50 + 25), and
(43 +25). The width of the total distribution is visibly more narrow than of the individual
ones. Figure. 3.18 demonstrates the strong variation of the respective population for the same
sample, recorded on distinct regions of the surface. Image Fig. 3.18(a) features a majority of
rings, and Fig. 3.18(b) is an example of the opposite extreme. The total number of objects is
the same for both regions. The origin of this strong variation is hitherto unknown. The quality
of the h-BN layer had little influence whether predominantly rings or dots were measured.
However, as we have established previously, the tip plays a crucial role for the effective tip—
sample interaction. Some tips were particularly aggressive, and scanning with such a tip
resulted in many spontaneous transformations of rings into dots with the corresponding shift
of the individual populations!®. Such a transformation can be seen as a partial ring that, from
one scanning line to the next, suddenly appears as a dot. A manganese ring that spontaneously
transforms into a dot is marked by a dashed circle in Fig. 3.19(b). It may well be that rings are
also transformed into dots before parts of them are actually imaged. This may indicate that
the TM rings constitute the true ground state of the bistable TM adsorption complex.

From the statistical analysis of the respective ring and dot densities it was concluded that
both constitute distinct characteristics of the same TM adatom [89]. A further proof of this
conclusion was found in the possibility to transform dots into rings, and vice versa, via tip
manipulation. Figure 3.19 shows a collection of dots before and after applying a +1 V bias

16Note that all stated object densities should always be regarded as equal or higher than the actually measured
one, since the tip was found to readily remove particles from the surface and to never add them.
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30 nm

Figure 3.18: STM images of the same sample showing two extremes of the a majority of (a) rings
and (b) dots for a Mn coverage of © = (1.22 +0.03) x 10~3 ML deposited at 10 K. (V; = =100 mV
and I; = 10 pA).

pulse with the tip positioned on either dot. One appreciates the successful switching of several
dots into rings. Other dots are displaced, some disappear, and one is observed to form a ring
in a neighboring moiré unit cell.

Figure 3.20 directs the attention at the highlighted ring of Fig. 3.19. This structure exhibited a
spontaneous switching from one state into the other upon scanning past a threshold position.
A voltage pulse was consequently applied to force the dot back into the ring state. It was
impossible to capture the ring as a whole. However, when scanning from four perpendicular
directions, starting from an initially prepared ring state, it was feasible to record either side
until the tip reached the position where the spontaneous transformation occurred. The so
collected STM images were glued together, as is shown in the collage of Fig. 3.20(a). Interest-
ingly, the overlap of the individual image fragments reflect the same internal ring structure.
This constitutes another proof that the position and ring structure are preserved in between
transformations. Within the region marked by the black rectangle, the ring state was particu-
larly instable and almost instantaneously switched back to the dot state, if a voltage pulse had
been applied before [cp. Fig. 3.20(b)]. The switching behavior is a beautiful example of the
reversibility of the ring-dot transformation. A more controlled shift from the ring into the dot
state was reported in our contribution [89], where a current ramp induced the transformation
(10-220 pA, at V; = -1 V).

Several experimental observations pointed toward a weakening of the h-BN layer—substrate
interaction in the ring state. These conclusions stem from non-exponential distance—current
traces and STM images recorded at different tip—sample separations. If the tip-sample in-
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3.2. Adatom adsorption on metal supported /-BN

Figure 3.19: STM image (a) before, and (b) after applying a +1 V voltage pulse with the tip
positioned on either dot. The difference image in (c) reveals the successful transformations of
dots into rings (x). Some dots jump to a new adsorption site (arrow) and other dots and rings
disappear (+). The dashed circle highlights a particularly instable ring. (V; = =100 mV and
I; =10 pA).

teraction competes with the forces exerted between h-BN-substrate, the tunneling junction
ceases to be rigid, i.e., the sample is deformed in the presence of the tip, and the gap width is
concomitantly modified. In this regard, we have to distinguish between true (s) and apparent
(z) gap width. The latter denotes the experimentally accessible parameter. Figure 3.21(b)
illustrates the sample deformation (A#%) upon shifting the tip toward the sample. If the sample
deforms in the presence of the tip, the experimentally imposed tip displacement (Az) will
result in a non-exponential response of the tunneling current. Examples of such I — z curves
are presented in Fig. 3.21(c). Simultaneously recorded d1In I/dz curves in Fig. 3.21(d) exhibit
pronounced peaks with tip displacement for flexible, and are constant for rigid parts of the
sample. In order to describe the experimental data, we followed Chen and Hamers [34], but
slightly modified their model [cp. Eq. 2.4] to include two parallel conducting channels [cp.
Fig. 3.21(b)]. One channel (/) is the tunneling into the flexible #-BN layer (s # z), and the
other (Iz) describes tunneling into the rigid substrate (s = z). We use the product of current
and dIn I/dz for our fit procedure through the set of equations [89]:

dInI;(z) dz\7!
It(z)d— o (KAIA(S(Z)) (—) +KBIB(Z))
z ds
z=s+aF
B (3.8)

F=-— [exp{—« (s — se)} — exp{—2k (s — Se)}]

dz

i 1 - B [exp{—«(s—se)} —2exp{—2k(s— se)}] -

The parameters x, Se, B, and a, denote the decay length, the equilibrium distance, the stiff-
ness parameter, and the elastic constant, respectively. In order to reduce the number of fit
parameters, we have made the assumption that x = %(KA + xg). Furthermore, we have applied
the total tunneling current constraint, I;(z) = Ir(s(z)) + Ig(z). The IdIn I/dz curves are shown
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Figure 3.20: Highlight of the fragile ring of Fig. 3.19 that repeatedly switched into the dot state
when the scan reached a distinct position. (a) STM image collage composed of individual
scans from the four directions (arrows) across the Mn ring until it spontaneously switched to
the dot state. The red circle marks the position of the Mn adatom. (b) Scan from bottom to
top (image is rotated by 90°), first +1 V pulse (at scan line marked by triangle) switching it to
the ring state, spontaneous change to dot after some scan lines, second pulse (triangle) back
to ring, and back to dot after a few scan lines. (c) Line profile of respective dot and ring state.
(Vi =-100 mV and I; = 10 pA).

with their corresponding fit in Fig. 3.21(e). The fit parameters for the positions (1)-(5) are given
in table 3.2. The general agreement between experimental data and model is good. The model

Table 3.2: Fit parameters deduced from Fig. 3.21(e) as obtained by Eq. 3.8. Values without
error bars are synonymous to an imposed constraint.

Position  xx (1/A) xa (1/4) B se Q)
(1) 0 1.027 0 0
(2) 0 1.085 0 0

3) 1.56+0.14 1.027 53+0.5 -1.78+0.10
4) 1.48+0.10 1.31+0.01 7.240.1 -1.30%+0.05
(5) 1.52+0.07 1.62+0.02 6.6+0.1 -1.30%+0.03

naturally recuperates the decay length of the /-BN layer (1) that was found from measuring
the slope of the I — z trace. For the curves measured along the radius of the Mn ring, the fit
values characterize the h-BN layer as being highly flexible, in particular, the parameters
assume large magnitudes close to the upper limit for stability [33]. There is a minor deviation
at small tip displacement for the cases (4) and (5), which might occur due to an offset error
of the logarithmic amplifier. Note that the latter is optically enhanced by the logarithmic
representation of the y-axis. The three traces (3)-(5) have their equilibrium position in the
sampled region of this measurement. This implies that upon approaching the tip toward the
sample, the k-BN layer is first attracted to the tip until, at a certain threshold separation, it
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Figure 3.21: (a) STM image of a Mn ring indicating where the respective spectroscopy was
recorded. (b) Illustration of the two parallel conduction channels and the i-BN layer deflection
(Ah). Note the distinction between the true (s) and the apparent (z) gap width. Simultane-
ously recorded (c) I - z, (d) dInI/dz, and (e) IdIn1/dz curves. (setpoint before opening the
feedback-loop: V; = -100 mV and I; =5 pA.)

is commensurate with the tip displacement!’. In the latter situation, the current-distance
dependence is exponential again due to the second conduction channel. This tendency is
indicated in traces (4) and (5) as both asymptotically tend to a value of about 1.085 A lin
dInI/dz for small tip-sample separation. The asymptotic value is coherent with the one
deduced from the Mn ring maximum position (2). At the ring maximum, the k-BN layer is
assumed to follow the tip displacement. The peak heights in Fig. 3.21(d) have to be critically
viewed. Measuring the d1n I/dz signal at the tip—sample separation of the peak could lead to
an erroneous assignment of physically unlikely barriers of 40 eV and beyond. It is therefore
essential to inspect the current-distance, and especially the d1n I/dz behavior for a variety
of tip—sample separations. We remark that the deflection of the i-BN layer toward the tip
results in a markedly lower current rise as opposed to the similar case of graphene, when the
latter jumps into contact [83]. This may be interpreted in terms of a recuperation of the i-BN
intrinsic dielectric properties, since we recall that the h-BN layer is strongly hybridized with
the metal support before the weakening of the h-BN-substrate interaction.

The above measurements indicate a h-BN deflection toward the sample upon reducing the
gap width of the tunneling junction. The maxima were interpreted as being in permanent
contact with the tip, or, in other words, commensurate with tip displacement. At very large

17The first channel is suppressed because (dz/ds)~! =
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Figure 3.22: (a) STM image indicating where the (b) line scan at varying current was recorded.
It is seen that the h-BN layer deflects toward the tip (arrow) as the tip—sample separation is
reduced. (V; = —100 mV and I; = 10 pA).

tip—sample separation, it was shown that every second maximum appeared as a minimum
and the corresponding parts of the h-BN layer were showing a deflection of about 1.5 A [89].
For the opposite extreme of very small tip—sample separations, we observe the deflection of a
minimum toward the tip that is subsequently measured with the same apparent height as the
neighboring maxima. Figure 3.22 shows the corresponding experiment. We recorded the Mn
ring at the indicated position in the line-scan mode at stepwise increasing tunneling current.
The 10 pA trace denotes the starting point and the ring exhibits the known segmentation into
maxima and minima. However, if the gap width is reduced, the minimum starts to fade away
and gradually assumes the same apparent height as the neighboring maxima at 500 pA'®.
The interpretation is the same as in the large gap width scenario. The minima have their
equilibrium position in the very proximity of the surface and are therefore only attracted if
the tip is brought sufficiently close to the sample. It would be interesting to test whether
the remaining maxima are intrinsically lifted off the sample when the gap width is further
increased, or whether the maxima are due to a tip—sample interaction. Physical limitations of
the STM, however, render this test inaccessible with this technique since the effective current
would be close to zero!®. The employment of an AFM would constitute an ideal alternative
technique.

Differential conductance measurements at the distinct parts of the Mn ring and dot did not
reveal any characteristic features. Figure 3.23(b) shows the equivalent spectra for d1/dV traces
on a dot (1), ring maxima and minima (2), and the A-BN layer (3), respectively. The dip at the
Fermi energy persists at all point spectroscopy locations and is therefore a remainder of some
tip structure. Turning to the differential conductance of a Mn ring at the bias of £100 mV that
is typically used for recording topographic STM images. We immediately recognize that the
dlI/dV istotally flat and no DOS anomaly emerges at these energies. The respective spectra
are particularly valuable in that they exclude drastic changes in the LDOS to be responsible
for the intriguing maximum/minimum structure of a TM ring. Such a conclusion could

181¢ was impossible to measure the Mn ring as a whole at 500 pA, presumably because the tip was too close and
therefore removed the TM adatom.

19Note the exponential current—distance dependence. The inspection of the Mn ring at the largest gap width
relied on a current as low as 0.5 pA.
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erroneously be made from d/dV maps as is discussed in the following. It is important to
remind that the point spectroscopy measurements just described, were recorded with the
lateral tip position held fixed. In point STS, the tip is stabilized with respect to the sample and
the vertical tip—sample separation is constant. The h-BN layer therefore assumes a position
based on the forces acting in the tunneling junction but otherwise remains in its relative
position with respect to the sample during the dI/dV measurement. In a dynamic approach
of recording dI/dV and dInI/dz maps, the tip—sample separation permanently changes
and concomitantly the tip—sample interaction always varies. This means that the h-BN layer
is always exposed to different forces. Ring regions that have their equilibrium position in
the range of the probed tip—sample separation are consequently permanently attracted or
repelled from and to the passing tip. If one solely relied on the inspection of the dI/dV map in
Fig. 3.23(c), one would be tempted to interpret the sizeable d1/dV increase at the ring minima
as being due to variations of the LDOS between ring minima and maxima. However, the point
spectra in Fig. 3.23(b) are clearly devoid of any such LDOS characteristic. A comparison with
dIn I/dz maps indicates anomalies at the identical positions, i.e., the ring minima, as in the
dl/dV maps before. The former, however, were shown to be a consequence of a deflecting h-
BN layer in the presence of the tip. The tip in dI/dV maps can therefore be seen as traversing
regimes of attraction and repulsion that were likewise responsible for the peaksin dInl/dz
point spectra, seen in Fig. 3.21(d). It is essential to keep a potentially flexible sample in mind.
If one was to illustrate local variations of the apparent barrier height by recording dIn/dz
maps, he or she would erroneously ascribe physically unlikely high barriers to the flexible
parts of the #-BN layer?’. The combination of point spectroscopy and spectroscopic maps is
the key in the analysis of flexible tunneling junctions. Note that spectroscopy was carried out
between +100 mV and cannot exclude the existence of characteristic DOS features at higher
energies. The measurement of such states, if they existed, would be challenging. We showed
that the rings could spontaneously switch between the dot and the ring state, and that they
were removed from the tunneling junction at a certain threshold bias that naturally limits the
useful energy interval for performing spectroscopy.

In summary, we could show that the observed ring structures were a consequence of a pro-
nounced weakening of the i-BN layer—substrate interaction that arises upon adsorption of
individual adatoms of Mn, Fe, or Co in the center of the moiré unit cell. Some parts of the
ring were shown to deflect in the presence of the tip, and some ring maxima appeared to be
intrinsically lifted off the substrate, as they persisted at the largest measured gap widths. No
topographic distinction could be made between rings resulting from different TM adatoms.
The intriguing ring structure is therefore based on the same origin for all measured rings.
The experiments highlight that the actually depicted topography in STM images is the de-
formed h-BN layer. The reason why the TM adatom remains invisible in the ring state is
hitherto unknown. The increased apparent barrier height at the center of the ring in point
dIn I/dz spectra could, however, hint toward a charge contribution, i.e., the TM adatom might

20Note that parts of the Mn ring appearing flexible at intermediate gap width, i.e., ring minima at V; = =100 mV
and It = 20 pA, might be in a different regime of attraction for larger gap width.
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Figure 3.23: Spectroscopy on Mn ring and dot state. (a) STM image indicating where the point
spectra of (b) were recorded. (b) No characteristic signature for either ring or dot state is
visible in differential conductance. The highlights in (c) dI/dV and (d) dIn/dz maps are
reminiscent of a moving #-BN layer in the presence of the passing tip and do not represent
regions with distinct spectral signature. [(a) V; = —100 mV and I; = 50 pA, (c) V; = —=500 mV
and I; =50 pA, (d) V;, =—-100 mV and I; = 20 pA].

carry a negative partial charge, resulting in an increased dipole moment at the ring center. It
would be worthwhile to also theoretically investigate the influence of a Mn adatom on the
h-BN-substrate bonding?!.

3.2.4 Xeon i-BN/Rh(111)

As mentioned in the introduction of this section, the #-BN/Rh(111)—(12 x 12) moiré pat-
tern was shown to exhibit interesting trapping capabilities for a whole family of polarizable
molecules and atoms. Among these were rare gas atoms of Xe [39, 143]. Dil et al. [39] predicted
that 12 Xe atoms would form rings along the circumference of the holes of the moiré pattern.
Later, Widmer et al. [143] confirmed the existence of such Xe rings with STM. The topographic
similarities between Xe and Mn rings stimulated the experimental confrontation of both
structures.

For a direct comparison, a sample with Mn rings was prepared by the deposition of 5 x 107
ML manganese on h-BN/Rh(111) at 10 K. The so arranged surface was then exposed to a

21preliminary DFT studies of H.-P. Koch showed unexpected conversion problems for Mn/k-BN/Rh(111). Unfor-
tunately, these studies were abandoned before shedding a significant insight into the system.
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Figure 3.24: Comparison of Mn and Xe rings after the exposure of a Mn/k-BN/Rh(111) sample
to a partial pressure of Xe at 10 K. (a) STM image showing the coexistence of Mn, Xe, and
mixed rings. (b) Height profile across Mn and Xe rings. (c) STM image of a similar region after
a scan with 1 nA that resulted in the collapse of Xe rings into distinct Xe crystallites. The frame
highlights a mixed Mn—Xe ring before and after it is deprived of its Mn atom and replaced by a
pure Xe ring due to the high current scan. [(a) V; = —100 mV and I; = 10 pA, (c¢) V; = -20 mV
and I; = 10 pA.

xenon dose of about 10 L at 10 K?2. Figure 3.24(a) shows the resulting topography. Virtually
all holes of the moiré pattern are occupied by Xe rings. We can immediately appreciate the
apparent height difference of 100 pm between Mn and Xe rings, as the inspection of the line
profile in Fig. 3.24(b) suggests. It is, however, difficult to satisfyingly conclude from our STM
data whether the Xe ring occupation of 12 atoms is respected or not. Given that the centers of
many Xe rings exhibit a noise when scanning, Xe adatoms appear to remain highly mobile,
even at 4.7 K. This mobility could obscure the Xe number determination. The inspection of
Xe rings with I — z and d1nI/dz spectroscopy did not show any gap width dependency, in
contrast to the neighboring Mn rings, that showed the known peaks in dIn I/dz traces at the
ring minima. Note that some structures seem to be mixed Xe and Mn rings. This may well be
the case, since we recall the distinction between the intrinsic #-BN detachment and the one
caused by tip-sample interaction. The latter regions could therefore be occupied by Xe atoms.
Interestingly, the mixed ring can be forced into a pure Xe ring by scanning the surface at a high
current that is known to remove Mn from the surface. Figure 3.24(c) shows the sample after
such a scan with a tunneling current of 1 nA. The mixed Mn—Xe ring of the highlighted frame
was deprived of the Mn adatom what resulted in a pure Xe ring. Many other Xe rings, however,
collapsed into Xe crystallites or were removed in the course of the latter scan. The Xe—Xe
distance in the crystallites is (4.4 +0.1) A, in agreement with the nearest neighbor separation
in bulk Xe. In summary, although Xe rings appear similar to Mn rings at first sight, they are,
after close inspection, the result of different phenomena. While Xe rings are truly composed
of several atoms, the Mn and TM rings are the result of a single atom. In the latter case, the
h-BN-substrate interaction is strongly perturbed, while it remains intact for Xe adsorbates.

22Note that this Xe dose is an approximate figure, since neither a correction for the ion gauge sensitivity, nor for
geometric effects were made.
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Figure 3.25: Partial pressure determination by recording the abundance of high Ti adatoms at
50 K versus time. (a) Most Ti adatoms are clean after deposition on #-BN/Ni(111). Situation
after (b) 1 h and (c) 6 h. The total pressure during the time evolution is constant and about
5x 107! mbar. (d) Fraction of clean Ti adatoms versus time. [V; = —100 mV, ; = 10 pA, and
©=(4.140.2) x 1073 ML,

3.3 Hydrogen related observations for Ti and Co adatoms

In this section we will briefly present and discuss hydrogen related phenomena that were
encountered while measuring at elevated temperatures. In the first part we shall demonstrate
the long time effect of measuring a sample at 50 K. We observe a curious surface dynamics that
we were able to relate to the hydrogen partial pressure of the residual gas of our UHV system.
Seemingly clean Ti adatoms were gradually hydrogenated. In the second part we will inspect a
surface dynamics that emerged when the sample was heated beyond the boiling point of liquid
helium. Finally, the here presented findings underline the importance of scrutinizing the UHV
system for a possible hydrogen interplay, and advocates for the use of low temperatures in
order to avoid a hydrogen interference.

The temporal evolution of Ti adatoms at 50 K is shown in Fig. 3.25. It depicts an ensemble
of Ti adatoms on k-BN/Ni(111) shortly after dosing with the improved routine described in
section 3.2.1. Consequently, most Ti adatoms are clean and imaged as 300 pm high protrusions,
in agreement with the experiment at 4.7 K. With elapsing time a clear surface dynamics can be
observed. We monitor the same surface region for six hours and plot the abundance of high Ti
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adatoms versus time. After only one hour almost 50 % of the Ti adatoms are hydrogenated.
Five more hours later one encounters only traces of high Ti adatoms. We recall the good
residual pressure of the encircling UHV chamber of 5 x 10™!! mbar. Working under these
conditions is generally assumed to be sufficiently good for observation times of a few hours for
a sample in its clean state, and a co-adsorption of residual gas is often disregarded. However,
the following analysis relates the temporal evolution to residual pressure. The corresponding
particle impingement rate per unit area is:

o P (3.9)

v/ 2mmkg T
where m, kg, and T denote the molecular mass, the Boltzmann constant, and the residual
gas temperature, respectively. By substituting the unit area with the number of Ni sites, we
obtain the impingement rate per adsorption site and time of R = vnnjq11) = 7.1 x 1072 s7H
for p =5 x 107! mbar, nnj11) = 5.377 x 1072° m? per site, T = 50 K, and hydrogen molecules,
respectively. In a second step we analyze the exponential reduction of clean Ti adatoms
over time in Fig. 3.25(d), and obtain a decay constant of 7 = (1.30 + 0.08) x 107 s~!. We
can view the latter as a hitting probability per site and unit time via®3
(1.30+0.08) x 10~* s™1. The parameters R and a can both be interpreted as an impingement

a=1-exp(-1) =

rate per site and unit time. If we now substitute R with the value of a, we can calculate the
corresponding residual pressure that is responsible for the Ti adatom transformation with
Eqn. 3.9 as p = (9.2+0.6) x 10~ !! mbar. This pressure can be compared to the readout of
our ionization gauge, if the hydrogen ionization gauge sensitivity factor of about 0.5 [41, 3]
is considered. This is because the pressure readout of a nitrogen calibrated ionization gauge
underestimates the true hydrogen pressure by this factor. The pressure derived from the
evolution of clean Ti adatoms and the pressure readout of the ionization gauge are thus
comparable. In this analysis, however, two more issues should be alluded. The first is the
thermal transpiration factor between the poorly connected volumina of the surrounding
UHYV chamber and the inner volume of the cryostat. The pressure values of both volumina
could actually differ by the factor /Tin/ Tout, Wwhere Ti, and Toy¢ denote the gas temperature
inside the cryostat and at the ionization gauge, respectively. The second issue is the hydrogen
dissociation at the Ti host adatom. While one atom is clearly attached to the Ti adatom, the
destiny of the other is less well known. The latter H atom might migrate about the surface and
stick to an unoccupied Ti adatom. This mechanism would reduce the effective impingement
rate by a factor of two. If all the above considerations were respected, an ionization gauge
readout of (5.6 +0.4) x 10~'! mbar would be deduced from the exponential decay of clean Ti
adatoms over time, and the following numeric values: R = a/2 = 6.5x107° s™, \/Tin/ Tout = V6,
and 0.5 for the ionization gauge sensitivity. One can therefore reconcile the reduction of the
clean Ti adatom species over time by assuming that one hydrogen molecule arriving directly
on a Ti atom dissociates and leaves one H atom on the Ti and the other flies off, i.e., the latter is
migrating about the s-BN surface until it is captured by a neighboring Ti adatom. We note that
hydrogen molecules directly hitting the h-BN layer are scattered back into the vacuum without

23Note that for small values of the decay constant a ~ 7.
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Figure 3.26: (a) A sample with mostly clean Ti adatoms on 4-BN/Ni(111) measured at 4.7 K. (b)
The same surface region measured at a transition temperature of 16.3 K that turns Ti adatoms
into the low apparent height, i.e., hydrogenated state. (c) Evolution of the fraction of clean
Ti adatoms as a function of the y position of the scan and temperature, respectively. (d)-(g)
Co ring and dot evolution on #-BN/Rh(111) as a function of temperature measured at (d)
4.7, (e) 15, (f) 23, and (g) 38 K. Co rings start to wiggle, disappear, re-appear and are finally
re-stabilized with increasing temperature. Figure 3.27 shows the corresponding pressure
evolution with temperature. [(a)-(b) V; = —100 mV, I; = 20 pA, and © = (3.4 +0.1) x 1073 ML,
(d)-(g) Vi =—-100 mV and I; = 10 pA].

interfering with clean Ti atoms. Only for sample temperatures as low as 10 K will physisorbed
hydrogen be observed. The related (v/3 x v/3)R30° hydrogen superstructure shows fascinating
properties and is presented in the outlook of section 5.2.

The temperature dependence of clean Ti adatoms, deposited at 10 K, was studied starting
at liquid helium temperature. Once the cryogen is completely boiled off, the temperature
raises with 2.3 mKs™!, which is sufficiently slow to enable drift-compensation and therefore to
stay on the same microscopic surface spot in a temperature range of 4.7-43 K. Note that the
temperature is measured at the cryostat and that the sample temperature is slightly lower due
to finite thermal contact between the cryostat and the STM. The temperature evolution of the
number of clean versus hydrogenated Ti atoms is shown in Fig. 3.26. In the initial state 98 %
of the atoms are clean Ti and only 2 % are hydrogenated, see Fig. 3.26(a). For temperatures
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Figure 3.27: Pressure monitor recording the desorption of condensed adsorbates from the
cryostat walls. The peak heights depend on the experimental history before warm up of the
cryostat.

of up to 16 K, the sample remains unaffected until suddenly at 16.3 K the apparent heights
of the Ti adatoms drop to the value characteristic of hydrogenated Ti atoms [cp. Fig. 3.26(b)].
Figure 3.26(d) shows that this transition takes place over 0.5 K or 220 s.

In a further experiment Co was dosed onto 2-BN/Rh(111) at 10 K. In agreement with sec-
tion 3.2.3, Fig. 3.26(d) shows Co rings concentrically placed at the depressions of the h-
BN/Rh(111)-(12 x 12) moiré pattern. The temporal and temperature evolution of these Co
rings is presented in Figs. 3.26(d)-(g) and manifests a peculiar behavior. Starting from 4.7 K,
the Co rings are stable at first, at 16 K they start to wiggle around, they disappear at 22 K,
reappear at 30 K, and are stable again from 35 K on. In analogy to Ti adatoms, the Co dots
show an equally sudden drop of their apparent heights around a temperature of 16 K. The
corresponding pressure monitor in Fig. 3.27 offers the explanation for the fast transition of
an initially clean sample to a hydrogenated one. Hydrogen from the residual gas that had
been adsorbed by the liquid helium cooled walls of the cryostat now desorbed from the latter
at a temperature of about 17 K. This is rationalized from the comparison of the pressure
peak position for different experimental histories. The longer the time span between the
first cooling of the cryostat and the warming up, the higher will the peak be. Likewise, for a
deliberate dosing of hydrogen we will observe the peak at the same position and its height will
in this case be a function of the respective hydrogen dose. The individual curves in Fig. 3.27
thus reflect the experimental history before the warming up of the cryostat.

For instance, one langmuir of hydrogen had been dosed prior to heating up, which is depicted
by the curve [J. A lower maximal peak pressure is found for experiments that were conducted
shortly after the first cooling of the cryostat, i.e., when residual gas was only adsorbed for a
short period of time. Note that the coincidence of the desorption temperature of deliberate
hydrogen exposure with the other desorption experiments can be regarded as a further proof
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that hydrogen is responsible for the observed Ti adatom behavior. Other gases ought to desorb
at a different temperature. The warming up of the cryostat ultimately leads to the pressure
evolution reminiscent of a temperature programmed desorption spectroscopy (TDS) [112, 69].
The surface under test is here, however, the gold plated copper wall of the cryostat. Since
the latter is not a single crystal surface, as typically investigated by TDS, a distribution of
adsorption sites with different adsorption energies is expected. We therefore apply the method
of Barrie [15] to our pressure data by fitting the latter to a normal distribution with parameters
(u+0) = (18 £4) K that ultimately yield the desorption energy distribution of (52 +11) meV,
if the simplified assumptions of a constant attempt frequency of 10'3 Hz, and a coverage
independent adsorption energy are made. In the view of the available TDS resolution and
the slow heating rate §, that may allow for hydrogen re-adsorption, this low mean adsorption
energy has to be treated cautiously. Nonetheless, such a low adsorption energy reflects
the weak bonding nature of hydrogen to the Au plating and is suggestive of a physisorbed
molecular state. In the limits of the available resolution, we note the approximately constant
peak temperature which is independent of the coverage. This would indicate a first order
desorption process [112, 69], in agreement with the assumption of physisorbed hydrogen
molecules. In the aforementioned analysis a first order desorption was assumed.

As the desorbing hydrogen increases the pressure inside the cryostat volume, a steadily growing
number of molecules hit and interact with the sample surface as is observable with STM [cp.
Fig. 3.26]. This dose can be calculated by integrating the surface impingement rate R(T) [cp.
Eq. 3.9] in the considered temperature interval [Ty, T]:
tg T
D=| R®dt=p R(T) AT, (3.10)
fo Ty

where the D is expressed in langmuir equivalents. With the expression 1 —exp(—D) one
can finally estimate the fraction of hit surfaces sites in the course of dosing D L hydrogen.
The integration of curve [, for instance, yields a dose of 2.6 L and concomitantly 93% of all
surface sites have been hit during the temperature rise from 5 to 35 K. For the fast switching
of Ti adatoms at 16 K, an equal or larger amount has to hit the sample within only 0.5 K [cp.
Fig. 3.26(b)]. We recall that the above analysis is, of course, strictly valid only for the external
part of the cryostat and does not adequately describe the conditions the sample is subject to.
In fact, owing to the bad connection to the surrounding UHV vessel, a hydrogen desorption
will necessarily result in a higher pressure inside the cryostat. A simple estimate shows that
the pressure difference can amount to several orders of magnitude when considering the
physical dimensions of the cryostat. By way of example, pre-covering the internal cryostat
walls (500 cm?) by 1/100 ML hydrogen can amount to a partial pressure inside the 11volume
of the cryostat of 2.6 x 10> mbar, if a gas temperature of 20 K and no leaking out to the UHV
vessel was assumed. The fast switching thus already occurs at the leading edge of desorption
and explains why the transition temperature slightly shifts from one experiment to another.
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Graphene

The realization of a carbon based field effect transistor by Novoselov, Geim, and co-workers [97]
initiated a tremendous increase in research activities in the study of this two dimensional
(2D) material, and stimulated the development of growth recipes for large areal quantities of
high quality graphene (g). One of the essential breakthroughs was the realization of a truly
two dimensional crystal with distinct transport properties that could only be described by 2D
theories. Soon after this initial achievement, a whole series of related 2D materials could be ex-
foliated and equally cleaved down to the thickness of one atomic sheet with adhesive tape [98].
Among these were hexagonal boron nitride and molybdenite [98]. The latter material earned
alot of attention as it could soon have important applications due to its direct bandgap that
allowed the realization of a MoS; based transistor [111]. Although graphene has high charge
carrier mobilities, it is devoid of a sizeable band gap that would permit the fabrication of
integrated circuits analogous to silicon based devices. A whole branch of research therefore
strives to detect ways of modifying this zero band gap semiconductor, in a field of research
referred to as band gap engineering. An interesting method to introduce a band gap consists in
creating graphene nano ribbons (GNR) that inherit semi conducting properties through edge
effects and lateral confinement [14, 145, 59]. An example of a bottom-up approach realization
of such GNR is the assembly of molecular precursors into one dimensional linear chains in a
work by Cai et al. [31]. Among the alternative methods of band gap engineering are, the intro-
duction of a periodic potential through the adsorption of graphene on a lattice mismatched
surface [136, 105, 24], and the adsorption, respectively, intercalation of elements [135, 57].
The graphene band gap of the former approach can be reinforced by the adsorption of a metal
island superlattice [115], and can further be enhanced by sodium adsorption on this metal
island superlattice [104, 91].

Our works concerning mono and double layers of graphene recently appeared in the issues
of J. Phys.: Condens. Matter 24, 314203 (2012) [91], and in ACS Nano 6, 9299 (2012) [103].
The former is included in this version of the manuscript for completeness. Here, we will
summarize the highlights and outline the author’s contribution to this work.

Disregarding the popular approach of mechanically exfoliating graphene from highly oriented
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pyrolytic graphite (HOPG) with adhesive tape [97, 98], the methods to grow graphene now
rather include the exposure of hydrocarbon containing precursor molecules to a catalytically
active surface at high temperature. We have reviewed in our contribution [90, 91] four growth
methods for single crystals of ruthenium that rely on segregation of bulk dissolved C impurities
and ethylene precursors as a carbon source. We scrutinized the individual methods for their
resulting layer quality [90, 91]. On Ru(0001), the g sheet adopts the characteristic g/Ru(0001)-
(23 x 23) moiré pattern [82, 81, 84]. The moiré structure arises from the beating of the two
superimposed lattice planes of Ru(0001) and of graphite that produce a moiré periodicity of
about 3 nm [80, 136, 140]. For the case of g/Ru(0001) one orientational domain is predominant
and emerges due to the rotation of the lattice planes by 0.5 ° [23]. The moiré structure is not
only an optical effect but also reflected in the electronic [136, 64, 23] and geometric properties
of the structure. Notably, the vertical corrugation of around 1 A [81, 64] follows the moiré
periodicity and is furthermore also partially transferred to the underlying Ru substrate with a
lateral shift of one half moiré period [81]. Minute deviations of the local lattice parameters
or in their orientation entail strong variations in the resulting moiré pattern [93] with an
immediate impact on the respective STM topography. The perfection of the moiré pattern
can therefore serve as a fingerprint of its constituting lattice quality. The moiré patterns of
the inspected samples were tested with respect to their moiré long-range order in the present
contribution [90, 91]. The figure characterizing the long-range order was extracted from the
decay length of the two dimensional autocorrelation function that was calculated for every
sample surface. The 2D autocorrelation was determined with the software Image/ [1]. Missing
ripples in the moiré pattern, or wrong alignment due to a relative translation of coalescing
graphene patches will hamper the resulting long-range order and consequently suppress
the corresponding decay length. The best long-range order for graphene was found for a
combination of chemical vapor deposition (CVD) and segregation.

The hydrocarbon precursor was ethylene (C,Hy), either exposed to the hot sample in a CVD, or
atroom temperature in a temperature programmed growth (TPG) approach. In the CVD case,
a partial pressure of ethylene was dehydrogenated at the Ru surface held at 1100 or 1650 K.
The latter temperature yielded particularly high g qualities with a decay length of 130 A, as
compared to 70 A for the lower temperature [91]. The accompanying high temperatures,
however, resulted in a gradual loading of the Ru bulk with interstitial carbon [128] owing to the
increased C solubility at these high temperatures [5]. By way of example, the C solubility in Ru
is six times higher at 1540 K than it is at 1000 K [5]. Segregation and CVD were combined [128]
and yielded the best g qualities with a decay length of 240 A [91]. The approach was to expose
the Ru crystal at high temperatures to an ethylene partial pressure and thereby to load the
crystal, followed by a very slow cooling that drives the interstitial carbon back to the surface
as a result of the steadily reduced solubility at decreasing temperature [5]. We need to recall
that the bulk of a commercially purchased Ru crystal is sufficiently enriched by C impurities
that g can be grown by simply heating the sample [142]. However, since other impurities
than carbon co-segregate, the resulting g quality will be reduced. Furthermore, great efforts
are made in order to deplete a newly bought crystal from impurities by extended cycles of
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sputtering, annealing in oxygen, and flash to high temperature. If such a sample is loaded
with C, only this impurity can segregate to the surface with the concomitant superior qualities
just described. However, the coverage control of the latter method is more elaborate, since
multiple layers are easily nucleated by segregation [127, 103].

A further interesting approach is TPG, in which the room temperature exposure of ethylene
molecules is followed by a dehydrogenating flash [13, 95, 63, 71, 136]. In this growth mode,
small separated graphene islands will be nucleated with a total aerial ratio corresponding to the
saturation coverage of the respective precursor molecule. For ethylene, one room temperature
deposition and flash cycle will result in a graphene coverage of approximately 25 % [95, 62, 71,
72, 55]. Note that the sticking coefficient for molecules is low at the graphene interface, and
the catalytic activity reduced by orders of magnitude, i.e., an analogous effect as prevailing
on the surface of HOPG. This recipe is particularly valuable, since it allows to asymptotically
grow a complete layer of graphene by repeated TPG cycles. An accompanying disadvantage of
this method is, however, the high abundance of defects that evolve from coalescing graphene
patches if numerous TPG cycles are employed, owing to the many translational domains
present. Nonetheless, the TPG approach is powerful in that sequential growth is limiting
the co-segregation of bulk dissolved carbon impurities that accompanies extended high
temperature treatments with slow cooling of the sample [128]. The latter tends to nucleate
second layer graphene which is not always a desired effect. The practical use of the room
temperature deposition and flash recipe is that the graphene islands are separated with
the bare substrate exposed, which is in the present case Ru. For the case of highly reactive
adsorbates, such as Ti, we have discussed in section 3.2.1 the potential use of a sample with
islands that are separated by the exposed metal substrate. For the therein proposed scenario,
the substrate would hinder a potential hydrogen diffusion from one graphene island to the
next and thus prevent the hydrogenation of the Ti adsorbates located on top of an island.

The boundary dislocations were mentioned above as a drawback of the TPG method. We
recall that they arise due to the translational misfit of neighboring graphene islands upon
coalescence. A recent development is the engineering of graphene defects to investigate the
emerging and intriguing transport properties caused by line and point defects, as was reviewed
by Banhart and co-workers [11]. The aforementioned downside of TPG could thus turn out to
be an effective advantage, and may allow the convenient creation of g defect lines.

Two distinct STM were used in the study of graphene growth. The first is an STM at the
EPFL [75], and the second an STM at the APE beamline [102] at the ELETTRA synchrotron
facility. The latter allowed to carry out angle resolved photo electron spectroscopy (ARPES)
measurements and STM characterization of the very same sample. The sample could be
permanently kept in UHYV, since the transfer from the ARPES to the STM chamber can be
realized without breaking the UHV. This implies that no additional sample treatment! had
to be carried out in between ARPES and STM measurements. It is essential to dwell on the
true implications of measuring the very same sample by ARPES and STM. The Ru crystal

LSince the sample was not exposed to air, no flash desorption was required.
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is particularly sensitive to preceding graphene growth cycles, i.e., the preparation history
influences the resulting graphene layer [91]. This means that a developed growth recipe
for one Ru crystal is poorly transferable to another sample. The reason is the participation
of bulk dissolved carbon impurities in the process of graphene growth. The hydrocarbon
precursor molecules are dehydrogenated in CVD at the catalytically active surface and enrich
not only the latter but also the Ru bulk with carbon [128] as was mentioned above. The
resulting graphene layer might not only have a different quality than the initially intended
CVD recipe, but also have nucleated an undesired second layer graphene [127, 103]. Applying
the apparently same growth recipe on two distinct crystals, with their different preparation
histories, can therefore result in graphene surfaces that have little to none in common. A
critical situation occurs, if two crystals are prepared at two geographically separated labs, and
the experimental properties of both samples are treated as if they were related. To a smaller
extent, the same holds for a sample that is prepared in lab A and subsequently transferred to
lab B for a complimentary inspection. In this case, the sample had typically been exposed to
ambient conditions and needed to undergo a heat treatment to clear the surface of adsorbates
before the measurement could be carried out. The heat treatment, however, might modify the
sample properties as mentioned above, and the following characterization is consequently
again realized for a different sample. One of the few possibilities to truly correlate topographic
features, deduced with STM, to ARPES data, is to carry out both types of measurements on the
very same sample. We have done the latter in the study of the two distinct bilayer phases of
graphene on Ru(0001) [103].

The author performed the experiments for g/Ru(0001), analyzed the data, and wrote the
corresponding part of the manuscript of Refs. [90, 91]. For the recent contribution of Ref. [103]
he performed the STM measurements at the ELETTRA synchrotron facility in collaboration
with J. Fujii, and determined the areal quantity of second layer graphene for the respective
sample preparations.
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Abstract

We compare different growth methods with the aim of optimizing the long-range order of a
graphene layer grown on Ru(0001). Combining chemical vapor deposition with carbon
loading and segregation of the surface layer leads to autocorrelation lengths of 240 A. We
present several routes to band gap and charge carrier mobility engineering for the example of
graphene on Ir(111). Ir cluster superlattices self-assembled onto the graphene moiré pattern
produce a strong renormalization of the electron group velocity close to the Dirac point,
leading to highly anisotropic Dirac cones and the enlargement of the gap from 140 to

340 meV. This gap can further be enhanced to 740 meV by Na co-adsorption onto the Ir
cluster superlattice at room temperature. This value is close to that of Ge, and the high group
velocity of the charge carriers is fully preserved. We also present data for Na adsorbed without
the Ir clusters. In both cases we find that the Na is on top of the graphene layer.

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene (g) is a 2D honeycomb lattice made of carbon
atoms with the conduction electrons in sp>-hybridized Bloch
states. Its exceptional charge carrier mobility and optical
transparency of 98% make graphene an ideal material for
fast transistors [1], and for top electrodes for solar cells.
These exciting and potentially useful properties of graphene
are delicate functions of the structural and chemical defect
density [2] and thus strongly depend on the quality of
the graphene layer. On the other hand, for the creation
and implementation of reliable devices, a reproducible
graphene production process for large areal quantities is
required [3-5]. A major effort is therefore devoted to
simultaneously satisfying the two fundamental key issues:
the production of defect free graphene and the scalability
and transferability of the chosen preparation process. In this
sense, albeit high quality, the popular method of mechanically
exfoliating graphene sheets from highly oriented pyrolytic
graphite with adhesive tape [6] has to be disregarded due
to its impracticality beyond prototyping. The alternative
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and scalable approaches rely on a supporting substrate that
catalyzes and seeds graphene growth. One often considered
method consists in exposing an atomically clean single
crystal surface to a hydrocarbon gas partial pressure and
heat treatment to induce pyrolysis of the molecules in
temperature programmed growth (TPG) or chemical vapor
deposition (CVD). While low temperature chemisorption of
hydrocarbon molecules is followed by flash annealing [7-14]
in the first case, the latter approach involves high temperature
exposure of hydrocarbon molecules to the catalytically active
substrate [3-5, 15-18]. The pyrolysis of the hydrocarbon
molecules enriches the substrate surface with carbon adatoms
to finally yield graphene. Alternatively, surface segregation
of bulk dissolved carbon impurities [18-23] or molecular
beam epitaxy from high purity carbon rods at elevated
temperatures [24] can also be employed. We discuss four
of these growth techniques for the case of a Ru(0001)
substrate [25] with special focus on the resulting long-range
order, expressed in terms of the autocorrelation len%t{l that is
a finger-print of the structural quality of graphene.

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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A related, and for applications equally relevant, issue
is the ability to engineer the graphene electronic properties.
Close to the K-points of the Brillouin zone, the bands have
a linear dispersion that is well described by the relativistic
Dirac equation for massless neutrinos. The resulting Dirac
cones of the conduction and valence bands touch each other
at the Dirac point located at the Fermi level Ep. Therefore
free-standing graphene is a zero-gap semiconductor. However,
most electronic device applications require a band gap.
Theory has suggested that a gap may derive from an external
long-range periodic potential [13, 26, 27]. Such a potential is
created when adsorbing graphene onto a lattice mismatched
close-packed metal surface. The resulting moiré structures
exhibit periodic stacking alternations where either one of the
two C atoms in the unit cell is localized on top of a metal
atom, or both C atoms are adsorbed on substrate hollow sites.
The binding of graphene to the substrate has a significant
van der Waals contribution; however, in the on-top stacking
areas a hybridization of graphene 7 and metal d states can
be established. This inhomogeneous binding induces a weak
corrugation in the electron potential with the period of the
moiré pattern which is manifested in a small band gap. This
corrugation can be reinforced by adsorbing metal clusters on
top. For Ir clusters on g/Ir(111) an sp> hybridization with
the metal has been reported [28]. This re-hybridization is
localized at the graphene areas covered by clusters, since only
there can one of the two C atoms of the unit cell hybridize
with a cluster Ir atom above and the other with a substrate
Ir atom below. We show the experimental realization of this
concept of band gap engineering for equidistant Ir clusters
grown on g/Ir(111) [29]. Alternative methods of inducing
band gaps in graphene layers ranging from a few tens to a few
hundreds of meV are patterning [30-33], adsorption [34-36]
and intercalation of suitable elements [37, 38], strain [39] or
substrate induced symmetry breaking [40, 41]. However, most
of these methods have the drawback of producing a flattening
of the Dirac cone and thus a reduction of the electron group
velocity, an effect which should be minimized for graphene
applications in electronic circuits since a high group velocity
is the necessary condition for high carrier mobilities. We
further show the ability of tuning the graphene electronic
band gap by adsorbing alkali metals on top of graphene [42].
Sodium adsorption on bare graphene (Na/g) and on a well
ordered superlattice of Ir clusters on graphene (Na/lt/g) on
Ir(111) produces very large band gaps while preserving the
shape of the Dirac cone and thereby the high electron group
velocity.

2. Experiment

The presented measurements were performed with a
homemade scanning tunneling microscope (STM), operating
at room temperature and at a base pressure below
5 x 1071 mbar [43]. All listed pressure values state the
readout of a Nj calibrated cold-cathode gauge without
correcting for the respective hydrocarbon or process gas
sensitivity. The STM images were acquired in the constant
current mode and with an electrochemically etched W tip.

The indicated tunnel voltages V; correspond to the sample
potential. Our Ru(0001) single crystal was cleaned by
repeated cycles of Ar™ ion sputtering (first 300 K, 30 min,
then 1030 K, 15 min, 1.5 pA cm 2, 1.2 kV), annealing in
oxygen (1030 K, 8 min, 8 x 10~% mbar) and flash to 1650 K.
Cleanliness of the Ru surface was checked with STM and the
stated cleaning routine repeated if required. The carbon source
was either ethylene (CoHy) introduced into the UHV system
via a leak-valve or dissolved bulk carbon impurities as will be
detailed later.

The Ir(111) crystal was prepared by repeated cycles of
Art ion sputtering at room temperature and at 1000 K,
followed by annealing to 1500 K. The graphene layer
was grown by exposing the Ir(111) surface at 1300 K
to ethylene [15, 16]. For the ethylene pressures and
exposures used CVD growth is self-limiting and only
a single graphene layer forms, which we confirmed by
angle-resolved photoelectron spectroscopy (ARPES). The Ir
cluster superlattice was grown by evaporating 0.15 ML Ir
(one monolayer, ML, is defined as one atom per Ir substrate
atom) at a substrate temperature of (375 = 25) K. Under these
conditions, exactly one Ir cluster with a mean cluster size of 13
atoms is formed per hep region of the g/Ir(111)—(9.32 x 9.32)
moiré [12, 16]. Ir was evaporated from a current heated
thin film plate with a cross section of 0.5 mm x 0.1 mm.
The deposition flux was adjusted to 2.0 x 107 ML s~!
and calibrated by the core level intensity measured for
Ir deposition on a Ag(l111) crystal. This calibration was
cross-checked with STM in a different UHV chamber. Sodium
was evaporated from a commercial getter source (SAES)
onto the sample held at room temperature. ARPES data
were collected at the VUV beam line of the ELETTRA
synchrotron radiation facility in Trieste with a photon energy
of 120 eV. This energy is close to the Cooper minimum
of the photoionization cross section of the Ir 5d states
and thereby minimizes the Ir background photoemission
signal with respect to the graphene states. ARPES spectra
were recorded at a sample temperature of 100 K with a
Scienta R-4000 hemispherical electron analyzer which allows
spectra to be recorded simultaneously within an angular
aperture of 30°.

3. g/Ru(0001)

The chemisorption of a saturated monolayer (ML) of ethylene
onto Ru(0001) at room temperature, followed by thermal
dehydrogenation at 1100 K, gives rise to the graphene islands
visible on the atomic substrate terraces in figure 1(a). The
periodic pattern resolved in the islands is the (23 x 23) moiré
structure [44-46] caused by the lattice mismatch between
the Ru substrate and the graphene layer. On Pt(111), the
chemisorption of a saturated layer of ethylene at 300 K
leads, after pyrolysis, to a coverage of 0.25 ML [8, 10,
47, 48]. On Ru(0001) we measured after one chemisorption
and annealing cycle a graphene coverage of ® = (0.23 £+
0.05) ML, in agreement with this value. A second TPG
cycle leads to a coverage of (0.43 £ 0.05) ML and triggers
coalescence of graphene islands, as seen in figure 1(b).
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(b)

-

300 A

Figure 1. Graphene growth by chemisorption and dissociation cycles of ethylene on Ru(0001). (a) STM constant current image after the
first cycle, leading to a g coverage of ® = 0.23 ML. (b) STM image after the second step, showing ® = 0.43 ML (one cycle consists of
exposure to 5 L CoHy at Togs = 300 K, dissociation and H, desorption at Tgis = 1100 K, STM parameters Vy = —1.0 V, I; = 316 pA,

T = 300 K).

Since there are many translational domains of the moiré
structure, island coalescence leads with a high probability
to domain walls. In contrast to g/Ir(111), where the domain
walls can be removed by annealing [15], we observe that
they stay on Ru(0001). This is attributed to the stronger
binding of g to Ru(0001) [44, 49, 50] than to Ir(111) [51],
where the weaker substrate interaction enables diffusion of
entire islands in a Smoluchowski ripening process [15]. A
third TPG cycle leads to (0.54 £ 0.05) ML. Therefore the
coverage as a function of the number of cycles #n is described
by ® =1 — (1 — 0.24)". This is the expected behavior
for selective ethylene dehydrogenation on the catalytically
active transition metal surface, whereas graphene has a
low sticking coefficient to hydrocarbons and a negligible
dehydrogenation activity [17]. As a consequence, graphene
growth by sequential chemisorption and decomposition has
the advantage of being self-limiting. One asymptotically
approaches a single layer graphene and no second layer
will grow. However, it suffers from the many domain walls
limiting the long-range order. For Ru(0001) these domain
walls cannot be removed by annealing.

In CVD graphene growth the Ru(0001) surface is exposed
to ethylene at Tcyp > 1000 K. However, C dissolves into the
Ru bulk, and, in addition, the solubility of interstitial carbon
in ruthenium shows a strong temperature dependence—it is
six times higher at 1540 K than at 1000 K [19]. In order to
prevent diffusion into the bulk, as well as surface segregation
of already dissolved C, CVD growth has to be performed
at not too high a temperature and the sample temperature
has to be rapidly quenched afterwards. Both requirements are
somewhat in contradiction with best order. For the quench
the best compromise is T = —7 K s7!, and the influence of
the growth temperature is illustrated in figure 2. In both cases
there is a single monolayer of graphene and it is evident from
visual inspection that the higher exposure temperature leads
to better long-range order. This is quantified by determining

the exponential decay lengths of the 2D autocorrelation
functions’. We find an autocorrelation length of A = (131 +
8) A for Tevp = 1650 K, while Teyp = 1100 K leads to
A = (68 + 12) A. When disregarding the bulk solubility,
CVD is also self-limiting since we find that growth of the
second monolayer requires significantly higher exposures.
The delicate issue with CVD growth is the bulk solubility at
the temperature giving best order. This can be turned into an
advantage, as shown below; however, it renders control on the
graphene coverage more difficult.

The third growth method combines CVD surface growth
with deliberate loading of the surface region with carbon
which is then segregated by a very slow cool down [22].
By optimizing the parameters, we achieved very well ordered
graphene layers, as seen in figure 3(a), with an autocorrelation
length of A = (238 & 12) A. The superior long-range order
is the most prominent argument for this technique. However,
one needs to keep track of the coverage as multiple layers may
be nucleated if sufficient interstitial carbon has been created
before [52].

The fourth growth technique is the mere segregation of
Ru bulk dissolved carbon impurities. The amount of C present
in commercial Ru crystals suffices to create relatively well
ordered graphene layers for a large number of experiments
by a flash to 7 = 2000 K [20]. However, in comparison
to the third method, one encounters the complication of
co-segregation of elements other than C, which may lead to
structural imperfections in the graphene layer, such as point
or substitutional defects [53]. After many sputter, oxygen
glowing and flash cycles, the Ru becomes entirely clean [20]
and then one may load it with only C in the way described
above. When a sample is frequently used for CVD some of
the C is dissolved and gradually accumulated in the bulk such

3 The spatial 2D autocorrelation is defined as ac;; = ZZ =12kl * Th+i,l+j>
i.e., it multiplies the pixels of the image translated by i, k with theégles of the
non-translated image.
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Figure 2. The temperature-dependent long-range order of graphene grown by ethylene CVD at (a) Tcyp = 1100 K (20 L) and
(b) Tcyp = 1670 K (80 1). After exposure the temperature is held for 2 min and then lowered to room temperature with T=—7Ks ! The
lower left panels are 2D autocorrelation images and the lower right cuts through them show the exponential decay defining the

autocorrelation length (Vy = —1.0 V, [ = 316 pA).

(a)

[
Distance (A)

1
Distance (A)

Figure 3. (a) The graphene layer with an autocorrelation length of A = 238 # 12 A obtained from intentionally dissolving carbon into the
bulk during CVD and its subsequent controlled surface segregation during slow cooling (127 L C,Hg at Tcyp = 1540K, 7= —0.1 K s~1,
Vi = —1V, I, = 316 pA). (b) Graphene growth during a short flash to 7 = 1570 K of a freshly prepared Ru surface due to surface

segregation of the residual bulk dissolved carbon from previous graphene preparation cycles (V; =

that a flash might reveal the preparation history of the Ru
crystal. Such a sample is shown in figure 3(b) exhibiting with
A = (174 % 10) A very good long-range order. In table 1, 4
various preparation methods are compared with respect to

4 The literature autocorrelation lengths (A) have been determined for the
largest terraces in the STM images of the respective publication. The
gray-scale has been used as the z-value and it has been verified with our own
data that ghjs makes no difference within the error bars with respect to taking
the real z-values, even if non-linear gray-scale tables have been applied.

—0.88 V, I; = 150 pA).

their autocorrelation lengths for this and published work [13,
21, 52]. The best growth method for order is to combine
CVD, carbon loading and segregation of the surface layer.
This assessment can be rationalized as follows.

Concerted experimental [14, 17, 23, 24] and theoret-
ical [54-56] effort has been devoted to addressing the
graphene growth mechanism on transition metal surfaces.
Once the thermal decomposition of the hydrocarbon molecule
is complete, which happens at around 450 K < 7 < 700 K
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Table 1. Comparison of autocorrelation lengths (A) obtained with
different growth methods for graphene on Ru(0001) (see footnote
4).

Reference A (A) Method

[13] (59 +5) TPG cycles

[21] (76 £ 4) Segregation

[52] (157 £ 43) CVD plus segregation
This work (68 £ 12) Low temperature CVD
This work (131 +£8) High temperature CVD
This work (238 +12) CVD plus segregation
This work (174 £ 10) Long term preparation

[7, 8, 47], small carbon clusters reside on the surface.
Only if the temperature is sufficiently high, T > 700 K [7,
47], will these carbon clusters start to form graphene
islands [7, 47, 54, 55], given that a critical C adatom
concentration is reached [17, 23, 24, 56]. Furthermore, it is
now understood that graphene formation proceeds not via
monomer attachment but rather through incorporation of a five
carbon atom precursor molecule [17, 24, 56]. The stability of
a graphene island is a complicated function of its size [55, 57];
particular cluster dimensions have an increased life-time [14]
and exhibit varying electronic properties due to quantum
confinement [58].

Interestingly, once larger graphene islands have nucle-
ated, the structural quality of the resulting sheet is also
determined by the speed of growth, i.e., the C adatom
density [17, 23]. An example is shown in figure 4. This
sample was prepared by keeping it for three more minutes
after terminating the CVD growth at the growth temperature
of 1100 K. In agreement with figure 2(a), the center of the
graphene patch is poorly ordered; however, it is bound by a
very well ordered stripe of 40 nm width. The ethylene partial
pressure gradually decreases after closing the leak-valve and
so does the C adatom density. The resulting lower growth
speed leads to higher graphene quality. In the end, it is
the delicate balance between the C adatom density, the
formation of precursor C clusters, their attachment to existing
graphene patches, the purity of the C source, as well as
the rearrangement between growing graphene islands upon
coalescence that decides the resulting graphene quality [17,
56]. The superior structural quality of the third growth method
(CVD plus segregation) can now be rationalized. On the one
hand, it relies on the cleanliness of the approach, which
avoids co-segregation of bulk dissolved impurities other
than carbon. On the other hand, the low C supersaturation
at high temperature leads to a slow carbon attachment to
existing graphene patches with the concomitant excellent
structural quality. We finally note that graphene formation
may through the high growth temperatures also lead to
substrate faceting [59, 60]. Interestingly, the faceted regions
provide especially well ordered graphene patches [7, 60],
which could open a new route for more efficient growth
of high quality graphene. The present results show the best
long-range order for a combination of CVD growth and
segregation.

Figure 4. The ordered stripe at the border of a disordered graphene
patch grown on Ru(0001) by ethylene CVD at low temperature with
3 min post-annealing (1100 K, 20 L, pc,n, = 3.5 x 107 mbar,

200 x 146 nm?, V; = —1.0 V, I, = 150 pA).

4. g/Ir(111)

We now describe the effect of a periodic potential on the
electronic band structure of graphene resulting from the
moiré structure of g/Ir(111)-(9.25 x 9.25) [12, 15] and from
its reinforcement by self-assembled Ir clusters grown on
top [29]. For the first system mostly unperturbed Dirac cones
at the K-points of the Brillouin zone, except for the opening
of minigaps at the boundaries of the mini-Brillouin zone,
have been reported [S1]. Figure 5 shows STM images and
ARPES intensities comparing both systems, revealing that the
cluster superlattice potential induces a strong group velocity
anisotropy together with a significant band gap opening [29].
We focus on the energy region close to the apex of the Dirac
cone, and, since the linear dispersion of the 7 band is modified
close to the Bragg planes, we restrict our analysis to energies
E — Ep > —0.5 eV. In the presence of the superlattice the
group velocities in the two directions are vrg = (4.90 £
0.06) eV A and vprx = (2.90£0.05) eV A, corresponding to
an anisotropy of Av/vprx = (7045)%. This value is 12 times
larger than the anisotropy expected for unperturbed graphene
due to its trigonal warping. The tight-binding approximation
up to third nearest neighbors (TB3 model) for free-standing
graphene gives Av/vyrk = 5% [61]. The anisotropy for
g/Ir(111) is, with Av/vprx = (16 & 2)%, larger than this,
showing the small effect of the periodic potential resulting
from the moiré alone. The group velocity renormalization
is expected to be more effective for charge carriers moving
perpendicular to the largest corrugation of the potential [26,
27]. In agreement, we find the strongest reduction for pI"'K.
The superlattice induced band gap opening can be derived
by comparing the positions of the Dirac cone summits for
both cases, and by making reasonable assumptions on the
position of the Dirac point derived by carefully checking for
charge neutrality. For g/Ir we find E; = (—70 £ 20) meV,
in good agreement with previous results [35]. The Ir cluster
superlattice shifts the w summit down to E; = (=200 =+
20) meV, while the 7* band stays above Ep. Following the
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Figure 5. (a) Sketch of the 7 (7*) band for g/Ir(111) close to the K-point and Eg. The Dirac cones are almost symmetric and only a small
gap opens at the K-point. (b) STM image of the moiré structure of g/Ir(111). (c) ARPES intensity of the 7 band of g/Ir(111) around the
K-point and along the I'K direction and perpendicular to it. (d) Sketch of the 7 (;r*) band for Ir/g/Ir(111). The cluster superlattice induces a
strong anisotropy in the Dirac cones and the opening of a large gap at the K-point. (¢) STM image of an Ir cluster superlattice grown on
g/r(111) (6 = 0.15 ML, Tyep = 375 K). (f) ARPES intensity of the 7 band for Ir/g/Ir(111) around the K-point and along the I'K direction
and perpendicular to it. In (c) and (f) the dots represent the peak positions of the momentum distribution curves.

literature [28, 35], we assume charge neutrality for g/Ir(111)
and find Eg g1 = (140 £ 40) meV. For the cluster lattice a
possible charge transfer can be estimated from the core level
and conduction band shifts. We find that these shifts are very
small. The C 1s level shifts down by (30 £ 30) meV and
the top of the o band at the M-point of the second Brillouin
zone by the same amount. With Ep = —30 meV we find
Eg 1r/g/1r = 340 meV.

Further tuning of the graphene electronic bands can
be achieved by chemisorption of alkali metals at room
temperature. For Na adsorption on bare graphene (Na/g) we
observe a band gap of Eg Na/g/ir = 320 meV, whereas in the
case of Na adsorption on the Ir cluster superlattice the band
gap reaGC%es Eg Najijg/1ir = 740 meV (see figure 6(a)) [42],

which is very close to the band gap of conventional
semiconductors. Remarkably, the formation of these very
large band gaps preserves the shape of the Dirac cone and
the high electron group velocity. Due to strong electron
charge transfer from Na to graphene, the 7* state is shifted
below Ep as compared with bare graphene on Ir(111).
From the constant dE/dk gradient of the band dispersion of
the * states we evaluate the electron group velocities to
VNa/g/Ir ~ 5.5 eV A and VNa/Ir/g/Ir ~ 5.2 €V A, respectively.
These values are very close to the ones obtained by
third nearest neighbor tight-binding calculations [61] and in
magneto-transport measurements of free-standing graphene.
Figure 6(b) shows a schematic summary of the evolution
of the graphene band gap as a function of the applied
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Figure 6. (a) ARPES map along the pI'K direction for Na/Ir/g/Ir(111). The inset shows the 2D Brillouin zone of graphene. The red line
indicates the pI'K direction. The black crosses overlaid on the ARPES maps mark the maximum of the photoemission spectral-weight
intensity whereas the arrows highlight kinks in the electronic band dispersion generated by the electron—phonon interaction. (b) Side view
sketch of the atomic structure and of the = and 7* bands close to the K-point of the graphene Brillouin zone and at Er for (i) free-standing

graphene, (ii) g/Ir, (iii) Ir/g/Ir, (iv) Na/g/Ir and (v) Na/Ir/g/Ir.

perturbation. In order to give a possible explanation for
the Na induced band gap we note that the STM data
show the adsorption of Na on top of graphene, most likely
in a (2 x 2) phase, and rule out intercalation at room
temperature [42]. Although a (2 x 2) reconstruction is not
expected to remove the degeneracy between graphene states
at the K-point, a band gap may be induced by hybridization
between the electron wavefunctions with wavevectors K and
K’ promoted by the translation symmetry breaking of the
combined Na—graphene-Ir(111) lattice. We attribute the wide
gap to Na and Ir jointly breaking the degeneracy of the two
graphene sublattices.

5. Conclusions

We have reviewed and presented growth techniques for
graphene on Ru(0001) leading to large autocorrelation lengths
of up to 240 A. The electronic properties of graphene on
Ir(111) could be tailored while preserving high charge carrier
group velocities, a necessary condition for high mobilities.
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Outlook and perspective

In our experiments we touched a series of subjects that could be further developed. For
instance, the intercalation of Au underneath the i-BN layer, the generalization of the observed
ring structures to other substrates, as well as a curious interplay with molecular hydrogen.
Some of these preliminary results are presented in the following and may apply in a more
general context. We therefore intend to give a brief outlook on possible future experiments
that are based on, and extend the already established results.

5.1 Auintercalation

The detachment of the boron nitride layer from the metal substrate in the course of transition
metal doping has been found to extend to other BN-substrate combinations, notably to
h-BN/Ni(111), as we will expose subsequently to a presentation of our initial intention to
explore this system. As we have seen in chapter 3, the #7-BN/Ni(111) sample is characterized
by a commensurate (1 x 1) structure and no moiré pattern is formed. The BN layer is almost
completely flat and strongly hybridized with the underlying substrate. In order to electronically
decouple the layer from the substrate, we have intercalated Au underneath the #-BN in a
similar fashion as was carried out for graphene/Ni(111) [119, 134]. For the example of a
graphene/metal interface the strong hybridization could be successfully lifted by one layer
of Au intercalated in between the graphene sheet and the Ni substrate, and concomitantly
the properties of a free standing graphene layer were restored, which is now referred to as
quasi freestanding graphene [134]. In our attempts to intercalate gold at elevated temperature,
we have discovered three Au related structures, whereof two are intercalated underneath
the h-BN layer. The first are compact intercalated Au islands with a characteristic (10 x
10) superstructure of triangular misfit dislocations [66], and the second are intercalated Au
wires pointing away from Au islands and from steps into the open terrace. The Au wires
are frequently connected and form honeycomb structures of varying pore size. Figure 5.1
shows an example of intercalated Au on h-BN/Ni(111). We note that gold was dosed on
h-BN/Ni(111) in Fig. 5.1(a) at room temperature and a subsequent annealing was carried
out for 10 min at 770 K. Lowering the annealing temperature, and reducing the annealing
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Figure 5.1: Intercalation of Au underneath 2-BN/Ni(111). (a) Large scale STM image showing
coexistence of multilayer Au islands (1), intercalated Au islands (2), intercalated Au wires (3),
and empty #-BN/Ni(111) (<). (b) Zoom into coexistence region of intercalated Au ([J) and
intercalated Au vacancy islands (o, x, and +). (c) Field emission resonances (FER) can be used
to identify the respective phase. [(a) V; = —1.0Vand I; = 110 pA, (b) V; =1.0 Vand I; = 20 pA,
(c) FER spectra recorded at constant current with the parameters: I; = 100 pA, Vinod = 10 mVpp,
and v = 1387 Hz].

time will augment the ratio of intercalated Au islands and less Au wires will be found, as can
be seen in Fig. 5.1(b). Field emission resonances (FER) [16, 19] can be used to identify the
respective phases, as was demonstrated in chapter 3, and the corresponding FER spectra are
shown in Fig. 5.1(c). The FER traces on empty h-BN/Ni(111) (<) hereby serve as a reference.
In particular, one observes a slight shift toward higher energy and a quench of the 1.7 V peak as
the lateral dimension of the empty h-BN layer is reduced, i.e, by recording FER spectra inside
intercalated honeycomb pores of gradually decreasing size. This analysis strongly suggests that
the honeycomb pores are actually covered with /-BN. The shift of the resonant peaks toward
higher energies for the FER in curve [ reflects an increasing work function for intercalated
Au as compared to the regions with 2-BN covering only Ni. As we have shown for the FER on
h-BN/Rh(111) in chapter 3, the quenching of the first resonant peak is a fingerprint of the
decreasing interaction between the h-BN layer and the substrate. We recall, that the holes of
the (12 x 12) moiré pattern were characterized by a strong hybridization, and the wires by mere
van der Waals interaction between the /-BN layer and the substrate, respectively. The i-BN
sheet is therefore assumed to be only weakly bound to the intercalated Au layer, in accordance
with h-BN/Cu(111) [108] and h-BN/Ag(111) [85].

It is curious to remark that the development of the triangular misfit dislocation seems to be
virtually unaffected by the covering h-BN layer. The intercalated Au layer appears indistin-
guishable from the known Au/Ni(111) system [66], and shows the equivalent features of the
the (10 x 10) superstructure [cp. Fig. 5.2(a)]. For the case of intercalated Au wires, we are
unaware of a corresponding open (non /-BN covered) one-dimensional Au phase on Ni(111),
and the latter is highly unlikely to exist. A close inspection of the intercalated honeycomb
structure reveals a correlation between the triangular misfit dislocation and the honeycomb
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Figure 5.2: Details of intercalated Au structures on h-BN/Au/Ni(111). (a) The STM image
of the intercalated (10 x 10) superstructure features the same characteristics as the open
Au/Ni(111) [66]. (b) The transition region between the (10 x 10) superstructure and the honey-
comb structure shows how Au wires originate from the sides of the misfit dislocation triangles.
Mn rings centered around the pores of the honeycomb structure are equally present (see text).
[(@ V; = -50 mV and I; = 200 pA, (b) V; = —100 mV and I; = 10 pA.]

structure. Encountering wires appear to be joined at the sides of the misfit dislocation triangle.
Furthermore, it is seen that the wires are periodically interrupted by segments of a distinct
size. Figure 5.2(b) gives an account of the latter two points.

It might be worthwhile to further elaborate on the intercalated wire and honeycomb structures.
In particular, the varying pore size could open an interesting route towards the creation of
a highly versatile template surface. Metal-organic honeycomb structures have also been
investigated in this regard [116], as they allow to prepare a pore size depending on the length
of the constructing molecule. The drawbacks of the latter approach, however, are the small
accessible temperature range and the exposed substrate surface in the pore center that is prone
to contamination. These two limitations might be lifted by using the #-BN/Au/Ni(111) system.
The preparation temperature of more than 700 K accounts for the first, and the protective
h-BN cover on top of the intercalated Au honeycomb structure for the latter drawback.

Although the present pores share resemblance with the moiré pattern of the 2-BN/Rh(111)
system, they are of a different origin. We recall that the moiré pattern reflects an 1 A vertical
geometric corrugation with respect to the flat Rh(111) substrate, i.e., the wires around the
moiré holes are not filled with substrate atoms. In the case of the intercalated Au, on the
other hand, the wires are composed of Au and covered by a monolayer 2-BN. Nonetheless,
an interesting parallel is established between the two systems upon dosing small amounts
of manganese on the intercalated Au honeycomb structure at 10 K. Figure 5.3 shows one
complete and one partial Mn ring centered around the pores of the honeycomb structure
[cp. also Fig. 5.2(b)]. The similarity between the present Mn rings and the ones found on
h-BN/Rh(111) is striking. In this spirit, we have recorded current-distance traces and dInI/dz
spectra at the indicated positions [cp. Fig. 5.3(b)], and found the same non-exponential
distance-current behavior in the first, and a pronounced peak in the latter case. The peak
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Figure 5.3: Mn rings on intercalated Au on 2-BN/Ni(111). (a) STM overview image exhibiting
two Mn rings centered around the pores of the intercalated Au honeycomb structure. (b)
Mn ring and markers indicating the positions where d1n I/dz spectra were recorded. (c) The
spectra reveal the deformation of the #-BN layer due an increasing tip-sample interaction
when reducing the gap width of the tunneling junction. [(a) V; = =100 mV and I; = 10 pA,
(b) V = =100 mV and I; = 10 pA, (c) STM parameters prior to opening the feedback-loop:
Ve =—-100 mV, I; = 20 pA, zmod = 16 pm peak-to-peak, and v = 777 Hz].

in dInl/dz spectra is a characteristic of a deformable tunnel junction [34]. As we have
established for #-BN/Rh(111) [89], the deformation of the tunnel junction is due to a detached
h-BN layer that is lifted off the substrate and deflecting toward the STM tip upon approaching
the latter to the sample surface. The peak in the dIn I/ dz spectra separates the distance where
the regimes of attraction and repulsion are interchanged. In conclusion, the Mn adatom is
able to weaken the interaction of the /#-BN layer inside the pore of the honeycomb in the same
way as it was demonstrated to weaken the interaction in the holes of the moiré pattern of
h-BN/Rh(111)-(12 x 12). More details about the latter system can be examined in chapter 3
and in Ref. [89].

This short analogy demonstrates that the doping of strained hexagonal sp? hybridized mono-
layers of boron nitride, and presumably also graphene, with transition metal atoms might
allow to locally detach the layer from the supporting substrate in a more general fashion.
It would be worthwhile to apply complimentary experimental techniques to measure the
properties of these systems. In this spirit, near edge X-ray adsorption spectroscopy (NEX-
AFS) [126] is a surface sensitive tool that probes the local bonding environment of a distinct
atomic species and has thus revealed a characteristic signature for the degree of hybridization
between the h-BN layer and the metal substrate [110]. Implementing NEXAFS studies could
therefore help to understand how the bonding between the layer and substrate is modified
by the addition of a transition metal adatom. This would represent an alternative method to
test our hypothesis of a weakened layer-substrate interaction. If our assumption applied, one
could imagine that the detached parts of the monolayers behave as oscillating membranes and
act as high frequency mechanical nano-scale oscillators. In fact, many transition metal rings
were observed to be constantly switching between the ring and the dot state while scanning
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with STM. Given the physical dimensions of theses hypothetical oscillators, the resonance
frequencies ought to be in the Thz range and beyond [83]. The phonon dispersion relation and
the vibration modes of a h-BN layer on Ni(111) have been studied with high resolution electron
energy loss spectroscopy (HREELS) [114]. The HREELS technique is clearly a powerful tool and
sufficiently sensitive to measure the vibrational properties of metal supported /-BN. It would
be an interesting experiment to probe the vibrational energies of the detached membranes
with HREELS. Furthermore, the use of an atomic force microscope (AFM) could offer a direct
insight into the forces acting between the detached membrane and the substrate. In particular,
the recent advances in the technique of combined STM and tuning fork AFM (qPlus) [49, 50]
would present an interesting method for the investigation of these detached monolayers of
h-BN and graphene. Moving the focus from close-packed surface to more open substrates
would finally allow to extend the study to membranes of different dimensionality. For instance,
it would be interesting to investigate whether and how transition metal adatoms modify the
interaction with the substrate for the 1D structures of Fe(110) supported graphene [138] and
h-BN [139].

5.2 Hydrogen superstructure - molecular rotations

The interaction of hydrogen with the sample has been described in section 3.2.1 and 3.3 in
terms of a disturbance and has therein been regarded as a nuisance/contamination. Here we
want judge hydrogen by alternative criteria and wish to explore a different path in order to
highlight some of the exciting aspects of hydrogen adsorbed at low temperature.

Hydrogen has been found to be responsible for the strong apparent height reduction of Ti
adatoms on metal supported h-BN. We have scrutinized the latter by exposing our Ti adatoms
to a partial pressure of hydrogen and by recording the concomitant changes in topography.
The scenario is well described in section 3.2.1 and we will not further dwell on the properties
of Ti adatoms. In the course of these experiments, however, we have also observed interesting
features that are independent of the transition metal adsorbate. One example is found in
the circular patches of a hydrogen superstructure, stabilized around Ti adatoms and point
defects, that are visible after deliberately exposing the sample to a partial pressure of molecular
hydrogen at 10 K. Figure 5.4 gives an account of this hydrogen related superstructure. The
hydrogen patches have a peak-to-peak corrugation of (14.3 + 0.5) pm, while the i-BN layer
is corrugated by (12.3 +0.2) pm. We note that the enhanced resolution in the STM images of
h-BN, despite the moderate tunneling conditions, may be attributed to a trapped hydrogen
molecule in the gap of the tunneling junction [131]. The periodicity ratios of superstructure
and h-BN are with gstv = (1.74 £ 0.02), and gppr = (1.72 £ 0.01) very close to V3, and the
relative orientation is (30 +1)°, i.e., the superstructure is described by (v/3 x V3)R30°. If
the maxima of the superstructure coincided with the hydrogen adsorption site, the molecule
would be resting in the /-BN hollow site, which can either be fcc or hep relatively to the Ni(111)
surface, depending on the respective h-BN phase [52, 9]. We note that such a superstructure
has been reported for physisorbed hydrogen on graphite [118] which is but one element of an
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Figure 5.4: Hydrogen superstructure on #-BN/Ni(111). (a) Overview image showing hydro-
genated Ti adatoms and point defects surrounded by circular patches of a (v/3 x v/3)R30°
hydrogen superstructure. The inset shows the corresponding FFT image. (b) Atomic resolu-
tion of #-BN layer and (c) hydrogen superstructure. The (x) indicates where d1/dV spectra
of Fig. 5.5 were recorded. [(a) V= —10 mV and I = 20 pA, (b) V; = -50 mV and I = 20 pA, (c)
Vi =-20mV and I; =20 pA.]

intriguingly rich phase diagram of 2D hydrogen at low temperature [44, 45].

Tuning the controllable parameters, i.e., by changing the density of adsorbed hydrogen or
varying the sample temperature, would allow to explore the phase space of this two dimen-
sional quantum material. The phase diagram of adsorbed hydrogen on graphite has been
sketched with data from neutron and electron diffraction studies [118, 44, 45], and numerous
phases and their connecting transitions were discovered. For instance, a commensurate-
incommensurate and a solid-2D gas/liquid phase transition were identified. A related study
showed that the pronounced isotope effect of the hydrogen molecule results in a distinct phase
diagram for adsorbed deuterium [46]. We note that a neutron diffraction study has been car-
ried out for adsorbed hydrogen on a h-BN powder sample [42]. It was furthermore established
that hydrogen behaves in a similar fashion on BN as it does on graphite substrates [42, 144].
The employed techniques probe a macroscopic sample area/volume and interesting details,
for instance the evolution of the phase boundaries, might be missed. This drawback could
be overcome with an STM as it offers the possibility to locally inspect the sample. Given that
we are able to detect the commensurate (v/3 x v/3)R30° superstructure with STM, we might
also be capable of measuring the complimentary 2D phases and the connecting transitions
for adsorbed hydrogen and its isotopes.

The remaining part of this outlook is an early view on the first STM observation of nuclear
disparate configurations of hydrogen and deuterium. These are preliminary conclusions and
sketch the current state of our work.

Symmetry requirements for the exchange of protons within the molecule entail two nuclear
distinct forms of hydrogen [122]. In the so called para configuration (p-H>), the nuclear
spins of both protons are aligned antiparallel, and the total molecular nuclear spin is zero.
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Contrariwise, ortho hydrogen (0-Hj) is characterized by two parallel proton spins and a total
molecular nuclear spin of 1. Although p-H, is the ground state configuration, the ratio between
the ortho and para population is 3:1 in thermodynamic equilibrium at room temperature.
Since the transition from 0-H, to p-H is forbidden for the free molecule, an out of equilibrium
population can be created when cooling the hydrogen gas to low temperatures. The conversion
from o-H» to p-Ho is very slow but significantly accelerated, for instance, in the presence
of paramagnetic impurities [65, 122]. Efficient 0 — p conversion catalysts have technical
relevance in hydrogen liquefaction. The rotational quanta of the two hydrogen states and the
corresponding states for deuterium are tabulated in table 5.1. The first rotational quantum for
p-Hy (J=0— J=2)is43.9 meV and 72.8 meV for 0-H, (J =1 — J = 3) [122]. These excitations
are referred to as 3D rigid rotors and have been measured with HREELS for adsorbed hydrogen
on Ag(111) [10] and Cu(100) [4] surfaces. The measurements of these studies were carried out
at cryogenic temperatures where all hydrogen molecules are in their vibrational ground state
(v =0). These HREELS studies [4, 10] could therefore also capture combinations of vibrational
and rotational excitations, for instance around the loss peak of 516 meV (v=0— v =1) [122].
A related HREELS study on a Cu(510) surface showed excitations corresponding to ortho and
para hydrogen constraint at steps edges in a 2D rotational excitation [129]. In this case the
rotational quanta are 29.4 meV (J =0 — J =2) and 58.8 meV (J =1 — J = 3) for p-H, and 0-Hy,
respectively [129, 130]. It is interesting to note that all the mentioned energy levels are well
within the energy range conveniently accessible with STM [cp. table 5.1].

Table 5.1: Summary of 2D and 3D rotational, and vibrational energy quanta for nuclear
disparate spin configurations of hydrogen and deuterium. Energies are given in meV and
taken from Silvera [122], and Bengtsson [17].

state E;fz - E;D E;fz - E?D vibration (v=0—v=1)
p-Ho (J=0) 29.4 43.9 516
H
ydrogen @ 1 U=1) 58.8 72.8 + rot. satellites
Deuterium 0-Dy (J=0,2) 14.8 22.2 371
p-Do(J=1) 29.6 36.9 + rot. satellites

We measured the differential conductance at the equivalent positions indicated by (x) in
Fig. 5.4(c) of the superstructure for hydrogen and deuterium. The dI/dV spectra in Fig. 5.5
reveal sudden conductance changes at the energies of +44 meV and +21 meV, for hydrogen
and deuterium, respectively. Abrupt conductance jumps are characteristic for the activation
of a new inelastic conductance channel [125]. We attribute these energies to an excitation
of a 3D rotation of para—hydrogen and ortho-deuterium (from J = 0 — J = 2), respectively.
The energy ratio between the hydrogen and the deuterium features is clearly incompatible
with a vibrational excitation, since the latter ought to scale with /2. Rotational quanta, on
the other hand, scale with the moment of inertia and thus perfectly match the factor 2 of the
above energy ratio. Note that we observed slight variations of the energy position of order
1 meV. These can be ascribed to subtle dilations of the molecular axis [10]. The dip at the
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Figure 5.5: Differential conductance of hydrogen and deuterium molecules in the respective
(v/3 x v/3)R30° superstructure. The tip was positioned at the indicated locations equivalent to
(x) in Fig. 5.4(c). (Setpoint before opening the feedback-loop: For hydrogen, V; = —100 mV,
I; =50 pA, Vinod =5 mVpp, mean of 21 spectra. For deuterium, V; = =50 mV, Iy = 50 pA, Vinod =
2 mVpp, mean of 8 spectra. The d/dV traces were normalized to the starting conductance
and vertically offset by one unit. The d?I/dV? was numerically differentiated from dI/dV
spectra and vertically offset.)

Fermi energy is not yet fully grasped but tentatively explained in terms of a vertical molecular
vibration with respect to the i-BN layer [94]. For an harmonic oscillator, the width of the
feature should scale with v/2 as mentioned before, however, since hydrogen and deuterium are
seriously modified by inharmonic effects, deviations from this scaling are expected. Although
the width appears slightly more narrow for deuterium, we need to be extra careful in the
analysis because the influence of modulation and thermal broadening should adequately be
accounted for. From the deconvolution of the latter effects, the inspection of the intrinsic
excitation energies and widths will require the correct consideration of the hydrogen and
deuterium zero-point motion (ZPM). The ZPM can entail a slight modification of the expected
V/2 ratio between the respective vibrational features of H, and D».

Inspection of energies beyond 100 meV yielded no satisfying response as to whether higher
order rotations could be activated. Neither were we able to observe inelastic features at
energies in the expected energy window for vibration (v = 0 — v = 1). This could be due
to the electrical field that forces the molecule out of the junction, what might explain the
instabilities in the tunneling junction at certain threshold bias values. Another possibility could
be the reduced excitation cross section for these processes. Note the strong magnification in
HREELS measurements of H, and D, that had to be applied in order to visualize the respective
excitations [10, 4, 129].

We finish by remarking that a study with adsorbed acetylene molecules demonstrated that

76



5.2. Hydrogen superstructure - molecular rotations

an STM offers in principle the possibility to excite and detect molecular rotations [124]. The
present case would represent the ultimate limit of a rigid rotor and would constitute the
smallest diatomic rotor observable with STM. For Ni(111) supported 2-BN the conversion
from o-H, to p-H; appears to be too fast to also capture the ortho hydrogen /=1— J =3
transition with inelastic tunneling spectroscopy (IETS). In sporadic cases, spectra showed
inelastic features at energies close to 70-80 meV. The statistics, however, is not reliable and
no conclusions about the abundance of ortho hydrogen can be made. The choice of an ade-
quate substrate seems to be the delicate issue. It appears as if many unsuccessful attempts
have been made to measure such excitations with STM on Cu [56, 120, 121], Ag(111) [131],
Ag(110) [131], and on Au(111) [131, 141]. Although IETS features were observed in the latter
list of contributions, these IETS characteristics exhibited varying energies that were believed
to be incompatible with the rotational quanta mentioned in table 5.1. Given that h-BN can be
prepared on numerous substrates [cp. chapter 3], and that we are able to observe the ground
state of hydrogen and deuterium on /#-BN/Ni(111), metal supported i-BN might be the better
choice than the mere metal surface. We stress that it would be an exciting task to scrutinize
whether also the ortho hydrogen / = 1 — J = 3 transition could be excited with STM. If this was
the case, we would have a formidable tool on hand that would allow to distinguish between
nuclear disparate hydrogen molecules using an STM. From this perspective a whole range of
opportunities arise. The unmatched spatial resolution of an STM could allow the direct map-
ping of nuclear spins with sub nanometer precision. One could think about locally inspecting
the 0-H, to p-H, conversion, and extract the magnetic moment of a nearby structure from
the conversion rates [65]. Another aspect could be the study of the rich ordering phenomena
for ortho hydrogen on boron nitride at low temperatures [68, 42]. In particular, it would be
interesting to examine the intriguing pinwheel 0-H, and related phases. However, for the
latter study an STM with an effective temperature range below the boiling point of helium
would be required.
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In this appendix we will briefly outline our contribution to the assembly of a dedicated UHV
system, initially designed by U. Schlickum and M. Kobas. The author set-up the lab, assembled
the vacuum chambers, mounted the Auger electron spectroscope, and performed initial
cooling tests for the sample holder system. At a later stage, the project was handed to S. Fedrigo,
who first improved the heating system and now signs responsible for the latest development,
which includes the drawing and assembly of the scanning tunneling microscope.

Since an STM heavily suffers from vibrational noise that limits the mechanical stability of the
tip-sample tunnel junction, special care has to be taken to prevent the coupling of vibrations
into the system. While building vibrations above 30 Hz can readily be damped by pneumatic
isolator legs (Newport I-2000), the low frequency underground cannot be effectively sup-
pressed by such a system, in particular, the part close to the eigenfrequency of the leg-UHV
chamber are not damped at all or are even amplified. The STM performance is thus strongly
determined by the low frequency underground of its sheltering lab. We have therefore chosen
lab H0482 according to its promising low vibrational underground (cf. Figure A.1) which is
achieved by a concrete baseplate that is decoupled from the building and that rests on a sand
bed. When the building was constructed, this room had been foreseen for the sheltering of an
electron microscope. We have assembled the framework that supports the UHV chamber. It
has been forged out of nonmagnetic stainless steel and its head space has furthermore been
filled with sand [cf. Figure A.2(a)] to increase weight and to improve damping. Prior to filling,
the sand was dried in a low pressure furnace for several hours.

Figure A.2 illustrates the temporal evolution of the assembly process of the UHV system
in lab H0482. The individual components, namely, preparation chamber [cp. Fig. A.2(b)],
measurement chamber [cp. Fig. A.2(c)], load lock, sample manipulator, and the cryostat
[cp. Fig. A.2(d)] have been mounted and connected. Later, we have added the pneumatic
legs and the sample manipulator [cp. Fig. A.2(e)]. Figure A.2(f) shows the status quo of
lab H0482. The individual chambers are separated by gate valves and can maintain their
vacuum independently through their dedicated pumping system. The vacuum is generated
and preserved by three turbo-molecular pumps that are backed by primary rotary pumps. The
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Figure A.1: Comparison of vibrational underground (acceleration amplitudes) of two different
labs. Laboratory H0482 shows a way better low frequency underground than lab H1442.

preparation chamber and the STM chamber are both equipped with ion pumps. In the former,
a gate valve is introduced between the ion pump and the preparation chamber, to reduce
the effective volume and to avoid a filling of the ion pump with argon during sputtering. The
sample manipulator is equipped with a flow cryostat that can either be cooled by LN2 or liquid
helium. The latter is preferred as it allows to cool the sample to 30 K and below within half an
hour. The separation of our device into a dedicated preparation and a measurement chamber
has the advantage that sample preparation cycles and the involved high pressures have no
detrimental effect on the measurement chamber. The latter is essential as we have seen in
chapter 3 for the case of a hydrogen interplay with Ti adatoms. A turbo molecular pump with a
particular high compression ratio for hydrogen' is installed at the cryostat chamber to levitate
the hydrogen issue. We have also added a vacuum reservoir made out of a stainless steel beer
barrel that allows to switch off the primary pumps and that offers the turbo-molecular pumps
enough backing to maintain the base pressure. By this means, the noise level in the lab can be
reduced and preliminary sample characterization can be carried out without turning off the
turbo pumps. A greater number of experiments is feasible with this barrel backing. Note that at
the beginning of an experimental cycle the sample preparation recipe is not yet fully mastered
and many STM inspections are needed to establish the correct preparation. Bakeouts of the
vacuum system readily yield a base pressure of 2 x 10~'? mbar in the preparation chamber. The
cryogenically cooled STM chamber can naturally provide better vacuum conditions. However,
at the current state, a frequent breaking of the vacuum is necessary for installing and testing
newly installed parts, and therefore no particular efforts are made in reaching the ultimate low
pressure.

Lpfeiffer Vacuum HiPace 300
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Figure A.2: Time evolution of UHV chamber assembly in lab H0482. (a) The author filling the
framework with dry sand. (b) Completely assembled framework with preparation chamber.
(c) Measurement chamber with cryostat. (d) First bakeout. (e) Installed sample manipulator
and pneumatic legs. (f) Fully assembled UHV system with load lock (status quo the 30.10.12).
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