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Abstract

In this thesis, the on-surface synthesis of sandwich-molecular wires — one-dimensional chains
of metal atoms and cyclic molecules in an alternating sequence — is investigated. The use of
a low-symmetry substrate for the global and uniaxial alignment of these wires is introduced,
making them accessible to spatially averaging techniques. Further, the effects of different types
of metal atoms and molecules on the organometallic synthesis and the resulting compounds are
investigated as well as their influence on the electronic and magnetic properties.

First, the synthesis of a single-crystal sheet of graphene (Gr) on the two-fold symmetric
substrate Ir(110) is demonstrated, which is achieved by thermal decomposition of C2H4 at
1500 K. The structure of the Gr sheet is investigated using scanning tunnelling microscopy
(STM) and low-energy electron diffraction (LEED). While the bare Ir(110) substrate is strongly
reconstructed, the adsorbed Gr layer is found to suppress this reconstruction and large flat
terraces are observed. The two-fold symmetry of the substrate is imprinted onto the moiré
of Gr with Ir(110), resulting in a clear wave pattern of nm wavelength. A strong stripe-like
modulation of the electronic properties and binding energies is observed. Complementary angle-
resolved photoemission spectroscopy (ARPES) measurements and ab initio calculations show,
that the Gr is strongly bound to the substrate and the characteristic Dirac cone in the electronic
band structure is absent. This anisotropic pattern is demonstrated to enable uniaxial alignment
of sandwich-molecular wires and templated adsorption of aromatic molecules. Furthermore,
Gr/Ir(110) allows the on-surface synthesis of transition-metal dichalcogenide layers and the
growth of epitaxial layers on unreconstructed Ir(110) under the Gr sheet.

Second, the introduced two-fold symmetric Gr/Ir(110) is used for the in-depth character-
ization of uniaxially aligned sandwich-molecular wires consisting of the lanthanide europium
(Eu) and the eight-membered carbon ring cyclooctatetraene (Cot). Using STM and LEED, the
alignment effect along the [001] direction of the Ir substrate is found to persist up to several
multilayers of the organometallic film. The electronic band structure of the one-dimensional
wires is investigated with ARPES. A flat band 1.85 eV below the Fermi energy is found, while
no π-derived bands could be observed. Using complementary density-functional theory (DFT)
calculations, X-ray photoelectron spectroscopy and by exchanging the Eu within the wires by
the alkaline-metal barium (Ba), this flat band could be attributed to the localized Eu 4f states.
By fitting the relative position of the 4f-derived band with respect to the lower-lying σ states
in the DFT calculations to the ARPES measurements, the Hubbard U of the organometallic
system is derived. X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
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(XMCD) are utilized to probe the magnetic behavior of the wire film at low temperatures. An
electronic configuration of 4f7 is found with a resulting magnetic spin moment of 7 µB and an
easy axis magnetization along the wires.

Third, the on-surface synthesis of organometallic compounds containing the rare-earth metal
thulium (Tm) and Cot is reported, which are characterized using STM, XAS/XMCD and ther-
mal desorption spectroscopy. On undoped Gr/Ir(111), a disperse phase of TmCot monomers is
observed for low coverages, which for high coverages coexists with an additional island phase.
Complementary DFT calculations find that the monomers bind to the substrate through charge
transfer with a Tm electronic configuration of 4f12. This configuration is confirmed using XMCD
measurements and an out-of plane easy axis anisotropy of the resulting magnetic moments is
observed. Intriguingly, the chemical reaction pathway during the on-surface synthesis can be
changed through the suppression of charge transfer into Gr by n-doping of the substrate. As a
result, islands of parallelly aligned sandwich-molecular wires are formed. It is found, that the av-
erage wire length can be controlled by changing the Tm/Cot flux ratio during the organometallic
synthesis, going from small wire fragments to wires exceeding 100 formula units.

Finally, the on-surface synthesis of metal–Cot sandwich-molecular wires is studied for metal
atoms which are electronically similar to Eu and effects of modifications to the Cot ring as well
as the growth on a metal oxide substrate are investigated using STM. Similar to Eu, also Ba and
the rare-earth metal ytterbium (Yb) form sandwich-molecular wires on undoped Gr/Ir(111). In
both cases, islands of interlocking and parallelly aligned wires of high crystalline quality are
formed. Although the growth mechanism is the same as for Eu, differences in the morphology of
the resulting islands are observed. The growth of sandwich-molecular wires consisting of rare-
earth metals and tetramethyl-Cot was studied. In the case of Eu islands of parallel wires are
found, though at a higher growth temperature compared to the synthesis using Cot. The wire
islands show a strong height modulation which is explained by the additional methyl groups.
Furthermore, tetramethyl-Cot leads to a weaker interaction with the substrate. Lastly, polar Eu
oxide on Ir(111) was used as substrate for the synthesis of Eu–Cot wires. Although the resulting
wire islands are less ordered compared to the growth on Gr/Ir(111), they were still found to be
phase pure.

In the scientific appendix, the intercalation of Ba and Yb under Gr/Ir(111) is presented, both
forming a (

√
3×

√
3)R30° intercalation layer (for Ba with respect to Gr, and for Yb with respect to

Ir). The mass spectrum of the Cot molecule and the thermal desorption spectrum of a multilayer
of Cot adsorbed to Gr/Ir(111) are shown, together with STM data of an adsorbed monolayer
film of Cot at low temperatures. The mass spectra of tetramethyl-Cot and Dibenzo-Cot are
presented, together with thermal desorption spectra of multilayers adsorbed on Gr/Ir(111) for
both molecules. Finally, the STM data of an adsorbed monolayer of Dibenzo-Cot molecules on
Gr/Ir(111) are presented.
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Deutsche Kurzzusammenfassung
(German abstract)

Die vorliegende Arbeit beschäftigt sich mit der Oberflächensynthese sandwich-molekularer Dräh-
te — dies sind eindimensionale Ketten bestehend aus Metallatomen und zyklischen Molekülen in
alternierender Abfolge. Es wird ein niedrigsymmetrisches Substrat zur globalen und uniaxialen
Ausrichtung der Drähte vorgestellt, wodurch diese für räumlich mittelnde Verfahren zugänglich
gemacht werden. Weiterhin wird der Einfluss verschiedener Metallatome und Moleküle auf die
organometallische Synthese und die daraus entstehenden Verbindungen und ihre Konsequenz
für die elektronischen und magnetischen Eigenschaften untersucht.

Zunächst wird die Synthese einer einkristallinen Lage Graphen (Gr) auf dem zweizählig sym-
metrischen Substrat Ir(110) beschrieben, welche mittels chemischer Gasphasenabscheidung von
C2H4 bei 1500 K hergestellt wird. Die Struktur der Graphenlage wurde mittels Rastertunnelmi-
kroskopie und niederenergetischer Elektronenbeugung untersucht. Während das reine Ir(110)-
Substrat stark rekonstruiert ist, wird diese Rekonstruktion durch die adsorbierte Graphenlage
aufgehoben und es entstehen flache Terrassen. Die zweizählige Symmetrie des Substrats wird
auf das Moiré von Gr mit Ir(110) übertragen und resultiert in einem eindeutigen Wellenmus-
ter mit einer Wellenlänge der Größenordnung nm. Damit einhergehend wird eine streifenartige
Modulation der elektronischen Eigenschaften und Bindungsenergien beobachtet. Ergänzende
winkelaufgelöste Photoemissionsspektroskopiemessungen sowie Ab-initio-Berechnungen zeigen,
dass die Graphenlage stark an das Substrat gebunden ist und der charakteristische Dirac-Kegel
in der elektronischen Bandstruktur nicht beobachtet werden kann. Es wird demonstriert, dass
dieses anisotrope Muster die uniaxiale Ausrichtung sandwich-molekularer Drähte ermöglicht und
einen Templateffekt auf aromatische Moleküle hat. Weiterhin wird gezeigt, dass Gr/Ir(110) die
Oberflächensynthese von Lagen aus Dichalcogeniden der Übergangsmetalle und das Wachstum
epitaktischer Lagen auf unrekonstruirtem Ir(110) unterhalb des Graphens ermöglicht.

Im zweiten Manuskript wird das vorgestellte, zweizählig symmetrische Substrat Gr/Ir(110)
zur ausführlichen Charakterisierung von uniaxial ausgerichteten sandwich-molekularen Dräh-
ten verwendet, welche aus dem Lanthanid Europium (Eu) und dem achtgliedrigen Kohlen-
stoffring Cyclooctatetraene (Cot) zusammengesetzt sind. Mittels Rastertunnelmikroskopie und
niederenergetischer Elektronenbeugung wurde festgestellt, dass der Ausrichtungseffekt entlang
der [001]-Richtung des Substrats auch auf mehrschichtige Lagen des organometallischen Films
wirkt. Die elektronische Bandstruktur der eindimensionalen Drähte wurde mittels winkelaufge-
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löster Photoemissionsspektroskopie untersucht. Dabei wird ein flaches Band 1.85 eV unterhalb
der Fermi-Energie beobachtet, jedoch keine von den π-Zuständen abgeleiteten Bänder. Mittels
Ab-initio-Berechnungen und Röntgenphotoelektronenspektroskopie und durch den Austausch
von Eu innerhalb der Drähte durch das Erdalkalimetall Barium (Ba), konnte dieses Band den
lokalisierten 4f-Zuständen von Eu zugeordnet werden. Durch die Anpassung der aus den Berech-
nungen bestimmten relativen Position des 4f-Bandes in Bezug auf die tieferliegenden σ-Zustände
an die Messungen, konnte das effektive Hubbard-U dieses organometallischen Systems bestimmt
werden. Mittels der Methode des zirkularen magnetischen Röntgendichroismus wurde das man-
getische Verhalten der Drähte bei tiefen Temperaturen untersucht. Dabei wurde eine elektroni-
sche Konfiguration von 4f7 gemessen, sowie ein daraus resultierendes magnetisches Moment von
7 µB und eine bevorzugte Achse der Magnetisierung entlang der Drähte.

Im dritten Manuskript wird die Oberflächensynthese von organometallischen Verbindungen
des Lanthanids Thulium (Tm) mit Cot-Molekülen beschrieben, welche mittels Rastertunnelmi-
kroskopie, Thermodesorptions- und Röntgenabsorptionsspektroskopie sowie zirkularem magne-
tischen Röntgendichroismus charakterisiert wurden. Auf undotiertem Gr/Ir(111) entsteht eine
disperse Phase aus TmCot-Monomeren, welche bei hohen Bedeckungen mit einer zweiten, aus
Inslen bestehenden Phase koexistiert. Ab-initio-Berechnungen haben gezeigt, dass die Mono-
mere durch Ladungstransfer an das Gr binden und eine elektronische Konfiguration von 4f12

besitzen. Diese Konfiguration wurde mittels zirkularem magnetischen Röntgendichroismus be-
stätigt und es wurde eine magnetische Anistropie mit bevorzugter Achse senkrecht zur Ebene
der Graphenlage gemessen. Erstaunlicherweise konnte durch die Unterdrückung zusätzlichen
Ladungstransfers in das Gr mittels n-Dotierung des Substrats der chemische Reaktionspfad der
Oberflächensynthese gezielt verändert werden. Aufgrund dieser Substratdotierung gelang die
Synthese von sandwich-molekularen Drähten, welche sich parallel in Inseln anordnen. Weiterhin
kann durch Veränderung des Tm/Cot-Flussverhältnisses während der organometallischen Syn-
these die mittlere Drahtlänge kontrolliert werden, sodass kurze Drahtsegmente bis hin zu langen
Drähten von über 100 Formeleinheiten entstehen.

Schließlich wurden mittels Rastertunnelmikroskopie Drähte mit modifizierten Cot-Molekülen
untersucht und die Oberflächensynthese von Metall–Cot-Drähten wurde auf Metallatome erwei-
tert, welche sich chemisch ähnlich verhalten wie Eu. Ebenfalls wurde die Synthese von sandwich-
molekularen Drähten auf einer Metalloxid-Oberfläche untersucht. Ähnlich wie Eu, bilden auch
Ba und das Seltenerdmetall Ytterbium (Yb) sandwich-molekulare Drähte auf undotiertem Gra-
phen/Ir(111). In beiden Fällen ordnen sich die resultierenden Drähte parallel in Inslen von hoher
struktureller Qualität an. Der Bildungsmechanismus ist für beide Metall–Cot-Drähte der selbe,
allerdings wurden geringfügige Unterschiede in der Wachstumsmorphologie beobachtet. Weiter-
hin wurde das Wachstum von sandwich-molekularen Drähten untersucht, welche aus Seltenerd-
metallen und Tetramethyl-Cot bestehen. Mit Eu haben sich bei der Synthese Eu–Tetramethyl-
Cot-Drähte gebildet, welche sich parallel in Inseln anordnen, allerdings bei einer höheren Wachs-
tumstemperatur verglichen mit der Synthese mit Cot. Die Eu–Tetramethyl-Drähte weisen eine
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starke Höhenmodulation entlang der Drahtachse auf und sind schwächer an das Substrat gebun-
den als Eu–Cot-Drähte. Zuletzt wurde polares Eu-Oxid auf Ir(111) als Substrat für die Synthese
von Eu–Cot-Drähten getestet. Obwohl die Ordnung der darauf synthetisierten Drähte geringer
ist als auf Gr/Ir(111), ist eine phasenreine Synthese derselben möglich.

Im wissenschaftlichen Anhang wird die Interkalation von Ba und Yb unter Gr/Ir(111) gezeigt.
Beide dieser Metalle bilden eine (

√
3 ×

√
3)R30°-Überstuktur aus (für Ba bezogen auf Gr und

für Yb bezogen auf Ir). Außerdem wird das Massenspektrum von Cot gezeigt, sowie das Ther-
modesorptionsspektrum einer Cot-Multilage auf Gr/Ir(111) und Rastertunnelmikroskopieauf-
nahmen eines adsorbierten Cot-Films auf Gr/Ir(111) bei tiefen Temperaturen. Die Massen- und
Thermodesorptionsspektren von Tetramethyl-Cot und Dibenzo-Cot werden gezeigt, sowie Ras-
tertunnelmikroskopieaufnahmen einer adsorbierten Monolage von Dibenzo-Cot auf Gr/Ir(111).
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Frequently used acronyms and abbreviations

0D - zero-dimensional
1D - one-dimensional
2D - two-dimensional
ARPES - angle-resolved photoemission spectroscopy
Bz - benzene
Cot - cyclooctatetraene
Cp - cyclopentadien
CVD - chemical vapor deposition
DFT - density functional theory
(P)DOS - (projected) density of states
Gr - graphene
h-BN - hexagonal boron nitride
LEED - low-energy electron diffraction
MBE - molecular beam epitaxy
ML - monolayer (with respect to Ir(111) if not stated otherwise)
STM - scanning tunneling microscopy
TDS - thermal desorption spectroscopy
UHV - ultrahigh vacuum
XAS - X-ray absorption spectroscopy
XMCD - X-ray magnetic circular dichroism
XPS - X-ray photoelectron spectroscopy
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CHAPTER 1

Motivation

Organometallic chemistry is a comparatively recent field of research which can be considered
as the intersection of organic chemistry and inorganic chemistry. As organic chemistry is the
study of carbon complexes and inorganic chemistry deals with non-carbon based compounds,
organometallic chemistry focuses on the interaction of both components and their resulting
properties. The organometallic compounds investigated in this thesis — sandwich-molecular
compounds — became popular when the structure of ferrocene was discovered [1, 2]. Ferrocene
consists of an iron dication sandwiched by two cyclopentadienyl anions, shown as side/top
view model in Figure 1.1a/b. At the time it was found surprising that ferrocene is highly
stable, does not decompose at temperatures up to 400 °C and is unaffected by air and water [3].

(a) (b)

Figure 1.1: (a) Side view and (b) top
view of ferrocene structure model in the
original publications. Adapted with per-
mission from: (a) ref. [1] © 1952 ACS. (b)
Ref. [2] cbnd.

As it turns out, the reason for this remarkable stabil-
ity is the charge transfer from the central iron atom to
the surrounding molecules, creating two aromatic cy-
clopentadienyl anions (C5H−

5 ). This finding triggered
its own field of research, the study of metallocenes,
which is relevant for catalysis today [4]. For their pi-
oneering work in uncovering the sandwich structure of
ferrocene, Ernst Otto Fischer and Geoffrey Wilkinson
were later awarded the Nobel Prize for chemistry in
1973. It was quickly realized that these metal–C5H5

complexes are just one example of a much broader cate-
gory of sandwich compounds, like the soon-after discov-
ered di-benzene-chromium [5] and uranocene [6]. Ben-
zene (C6H6, abbreviated to Bz) is a six-membered car-

bon ring which is aromatic in its neutral state and therefore binds to the central metal atom via
covalent binding. In contrast, the eight-membered carbon ring cyclooctatetraene (C8H8, abbre-
viated to Cot) becomes aromatic upon accepting two electrons and forms strong ionic bonds to
the encapsulated metal atom.

The same type of binding mechanism has allowed the synthesis of one-dimensional (1D)
sandwich-molecular wires, which are central to this thesis. Sandwich-molecular wires are 1D
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Chapter 1 Motivation

chains of metal atoms and cyclic molecules arranged in an alternating sequence. Historically,
sandwich-molecular wires were first produced in the liquid phase [7] and more recently in the gas
phase [8], limiting the types of experiments that can be conducted on these systems. From an
electronic standpoint, their most interesting feature is the interaction of the metal atom with the
surrounding ligand field of the molecules. In this thesis, lanthanide–Cot wires are investigated,
in which the interaction of the localized 4f states of the lanthanide with the extended π orbitals
of Cot holds the promise of magnetic coupling between the robust 4f-generated moments through
electronic hybridization. Theoretical investigations have predicted high spin filter efficiencies for
such systems [9], making them promising candidates for spintronic applications [10,11].

Spintronics makes use of the electronic spin — in addition to its charge — for information
processing and promises lower power consumption, higher storage and transistor densities as
well as higher processing frequencies [12]. One technological example making use of this is the
common hard disk drive, which utilizes the giant magnetoresistance effect. The relevance of
this effect and its real-world applications was acknowledged when Peter Grünberg and Albert
Fert were awarded the Nobel Prize for physics in 2007 for its discovery [13, 14]. However, a
fundamental problem for the research and development of future spintronic devices is the spin
diffusion length over which the electronic spin is conserved. Only if the diffusion length is of
the order of the device dimension, the spin can be a useful quantity for computation. Building
molecular spintronic devices is therefore a logical next step, since molecular structures inherently
have a low dimensionality. Not limited to this, they can also be precisely controlled and by
proper choice of the reactants, be formed via self assembly. 1D sandwich-molecular wires are
thus promising to contribute to this field, with theoretical predictions of spin valves for short
wire segments [15, 16], spintronic and magnetic switches [17, 18] and high spin-filter efficiencies
for sandwich-molecular wires containing Bz [19–25], Cp [26–28] and Cot [9, 29–31].

In this thesis, the in situ growth of sandwich-molecular wires under controlled ultrahigh vac-
uum conditions is studied, using the recently developed on-surface synthesis method [32]. From
a synthesis perspective, different types of metal reactants and molecules are combined and the
influence of the substrate is studied. Scanning tunnelling microscopy and low-energy electron
diffraction were employed for structure determination. The magnetic properties and 4f electronic
configurations within the wires were investigated by X-ray absorption spectroscopy and X-ray
magnetic circular dichroism — surface sensitive and element-specific techniques. In addition,
complementary ab initio calculations are presented to explore the formation mechanism of the
wires, as well as their binding character and hybridization.
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This thesis is structured as follows: Chapter 2 introduces the scientific background for the
presented work, i.e. 2D materials on low-symmetry substrates, organometallic compounds and
their on-surface synthesis. In the next three chapters, manuscripts are presented which are
either submitted for publication or still in preparation phase. They form the central part of
this thesis. The manuscript in chapter 3 describes the preparation and characterization of the
inert and two-fold symmetric substrate Gr/Ir(110). Additionally, the use of this substrate as
a uniaxial nanotemplate for organic and organometallic species, i.e. sandwich-molecular wires
is demonstrated in this manuscript. Building on these findings, the manuscript in chapter 4
makes use of this new substrate for the uniaxial alignment of Eu–Cot sandwich-molecular wires.
The synthesized wires are a true 1D organometallic species and the electronic and magnetic
properties are investigated. The organometallic synthesis combining thulium (Tm) and Cot
is presented in the manuscript of chapter 5. It is shown that by n-doping the substrate —
Gr/Ir(111) in this case — the chemical reaction pathway can be changed going from a disperse
phase of TmCot monomers on the undoped substrate to sandwich-molecular wires on the n-
doped substrate. Chapter 6 presents the on-surface synthesis of sandwich-molecular wires, in
which both reactants — metal atoms and molecules — as well as the substrate were varied. The
main outcomes of the experimental results are discussed in chapter 7 and finally the thesis is
concluded with a summary and outlook to future experiments in chapter 8.
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CHAPTER 2

Scientific background

In this chapter, the scientific background relevant to the experimental results is explained. First,
previous work on 2D layer growth on two-fold and four-fold symmetric substrates is presented.
The quality and phase purity of these layers as well as the resulting moiré with their substrates
are described. Following this, organometallic compounds are introduced, including 0D single-
molecule magnets, 1D sandwich-molecular wires and 2D metal–organic networks and previous
findings on their properties are described. Finally, the idea of organometallic on-surface synthesis
is presented and different types of synthesis routes are explained.

2.1 2D layers on low-symmetry substrates

Graphene

The growth of graphene (Gr) on metal surfaces has been studied extensively, with a heavy
focus on symmetry-matching substrates [33]. Depending on the interaction strength with the
substrate, the properties of Gr are modified more or less strongly. For weakly interacting sub-
strates, such as Cu(111) [34] or Pt(111) [35], multiple domains are found after epitaxial growth
because the energy barrier between the different domains is low. Gr on these weakly interacting
substrates can be regarded as close to freestanding. If the interaction with the substrate is
significantly higher, as is the case for Ru(0001) [36], single-crystal Gr can be formed, but at the
cost of higher chemical interaction, strong corrugation of the 2D layer and the loss of Gr’s free-
standing properties [37]. Only if the interaction with the metal substrate is just high enough,
single-crystal Gr can be grown while maintaining the freestanding character of Gr, which is
unique to the growth of Gr/Ir(111) [38,39].

Far less investigations have been conducted on the growth of Gr on low-symmetry substrates,
i.e. of four-fold or two-fold symmetry. A common theme for these systems is that the low
symmetry of the surface is imprinted onto the moiré of Gr with its substrate if the interaction is
strong enough. The only single-domain (but not single-crystal) growth of Gr on a low-symmetry
metal substrate was reported for the quasihexagonal bcc(110) surface of Fe [40], which is of two-
fold symmetry. As depicted in Figure 2.1a, a sheet of single-domain Gr is formed, except for
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Chapter 2 Scientific background

(c)

Gr on Cu(110) Gr on Ni(110)Gr on Rh(110)Gr on Fe(110)

1

2

(a)

(l)

Gr on Pt(110)

(d)

(e)

(f)

(k)(i)(g)

(h) (j)

(b)

Figure 2.1: Gr/Fe(110): (a) STM topograph (650 × 1150 Å2) of single-domain Gr and disordered
phase A. (b) STM topograph (200 × 500 Å2) of stripe-like moiré with corresponding height pro-
file along green line. (c) High-resolution STM topograph (75 × 150 Å2) of moiré with two imag-
ing contrasts, zigzag motif along stripe direction is visible. Gr/Cu(110): (d)–(e) STM topographs
(150×300 Å2) of two Gr domains with corresponding wave periodicities of ≈ 100 Å in (d) and ≈ 10 Å
in (e). (f) DFT-calculated DOS of Gr/Cu(110). Gr/Pt(110): (g) STM topograph (500 × 500 Å2)
with four domains visible indicated by green and blue lines, in each domain a weak stripe pattern
is visible. (h) ARPES data corresponding to (g), with a linear dispersion around the K point, con-
sistent with freestanding Gr. Gr/Rh(110): (i) STM topograph (111 × 111 Å2) of one Gr domain,
stripe pattern with ≈ 10 Å periodicity. (j) Height profile indicated by green line in (i), corru-
gation of ≈ 0.2 Å is observed. Gr/Ni(110): (k) STM topograph (760 × 760 Å2) of two-domain
Gr/Ni(110), directions indicated by blue lines. (l) LEED pattern corresponding to (k), Ni(110) re-
flection encircled in green, the two Gr domains are encircled blue/cyan. Adapted with permission
from: (a)–(c) ref. [40] © 2012 APS. (d)–(e) Ref. [41] © 2020 ACS. (f) Ref. [42] © 2016 APS. (g)–(h)
Ref. [43] © 2018 IOP. (i)–(j) Ref. [44] © 2018 Springer. (k)–(l) Ref. [45] © 2008 APS.

the small disordered patch marked by A (the disordered area covers about 5 − 10 % of the
surface). Due to the two-fold symmetry, a stripe-like wave pattern of ≈ 4 nm periodicity is
imposed onto the moiré visible in Figure 2.1b, with the wave crests along the [001] direction of
the substrate. The corresponding height profile in Figure 2.1b shows a corrugation of ≈ 0.9 Å,
which is ascribed to a strong chemisorption to the Fe(110) surface [40]. The strong Gr–substrate
interaction also explains the fact that single-domain islands can be grown. While on the length
scale of Figure 2.1a the moiré appears purely stripe-like, a closer look reveals that the wave
pattern is not strictly linear, but follows a zigzag pattern along the stripe direction (compare
Figure 2.1c).
Graphene has also been grown on several fcc(110) surfaces. On the Cu(110) surface it was
found that, similar to Cu(111), the interaction with Gr is very weak. Depending on the growth
conditions, this leads to the formation of at least two [41] or more [42] Gr domains on Cu(110).
In Figure 2.1d/e STM topographs of the two Gr domains reported in ref. [41] are shown. Also
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2.1 2D layers on low-symmetry substrates

here, a stripe-like wave pattern is observed with periodicities ranging from ≈ 10 Å to ≈ 100 Å,
depending on the orientation of Gr to the Cu(110) surface. The calculated density of states
(DOS) for Gr/Cu(110) in Figure 2.1f (shown in black) agrees with the DOS of freestanding Gr
(shown in red), consistent with a weak Gr–substrate binding [42], which explains why single-
orientation Gr growth is not possible on Cu(110). Similarly, on the Pt(110) surface several Gr
domains are found in ref. [43]. In the topograph of Figure 2.1g, four coexisting domains are
observed, indicated by the green and blue lines. Each domain shows a weak stripe-like wave
pattern in the Gr layer and a high defect density is observed. The formation of multiple domains
again indicates a weak Gr–substrate binding, which is confirmed in the ARPES measurement
of Figure 2.1h. At the K point of the Brillouin zone a linear dispersion is found, consistent with
the band structure of freestanding Gr. Also on the Rh(110) surface the formation of multiple
Gr domains was reported [44]. Figure 2.1i shows the topograph of one such domain. A wave
pattern with 10 Å periodicity is observed with a corrugation of ≈ 0.2 Å (compare Figure 2.1j),
significantly lower compared to the stronger interacting Gr/Fe(110) surface [40]. Finally, on
the Ni(110) surface at least two Gr domains are reported [45, 46], and shown in the topograph
of Figure 2.1k. The two Gr orientations are indicated by the blue lines at the boundary of
two domains. The corresponding LEED pattern in Figure 2.1l shows the first order Ni(110)
reflections encircled in green, and the two domains of Gr encircled in cyan and blue. Also visible
in the LEED pattern is that the Gr reflections are smeared our over a certain range, i.e. the
domain orientation is not very strict.

Gr on H-terminated Ge(110)Gr on Ge(001)Gr on Ge(110)

(a) (b) (c)

Figure 2.2: (a) AFM topograph (4.6×4.6 µm2) of single-domain Gr islands on Ge(110). (b) AFM to-
pograph (4000×4000 Å2) of single-domain Gr islands on Ge(001). (c) HR-TEM image (95×130 Å2) of
single-crystal Gr sheet on H-terminated Ge(110). Inset: SEM image (3.0×3.5 µm2) of single-domain
Gr islands on H-terminated Ge(110) before the full Gr layer is closed. Adapted with permission
from: (a) ref. [47] © 2016 ACS. (b) Ref. [48] © 2011 Elsevier. (c) Ref. [49] © 2014 AAAS.

As apparent from Figure 2.1 — and in analogy to fcc(111) metal surfaces — it is non-trivial
to find a (110) metal surface with a suitable interaction strength, which combined with proper
growth conditions, yields the growth of single-domain single-crystal Gr sheets. In principle,
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Chapter 2 Scientific background

it is plausible that the Gr layers in Figure 2.1 could be used as anisotropic templates for the
adsorption of e.g. a molecular layer. However, in order to globally template a uniaxial alignment
of adsorbed layers, a closed single-crystal Gr sheet is needed.

Gr on low-symmetry substrates also has other possible uses besides the templating of adsorbed
species. For example, a Gr sheet has been used as a layer to protect the Pt(001) surface from
oxidation and to preserve its surface reconstruction [50,51]. Another example is the use of low-
symmetry surfaces of the semiconductor Ge for the growth of wafer-size single-crystal Gr sheets.
In ref. [47] single-domain Gr islands were grown on the Ge(110) surface shown in Figure 2.2a.
In this case, the orienting effect is explained by the strong chemical binding to the substrate
and alignment of the Gr armchair direction along the Ge atomic steps in the [1̄10] direction of
the substrate. On a vicinal surface of Ge(001) is was additionally found that Gr islands can be
uniaxially aligned through the vicinal steps [48] of the substrate (see Figure 2.2b), which can be
stitched together to form a wafer-scale single-crystal Gr sheet [48]. The growth of a single-crystal
Gr sheet was also achieved on the H-terminated Ge(110) surface [49]. As apparent from the
inset of the topograph in Figure 2.2c, the nucleation of Gr islands happens along one direction,
and through further growth, the islands merge to a wafer-scale single-crystal Gr sheet. The Gr
atomic lattice is well visible in Figure 2.2c, but there is no apparent moiré with the substrate.
The reason is that the Ge(110) surface is fully passivated by the H termination, resulting in very
weak binding to the adsorbed Gr sheet. In fact, the Gr sheet is so weakly bound that it can
be transferred by dry transfer. In all examples of Gr growth in Figure 2.2, no apparent moiré
is observed, which means that these Gr sheets are not feasible for uniaxial templating, but are
only applicable for the synthesis of wafer-scale Gr sheets. A further practical drawback is that
the Gr growth on Ge surfaces is conducted close to the Ge melting temperature. If the growth
temperature in these cases is not controlled properly, Gr growth results in severe faceting of the
Ge surface [52–54].

In summary, the growth of Gr on low-symmetry substrates has so far been limited to multiple-
domain [41–46] or phase-impure [40] growth. Single-crystal growth was achieved only in the
absence of an anisotropic moiré [48,49], making it unsuitable for the use as a template.

Hexagonal boron nitride

While single-crystal growth on a low-symmetry surface with an anisotropic moire has not yet
been realized for Gr, it has been achieved with the isostructural and isoelectric material hexag-
onal boron nitride (h-BN). In ref. [43] the growth of single-domain h-BN/Pt(110) was first re-
ported, though with a high defect density. By increasing the temperature during growth above
the roughening temperature of Pt, a single-crystal of h-BN/Pt(110) could be grown [55], though
at the expense of a complex surface reconstruction. The resulting topography in Figure 2.3a
shows a clear stripe-like wave pattern with a periodicity of 21 Å. The only example of a 2D layer
with anisotropic moiré used as template for molecular adsorption was h-BN/Rh(110) [56]. On
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2.2 Organometallic compounds

Rh(110), h-BN forms two domains which exhibit a clear wave pattern with 13 Å periodicity
shown in the topograph of Figure 2.3b. In ref. [56] it was demonstrated that the anisotropic
moiré is able to impose uniaxial alignment of an adlayer of molecules, while maintaining their
electric properties.

In conclusion, h-BN sheets with a two-fold symmetric moiré were achieved with multiple
domains, each of which was demonstrated to template molecular adsorption, or as single-crystal
layer at the cost of complex surface reconstructions.

(a) (b) (c)

Figure 2.3: (a) STM topograph (435×435 Å2) of single-domain h-BN on Pt(110) with a wave pattern
of ≈ 21 Å periodicity. (b) STM topograph (420 × 420 Å2) of h-BN on Rh(110) with a wave pattern
of ≈ 13 Å periodicity. (c) STM topograph (95×95 Å2) of an oriented molecular layer on Gr/Rh(110)
with the atomic model of the molecule (3,4,9,10-perylene tetracarboxylic dianhydride). Adapted with
permission from: (a) ref. [55] © 2019 ACS. (b) Ref. [56] © 2018 Springer. (c) Ref. [56] © 2019 ACS.

2.2 Organometallic compounds

Organometallic compounds are promising candidates for future applications in molecular spin-
tronic devices [10, 11], for which the fundamental understanding of the involved interactions is
necessary. There are three main categories of organometallic compounds in this context, which
are 0D single-molecule magnets, 1D sandwich-molecular wires and 2D metal–organic networks.
To understand what sets the sandwich-molecular wires introduced in chapter 1 apart from other
organometallic compounds, the properties and previous experimental findings for the three types
of systems are described in the following.

Key interests are the electronic and magnetic properties which emerge from the interaction of
the molecular π system with the metal 3d or 4f orbitals. The focus of this thesis is on the inves-
tigation of rare-earth elements, which have an occupied 4f shell. In contrast to transition metals,
in which the outer 3d shell is directly involved in the interactions with the local environment,
the 4f shell is closer to the core and thus more isolated, along with its 4f-generated magnetic
moment. The main techniques used for magnetic investigations of these systems are X-ray ab-
sorption spectroscopy (XAS) [57, 58] and X-ray magnetic circular dichroism (XMCD) [59, 60]
due to their surface sensitivity and element specificity.
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Chapter 2 Scientific background

0D single-molecule magnets and 2D metal–organic networks

Single-molecule magnets are small units consisting of one or few magnetic atoms bound to or
encapsulated by a molecular structure. While at the macroscopic level, magnetic properties
such as hysteretic behavior of the magnetization within an external field, emerge from the
coupling between many magnetic units and their resulting long range order, this is not the case
for single-molecule magnets which are essentially 0D complexes. In single-molecule magnets
solely the local interaction of the magnetic atoms with the surrounding ligand field determines
the behavior of the magnetic moment. As an example the emergence of a magnetic hysteresis
can be considered [61]. In macroscopic systems three conditions must be fulfilled: (i) long-
range ferromagnetic (or ferrimagnetic) coupling between the magnetic moments must be present,
(ii) the temperature must be below the Curie temperature such that thermal fluctuations are
insignificant, and (iii) the systems must have a large enough magnetic anisotropy to prevent
the moments to simply follow the external magnetic field. In single-molecule magnets (i) is
irrelevant due to the low dimensionality. (ii) Thermal fluctuations are even more important.
The temperature below which fluctuations are insignificant is called blocking temperature [62]
in 0D systems. Below the blocking temperature, switching of the magnetic moment is explained
by quantum tunnelling of the magnetization [63,64]. (iii) The anisotropy is provided only by the
ligand field and hence comparably weak, typically leading to very low blocking temperatures.

mul�layer

(a) (b)

on MgO/Ag(100) on Ag(100)

(c)

Figure 2.4: (a)–(c): Atomic models of single-molecule magnets with corresponding magnetization
curves. (a) Radical-bridged Tb complex from ref. [65]. (b) Endohedral Dy2ScN complex from ref. [66].
(c) TbPc2 double-decker from ref. [67]. Adapted with permission from: (a) ref. [65] © 2011 APS. (b)
Ref. [66] © 2015 APS. (c) Ref. [67] © 2015 WILEY.
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Up to now, mainly three different types of single-molecule magnets have been investigated.
One category is shown in Figure 2.4a from ref. [65] in which the magnetic atoms are directly build
into the molecular structure and a magnetic hysteresis is observed below 15 K. Similar systems
were reported in refs. [64, 68–72]. In the type of system shown in Figure 2.4b from ref. [66] the
magnetic atoms are enclosed within endohedral fullerenes isolating them from the environment.
This architecture leads to a magnetic hysteresis below 4 K and blocking temperatures of up to
28 K have been reported in a similar system [73]. Figure 2.4c from ref. [67] shows the most
common type of single-molecule magnet, in which the magnetic atom is sandwiched (or half-
sandwiched) by one or two molecules. The common use of these systems is explained by the fact
that they are easy to produce and also easy to modify by changing the metal atom and molecules
as basic building blocks. The most used molecules are porphyrins [74–76] or phthalocyanines [67,
77–80]. A key question that is also relevant for the 1D and 2D systems is the influence of the
substrate and the interaction of the 4f orbital with the molecular π system. For the single-
molecule magnet in Figure 2.4c a hysteresis is reported when adsorbed on the insulating substrate
MgO/Ag(100). This hysteresis is suppressed when the magnetic units are directly deposited
on the Ag(100) metal surface, which is explained by the strong interaction with the metal
substrate [67]. Only in the second layer — in which the interaction with the first molecular
layer is weak — the hysteresis is observed again. This example shows that the local environment
of the organometallic species has a strong effect on the electronic and magnetic properties.
Another important question also relevant to 1D and 2D systems, is whether there is a significant
interaction of the 4f orbital with the surrounding ligand field. It was reported in ref. [78] that
the 4f states are directly involved in the electrical transport through bis-phthalocyaninato–
neodymium molecular units adsorbed to Cu(100), while the 4f-generated magnetic moments are
preserved. This interaction holds the promise of the electronic control of magnetic moments for
future spintronic devices [78].

(a) (b)(a) (b)

Figure 2.5: (a) STM topograph (800 × 800 Å2) of metal–organic network consisting of Fe centers
coordinated by linker molecules from ref. [81]. Inset: STM topograph (25×25 Å2) with atomic struc-
ture model of Fe atoms and molecule. (b) STM topograph (62 × 62 Å2) of Fe–benzenedicarboxylate
network on Cu(100) from ref. [82]. Adapted with permission from: (a) ref. [81] © 2012 APS. (b)
Ref. [82] © 2009 APS.
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Also 2D metal–organic networks have been investigated with respect to their electronic and
magnetic properties, mostly on metal substrates. One example shown in Figure 2.5a is the
self-assembled network of Fe centers coordinated by linker molecules [81]. In the first layer,
the metal–organic structure consists of units shown in the inset of Figure 2.5a. In the second
layer each Fe atom is covered by one additional linker molecule. The corresponding XMCD
measurements show an out-of-plane easy-axis magnetization and ferromagnetic coupling between
the Fe atoms. Since the substrate is non-magnetic, the interaction between the Fe atoms is
explained by super-exchange coupling, meaning purely through the organic network, indicating
a significant hybridization between the atomic and molecular orbitals. Another example of
an Fe–organic network adsorbed on Cu(100) is shown in Figure 2.5b, overlaid with an atomic
model of the Fe centers and molecules. In this system, a strong in-plane magnetic anisotropy
is observed which is explained by mixing the ground and first excited molecular states [82].
When O2 is adsorbed the Fe centers, the easy axis of magnetization is switched from in-plane
to out-of-plane, once again underlining the effect of the local environment on the interaction
within metal–organic networks.

In conclusion, single-molecule magnets feature a magnetic hysteresis without long-range order
and are confined to 0D with corresponding low blocking temperatures. Metal–organic networks
can show ferromagnetic coupling throughout the surface plane, in which the strong interaction
of magnetic moments with the surrounding ligand field of molecular films was observed.

1D sandwich-molecular wires

Sandwich-molecular wires are 1D chains of metal atoms and cyclic molecules in an alternating
sequence, as shown in Figure 2.6a for a metal–Cot wire. In contrast to the organometallic
systems described above, they have the unique feature of electronic interactions between the
metal atoms and the π molecular orbitals in just one dimension. Therefore, 1D long-range
magnetic ordering is possible within these wires. The magnetic atoms are relatively well isolated
from the environment through the encapsulation by cyclic molecules.

Many theoretical investigations have been conducted on sandwich-molecular wires for various
combinations of atoms and molecules. Early investigations were made for wires consisting of
the 3d metal vanadium (V) and the aromatic Bz molecule. Due to the aromaticity of Bz, the
intra-wire coupling is covalent [85, 86]. V–Bz wires are predicted to be a ferromagnetic half
metals [19], which means they obey spin filter properties. Modifications of these wires were
investigated, in which Bz was replaced by borazine [87] or borata-Bz [22]. Both modifications
influence the binding strength and magnetic coupling. Several metal–Bz wires were investigated
in which effects on the electronic structure [86] and wire geometry [88] were reported. In ref. [24]
the synthesis of half-metallic molybdenum–borine wires on a Si substrate was theoretically pro-
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(b) (c)

2+ 2+

2-2- 2-

(a)

Figure 2.6: (a) Atomic structure model of a metal–Cot sandwich-molecular wire as side view (left)
and view along the wire axis (right). Pink: metal atoms. Black: C atoms. White: H atoms. (b)
Wire length dependence of total magnetic moment for EuCot wires from ref. [83]. (c) Magnetization
curve of EuCot wires on Gr/Ir(111) along wire axis from ref. [84]. Inset: STM topograph of EuCot
wires on Gr/Ir(111) overlaid with atomic structure model, the wire carpet unit cell is indicated by
cyan rhomboid. Adapted with permission from: (a) ref. [83] © 2008 ACS. (b) Ref. [84] © 2019 ACS.

posed [24]. Experimentally, V–Bz wires were produced in the gas phase by laser vaporization
and found to be ferromagnetic [89], confirming the theoretical predictions.

By choosing a cyclic molecule which can accept additional electrons into its π system, ionically
bound sandwich-molecular wires can be formed. For example, the Cp molecule introduced in
chapter 1 becomes an aromatic Cp− anion within organometallic compounds. Many metal–
Cp wires were theoretically predicted to be ferromagnetic half metals [17, 27, 90–92]. Further,
theoretical studies have been conducted on 1D wires consisting of Bz and Cp combined with
metal atoms [26, 48, 93, 94]. Up to now, no experimental investigations of the electronic and
magnetic properties of metal–Cp wires have been conducted.

For the coordination of lanthanide (Ln) atoms within sandwich-molecular wires the already
described Cot molecule is used (abbreviated to LnCot wires). While the neutral Cot molecule is
antiaromatic [95] and has a tub-like shape [96], it becomes aromatic and planar upon accepting
two additional electrons into its π system. Combined with Ln atoms, this results in a periodic
Ln2+–Cot2− ionic binding motif of the LnCot wires as shown in Figure 2.6a. This binding
motif is energetically highly favorable, allowing the growth of much longer wires compared to
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the covalently bound transition-metal–Bz wires. First ab initio calculations were conducted
for short EuCot wires, in which a hybridization of the Eu 4f states with the Cot π orbitals was
found [97]. The magnetic moment per formula unit of 7 µB in EuCot wires has been predicted to
increase linearly with the wire length. Further, EuCot wires were predicted to be semiconducting
ferromagnets with high spin-filter efficiencies [9]. In ref. [29], the modified Eu–borata-Cot wires
were predicted to be half-metallic [29] instead of semiconducting.

Experimentally, a magnetic moment of 7 µB per Eu atom in EuCot wires was found in Stern-
Gerlach type experiments [83,98]. As shown in Figure 2.6b, the total magnetic moment increases
linearly with the wire length, confirming the theoretical predictions. Recently, the on-surface
synthesis of EuCot wires on Gr/Ir(111) was introduced [32]. Using this new method, EuCot
wires on Gr/Ir(111) were investigated with XMCD measurements in ref. [84]. It was found that
the EuCot wires are indeed ferromagnetic semiconductors, in agreement with the theoretical
calculations. Within the EuCot wire carpets the magnetic moments couple ferromagnetically
along the wire axis and a magnetic hysteresis is observed below 7 K shown in Figure 2.6c. For
sandwich-molecular wires containing terbium (Tb), thulium (Tm) and holmium (Ho), Stern-
Gerlach type experiments were conducted [83,98]. It was found that the total magnetic moment
of LnCot (Ln=Tb, Tm, Ho) wires tends to increase with wire length, although not strictly
linear as in EuCot wires. The on-surface synthesis of other LnCot wires would greatly benefit
electronic and magnetic investigations using surface-sensitive experimental techniques.

2.3 On-surface synthesis

On-surface synthesis is widely used for the growth of 0D up to 2D organic and metal–organic
structures. There are different on-surface synthesis routes, and it can be distinguished between
growth on reactive metal surfaces — which play an essential role during synthesis due to their
catalytic character — and the growth on non-reactive substrates. Both routes have in common
that they rely on distinct building blocks or precursor molecules for the on-surface reactions.

One exemplary synthesis route on a metal substrate is shown in Figure 2.7a–c from ref. [99].
There, Ullmann coupling [100] is used for the formation of a 2D network. First, precursor
molecules are deposited on a metal surface, in this case Ag(111), which form a layer of indepen-
dently adsorbed molecules via self-assembly (see Figure 2.7a). Through a mild annealing step to
125 °C a porous organometallic network is formed, in which the precursor molecules are linked
via Ag atoms from the substrate (compare Figure 2.7b). A final annealing step to 250 °C forms
a covalent organic network, in which the precursor molecules are linked via covalent bonding
assisted by the catalytic Ag(111) substrate. This is a general growth scheme as explained in
ref. [101]. The intriguing feature of this growth scheme is that many different resulting structures
can be synthesized based on the type of precursor molecule, substrate reactivity and symme-
try. There are many other examples of 2D networks, either covalently bonded [102–104] or
metal-coordinated molecular networks [81, 82, 105, 106]. For many of the systems the different
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annealing steps of Ullmann coupling are not necessary, and the resulting networks simply form
by self assembly of the provided atomic and molecular species.

In ref. [105] a metal–organic network was constructed by two steps. First, a self-assembled
organic network on Ag(111) was formed, for which precursor molecules were evaporated onto
the substrate by sublimation from a Knudsen cell. In a second step, a metal–organic network
was synthesized by metalation of the pre-assembled organic network. Through the metalation
step, magnetic coupling in the 2D layer was induced. In ref. [107], Fe- and Mn-containing
phthalocyanine molecules were sublimated from a powder and deposited on a Co surface, which
resulted in a self-assembled metal–organic 2D network.

On-surface synthesis can also be used to grow 1D structures on metal surfaces, such as Gr
nanoribbons [108] or metal–ligand chains [109]. In ref. [110], the formation of 1D chains was
reported, which connect to a 2D network for higher coverage. Also, low-symmetric substrates
can be used to template uniaxial alignment of molecular chains, e.g. on Au(110) [111] shown in
Figure 2.7d. In this case, the uniaxial Au(110) surface pattern causes the alignment effect on
the anisotropic molecules. In ref. [76], the on-surface synthesis of 0D bis(porphyrinato)cerium
double-decker complexes was reported. This was achieved by deposition of elemental cerium
under ultrahigh vacuum conditions into a film of pre-adsorbed tetraphenylporphyrin molecules
on Ag(111). In a subsequent annealing step the double-deckers formed via self assembly while
surplus molecules were re-evaporated into the vacuum. The result was a self-assembled 2D
pattern of the double decker units.

(a) (d) (e)(b) (c)

Figure 2.7: (a)–(c): Ullmann coupling via organometallic intermediates on Ag(111). (a) STM
topograph (165 × 165 Å2) of self-assembled network of precursor molecules. (b) STM topograph
(110 × 110 Å2) of metal–organic network are 125 °C annealing step of network in (a). (c) STM
topograph (140 × 140 Å2) of covalently bound molecular network after 250 °C annealing of network
in (b). (d) Molecular model and STM topograph (60 × 70 Å2) of molecules adsorbed to the Au(110)
surface. (e) STM topograph (63 × 63 Å2) of self-assembled Dy–organic network on Gr/Ir(111),
molecule: 1,3,5-tris(40-biphenyl-400-carbonitrile) benzene. Adapted with permission from: (a)–(c)
ref. [99] © 2015 WILEY. (d) Ref. [111] © 2011 AAAS. (e) Ref. [112] cbnd.

Since the reactive metal surfaces are essential for the assembly of the described networks, it is
inevitable that these networks directly interact with the metal substrate. This means that the
adsorbed molecules or molecular structures are electronically coupled to the substrate and the
magnetic moments are influenced by the interaction with the underlying crystal field. In order
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to reduce the interaction with the underlying surface, one can choose a more inert substrate. A
perfect example is the inert substrate Gr/Ir(111) [38, 39] which has already been used for the
on-surface growth of a EuO(001) films [113], transition metal dichalcogenide layers [114,115] and
as adsorption platform for aromatic molecules [116]. One example where Gr/Ir(111) has been
used as substrate for the synthesis of a metal–organic network is reported in ref. [112]. There, a
dysprosium–supramolecular network was synthesized by depositing the dysprosium (Dy) atoms
into an adsorbed molecular film on Gr/Ir(111) at 338 K with a subsequent post-annealing step
at 473 K. The result is the Dy–organic network shown in the topograph of Figure 2.7e, which is
decoupled from the substrate through the quasi-freestanding Gr sheet.

(a) (b) (c)

Figure 2.8: (a)–(c) STM topographs of a submonolayer film of EuCot nanowires on Gr on Ir(111).
(a) (3300 × 3300 Å2) overview of EuCot islands on Gr/Ir(111). (b) (820 × 820 Å2), Laplacian-filtered
to reveal the 1D chain structure within the islands. Inset: (100 × 100 Å2), the moiré of Gr with
Ir(111) is visible through the wire islands. (c) (51 × 25 Å2), molecular resolution of interlocking and
parallely aligned EuCot wires within an island, overlaid with a structure model of the wires. Adapted
with permission from ref. [32] © 2017 ACS.

Sandwich-molecular wires: While in the previous examples of 2D networks and 1D chains
the binding relies on covalent coupling and generally needs the catalytic activity of the sub-
strate, the on-surface synthesis of sandwich-molecular wires introduced in ref. [32] requires the
inert substrate Gr as an essential part of the synthesis. Therein, elemental Eu is deposited
onto Gr/Ir(111) in a background pressure of Cot molecules. The high mobility of Eu and Cot
on Gr/Ir(111) leads to the formation of high-quality EuCot islands shown in Figure 2.8a. The
islands have a close-to-random orientation with respect to the substrate and are formed by par-
allelly aligned EuCot wires within the islands, visible in Figure 2.6b. In the inset of Figure 2.6b
the moiré of Gr with Ir(111) is visible through the wire film, which interacts weakly with the
substrate through van der Waals interactions. As visible in the molecular resolution topograph
in Figure 2.8b, neighboring EuCot wires are shifted by half a formula unit and interlock with
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each other, as indicated by the overlaid structure model. The wires have an intra-wire periodicity
of (4.4 ± 0.2) Å and an inter-wire distance of (6.7 ± 0.5) Å.

Distinctive to this system is the upright standing orientation of the Cot molecules with respect
to the surface, while all other molecular systems described before are adsorbed flat onto the
substrate. This is enabled by the ionic binding between the Eu2+ cations and Cot2− anions
within the wires. Due to the reactivity of the wire ends, which are terminated by an Eu cation
or a Cot anion [117], wire lengths of 1 µm or more are obtained using this method, greatly
exceeding the lengths achieved by other methods. It should be mentioned, that although 2D
carpets of interlocking EuCot wires are formed, they still maintain their 1D character. The
reason is that while the ionic intra-wire binding is very strong, the inter-wire binding is only of
van-der-Waals type and therefore negligible [32]. Up to now, EuCot wires are the only sandwich-
molecular species synthesized by on-surface synthesis. However, the variety of wires produced in
gas phase experiments promises to also allow on-surface synthesis of sandwich-molecular wires
using other rare-earth elements.
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CHAPTER 3

Manuscript 1: Single-crystal graphene on
Ir(110)

This chapter wholly consists of the above-named manuscript and its supplement. The manuscript
is currently submitted to Physical Review B and available as preprint [118].

S.K., F.H., J.F., T.K. and K.B. conducted the syntheses and the STM and LEED experiments.
S.K., M.B., R.-M.S., A.J.H. and A.H. conducted the ARPES experiments. N.A., S.T. and V.C.
conducted the theoretical calculations. S.K. wrote the manuscript in close collaboration with T.M.
and with contributions from N.A.

Some of the results shown in this chapter can be found in the doctoral thesis of F. Huttmann.
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Abstract

A single-crystal sheet of graphene is synthesized on the low-symmetry substrate Ir(110) by thermal
decomposition of C2H4 at 1500 K. Using scanning tunneling microscopy, low-energy electron
diffraction, angle-resolved photoemission spectroscopy, and ab initio density functional theory the
structure and electronic properties of the adsorbed graphene sheet and its moiré with the substrate
are uncovered. The adsorbed graphene layer forms a wave pattern of nm wave length with a
corresponding modulation of its electronic properties. This wave pattern is demonstrated to
enable the templated adsorption of aromatic molecules and the uniaxial growth of organometallic
wires. Not limited to this, graphene on Ir(110) is also a versatile substrate for 2D-layer growth
and makes it possible to grow epitaxial layers on unreconstructed Ir(110).

∗kraus@ph2.uni-koeln.de (experiment)
†n.atodiresei@fz-juelich.de (theory)

20



1 Introduction

In situ grown graphene (Gr) is an excellent inert substrate for subsequent growth and van
der Waals epitaxy. Examples are the growth of EuO(001) on Gr/Ir(111) [1], or the van der
Waals epitaxy of transition metal dichalcogenide layers on bilayer Gr/6H-SiC(0001) [2, 3] or on
Gr/Ir(111) [4, 5]. Due to its inertness, Gr is also well suited as substrate when investigating the
properties of molecular layers in the absence of strong molecule-substrate hybridization [6, 7].
Similarly, its inertness makes it an ideal substrate for organometallic chemistry with the function
to confine the reactant diffusion to two dimensions [8]. In case of Gr forming a moiré with its
growth substrate, also templating of molecular layers [9] and of atom or cluster superlattices has
been reported [10, 11].

Gr growth also has a substantial effect on its substrate: step edges are moved [12], step
bunches and facets are formed [13, 14], or vicinal growth substrates become faceted [15]. A layer
of Gr was shown to protect a surface against oxidation, e.g. for Ni(111) [16] or Pt(100) [17], or to
prevent the lifting of a reconstruction [18]. Noteworthy, the protection of a metal surface against
the formation of a surface reconstruction has not yet been reported.
Up to now mostly symmetry-matching substrates were used for in situ growth of Gr, e.g. fcc(111)
or hcp(0001) surfaces [19]. Depending on the strength of interaction between Gr and the sub-
strate, either single-domain Gr could be grown, e. g. for Ru(0001) [20] (good orientation due
to strong interaction) or multidomain structures result, e.g. for Pt(111) [21] or Cu(111) [22].
For strongly interacting substrates forming a moiré with Gr the corrugation is often substantial
due to the spatial variation of binding within the moiré unit cell [23]. Gr/Ir(111) is a unique
case, in which the interaction is still weak, but due to proper selection of growth conditions, a
well-oriented single-crystal Gr sheet can still be grown [24, 25].
Far less work has been conducted for Gr growth on non-symmetry-matching substrates of fourfold
[17] and twofold symmetry [26, 27, 28, 29, 30]. Gr on fcc(110) metal surfaces displays domain
formation or multiple orientations. This holds for Ni(110), Cu(110) and Pt(110), irrespective of
whether the interaction with the substrate is strong or weak [26, 27, 28]. Up to now, among
the metals only the quasihexagonal dense-packed bcc(110) surface of Fe, still only of twofold
symmetry, was shown to enable Gr growth with unique orientation [29]. Intense research was
triggered by the finding that on the (110) face of the semiconductor Ge growth of large Gr single-
crystal layers is possible [31, 30], though at the risk of growth close to substrate melting. Also
for the isostructural and isoelectric hexagonal boron nitride (h-BN) monolayers, the growth of
single-domain phase-pure layers on only twofold-symmetric substrates was not feasible on metals
[32, 33, 34, 35]. The exception is the growth of h-BN on Pt(110), where the adlayer imposes a
complex reconstruction change of the substrate [36].
Here, we introduce Gr on the low-symmetry substrate Ir(110), which displays single-domain
single-crystal growth when choosing the proper growth conditions. The perfection by which the
Gr layer can be fabricated is surprising, when considering that the clean Ir(110) surface is heavily
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reconstructed at room temperature. Unreconstructed Ir(110) forms a ridge pattern of (331) and
(331̄) nano-facets with a corrugation in the nm range [37]. Under the Gr cover, however, Ir(110)
remains unreconstructed.
Using scanning tunneling microscopy (STM) and low-energy electron diffraction (LEED) the
moiré of Gr with Ir(110) is determined. Density functional theory (DFT) calculations reveal a
strong modulation of binding and charge transfer to Gr associated with the moiré wave pattern
along the [11̄0] direction of the substrate with a periodicity of 10 Å.
The use of this wave pattern for templated adsorption is directly demonstrated here. In DFT
calcuations naphthalene is used as a paradigm for an aromatic molecule to explore the anisotropic
energy landscape of physisorption induced by the wave pattern. Based on these insights, unaxial
alignment of sandwich-molecular wires during organometallic on-surface synthesis [8, 38] is ex-
perimentally demonstrated.
Inert single-crystal substrates are rare, but attractive for the growth of quasi-freestanding 2D
layers. The application potential of Gr/Ir(110) for 2D-layer growth is exemplified through molec-
ular beam epitaxy of monolayer NbS2. As a last example of versatility, we show that through Gr
intercalation thermodynamically stable epitaxial layers can be grown on unreconstructed Ir(110).

2 Methods

Gr on Ir(110) was synthesized with identical results on two different crystals in the ultrahigh
vacuum systems ATHENE (base pressure below 1 · 10−10 mbar, STM imaging at 300 K) and M-
STM (base pressure in preparation chamber 3 ·10−10 mbar, in STM chamber below 1 ·10−11 mbar,
STM imaging temperature 1.7 K). Gases are delivered through a gas dosing tube giving rise to
a pressure enhancement by a factor of 80 compared to the pressure measured through a distant
ion gauge specified here. Sample cleaning was accomplished by exposure to 1 · 10−7 mbar oxygen
at 1200 K when needed, cycles of noble gas sputtering (Ar, Xe), and brief annealing to 1500 K.
Closed layers of Gr on Ir(110) were grown by exposure to 2·10−7 mbar ethylene for 210 s at 1500 K
for the single-domain Gr phase. For the two-domain Gr phase briefly mentioned in the manuscript
and discussed in the SI, the ethylene exposure was at 1300 K. EuCot sandwich-molecular wires
were grown at a sample temperature of 300 K by sublimation of Eu from a Knudsen cell with a
deposition rate of 1.1 · 1017 atoms

m2s in a background pressure of 1 · 10−8 mbar Cot [8]. The software
WSxM [39] was used for STM data processing.
To ensure Gr quality and for structural characterization LEED was used in an energy range of
30 − 150 eV. The LEED patterns shown are contrast-inverted for better visibility.
Angle-resolved photoemission spectroscopy (ARPES) measurements have been conducted at the
SGM-3 beamline at the synchroton ASTRID2 in Aarhus, Denmark. The samples were grown in
situ in an ultrahigh vacuum chamber (base pressure 3 · 10−10 mbar) connected to the beamline,
and using the recipe described above. Sample cleaning has been accomplished by noble gas
sputtering using Ne. The samples have been checked in situ using the Aarhus STM mounted at
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the endstation to check for consistency with the homelab results.
Our ab initio density functional theory (DFT) [40, 41] were carried out using the projector
augmented wave method (PAW) [42] as implemented in the VASP code [43, 44, 45]. The van
der Waals interactions present in the Gr/Ir(110) system were taken into account by employing
the non-local correlation energy functional vdW-DF2 [46] together with a re-optimized [47] Becke
(B86b) exchange energy functional [48]. Gr on Ir(110) was modeled by a slab containing three
Ir layers and a vacuum region of ≈ 21 Å amounting to 350 C and 264 Ir atoms, respectively.
The ground-state geometry and its electronic structure of this system have been obtained for a
kinetic energy cut-off of 500 eV and a threshold value of the calculated Hellmann-Feynman forces
of ≈ 0.005 eV/Å. Furthermore, for the structural relaxation the Brillouin zone integrations were
performed using the Γ point while the density of states (DOS) was obtained with the help of a
2×2 k mesh.

3 Results and discussion

Superstructure – experiment: Gr is grown on carefully cleaned Ir(110) through exposure to
ethylene at 1500 K. After cooldown to 300 K, STM finds large flat terraces, separated by plateaus
with flat top levels and elongated along the [11̄0] direction. The profile in Figure 1a shows a
plateau height of several nm. The plateau top level and the surrounding base level are flat.
There is no indication for a ridge pattern of (331) and (331̄) nano-facets with a corrugation in the
nm range [37], as it is observed after cooldown in the absence of a Gr cover [compare Figure S1
of the Supporting Information (SI)]. A zoom into a flat terrace area makes a twofold symmetric
moiré visible, as shown in Figure 1b. We define the rectangular moiré cell as well as the moiré
vectors m⃗1 and m⃗2 as indicated in Figure 1b. The moiré leads to a well visible wave pattern with
wave vector in the direction of m⃗2, i.e. along the [11̄0] direction. The wave crests and troughs
are consequently oriented along the [001] direction. The additional, larger wavelength periodicity
with wave vector in the direction of m⃗1 is less pronounced.

Both periodicities can be recognized in the profile of Figure 1b. With the profiles taken on
the wave pattern crests and under the tunneling conditions chosen, the corrugation is 0.08 Å for
the long wavelength periodicity with wave vector along m⃗1 (cyan line in Figure 1b), while it is
0.17 Å for the wave pattern with wave vector along m⃗2 (blue line in Figure 1b). It can be seen in
Figure 1b that on some wave crests an additional corrugation with a wavelength of about 1

4 of the
moiré periodicity is present. By visually analyzing this extra corrugation along the wave crests
highlighted by black arrows in Figure 1b it is obvious that (i) this extra corrugation varies along
the wave crests and that (ii) neighboring wave crests differ in the amplitude of this corrugation,
being almost absent or quite pronounced. While (i) suggests the presence of small tilts in the
orientation of the two lattices, (ii) indicates that the moiré is not commensurate along m⃗2. The
large wavelength periodicity with wave vector in the direction of m⃗1 is also not perfectly uniform
and affected by the presence of defects. This is apparent for the vertical crests at the right of

23



Figure 1: (a) Large scale STM topograph (7000 × 7000 Å2) of Gr/Ir(110) grown at T = 1500 K.
The [001] and

[
11̄0

]
directions specified in the lower right corner are valid also for (b), (c)

and (d). STM height profile along the green line is shown below the topograph. (b) STM
topograph (300×300 Å2) of flat terrace area. Black rectangle indicates the moiré unit cell. Black
arrows highlight varying appearance of wave crests. STM height profile along path of cyan and
blue line is shown below topograph. (c) Atomic resolution STM topograph (100 × 100 Å2) with
commensurate superstructure cell and primitive translations a⃗1 and a⃗2 indicated in blue. Moiré
unit cell is shown in black. Inset: magnified view (30 × 30 Å2) with centers of Gr rings visible
as dark depressions. Gr and Ir(110) unit cells and primitive translations are indicated. (d) 76 eV
LEED pattern of Gr/Ir(110). First order Ir and Gr reflections are encircled yellow and green,
respectively. Reciprocal moiré, Gr and Ir primitive translations are indicated. See text. STM
imaging temperatures are 300 K in (a) and (b), and 1.7 K in (c). Tunneling parameters are (a)
Ubias = −1.33 V and It = 0.8 nA, (b) Ubias = −1.33 V and It = 1.1 nA, (c) Ubias = −0.05 V and
It = 20.0 nA.
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Figure 1b, where the crests slightly change orientation due to the defect in the middle right of
the topograph. Again, this indicates the presence of small tilts and shears of the Gr lattice.

We note that depending on the tunneling parameters and tip condition the corrugation may
differ substantially from the apparent corrugation found for the topograph of Figure 1b. Corru-
gations of up to 0.4 Å for the long wavelength periodicity with wave vector along m⃗1 and up to
0.8 Å for the wave pattern with wave vector along m⃗2 are found. The corrugation along m⃗1 is
generally found to be smaller than the one along m⃗2. Elastic effects of tip-surface interaction at
very low tunneling resistances, and at somewhat larger resistances a distance dependence of the
corrugation on the local density of states are most likely the origin of this variation.

In the atomically resolved STM topograph of Figure 1c, the centers of the Gr honeycombs
are well visible as dark depressions. The Gr zigzag rows are close to perfectly aligned with the
[001] direction. The moiré periodicity m2 along the [11̄0] direction is well visible and caused
by the superposition of the 2.715 Å periodicity of Ir(110) and the zigzag row spacing of Gr.
Application of the moiré construction for the case of aligned periodicities as outlined in [49]
results in m2 = (9.94 ± 0.15) Å and a zigzag row spacing of (2.133 ± 0.007) Å. This row spacing
implies a Gr lattice parameter of aGr = (2.463±0.008) Å. The Gr lattice parameter agrees within
the limits of error with the in-plane lattice parameter of relaxed graphite agraphite = 2.4612 Å [50].
Gr on Ir(110) appears to be unstrained. The determination of the periodicity m1 is more difficult,
since it is not clearly visible in the atomically resolved topograph of Figure 1c and similar ones,
presumably due to the low tunneling resistance conditions needed to obtain atomic resolution.
However, the observation of the ratio of m1 to m2 is possible in STM topographs without atomic
resolution and allows one to estimate m1 = (33±2) Å. Finally, the Fourier transform of Figure 1c
displays spots corresponding to the Ir(110) and Gr lattices simultaneously (compare Figure S2
in the SI). Its analysis confirms the absence of significant strain in Gr and the magnitude of the
Gr primitive translations a⃗Gr,1 and a⃗Gr,2 to deviate less than 0.5 %.

The LEED pattern of Gr/Ir(110) shown in Figure 1d can be decomposed into reflections of
unreconstructed Ir(110) encircled yellow and first order reflections of a single Gr domain encircled
green. All other reflections are linear combinations of the Ir(110) and Gr reciprocal lattice vectors.
The moiré periodicity along [001] corresponds to the difference m⃗∗

1 = 2 · a⃗∗
Gr,1 + a⃗∗

Gr,2 − 3 · a⃗∗
Ir,1

and along [11̄0] to m⃗∗
2 = a⃗∗

Gr,2 − a⃗∗
Ir,2. The vectors m⃗∗

i , a⃗∗
Gr,i and a⃗∗

Ir,i indicated in Figure 1d are
the reciprocal vectors to m⃗i, a⃗Gr,i and a⃗Ir,i (compare Figures 1b and 1c). The moiré periodicities
derived from LEED are m1 = (31 ± 2) Å and m2 = (9.8 ± 0.3) Å. They agree within the limits
of error well with our STM analysis. The same holds for the real space Gr lattice parameter
aGr = (2.49 ± 0.04) Å derived from the LEED pattern.

On a side note, we also observed the formation of a two-domain Gr phase, but at a lower
growth temperature of 1300 K. Compare Figure S3 of the SI for details.

Summarizing our analysis, STM and LEED suggest an incommensurate moiré of unstrained
or marginally strained Gr with Ir(110). In fact, assuming unstrained Gr with its graphite lattice
parameter agraphite = 2.4612 Å and the zigzag rows parallel to the [001] direction, as observed in
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STM and LEED, would result in m1 = 32.02 Å and m2 = 9.91 Å. These numbers agree very well
with our STM and LEED analysis. In order to be able to conduct DFT calculations, we need to
approximate the experimental situation through a commensurate superstructure cell. The small-
est commensurate unit cell with negligible Gr strain is indicated as blue rhomboid in Figure 1c
and in the ball model of Figure 2a. The unit cell is spanned by the primitive translations a⃗1 and
a⃗2 of lengths a1 = 32.58 Å and a2 = 29.87 Å, corresponding to 12.5 Gr units on 8 Ir units in
[001] direction and 14 Gr rows on 11 Ir units along the [11̄0] direction. The triple length of a⃗2

compared to m⃗2 takes into account, that along the [11̄0] direction approximate commensurability
is only achieved after three moiré periods m2. In matrix notation the commensurate superstruc-
ture can be expressed as

( 8 4
0 11

)
with respect to Ir(110) and

( 10 5
−7 14

)
with respect to Gr (compared

Figure S4 in the SI). The Gr lattice parameters aGr,1 = 2.457 Å and aGr,2 = 2.463 Å in the com-
mensurate superstructure unit cell are close to the in-plane lattice parameters of relaxed graphite
agraphite = 2.4612 Å [50] and to our measurements. They are only slightly compressed by 0.17 %
or stretched by 0.07 % with respect agraphite.

Superstructure – ab initio calculations: For our DFT calculations we used a slab con-
sisting of 3 layers of Ir, the Gr layer, and 21 Å of vacuum in z direction. The DFT supercell shown
in Figure 2a is based on the superstructure unit cell defined by a⃗1 and a⃗2 (compare Figure 1c).

The adsorption energy per C atom amounts to Eads = −140.2 meV, about twice the value
obtained for Gr/Ir(111) with the same exchange-correlation functional [51]. Side views of the
supercell are presented as Figure 2b with the direction of view along [001], normal to the dense-
packed Ir rows and along a Gr zigzag direction, and Figure 2c with the direction of view along
[11̄0], i.e. along the dense-packed Ir rows and a Gr armchair direction. The view along [001]
displays a clear wave pattern of the Gr layer with wave vector along the direction of a⃗2 or the
[11̄0] direction. The wave crests are labeled c1, c2, c3 and the wave troughs are labeled t1, t2, t3.
Close inspection reveals that the three wave crests and the three wave troughs are not equivalent
in symmetry: while a zigzag row is either precisely aligned to an Ir atom row along [001] for t1 or
between two Ir atom rows for c2, this alignment is only approximate for the other two crests and
troughs. Consequently, the corrugation of the wave pattern is non-uniform ranging from 0.32 Å
to 0.46 Å. The view along [11̄0] displays no clear corrugation pattern of the Gr layer.

These DFT results are in good agreement with the experimental observation of a pronounced
wave pattern with crests along [001] with the same periodicity as in DFT. The experimental
corrugation of this wave pattern (blue in the height profile of Figure 1b) is generally larger than
the corrugation in the direction normal to it (cyan in the height profile of Figure 1b), again in
qualitative agreement with our DFT calculation. The DFT calculated corrugation of up to 0.46 Å
is well within the range of experimentally measured corrugations of 0.15 Å to 0.8 Å along the
[11̄0] direction.

Binding – ab initio calculations: Already the side views of Figure 2b and 2c suggest that
the binding configurations of the C atoms to the Ir(110) substrate vary substantially. On a global
level this is evident by noting that the C-Ir bond length, i.e. the distance between a C atom
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Figure 2: Ball model representations of relaxed DFT geometries for Gr/Ir(110). Ir atoms: light
(top layer) to dark (bottom layer) brown spheres. C atoms: small light grey dots connected
by light grey lines. (a) Top view with DFT supercell indicated by blue rhomboid. The [11̄0]
and [001] directions are also shown. (b) Side view with [001] direction out of drawing plane as
indicated. A pattern of crests c1-c3 and troughs t1-t3 in the Gr layer is visible along [11̄0] with
their positions highlighted by arrows. (c) Side view with [11̄0] direction into drawing plane as
indicated.

of Gr and the nearest Ir substrate atom, varies between 2.11 Å and 3.10 Å, i.e. from a strong
chemisorption to a weak chemisorption bond length. This large variation is primarily caused by
the large corrugation of the Ir substrate with its hill and valley structure. A manifestation of
the binding heterogeneity is the Gr wave pattern as apparent in the side view of Figure 2b. To
obtain insight into the underlying physics and associated wavelike variation of Gr’s properties,
charge-density difference plots along the red lines in Figure 2a in the trough t1 and the crest
c2 are compared in Figures 3a and 3b, respectively. In the cut through the trough t1 shown
in Figure 3a charge accumulation (red) between the Ir and the C atoms signals the formation
of chemical bonds. These chemical bonds to the substrate cause the C atoms of Gr to acquire
partial sp3 character. Moreover, charge accumulates in the π system above the C atom plane. In
the cut through the crest c2 shown in Figure 3b essentially no charge accumulation between the
C atoms and the distant Ir atoms is present – chemical bonds are weak. Therefore, contrary to
the troughs, in the crests little charge is injected into the π system above the C atoms. Besides
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a variation in local work function, the variation of the local charge transfer into the Gr π system
implies also a variation of the van der Waals interactions of the Gr layer with physisorbed species.
As outlined in [52], the strength of the van der Waals interactions is larger where the charge cloud
of the π system spreads out into the vacuum further away from the C nuclei. The modulation
of the binding character and electronic properties with the wave pattern is also apparent in
Figure 3c, which shows the charge-density difference average over the entire superstructure unit
cell and projected onto a plane along the [11̄0] direction. There, the variation of binding character
and charge donation to the Gr π system is well visible through the variation of strong charge
accumulation above and below the C atom plane.

The charge density difference plots normal to the wave pattern along the Gr armchair direction
([11̄0] direction of the Ir substrate) also display a variation of electronic properties. However, on
all cuts the dominant wave pattern is superimposed, causing a considerable heterogeneity along
the direction of cut. Compare also Figure S5 of the SI.

Figure 3: (a), (b) Charge-density difference plots in the (a) trough and (b) crest locations in-
dicated in Figure 2b as t1 and c2 and in Figure 2a by horizontal red lines. (c) Charge-density
difference average over the entire superstructure unit cell and projected onto a plane along the
[11̄0] direction corresponding to the view of Figure 2b. The positions of the cuts along t1 and c2
are indicated by arrows. The black dotted lines indicate the position of the top level Ir atoms.
See text. Color scale for all plots ranges from charge accumulation in red (+0.0035 electrons/ Å3)
to depletion in blue (−0.0035 electrons/ Å3).

Electronic structure of Gr on Ir(110): Figure 4a compares the characteristic V-shaped
freestanding Gr density of states (red line) with the Gr partial DOS when adsorbed to Ir(110)
(black line). The V-shape of the freestanding Gr DOS signals electronically intact Gr with a Dirac
cone formed by the Gr π and π∗ bands that touch at the Dirac point, where the DOS vanishes.
This feature is characteristic for freestanding or physisorbed Gr layers and corresponds to an
sp2 hybridization of its electronic states. The absence of this feature and the substantial partial
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Gr DOS of Gr/Ir(110) in the entire energy range of a few eV around the Fermi energy signifies
considerable modification of the Gr electronic structure when adsorbed to Ir(110), similar e.g.
to the case of Gr on Ni(111) [53]. The diversity of C-Ir bonds noticed already in Figure 2 gives
rise to a diversity of C-Ir hybridizations, which together with the variation of the local charge
transfer visible in Figure 3, gives rise to the smeared out partial DOS of Gr. The blue curve in
Figure 4a represents the partial Gr DOS projected onto the carbon pz atomic-like orbitals that
originally form the Gr π system. The difference between this projection and the entire partial Gr
DOS is small, but indicates a non-negligible sp3 character of bonding due to the local chemical
interactions between the corrugated Gr and Ir(110) as depicted in Figure 3.

The detailed electronic structure of the adsorption system has been determined by ARPES [54].
Figure 4b shows the photoemission intensity as a function of binding energy and k∥ in the Γ − K
direction of the Gr Brillouin zone. The ARPES data show no sign of a Dirac cone nor any feature
that could be related to the Gr π band, fully consistent with the DFT calculations. See Figure S6
in the SI and the related discussion for a more detailed analysis.

Figure 4: (a) Red line: Density of states (DOS) of freestanding Gr. Black line and gray-shaded
area: Gr partial DOS when on Ir(110). Blue line: Gr partial DOS projected on the Gr π system
consisting of pz atomic-like orbitals. See text. (b) Angle-resolved photo emission spectrum along
Γ − K, recorded at a photon energy of 100 eV and a temperature of T = 35 K. There is no Dirac
cone at the K point and there are no features that could be related to the Gr π bands in agreement
with the DFT calculations.

A naphthalene molecule as sensor for the energy landscape of adsorption on
Gr/Ir(110): To obtain insight to whether the modulation associated to the wave pattern of
Gr/Ir(110) can be used to template molecular adsorption, a naphthalene molecule was employed
as sensor in DFT calculations of still feasible computational effort. Using different starting con-
figurations for C10H8 adsorbed to the crest c2 and trough t1 of Gr/Ir(110) (compare Figure 2)
several local minima of adsorption energy were identified.

Figure 5a displays the minimum energy adsorption geometry, where the molecule resides in the
trough, as also obvious from the side view cuts of the charge-density difference plots of Figure 5b
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and 5c. Adsorption takes place with the long molecular axis along the trough. No energy minimum
could be found for the molecule in different orientations, e. g. with the long axis normal to the
trough. The adsorption energy Eads is -947 meV, lower by 168 meV compared to the best-bound
configuration on a crest. The minimum energy adsorption site in the trough corresponds to the
locations where the charge accumulation above Gr is highest (compare Figure 3). Thus these
results are in qualitative agreement with experiments and DFT calculations for naphthalene
adsorbed to Gr/Ir(111) [52], where the strength of the van der Waals interactions was found
to increase with the charge donated to Gr (n-doping). For the minimum energy configuration
shown in Figure 5, the average naphthalene-graphene distance is 3.27 Å, a distance typical for a
physisorbed molecule, while for all other local adsorption energy minima the distances are larger.
Compare Figure S7 and Table S1 of the SI for additional calculations and more details.

Our calculations make plain that despite Gr’s strong interaction with the Ir(110) substrate,
it is still an inert substrate for molecular adsorption, acting as a spacer effectively separating
the metal from the molecule. The situation is not unexpected, when considering that also other
‘strongly’ interacting Gr layers act still as inert spacer between molecules and the underlying
metal. To give an example, the peak desorption temperature of benzene from ‘strongly’ interacting
Gr on Ru(0001) [19] is within the limits of error identical to the one from graphite [55].

Figure 5: (a) Top view ball model for minimum energy adsorption geometry of C10H8 in trough
t1 on Gr/Ir(110) (compare Figure 2). (b) Charge-density difference plot along blue line in (a)
of combined system compared to sum of isolated C10H8 molecule and Gr/Ir(110). (c) Same as
(b), but along red line in (a). Color scale in (b) and (c) is the same as in Figure 3, but used for
one order of magnitude smaller charge density-differences ranging from +0.00035 electrons/ Å3

for charge accumulation in red to −0.00035 electrons/ Å3 for charge depletion in blue.

Use of Gr/Ir(110) as nanotemplate for alignment in on-surface synthesis: Our
theoretical calculations for C10H8 adsorbed to Gr/Ir(110) imply that this substrate displays
an anisotropic physisorption energy landscape and is thereby able to template adsorption and
to impose uniaxial alignment. Here, we use the example of on-surface synthesis of sandwich-
molecular wires to demonstrate these properties. A sandwich-molecular wire is an organometallic
compound consisting of an alternation of metal atoms with ring-shaped aromatic molecules [56,
57]. When Eu atoms and cyclooctatetreaene (Cot, C8H8) molecules (eight-membered carbon
rings) are combined in room temperature on-surface synthesis on Gr/Ir(111), Eu is evaporated
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onto the substrate in a background pressure of Cot, of which the excess re-evaporates at 300 K
[8]. Because of van der Waals interaction between the wires, they interlock and form monolayer
high, randomly oriented islands of parallel wires resulting in diffraction rings rather than spots
in LEED [8, 38]. The lack of island orientation was found not to depend on coverage.

As obvious from Figure 6, successful on-surface synthesis of EuCot is also possible on Gr/Ir(110).
This observation implies directly the mobility of reaction intermediates to wire ends and the re-
evaporation of the Cot excess at room temperature. This underpins the inertness of the Gr/Ir(110)
substrate and the physisorbed state of the unreacted molecules. In contrast to the random orien-
tation of the wire carpet islands on Gr/Ir(111), growth on the anisotropic Gr/Ir(110) substrate
gives rise to thin and long wire islands all oriented along the [001] direction as visible in Figure 6a.
For larger coverages a well-oriented, coalesced monolayer results, as shown in Figure 6b. Only
step edges along

[
11̄0

]
may cause a deviation from the global [001] alignment in small patches,

e.g. in the lower right of Figure 6b. Figure 6c displays the corresponding LEED pattern. It
exhibits clear diffraction spots of the wire lattice encircled in dotted-blue. The rhomboidal re-
ciprocal unit cell is indicated in green. Because LEED is a spatially averaging technique, the
diffraction pattern implies a global alignment of the wires along the [001] direction. Highlighted
by the two black arrows in Figure 6c, 3 × 1 superstructure reflections can be identified in the
direction normal to the wires, of which the origin is explained below. In the molecular resolution
STM topograph of Figure 6d the parallel wires are shown together with a ball model overlay of
the molecular structure and the wire lattice unit cell. Close inspection of the STM topograph
reveals a beating of the wire height (brightness) along [11̄0], where about every third wire appears
to be higher. It is this height variation of the wires that gives rise to the 3 × 1 superstructure
spots in LEED, which is thus a global feature of wire ordering. The intensity variation can be
explained by the mismatch of the interwire distance and the moiré periodicity of the underlying
substrate in this direction. Based on the crest spacing of ≈ 10 Å and the wire spacing of ≈ 6.8 Å
measured on Gr/Ir(111) [8], three wires fit on two moiré periodicities along m⃗2. Apparently two
thirds of the wires are located close to the trough positions, while one third is located close to
a crest position. Furthermore, faint vertical lines of brighter contrast spaced by m1 reflect the
bending of the horizontally aligned wires over the moiré periodicity along [001].

Based on the successful on-surface synthesis using the same parameters as for EuCot wire
growth on Gr/Ir(111) [8, 38], it is evident that also on Gr/Ir(110) the wires are bound through
van der Waals interactions to the substrate. The upright standing aromatic Cot-dianions are in
contact with Gr only through their peripheral H-atoms. Bound to the cyclic carbon ring, they
are unable to interact chemically with Gr. For a single wire, our DFT calculation shown above
suggests adsorption to a trough location, where the van der Waals interaction is stronger than
on the crests. However, due to substantial interwire van der Waals interaction, single wires are
not realized even for smaller coverages. Nevertheless, consistent with a preferential binding to
the troughs, two thirds of the wires are adsorbed close to the throughs rather than to the crests,
as noticed above when discussing the 3 × 1 wire superstructure.
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Elastic energy considerations are also in favor of adsorption along the wave pattern, i.e. the
[001] direction, rather than vertically to the wave pattern. In order to maximize the binding to
the substrate, the wires need to adhere conformal to the Gr-sheet in an optimum distance defined
by Pauli repulsion and van der Waals interactions. For a 1D-wire oriented perpendicular to the
wave pattern along the [11̄0] direction this would imply substantially more bending with shorter
periodicity to conform to the wave pattern than for a wire oriented along the [001] direction with
substantially less corrugation and larger periodicity m1. Thus, the elastic energy penalty for wire
orientation along the [001] direction is lower, also favoring its orientation along this direction.

It is remarkable that physisorbed species – the 1D sandwich-molecular wires – are perfectly
oriented through the Gr/Ir(110) template at temperatures as high as room temperature. However,
even if the charge modulation and elastic energy effects are presumably small per formula unit
– possibly as low as 10 meV – the wires are composed of hundreds of formula units. Thereby,
energy differences for wires adsorbed in different orientations and at different adsorption sites
become large.

Figure 6: (a), (b) STM topographs (1500 × 1500 Å2) of (a) elongated EuCot wire carpet islands
and (b) of a full layer on Gr/Ir(110) oriented along the [001] direction. (c) 40 eV LEED pattern
of the same sample as in (b). The unit cell of the EuCot wire carpet is indicated by green
lines, with the corresponding first order reflections encircled dashed-blue. 3 × 1 superstructure
reflections are highlighted by black arrows. Note that different LEED set-ups cause different sizes
of LEED patterns. (d) STM topograph (100×100 Å2) of EuCot/Gr/Ir(110) with a 3×1 intensity
variation along the [11̄0] direction resulting from the lattice mismatch of the substrate moiré and
the wire carpet. Inset: molecular resolution STM topograph (25 × 25 Å2) overlayed with a wire
model. Magenta dots: Eu atoms. White and black dots: H atoms and C atoms of Cot. The
wire carpet unit cell is indicated as green rhomboid. STM topographs taken at 300 K. Tunneling
parameters are (a) Ubias = −2.0 V and It = 0.03 nA, (b) Ubias = −1.74 V and It = 0.08 nA, and
(d) Ubias = −1.82 V and It = 0.35 nA.

Additional uses of Gr/Ir(110) as substrate: Figure 7a displays monolayer NbS2 islands
of excellent structural quality grown on Gr/Ir(110) through MBE following the method described
in [58]. Besides Gr/SiC(0001) [2] and Gr/Ir(111) [4], Gr/Ir(110) is thus a third inert Gr system
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suitable for the MBE growth of 2D layers and 2D layer heterostructures. The orientation of
the transition metal dichalcogenide (TMD) islands is close to random after room temperature
growth and mild annealing, not different to TMD growth on the other Gr substrates. The random
orientation indicates a weak interaction of the TMD with Gr/Ir(110).

Figure 7b displays Fe islands intercalated underneath Gr on Ir(110). The unique feature here
is that the Gr cover enables epitaxial growth on unreconstructed Ir(110) which has not been
possible before. A pseudomorphic Fe monolayer on Ir(110) as realized here could offer magnetic
properties similarly exciting as those of the Fe monolayer on Ir(111) [59].

Figure 7: (a) STM topograph (750 × 750,Å2) taken after MBE growth of monolayer NbS2 islands
on Gr/Ir(110) at 150 K and additional annealing to 825 K. (b) STM topograph (300 × 300 Å2)
of a pseudomorphic Fe intercalation island underneath Gr on unreconstructed Ir(110). STM
topographs taken at 1.7 K. Tunneling parameters are (a) Ubias = 2.0 V and It = 0.1 nA and (b)
Ubias = 1.0 V and It = 0.5 nA.

Discussion: Instead of forming the nano-facet reconstruction, Ir(110) remains unrecon-
structed upon cooldown to room temperature when Gr has been grown on it at 1500 K. To
explain this remarkable observation we note that the surface reconstructions of Ir(110) are driven
by the temperature-dependent minimization of surface free energy γ which itself is linked to the
surface stress [60]. The Ir(110) surface was shown to run through a sequence of reconstructions
upon cooling with a (2 × 1) missing row reconstruction being present at 800 K–900 K, a (3 × 1)
missing row reconstruction being dominant at 500 K–600 K, while eventually upon cooling the
(331)/(331̄) nano-facet reconstruction forms [61, 62]. The surface structure of Ir(110) at the
Gr growth temperature of 1500 K is unknown, but based on the results for the same surface
orientation of the parent element Pt [63], at 1500 K Ir(110) is presumably above the roughening
temperature and will display fast surface profile fluctuations due to high mobility. Knowing that a
Gr membrane replicates the surface morphology at the growth temperature [13], the morphology
observed at 300 K by STM is close to the morphology at the end of growth at 1500 K. There-
fore, we tentatively conclude that Gr grows on unreconstructed Ir(110). The calculated binding
energy of 140.2 meV per C atom is of similar magnitude as the Ir surface free energy, which can
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be estimated to be of the order of 300 meV for Ir(110) if normalized to the Gr atomic density
[64]. It is therefore plausible that upon cooling, reconstructions that lower the surface energy in
the clean case, are suppressed as they would diminish the adhesion between Gr and the Ir(110)
substrate. In fact, any of the known Ir(110) reconstructions make the surface rougher and thus
either would reduce the number of binding substrate atoms or force large deformations in Gr to
conform to the substrate. In brief and somewhat coarse, the adhering Gr layer shifts the binding
of Ir(110) surface atoms to a more bulk-like situation due to the formation of Ir-C bonds, largely
relieving the driving force for surface reconstruction.

Gr on Ir(110) is a single crystal, if grown at 1500 K, while two domains are found for growth
at 1300 K (compare Figure S3 of the SI). The situation is similar for the growth of Gr on Ir(111),
where upon increasing the growth temperature the situation changes from multiple domain ori-
entations to a single crystal of Gr [24, 25]. The lack of strain in the

( 8 4
0 11

)
commensurate

approximation of the high-temperature superstructure suggests that in fact the low-temperature
two-domain structure which is considerably strained (compare Figure S3 of the SI and related
discussion) reflects kinetic limitations of the Gr growth process rather than a change in the
orientation-dependent adsorption energy. To substantiate such speculations systematic growth
temperature dependent studies would be necessary, which are beyond the scope of this work.
Nevertheless, we speculate that if the growth temperature can be raised sufficiently, also on other
fcc(110) surfaces single-crystal Gr layers could be grown.

Lastly, one might ask why Gr on Ir(110) is so different from Gr on Ir(111), with a much
higher binding energy and an electronic structure lacking a Dirac cone. As a first remark it
should be noted that although the binding energy of graphene to Ir(110) is with 140.2 meV per C
atom much larger than the 69 meV per C atom to Ir(111) [51], it is still much lower than typical
chemisorption energies of several eV per molecule or the 7.6 eV cohesive energy of Gr [65]. The
binding energy of Gr to Ir(110) is comparable to the binding energy of Gr to Ni(111) [66], which
is considered as weak chemisorption [67]. We also note, that the electronic structure of Gr is
especially sensitive to the environment because of the low density of states close to the Dirac
point. Therefore a loss of the Dirac cone, as also observed for Ni(111) [53] does not imply a loss
of the predominat sp2 bonding character, as obvious from the projected DOS in Figure 4.

Compared to Ir(111), which is smooth and where all surface atoms are 9-fold coordinated,
Ir(110) is a more open and a corrugated surface, with the surface atoms in the protruding rows
being only 6-fold coordinated, whereas the surface atoms in the troughs are 1.36 Å below the level
of the row atoms and 11-fold coordinated. Evidently, on Ir(110) the surface atoms with lower
coordination are more reactive. For instance, DFT calculations show that the CO binding energy
on Ir(110) is larger by 410 meV compared to Ir(111) in the low coverage limit [68], a difference
much larger than the 71 meV difference in binding energy of Gr to Ir(110) and Ir(111).

We speculate that the overall van der Waals interaction pulls Gr towards the surface such
that the protruding atoms on Ir(110) start to hybridize with the Gr layer, while the recessed
atoms do not. On the flat Ir(111) surface, Pauli repulsion stops the approach prior to the onset
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of significant hybridization of specific substrate orbitals with the Gr sheet [69]. Based on this
proposed scenario, we speculate that a similar difference in binding also holds for Gr on other
metal surfaces, e.g. for Pt.

4 Conclusion

Single-domain Gr on Ir(110) forms upon low-pressure CVD growth at 1500 K, displays a rect-
angular moiré pattern with periodicities m1 = 33 Å in [001] direction and m2 = 10 Å in [11̄0]
direction, and can be approximated as a

( 8 4
0 11

)
superstructure with respect to Ir(110). The Gr

layer is chemisorbed to Ir(110) with an adsorption energy of −140.2 meV per C atom. Due to
strong and locally varying interaction with the substrate it lacks a Dirac cone.

The Gr layer displays a wave pattern with wave vector in [001] direction and corrugation
of ≈ 0.4 Å according to our ab initio calculations. This wave pattern implies a modulation in
charge transfer to the Gr π system and in the Gr-Ir hybridization, both being most pronounced
in the trough of the wave pattern. The effect of this property modulation on the physisorption
of aromatic molecules is explored through ab initio calculations for a naphthalene molecule. The
adsorption energy landscape is found to be highly anisotropic with the maximum binding energy
for molecules with their long axis adsorbed along the troughs, where the van der Waals interaction
is strongest because of the larger transferred charge to Gr. The same property modulation is
shown experimentally to enable the alignment of EuCot sandwich-molecular wires along troughs
at 300 K. The successful on-surface synthesis – requiring re-evaporation of excess Cot molecules
and the diffusion of reaction intermediates – also documents the inertness of the substrate. This
property is also at the heart of the successful use of Gr/Ir(110) as a substrate for the growth of
the quasi-freestanding transition metal dichalcogenide layer NbS2 through reactive MBE.

Under the Gr cover, Ir(110) remains unreconstructed down to the lowest temperatures. It is
argued that the strong adhesion between Gr and Ir(110) suppresses the formation of the nano
facets, (2×1), and (3×1) reconstructions. By intercalation thereby epitaxial layers can be grown
on unreconstructed Ir(110) as exemplified for a pseudomorphic Fe monolayer.
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Figure S1: Surface reconstruction of Ir(110)

Figure S1: (a) STM topograph (650 × 650 Å2) of facetted, clean Ir(110) without Gr. The [001]
and [11̄0] directions are specified in the upper right corner and hold also for (b). (b) 76 eV
contrast-inverted LEED pattern of sample in (a). Locations of Ir reflections for unreconstructed
Ir(110) are encircled yellow. First order reflections are split due to facetting. (c) Height profile
along yellow line segment in (a). The slopes are indicated by dotted-red lines, the corresponding
uncertainties as orange cones. The angle between the slopes is 153 ° and agrees well with the
(331) and (331̄) nano-facets being inclined by 13.26 ° with respect to the (110) plane. (d) Height
profile along green line in (a). (e) Side view ball model of surface displaying (331) and (331̄)
nano-facets consistent with the profiles of (c) and (d). STM imaging temperature in (a) is 300 K,
tunneling parameters in (a) are Ubias = −1.80 V and It = 0.35 nA.

We have investigated the reconstructed surface of an iridium (110) single crystal as previously
discussed in Refs. [1, 2]. Figure S1a shows an STM topograph, in which the reconstruction is
visible. The surface is not flat, but forms elongated ridges along the [11̄0] direction. In the
LEED pattern of Fig. S1b the Ir(110) reflections and reciprocal lattice translations are indicated
in yellow. The first order reflections are split into pairs of two spots centered around the regular
positions along the [001] direction, while the second order reflections are not split. Figure S1c
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shows the contact point of two ridges as indicated by the yellow line in Fig. S1a. The measured
contact angle is (13.5 ± 0.5) °. The profile in Fig. S1d shows height variations between the ridges
of less than 10 Å and distinct contact angles between these ridges. The formation of (331) and
(331̄) facets reduces the surface energy and leads to an angle of 13.26 ° with respect to the (110)
surface [1].
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Figure S2: Fourier transform of atomic resolution STM topograph
of Gr/Ir(110)

Figure S2: Contrast-inverted Fourier transform of atomic resolution STM topograph of
Gr/Ir(110). The reciprocal lattice points of the Ir(110) surface are encircled in yellow, the re-
ciprocal lattice points of the single graphene domain are encircled in green. All corresponding
reciprocal lattice vectors are indicated in the respective colors.

The contrast-inverted Fourier transform in Fig. S2 shows the reciprocal lattice points of the
Ir(110) substrate and the single-domain Gr. Comparing their locations allows one to conclude
that Gr is undistorted, i.e. the lattice parameters aGr,1 and aGr,2 agree with each other with
an error margin below 0.5 %. Additionally, the reciprocal lattice points of the rectangular moiré
lattice are present in the Fourier transform, and agree with the values from the STM and LEED
analysis within the margin of error.
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Figure S3: Two-domain Gr on Ir(110)

Figure S3: a) STM topograph (7500 × 7500 Å2) of Gr/Ir(110) grown at T = 1300 K. The [001]
and [11̄0] directions specified in the upper right corner are valid also for (c). STM height profile
along green line in (a) is shown below the topograph. (b) Contrast-inverted 76 eV LEED pattern
of sample in (a). The first order Ir reflections are encircled yellow, the first order Gr reflections
related to the two Gr domains encircled green and blue, respectively. (c) Ball model of Gr domain
on Ir(110), corresponding to Gr reflections encircled blue in (b). A commensurate unit cell is
indicated by the cyan rectangle. STM imaging temperature in (a) is 300 K, tunneling parameters
in (a) are Ubias = −1.01 V and It = 0.97 nA.

We have also observed a two-domain Gr layer when ethylene exposure was conducted at the
lower temperature of 1300 K. In the large scale STM topograph in Fig. S3a taken after Gr growth,
a rough surface of ill-defined plateaus along the [11̄0] direction is visible. The profile of Fig. S3a
shows a height variation of the order of few nm along the [001] direction. The corresponding
contrast-inverted LEED pattern in Fig. S3b displays the Ir first order reflections encircled yellow,
along with two groups of six additional first order reflections due to Gr, encircled green and
blue, respectively. Each group forms an approximate hexagon, as expected for the diffraction
pattern of Gr. We assign each of these groups to a distinct Gr domain. For each domain, two
Gr reflections coincide with either the (1,1) and (-1,-1) or with the (1,-1) and (-1,1) reflections of
Ir(110). This coincidence determines the orientation and domain structure of the Gr. It implies
a substantial tensile strain in Gr of about 4 % along the direction of coincidence. Both other
directions are also under tensile strain of about 1.6 % compared to relaxed graphite. Figure S3c
shows an atomic model of the graphene domain indicated in blue in Fig. S3b, the cyan rectangle
is the commensurate superstructure unit cell. From this model, the Gr lattice parameters are
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2.54 Å in two directions, and 2.48 Å in the remaining direction. These numbers agree well with
our experiment. This low growth temperature two-domain Gr layer is not well suited as a growth
substrate due to its two-domain structure and the large substrate roughness that evolves during
Gr growth.
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Figure S4: Matrix notation of the approximate commensurate
superstructure cell

Figure S4: Atomic model of the single-domain Gr phase on Ir(110). The approximate superstruc-
ture unit cell is shown as blue rhomboid, the moiré cell as black rectangle, the corresponding
lattice vectors and side lengths are indicated. The Ir(110) and Gr lattice vectors are defined on
the left hand side, as used for the matrix notation of the superstructure cell.

Figure S4 shows an atomic model of the single-domain Gr on unreconstructed Ir(110). The
superstructure and moiré cells are shown as blue rhomboid and black rectangle, respectively.
Equation 1 summarizes the relation between the superstructure lattice vectors, the Ir(110) and
Gr lattice vectors and is expressed in the matrix notation. All vectors are defined as shown in Fig.
S4. a⃗Ir,1 is the Ir lattice vector in [001] direction, and a⃗Ir,2 along the [11̄0] direction with lengths
aIr,1 = 3.839 Å and aIr,2 = 2.715 Å. The Gr lattice vectors in the commensurate model have
lengths aGr,1 = 2.457 Å and aGr,2 = 2.463 Å, with a⃗Gr,1 along [001] and a⃗Gr,2 rotated by close to
60 °. The resulting superstructure lattice vectors have lengths a1 = 32.58 Å and a2 = 29.87 Å.


a⃗1

a⃗2


 =


8 4

0 11


 ·


a⃗Ir,1

a⃗Ir,2


 =


 10 5

−7 14


 ·


a⃗Gr,1

a⃗Gr,2


 (1)
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Figure S5: Charge-density difference plots: cuts along [11̄0] direc-
tion and average along [001]

Figure S5: (a) Top view of ball model representations of relaxed DFT geometries for Gr/Ir(110).
Ir atoms: light (top layer) to dark (bottom layer) brown spheres; C atoms: small light grey dots
connected by light grey lines. The DFT supercell is indicated by the blue rhomboid. (b),(c)
Charge-density difference plots along [11̄0]-direction on top of a dense-packed Ir row (b) and
between two dense-packed rows (c), as indicated by the red lines in (a). (d) Charge-density
difference average over the entire superstructure unit cell and projected onto a plane along the
[001] direction. The dotted lines in (b)-(d) indicate the vertical position of the top level Ir atoms.
Color scale for (b)-(d) ranges from charge accumulation in red (+0.0035 electrons/Å3) to depletion
in blue (−0.0035 electrons/Å3).
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Figure S6: Absence of Gr signal in ARPES on Gr/Ir(110)

Figure S6: (a) Fermi surface of Gr/Ir(110) measured by ARPES. The Ir(110) Brillouin zone is
indicated by the blue rectangle and part of the Gr Brillouin zone boundary indicated by the black
dotted lines. (b) ARPES scan along ky for fixed ky = 1.47 Å−1 as indicated by the orange line in
(a). Expected position of Gr Dirac cone is indicated by arrows and additionally by the vertical
black line for negative kx. (c) ARPES scan along ky with fixed ky = −0.85 Å−1, along the green
line indicated in (a). The expected position of the Gr Dirac cone indicated by vertical line and
arrow. (d) ARPES constant energy slice at a binding energy of Ebind = −1 eV, no conical sections
at the K points are visible. (e) ARPES scans with ±0.1 Å−1 larger or smaller kx as compared to
ky = 1.47 Å−1 used also for (b). The theoretical dispersion is shown in the center plot . All data
have been recorded at a sample temperature of T = 35 K and a photon energy of 100 eV.
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Figure S7: Local adsorption minima for a naphthalene molecule
on Gr/Ir(110)

Figure S7: Figures (a) to (d) display in top view ball models the local minimum energy adsorption
geometries on (a)/(b) crest c2 and (c)/(d) trough t1. The parameters of adsorption are given in
Table S1.

Following the methodology developed in [3], the adsorption energy Eads can be decomposed
into a term EvdW

ads originating from purely non-local correlation effects and the so-called DFT
contribution EDFT

ads covering the remaining interaction. For all adsorption configurations EvdW
ads is

negative (attactive) while EDFT
ads is positive (repulsive). For the minimum adsorption energy case

shown in Fig. S7 the numbers are EvdW
ads = −1500 meV per molecule (150 meV per C atom) and

EDFT
ads = 553 meV per molecule (55 meV per C atom). This implies that binding is through purely

non-local correlations, superseeding Pauli repulsion and ionic interactions by far.
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Table S1: DFT-calculated adsorption energies of naphthalene molecule
adsorbed onto Gr/Ir(110)

Ediff (meV) Eads (meV) EvdW
ads (meV) EDFT

ads (meV) Nph–Gr dist. (Å)
t1 pos. 1 73.02 -873.62 -1389.21 515.60 3.319
t1 pos. 2 0.00 -946.64 -1499.66 553.03 3.272
c2 pos. 1 211.57 -735.07 -1202.80 467.72 3.423
c2 pos. 2 167.74 -778.90 -1272.93 464.03 3.392

Table S1: DFT-calculated adsorption energies of naphthalene molecule adsorbed onto Gr/Ir(110). For
both locations t1 and c2 two local minima are found (position 1 and 2). Ediff denotes the energy difference
of the different local minima compared to t1 (pos. 2), Eads is the total binding energy, EvdW

ads is the binding
energy due to non-local correlation effects and EDFT

ads contains the other DFT contribution to the total
binding energy Eads. Nph–Gr indicates the distance in Å between naphthalene and substrate.
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Abstract

Sandwich-molecular wires consisting of europium and cyclooctatetraene were grown in situ on the
moiré of graphene with Ir(110). The moiré templates a uniaxial alignment of monolayer EuCot
nanowire carpets and multilayer films with the EuCot wire axis along the [001] direction of the
Ir substrate. Using angle-resolved photoemission spectroscopy we investigate the band structure
of the wire carpet films. While π-derived bands were not observed experimentally, we find a
flat band 1.85 eV below the Fermi energy. Using density-functional theory, X-ray photoelectron
spectroscopy, and by replacing europium through barium in the sandwich-molecular wires, it is
concluded that the flat band represents localized Eu 4f states. Comparison to DFT calculations
allows one to derive the relevant Hubbard U in the organometallic compound. X-ray magnetic
circular dichroism is employed to characterize the magnetic properties of the EuCot wire carpet
films at low temperatures. Clear evidence for an easy axis magnetization along the wires is found.

∗kraus@ph2.uni-koeln.de (experiment)
†n.atodiresei@fz-juelich.de (theory)

54



1 Introduction

On-surface organometallic chemistry investigates the interaction of a wide variety of metal atoms
with organic molecules on a supporting layer. Due to the relevance for spintronic applica-
tions [1], the interaction of magnetic metal atoms — such as transition or rare-earth metals
— with the surrounding ligand field of the molecules, is of specific interest. The most studied
systems to date are zero-dimensional single-molecule magnets [2, 3, 4, 5, 6, 7, 8, 9, 10] show-
ing a magnetic hysteresis without long-range order, and two-dimensional (2D) metal–organic
networks[11, 12, 13, 14, 15], some of which have been shown to mediate magnetic interaction
within the surface plane [16, 17, 18, 19, 20].
Far less investigated are one-dimensional (1D) organometallic systems. Sandwich-molecular
wires — chains of metal atoms and cyclic molecules in alternating sequence — are a class of
such 1D organometallic systems. One example are transition-metal-benzene complexes, some
of which have been theoretically predicted to be ferromagnetic half metals [21, 22, 23, 24],
i.e. they can act as spin filters. Half-metal and spin-filter properties have also been dis-
cussed by theory for transition-metal-cyclopentadien complexes [25, 26, 27], or complexes con-
taining larger molecules such as cyclononatetraenyl [28] or metallofullerenes [29]. Recently, also
cyclopentadienyl-titanium-cyclooctatetraene double deckers have even been discussed in the con-
text of molecular spin qbits[30].
Here, we focus on sandwich-molecular wires consisting of an alternating sequence of lanthanide
(Ln) atoms and the eight-membered carbon ring cyclooctatetraene (C8H8, Cot) [31, 32, 33].
While the charge-neutral Cot molecule is anti-aromatic and non-planar, it becomes aromatic
and planar upon accepting two electrons. By forming a 1D chain of alternating Ln2+ cations
and Cot2− anions, elongated LnCot sandwich-molecular wires can grow. Using europium (Eu)
as lanthanide metal, in gas-phase experiments wire lengths of up to 30 formula units were re-
ported [34]. To uncover the binding mechanism, angle-integrated photoelectron spectroscopy of
gas phase wires was conducted [31, 32, 34], while Stern-Gerlach experiments revealed a magnetic
moment of 7 µB per Eu atom, and the total magnetic moment increases linearly with the chain
length [33]. Theory has investigated the electronic and magnetic structure of short and long
EuCot wires [35, 36, 37, 38] or versions with a slightly modified Cot ring [39]. These theoretical
investigations agree in the prediction of ferromagnetic coupling and a semiconducting nature of
the EuCot wires.
In situ on-surface synthesis of EuCot wires has been recently demonstrated on Gr/Ir(111) [40].
This synthesis method yields wire lengths of the order of 1000 formula units. The wires interlock
to form wire carpets or wire spirals. Wires on graphene (Gr) were confirmed to be ferromagnetic
semiconductors [41] and are a first case of a 1D organometallic structure coupling only through
van der Waals interaction to their substrate. The orientation of the EuCot wire carpet islands
on Gr/Ir(111) is random in-plane. This randomness hindered not only the full determination
of magnetic anisotropies, but also a measurement of the band structure of the wires which is
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expected to show dispersion along the wire axis.
With the present work we provide a new twist to the problem and thereby advance previous
investigations on the magnetic and electronic structure of EuCot nanowires [41]. Using the uni-
axial moiré of graphene on Ir(110) [42] to template a unique orientation of the EuCot nanowire
carpets, access to the full anisotropic electronic and magnetic properties of these 1D objects and
their 2D arrangement in wire carpets is obtained.
In previous angle-resolved photoemission spectroscopy (ARPES) investigations of organic single
crystals [43, 44, 45, 46, 47, 48] and π-conjugated covalently bonded 1D polymers resting on vicinal
Ag or Au surfaces [49, 50] the relevance of radiation damage was noted [48]. Radiation damage
is also found in the present work to be inescapable for ARPES of 1D organometallic systems,
which had not yet been investigated with this method.

2 Methods

Scanning tunneling microscopy (STM) measurements and in situ sample synthesis were conducted
in Cologne in the ultrahigh vacuum system ATHENE with a base pressure below 1 · 10−10 mbar.
In this system Gr on Ir(110) or Ir(111) was synthesized in situ. Gases are delivered through a
gas dosing tube giving rise to a pressure enhancement by a factor of 80 compared to the pressure
measured through a distant ion gauge and specified here. Sample cleaning was accomplished
by exposure to 1 · 10−7 mbar oxygen at 1200 K when needed, cycles of noble gas sputtering (Ar,
Xe), and brief annealing to 1500 K. Closed layers of the single-domain Gr phase were grown on
Ir(110) by exposure to 2 · 10−7 mbar ethylene at 1500 K for 210 s. On Ir(111), Gr was grown by
room temperature exposure to ethylene until saturation coverage was reached and subsequent
thermal decomposition at 1500 K, resulting in well-oriented Gr islands, which are grown to a
complete layer through an additional exposure 1 · 10−7 mbar ethylene for 600 s at 1200 K [51].
EuCot sandwich-molecular wires were grown on Gr/Ir(110) by sublimation of elemental Eu from
a Knudsen cell with a deposition rate of 1.1 · 1017 atoms

m2s in a background pressure of 1 · 10−8 mbar
Cot for 30 s.
STM imaging was conducted at 300 K with a sample bias and tunneling current in the order of
Ubias ≈ −2 V and It ≈ 0.1 nA. For STM image processing the software WSxM [52] was applied.
To ensure Gr quality and for structural characterization low-energy electron diffraction (LEED)
was used in an energy range of 30 − 150 eV. LEED patterns are contrast-inverted for better visi-
bility.
ARPES measurements were conducted at the SGM-3 beamline at the synchroton ASTRID2 in
Aarhus [53], Denmark at a sample temperature of 35 K. The samples were grown in situ in an
ultrahigh vacuum chamber (base pressure 3 · 10−10 mbar) connected to the beamline, and using
the recipe as described above. Sample cleaning was accomplished by noble gas sputtering using
Ne. The samples were checked in situ using the Aarhus STM mounted at the endstation for
consistency with the homelab results. For the ARPES measurements, an approximate photon
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(ph) flux of 5 · 1012 ph
s was used. The total photon exposure in ph

nm2 is specified for each data set
shown and calculated as the product of photon flux, beam size on the sample (190 × 90 µm2) and
total irradiation time.
X-ray photoelectron spectroscopy (XPS) measurements were conducted at the University Duisburg-
Essen for samples grown in situ using the recipe described above. EuCot (BaCot) multilayers
on Gr/Ir(111) were grown by sublimation of elemental Eu (Ba) from a Knudsen cell with a de-
position rate of 1.3 · 1015 atoms

m2s (3.1 · 1015 atoms
m2s ) in a background pressure of 5 · 10−7 mbar Cot

(without gas dosing tube) for 2700 s (1380 s). For the XPS measurements of the multilayer films
a photon energy of 1486.6 eV (Al K-α) was used. The EuCot and BaCot monolayer films on
Gr/Ir(111) were checked with LEED and display diffraction rings consistent with the formation
of sandwich-molecular wire carpets [40].
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measure-
ments have been conducted at the X-Treme beamline and endstation at the Swiss Light Source
synchrotron in Villigen, Switzerland [54]. The samples were prepared in situ in an ultrahigh
vacuum chamber with a base pressure of 4 · 10−10 mbar directly connected to the endstation and
using the recipe described above. During syntheses, sample cleaning was achieved by oxygen
etching and noble-gas sputtering using argon. For consistency with homelab results, the pre-
pared samples were checked with LEED and a variable-temperature STM. The presented XAS
data were recorded at a sample temperature of 3 K and using circularly polarized light in the
energy range of 1110 − 1250 eV, using the total electron yield detection mode. In order to reduce
irradiation damage during measurements, the beam spot size on the sample was defocussed to
0.3 × 2.5 mm2 and the approximate photon flux was ≈ 3 · 10−3 ph

nm2s .
Our first-principles spin-polarized calculations were performed using the density functional theory
(DFT) [55] and the projector augmented plane wave method [56] as implemented in the VASP
code [57, 58]. For the plane wave expansion of the Kohn-Sham wave functions [59] we used a cut-
off energy of 500 eV. For the EuCot monolayer, the Brillouin zone was sampled with a (46×8×1)
k-point mesh, i.e. 46 k-points in the direction of the EuCot wire and 8 k-points in the direction
perpendicular to the EuCot (BaCot) wires. We carried out the structural relaxation using the
vdW-DF2 [60] with a revised Becke (B86b) exchange [61, 62, 63] functional to properly account
for the nonlocal correlation effects like van der Waals interactions. The analysis of the electronic
structures was done using the PBE exchange-correlation energy functional [64]. We used the
GGA + U approach [65] to correctly account for the orbital dependence of the Coulomb and
exchange interactions of the Eu 4f states. We performed several simulations in which we varied
systematically the Hubbard parameter (Ueff) from 3.5 − 7.2 eV. The supercell contained 15 Å of
vacuum in the z direction. The EuCot and BaCot monolayers were modelled with an intra-wire
periodicity of 4.35 Å and an inter-wire spacing of 6.80 Å.
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3 Results and discussion

Structure of wire carpet films: Figure 1a displays an STM topograph of an oriented monolayer
EuCot wire carpet grown on Gr/Ir(110), with the wires along the [001] direction. In the inset a
ball model of the interlocking wires and the unit cell (green rhomboid) are overlaid on a molecular
resolution topograph. In the corresponding LEED pattern of Figure 1b the first order reflections
of the wire carpet are encircled blue and the reciprocal lattice vectors b⃗1 and b⃗2 are indicated
by black arrows. The other visible LEED reflections stem from the Gr/Ir(110) substrate. A
topograph of an EuCot carpet with second layer islands is shown in Figure 1c. A preferential
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Figure 1: (a) STM topograph (900 × 900 Å2) of a ML EuCot wire carpet on Gr/Ir(110) with
global wire orientation along [001]. Inset: corresponding molecular resolution STM topograph
(30 × 30 Å2) with ball model and wire carpet unit cell indicated by green rhomboid. (b) 40 eV
LEED pattern corresponding to (a). First order EuCot carpet reflections are encircled blue,
reciprocal lattice vectors b⃗1 and b⃗2 are indicated by black arrows. (c) STM topograph (900 ×
900 Å2) of EuCot wire carpet on Gr/Ir(110) with second layer wire islands still aligned along the
[001] direction. Inset: molecular resolution STM topograph (100 × 100 Å2) of second layer wire
island. (d) 40 eV LEED pattern of a 5 ML EuCot film on Gr/Ir(110). The first Brillouin zone
of the 2D wire carpet with high symmetry points X, Γ and N is indicated in blue. Tunneling
parameters are (a) Ubias = −1.74 V and It = 0.08 nA, (c) Ubias = −2.60 V and It = 0.03 nA.
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orientation of the wires in the second layer along the [001] direction is still present as underlined
by the molecular resolution topograph of intact wires in the inset. STM topographs of thicker
EuCot wire carpet films could not be obtained due to the poor conductivity of the film, resulting
in tip-induced film changes. Figure 1d displays the LEED pattern of an ≈ 5 ML thick EuCot wire
film. Although less sharp than in Figure 1b, the first order EuCot film reflections are present,
while due to the thick EuCot film the substrate reflections are no more visible.
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Figure 2: (a) Angle-resolved photo emission spectrum along X − Γ − N for a 1 ML EuCot film
recorded at a photon energy of 110 eV. The photon beam is moved over the sample limiting the
photon dose at each location to ≈ 6 · 103 ph

nm2 . A flat band is visible at −1.85 eV. (b) ARPES
spectrum along X −Γ−N for a 1 ML EuCot film recorded at a photon energy of 100 eV. The flat
band appears more blurred and is located in energy −2.25 eV. The photon beam is not moved
over the sample and the integrated photon dose at the measurement location is ≈ 3 · 105 ph

nm2 .
(c) ARPES spectrum along X − Γ − N for a 4 ML EuCot film recorded at a photon energy of
100 eV. The flat band is pronounced and located in energy also at −2.25 eV. The photon beam
is not moved over the sample and the integrated photon dose at the measurement location is
≈ 1.2 · 107 ph

nm2 . (d) STM topograph (500 × 500 Å2) of a 1 ML thick EuCot wire carpet after a
photon dose of ≈ 6 · 103 ph

nm2 in each sample location. Tunneling parameters are Ubias = −2.12 V
and It = 0.14 nA.

ARPES measurements of wire carpet films: ARPES measurements of globally aligned
wire carpet films were conducted with the goal to measure the band structure of the wire carpet
islands. Specifically along the wire axis, i.e. along the Γ − N direction, dispersion could be
expected. Figure 2a displays the measured band structure for a 1 ML thick EuCot film along the
wires in Γ − N direction and normal to the wires in Γ − X direction. The spectrum displays a
single and flat band at −1.85 eV with a full width at half maximum (FWHM) of (1.0 ± 0.2) eV.
The entire E(k⃗) slice represented in Figure 2a is composed of ≈ 30 energy-scans, each at fixed
polar angle θ. In order to minimize the effects of radiation damage, after each scan the beam
(dimension 190 × 90 µm2) was moved to a fresh, non-illuminated sample position. The photon
dose at each location is ≈ 6 · 103 ph

nm2 .
When the photon beam is not moved over the sample surface, but resides in the same location
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for an extended measurement, the situation changes. Figure 2b displays the same E(k⃗) slice for
a sample of the same EuCot film thickness as shown in Figure 2a, but without scanning and
with an integrated photon dose larger by a factor of 50 at the location of measurement. The flat
band is shifted down in energy to −2.25 eV and appears blurred. For a thicker 4 ML EuCot film
without scanning of the beam the E(k⃗) slice is represented in Figure 2c. The dispersionless band
becomes more pronounced and remains at −2.25 eV. The FWHM of (1.5 ± 0.3) eV is increased
compared Figure 2a. The integrated photon dose at the location of photoemission is larger by
factor of 2000 compared to Figure 2a.
Figure 2d displays an STM topograph of a sample where by moving the illuminating photon
beam over the entire sample, to good approximation each location has been subject to a photon
dose of ≈ 6 · 103 ph

nm2 . Clear signs of degradation of the EuCot carpet are already visible, namely
dark holes and bright spots that are present in larger concentration than prior to illumination
with photons (compare Figure 1a). Still in most areas the wires are intact, but display a shorter
length due to the defects. We tentatively conclude that the ARPES slice represented in Figure 2a
is from a marginally damaged still ’close to intact’ EuCot film as represented by Figure 2d, while
the downshift and broadening of the flat band as found for much larger photon doses in Figures 2b
and 2c are attributed to radiation damage effects. This topic will be analyzed in more detail in
the discussion.

Electronic structure calculations compared to experiments: To understand the ori-
gin of the flat band, we conducted DFT calculations and additional XPS measurements. The
calculated band structure for a 1 ML EuCot carpet is shown in Figure 3a along X −Γ−N . Com-
parison with Figure 3b makes obvious that in the occupied states between −3 eV and −1.5 eV an
Eu 4f band without dispersion and carbon π bands with weak dispersion along Γ−N are present.
The absence of dispersion for the 4f band at −1.85 eV is consistent with the localized nature of
the 4f wave functions, which are close to the Eu nucleus and do not overlap. In the larger scale
representation of the PDOS in Figure 3c it is apparent that the 4f peak at −1.85 eV dominates
the DOS and should give rise to the strongest signal in the experiment. Figure 3d shows the
angle-integrated ARPES data of the 1 ML EuCot film with a strong peak at −1.9 eV, which is in
correspondence with the flat band at −1.85 eV of the ARPES data shown in Figure 2a. It can
be attributed to the 4f states shown in the PDOS, as highlighted by the green dotted line. Also
the two lower lying peaks of the angle integrated ARPES data shown in Figure 3d centered at
−6.4 eV and −8.9 eV agree with the position of the π and σ states in the PDOS as highlighted
by the grey dotted lines.
The set of three peaks in the angle-integrated ARPES data at −1.9 eV, −6.4 eV and −8.9 eV was
used to map out the proper choice of the Hubbard U , which was systematically varied from 3.5 eV
to 8.2 eV (compare Figure S1 of the SI). The value of U = 3.5 eV of the calculated PDOS agrees
best with the experimentally observed peaks.
In Figure 3e, we show the calculated band structure for a 1 ML BaCot wire carpet films, which
looks similar to the one for EuCot (STM and LEED of BaCot wire carpets on Gr/Ir(111) can
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Figure 3: EuCot ML: (a) DFT band structure of 1 ML EuCot film along X − Γ − N . (b) Spin-
polarized PDOS. (c) Larger scale spin-polarized PDOS. (d) Angle-integrated ARPES data of a
4 ML EuCot film. Position of 4f peak is indicated by dotted green line in (a)-(d). (e) DFT band
structure of 1 ML BaCot film along X −Γ−N . (f) Spin-polarized PDOS. (g) XPS data of EuCot
(black) and BaCot (orange) multilayer film with thickness of ≈ 10 ML. The position of the 4f peak
is indicated by dotted green line. An effective Hubbard U of 3.5 eV (U = 4.4 eV and J = 0.9 eV)
was used in the calculations. ARPES data were obtained at a photon energy Ehν = 130 eV at
T = 35 K. XPS data were obtained at a photon energy Ehν = 1486.6 eV (Al K-α) at T = 300 K.
Photon exposure for (d) is ≈ 6 · 104 ph

nm2 at a photon energy of 130 eV.

be found in Figure S2 of the SI). In the corresponding PDOS in Figure 3f the 4f peak is missing,
while the π and σ states are just slightly shifted in energy. Further, we also measured XP spectra
on 10 ML EuCot and BaCot films shown in Figure 3g. For the EuCot spectrum (black line) we
observe a large peak at −2.2 eV, while this peak is missing in the BaCot spectrum, which is is
clear evidence that the flat band in ARPES at energies between −1.85 eV and −2.25 eV is due to
the Eu 4f states.

Hybrid electronic states and energetic position of 4f band: The electronic configura-
tion of Ba (5p6 4f0 5d0 6s2) and Eu (5p6 4f7 5d0 6s2) differs only in the occupation of 4f states.
While the 4f shell is empty in Ba, it is half filled for Eu. Therefore, by comparison of the binding
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Figure 4: Detailed plot of spin-polarized PDOS (a) BaCot and (b) EuCot monolayers. Projections
of the total DOS (shaded grey) onto the specified bands of C, Eu, and Ba are indicated in the
legend. An effective Hubbard U of 3.5 eV (U = 4.4 eV and J = 0.9 eV) to describe the Eu 4f
states was used in the calculations.

in EuCot and BaCot wires an insight into the effect of the 4f orbitals on the electronic structure
and related energetic levels is gained.
In a simplified chemical picture, when Ba and Eu atoms interact with the cyclooctatetraene
(C8H8, Cot) molecules, the two 6s electrons are transferred to the organic ligand. As a conse-
quence, the binding within the BaCot and EuCot wires can be described as being of electrostatic
nature and within this standard ionic picture a formal oxidation state of “2+” is expected for the
metal atoms (i. e. Ba2+, Eu2+) and “2-“ for the organic ligand (i.e. Cot2−). For an Eu2+ ion, one
would expect the electrons in the 4f7 channel to localize closer to the atomic core and therefore
to lie at lower energies (as compared to charge-neutral Eu atoms) and be purely atomic-like.

However, our theoretical simulations performed on BaCot and EuCot monolayers demonstrate
that the specific chemical environment introduced by the π-electron cloud of the Cot ligands
around the metallic atoms changes the Ba and Eu valence electronic configurations. The binding
is not purely of electrostatic nature but contains also a hybridization component between the
π-electron cloud and the metal orbitals. This hybridization results in an uplift of the energetic
position of the 4f states, as outlined below.

Figure 4 shows a magnified view of the spin-polarized PDOS for BaCot and EuCot ML films.
As apparent from Figure 4a, for the BaCot ML film in both spin-channels the hybrid electronic
states at about −2 eV are dominated by the carbon π-like orbitals (blue), but also include a small

62



contribution of Ba 5d states (cyan). Similarly, also for the EuCot ML film in the spin-down
channel the hybrid electronic states at ≈ −3 eV are dominated by the carbon π-like orbitals
(blue), but with a small contribution of Eu 5d states (cyan, , compare Figure 4b). In the spin-
up channel, additionally Eu 4f states (green) are energetically aligned with these EuCot hybrid
electronic states, i.e. some hybrid states have a large 4f and small π contribution while other
hybrid states have a larger π and smaller 5d and 4f character.

The projection of the total charge density in a sphere around the metal atom onto the s, p, d
and f atomic-like orbitals leads to the following electronic occupation numbers: 0.08 in s, 5.64 in
p, 0.43 in d and 0.00 in f for Ba and 0.04 in s, 5.85 in p, 0.44 in d and 6.88 in f for Eu, respectively.
The magnetic moment per atom is 0.00 µB for Ba and 6.95 µB for Eu atoms (5p: -0.01 µB, 6s:
+0.01 µB, 5d: +0.07 µB and 4f: 6.88 µB).

Thus, the partial occupancies together with the energetic alignment of π, 5d, and 4f states
indicate that in addition to the electrostatic interaction a hybridization occurs between Cot and
Ba as well as between Cot and Eu. For Ba it is due to the overlap of the Cot π orbitals and Ba 5d
states that have long tails extending further away from the metal ion. For Eu this hybridization
is mediated through atomic hybrid orbitals with mixed 5d and 4f character rather than pure 5d
character as for Ba. In other words, around the Eu atom, the local chemical environment provided
by the Cot ligand is modified so that the atomic 5d and 4f states are allowed to mix while this
is forbidden for an isolated atom. These atomic-like d–f states have a large 4f atomic character
close to the nucleus and long tails extending further away from the nucleus, originating from the
Eu 5d atomic-like orbitals. As a consequence of the long spatial extent, these Eu atomic-like d–f
orbitals can overlap and hybridize with the Cot π orbitals.

XAS measurements: To further access the electronic and magnetic properties of EuCot
nanowires on Gr/Ir(110), XAS and XMCD data have been measured at the Eu M5,4 edges, probing
the properties of the 4f states. Figure 5a displays the averaged XAS of the Eu M5,4 edges.
Comparison of the spectral shape to literature data[66] and multiplet calculations prove a 4f7

electronic configuration of the Eu in the EuCot nanowires. The spectrum is nearly identical to the
one obtained from EuCot wire carpet islands grown on Gr/Ir(111) [41]. The normalized XMCD
signal in Figure 5b provides information about the magnetic moment of the Eu. By applying
sum-rule analysis [67, 68] the spin and orbital magnetic moment of the Eu can be extracted.
Here, we obtain a spin moment of µS = (7.2 ± 0.6)µB and orbital moment of µL = (0.0 ± 0.4)µB.
The dipolar term <Tz > is approximated to be zero, based on the half-filled 4f shell [68, 69, 70].
The resulting moments are in good agreement with the expectation for atomic Eu with µS = 7 µB

and µL = 0 µB and the results for EuCot wire carpets adsorbed on Gr/Ir(111) in ref. [41].
Figure 5c displays the field-dependent XMCD signal at the M5 edge normalized to the pre-edge,
which is proportional to the magnetic moment. For a better overview, the up and down branches
of each orientation are averaged. The magnetization curves of EuCot nanowires on Gr/Ir(110)
are measured for normal (θ = 0 °) and grazing (θ = 60 °) incidence at T = 3 K. Saturation is
reached at ≈ 4 T for both orientations. The zero field susceptibility for grazing incidence along
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Figure 5: (a) Average XAS 1
2(µ+ +µ−) of the Eu M5 and M4 edges measured at grazing incidence

θ = 60 ° off surface normal tilted into the [001] direction, T = 3 K, and B = 6.8 T (grey line). The
red line represents the integral over the averaged XAS. (b) Normalized XMCD (µ+ − µ−) (black
line) and its integral (blue line). (c) Averaged and smoothed magnetization curves based on the
field dependent XMCD signal of the Eu M5 edge for grazing and normal incidence at T = 3 K.
Grazing incidence is along the [001] direction, i.e. along the wire axis. (d) Comparison to the
averaged and smoothed XMCD magnetization curves of EuCot nanowires/Gr/Ir(111) at grazing
incidence and T = 3 K.

64



the [001] direction is χ60◦−[001] = (7.3 ± 0.6) µB
T which is larger by a factor of 1.6 compared to

the one at normal incidence of χ0◦ = (4.6 ± 0.4) µB
T . In comparison, the zero field susceptibility

χ60◦−[11̄0] measured at grazing incidence along the
[
11̄0

]
direction — i.e. normal to the wire axis

— is close to χ0◦ , only larger by a factor of 1.2. Thus the easy axis of magnetization is along the
[001] direction.
Neither for grazing nor for normal X-ray incidence the magnetization curves for EuCot wire
carpets on Gr/Ir(110) in Figure 5c display a hysteresis. This is surprising in view of the fact that
for EuCot/Gr/Ir(111) represented by Figure 5d hysteresis is found at grazing incidence. The
EuCot/Gr/Ir(111) data shown were measured subsequently with the same set-up under the same
conditions as the EuCot/Gr/Ir(110) data. The data for EuCot/Gr/Ir(111) in Figure 5d agree
well with the results of ref. [41]. In previous work we established that through radiation damage,
the hysteresis loop for EuCot wire carpets on Gr/Ir(111) disappears and additional changes in the
spectral shape of the XAS take place, which are absent here. Therefore, the observed hysteresis
in the EuCot wire carpet on Gr/Ir(111) indicates the absence of significant radiation damage
during XAS in the present measurements for both substrates.

Discussion: One of the goals of this work was to measure the band structure of the EuCot
wires. Band structure measurements of 1D organometallic systems have not been conducted
before and our measurements provide evidence that the determination of band structures of
organometallic films built from 1D objects is demanding. In fact, the organometallic EuCot wires
are subject to radiation damage: a LEED pattern taken with a conventional LEED set-up, rather
than with a microchannelplate-LEED, fades away within a minute and the STM and ARPES data
shown in Figure 2 document also a fluence-dependent damage under photoemission conditions.
It is obvious that low-energy electrons in the energy range at and below 100 eV cause radiation
damage. Whether this is the exclusive effect or whether also X-rays themselves cause damage
cannot be answered on the basis of the present data. STM data after scanning the sample with
a photon fluence ≈ 6 · 103 ph

nm2 exhibit already first signs of damage. However, extended wire
segments are still visible and therefore we are convinced that the spectrum displayed in Figure 2a
is still close to a situation without radiation damage. In any case, scanning the X-ray beam over
the sample turned out to be an effective tool to limit radiation damage.
There is no single obvious explanation for the downshift and broadening of 4f states due to ra-
diation damage. We speculate that decomposition of EuCot leads to the formation of metallic
Eu, which is known to locally n-dope Gr, i.e. to locally move the Fermi level in Gr up (or its
work function down) [71]. This would imply a corresponding shift of the Fermi level within the
semiconducting EuCot wires. Because of the low density of states in Gr, one donated electron
per 200 C atoms would be sufficient to explain the observed Fermi level shift of about 0.4 eV [72],
a number that seems to be compatible with the defect pattern visible in the STM topograph of
Figure 2d. The local variation of the doping level would then give a simple explanation for the
observed broadening of the 4f states.
The position of the 4f states about -1.85 eV below the Fermi level is within the range of what has
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been found for Eu metal [73] and Eu oxide systems [74]. One of the nice features of our experi-
ments is the experimental determination of the proper Hubbard U to be used in organometallic
compounds with Eu. Tuning the relative position of the 4f peak and the lower-lying peaks of
the PDOS to the ARPES data through varying the value of U (shown in Figure S1 in the SI)
is a straightforward way to access the magnitude of this quantity, which is otherwise difficult
to obtain. It should also be noted here that the detailed PDOS in Figure 4b shows a slight
hybridization of the Eu 4f states with the Eu 5d and the carbon π states, aligning their positions.
The absence of dispersing π-derived bands in our ARPES data can be rationalized simply when
considering the relative weights of the different states in the PDOS as presented in Figure 3b and
3c. The 4f-related peak in the PDOS is about a factor 30 higher than any peak related to π states
within the energy range investigated by ARPES. Therefore, the lack of a dispersing π-derived
band could simply be an intensity problem. A careful evaluation of polarization-dependent ma-
trix elements for both the f states and the π system together with the experimental possibility to
change the polarization conditions, ideally with the option to change both the light polarization
and the angle of incidence, could possibly improve this intensity ratio to some degree.
EuCot wire carpets on Gr/Ir(111) were shown to be ferromagnetic insulators with an open mag-
netization loop at 7 K [41]. On Gr/Ir(111) the EuCot carpet islands form in close-to-random
orientation, averaging out any in-plane anisotropy and reducing the maximum susceptibility.
Therefore, one expects for a globally aligned EuCot wire carpet film an (i) increased suscep-
tibility when the projection of magnetic field onto the surface is along the easy axis and (ii)
consequently for the same orientation of the magnetic field also a larger hysteresis of the magne-
tization as compared to a film of randomly oriented EuCot wire carpet islands.
In the experiment we indeed find that with respect to (i) the measured susceptibility becomes
anisotropic in-plane. While the susceptibility χ60◦−[11̄0] is close to χ0◦ , χ60◦−[001] is larger by a
factor of ≈ 1.6. This is clear evidence for an easy magnetic axis along the wire, as it would for
instance be favored by dipolar interactions [41].
With respect to our expectation (ii) we do not find a larger hysteresis. To the contrary, the
hysteresis vanishes as shown in Figure 5 and only paramagnetic behavior is observed at 3 K. We
speculate, that this suppression of the magnetic hysteresis is caused by the interaction of the wire
carpet with the substrate. In order to avoid misunderstandings, we point out that also Gr on
Ir(110) is an inert substrate, in this respect comparable to Gr on Ir(111). Binding of the wires
to the substrate is due to van der Waals interactions while hybridization of the upright standing
Cot molecules in the wires with Gr can be ruled out. Nevertheless, three features differ for the
wires on Gr/Ir(110) compared to Gr/Ir(111).

First, wires on Gr/Ir(111) are bent with a periodicity of 2.5 nm and a corrugation of 0.35 Å or
more [75], while the corrugation along the [001] direction on Gr/Ir(110) is marginal and below
0.1 Å. Although the absolute curvature is small, it implies a variation in the coupling of neigh-
boring Eu atoms through the Cot molecule and thereby might affect magnetic properties.
Second, the density of states within Gr will affect the binding situation with the EuCot wires.
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The binding within EuCot wires is largely of ionic type, between positively charged Eu2+ and
negatively charged Cot2− ions. Besides the van der Waals interaction also the electrostatic field
around the ionically bound wires causes them to interlock. A variation of the density of states
in Gr around the Fermi level will modify the screening of the electrostatic interactions between
the wire ions. Thus the binding strength within the EuCot wire is affected, which in turn may
modify the magnetic coupling of Eu ions through the Cot molecules.
Lastly, also charge transfer from the substrate to the EuCot wires — which due to the higher
density of states at the Fermi level is more likely for the case of chemisorbed Gr on Ir(110) than
for physisorbed Gr on Ir(111) — will also affect binding and magnetism within the EuCot wires.
In DFT model calculations we found a clear effect of charge-donating and charge-withdrawing
side groups of the Cot molecules within the EuCot wires on magnetic ordering.
Based on the last two arguments, one might speculate that electronically intact, but strongly
n-doped or p-doped ’metallic’ Gr, could suppress the open magnetization loop in a similar way
as found on Gr/Ir(110). Indeed, when Gr/Ir(111) is intercalated by Yb, a strong n-dopant for Gr
due to its two 6s electrons, the open magnetization curve is also suppressed (compare Figure S3
in the SI). Still, the disappearance of the hysteresis cannot unequivocally traced back to a single
physical reason.

4 Conclusion

Uniaxial alignment of EuCot wires on Gr along the [001] direction of the Ir(110) substrate is
imposed by the Gr moiré and persists from submonolayer islands up to multilayer films. This
aligment provides access to the structural, electronic, and magnetic properties of such wire sys-
tems using spatially-averaging techniques.

Contrary to expectation, ARPES could not detect dispersing π-derived bands, but only a
flat band 1.85 eV below the Fermi energy. Using complementary DFT calculations and XPS
measurements we attribute this flat band to the Eu 4f states. By comparing the position of the
4f states with the lower-lying σ bands we pinpoint the Hubbard U of this system to be close
to U = 3.5 eV. A detailed PDOS analysis indicates hybridization of the π and 4f states, which
effectively lifts the 4f band up in energy. The absence of dispersing π-derived bands may be
due to their much lower DOS, which in combination with quick decomposition through radiation
damage leaves them unobservable. Our results are yet another example that radiation damage
must be carefully considered, when investigating organometallic systems with energetic electrons
or photons.

For the magnetic properties of the oriented EuCot wire sample we find —consistent with
EuCot/Gr/Ir(111)— that the Eu ion has [Xe]4f7 6s0 configuration, resulting in a magnetic mo-
ment of 7 µB. Magnetization close to the wire axis displays the highest susceptibility, making plain
that the easy magnetization axis is along the wires. Magnetic hysteresis observed on Gr/Ir(111)
vanishes for the EuCot wire carpet on Gr/Ir(110). We speculate that enhanced screening for the
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more ’metallic’ Gr/Ir(110) substrate affects the ionic binding of the wires which in turn might
influence their subtle magnetic ordering.

Supporting information available

Figure S1: Comparison of EuCot ML theoretical band structure and DOS with angle-integrated
ARPES data for different values of Hubbard U . Figure S2: STM topograph and LEED pat-
tern of BaCot wire carpets on Gr/Ir(111). Figure S3: Magnetization curve of EuCot wires on
Gr/Yb/Ir(111) at grazing incidence.
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Figure S1: ML EuCot theory calculations comparison for different
Hubbard U
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Figure S1: EuCot ML, Ueff = 3.5: (a) Theoretical band structure along X − Γ − N . (b) Spin-
polarized PDOS. (c) Larger scale spin-polarized PDOS. (d) angle-integrated ARPES data of
EuCot multilayer (≈ 4 ML). Position of 4f peak is indicated by dotted green line in (a)-(d), the
positions of the lower lying σ bands are indicated by grey dottes lines. EuCot ML, Ueff = 7.2:
(e) Theoretical band structure along X − Γ − N . (f) Spin-polarized PDOS. (g) Larger scale
pin-polarized PDOS. (h) angle-integrated ARPES data of EuCot multilayer (≈ 4 ML). Position
of 4f peak is indicated by dotted green line in (e)-(h), the positions of the lower lying σ bands are
indicated by grey dottes lines. ARPES data were obtained at a photon energy Ehν = 130 eV at
T = 35 K. XPS data were obtained at a photon energy Ehν = 1486.6 eV (Al K-α) at T = 300 K.

In Figure S1 the band structure and resulting PDOS of ML EuCot is compared for two
different values of the effective Hubbard U . Comparing our angle-integrated ARPES data to
the calculations allows us to determine the Ueff of the ML EuCot system. For Ueff = 3.5 eV,
the experimentally observed energetic spacings between the 4f peak (green dotted line) and lower
lying σ peaks (grey dotted lines) agree with theory calculations. Therefore, we can conclude, that
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an effective Ueff = 3.5 eV correctly describes our system. In contrast, for a value of Ueff = 7.2 eV
the measured energy spacings disagree with the calculations, meaning that Ueff = 7.2 eV does not
correctly describe the ML EuCot.
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Figure S2: STM and LEED of BaCot wire carpets on Gr/Ir(111)

(a) (b)

(c) 40eV

Figure S2: (a) STM topograph (3000 × 3000 Å2) of a sub-ML BaCot wire carpet on Gr/Ir(111).
Crystalline wire carpet islands are visible, which show close-to-random orientation with respect
to the substrate. (b) STM topograph (165 × 165 Å2) of wire carpet, in which parallel aligned
wires are visible, as well as the hexagonal moiré of Gr/Ir(111). (c) 40 eV contrast-inverted LEED
pattern (MCP LEED) of a ML BaCot wire carpet on Gr/Ir(111). Two rings are visible due to
the close-to-random orientation of the wire carpet islands, similar to ref. [1]. STM and LEED
were conducted at a temperature of 300 K. Tunneling parameters are (a) Ubias = −1.40 V and
It = 0.07 nA, (b) Ubias = −1.40 V and It = 0.21 nA.
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Figure S3: Magnetization curve of EuCot wires on Gr/Yb/Ir(111)
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Figure S3: EuCot wires on Gr/Yb/Ir(111): Magnetization curves (field sweep up/down) based on
the field dependent XMCD signal of the Eu M5 edge for grazing incidence (θ = 60,°) at T = 3 K.
Both curves coincide and no magnetic hysteresis is observed. The outlier values around 0 T are
artifacts of the total electron yield method.
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CHAPTER 5

Manuscript 3: From dots to wires:
doping-dependent on-surface synthesis of
thulium-cyclooctatetraene compounds on

graphene
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Abstract

On-surface synthesis is employed to grow organometallic compounds on graphene/Ir(111) com-
bining the 4f metal thulium (Tm) with the antiaromatic molecule cyclooctatetraene (C8H8, briefly
Cot). Using scanning tunnelling microscopy and thermal desorption spectroscopy we observe the
formation of TmCot monomers adsorbed to graphene. For low coverages these monomers form
phase pure and orient along the moiré of graphene (Gr) with Ir(111). For higher coverages the
formation of a second, island-forming phase is observed that coexists with the monomer phase.
Using ab initio density functional theory calculations and X-ray magnetic circular dichroism mea-
surements, we find a 4f12 electronic configuration for the monomers and explain the binding to the
substrate via charge transfer to the graphene. Building on this finding, we were able to change
the chemical reaction pathway during synthesis by suppressing this charge transfer: While on the
undoped substrate monomers are synthesized, n-doping of the Gr enables the growth of sandwich-
molecular wires — chains of Tm atoms and Cot molecules in alternating sequence. Furthermore,
it is possible to tune the average wire length by changing the ratio Tm/Cot during the on-surface
synthesis, going from small wire fragments to long chains exceeding 100 formula units.

∗kraus@ph2.uni-koeln.de (experiment)
†n.atodiresei@fz-juelich.de (theory)
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1 Introduction

The interplay of metal atoms within a surrounding ligand field of organic molecules is studied
in multiple fields between physics and chemistry. In this context, the interaction of 3d and 4f
magnetic moments with the molecule π systems is of special interest due to the potential use in
spintronic applications [1, 2] that has stimulated research on many different types of such systems.
A special case is the on-surface synthesis [3, 4] in which the organometallic reactions are confined
to two dimensions, greatly enhancing the reaction efficiency compared to e.g. gas phase methods.
The studied organometallic systems can be divided in three main categories: 0D single-molecule
magnets, 1D organometallic wires 2D metal-organic networks.

Single-molecule magnets have a stable magnetic moment below their blocking temperature
and show a magnetic hysteresis without long-range order [5, 6, 7], which is explained by quantum
tunnelling of the magnetization [8]. The magnetic atoms within single-molecule magnets can
be build into the molecular structure [8, 5], be enclosed in endohedral fullerenes [9, 7] or more
commonly sandwiched by molecules such as phthalocyanines [10, 11, 12, 13, 14]. The widespread
use of rare-earth metals in these compounds is due to the robustness of the 4f-generated magnetic
moment. Although the interaction of the 4f electrons with the π system is weak, they were still
found to be directly involved in electrical transport through a single-molecule magnet containing
neodymium [11].

By using single-molecule magnets as building blocks, two-dimensional supramolecular arrays
can be assmebled [15, 16] and metalation of supramolecular networks can be used to create 2D
metal-organic networks [17, 18] in which 2D magnetic ordering and ferromagnetic coupling has
been observed [19].

In this work, we focus on 1D sandwich-molecular wires — one-dimensional arrangements of
metal atoms and cyclic molecules in alternating sequence — which provide the unique feature of
long-range order in just one dimension. Sandwich-molecular wires have been studied extensively
by theory, with one of the early systems being short wires containing the 3d metal vanadium (V)
and the aromatic benzene (Bz) molecule. VBz wires form through covalent bonding [20, 21] and
have been predicted to be ferromagnetic half metals [22], i.e. can act as spin filters. Modifications
of these wires were investigated, both on the molecule [23, 24] and the metal side [21, 25] or a
combination of both [26]. Experimentally, these wires have been produced in gas phase by laser
vaporization [27, 28], electronic properties have been investigated [29, 30, 31] and VBz wires were
found to couple ferromagnetically [32] consistent with the theoretical predictions. Due to the
aromatic nature of the Bz molecule, all those compounds can only bind covalently. Choosing a
molecule which can accept electrons into its π system, predominantly ionically bound complexes
can be formed. One example is the use of cyclopentadien (C5H5, briefly Cp), which becomes
an aromatic Cp− anion within organometallic compounds. Several metal–Cp complexes have
been studied [33, 34, 35, 36, 37] which were partly found to be ferromagnetic half metals. Also
combinations of Cp and Bz were investigated [38, 39, 40, 41]. On a side note, metal complexes
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sandwiched by Cp anions or complexes containing Cp anions form their own field of study — the
metallocenes — which find application e.g. in catalysis [42, 43].

For the coordination of lanthanide (Ln) atoms within sandwich-molecular wires the eight-
membered carbon ring cyclooctatetraene (C8H8, Cot) is used. While the neutral Cot molecule
is antiaromatic, the Cot2− dianion is aromatic, making 1D wires consiting of Ln2+ dications
and Cot2− dianions energetically highly favorable, allowing the growth of much longer wires as
compared to the covalently bound transition-metal–Bz wires. Early ab initio calculations for short
europium–Cot (briefly EuCot) wires have investigated the magnetization direction [44], and a Eu
7 µB magnetic moment was calculated per formula unit [45]. EuCot wires were predicted to be
semiconducting ferromagnets with spin filter properties [46], and modifications of the Cot ring
are predicted to shift from semiconducting to half-metallic behavior [47]. Experimentally, EuCot
wires were first produced in the liquid phase [48] and more recently in the gas phase [49, 29, 50, 51],
achieving maximum wire lengths of up to 30 formula units. Consistent with the theoretical
predictions, a magnetic moment of 7 µB per Eu atom was found for EuCot wires in Stern-Gerlach
type experiments [52, 53], with the total magnetic moment increasing linearly with wire length.
We recently introduced an on-surface synthesis method, in which carpets of interlocking and
parrallelly aligned EuCot wires are grown on Gr/Ir(111) [54], which allows the formation of very
long wires exceeding 1000 formula units. Using this synthesis method, the predicted ferromagnetic
and semiconducting behavior was confirmed [55].

Here, we build on the on-surface method to synthesize sandwich-molecular wires containing
the late lanthanide thulium (Tm). While Eu possesses only a spin magnetic moment due to its
isotropic and half-filled 4f shell, Tm has an additional orbital magnetic moment resulting from
its highly anisotropic 4f orbital. This might lead the way to a larger magnetic hysteresis through
the additional magnetocrystalline anisotropy, which is absent in EuCot wires.

Intriguingly, we find that using the on-surface synthesis, we can effectively switch the Tm–
Cot chemical reaction pathway by n-doping the substrate. On the undoped Gr/Ir(111) the
formation of a disperse phase of adsorbed TmCot monomers is observed. Using complementary
ab initio calculations, we explain the monomer binding mechanism by charge transfer to the Gr.
The formation of this disperse phase can be suppressed completely by n-doping the Gr via Eu
intercalation [56], leading to the growth of TmCot wire carpets. While in previous experiments
only wire lengths below 10 formula units were achieved [53], we were able to synthesize TmCot
wires exceeding lengths of 100 formula units, forming large crystalline islands of interlocking and
parallelly aligned wires accessible to surface-sensitive techniques. Finally, we find that the average
wire length can be tuned by changing the Tm/Cot ratio during on-surface synthesis, allowing to
control the synthesis from small wire fragments to wire lengths up to 1000 Å.
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2 Results and discussion

TmCot dots – experiment: Upon deposition of Tm on Gr/Ir(111) in an excess pressure of Cot
molecules at 300 K, we observe the formation of point-like objects shown in Figure 1a, forming a
disperse phase. Due to the unique height and uniform appearance we call these point-like objects
“dots”. Although on a large scale a disperse behavior is observed, in the inset of Figure 1a it can
be seen that the dots preferentially bind to the atop sites (compare ref. [57]) of the Gr moiré. For
higher coverage as shown in Figure 1b the dots remain disperse, while the dot density increases.
The inset in Figure 1b shows how easily the dots interact with the STM tip — as highlighted
by the blue arrows — indicating a weak lateral binding strength. Increasing the coverage further
moves the dots closer together until a coverage of about one dot per moiré cell is reached. When
surpassing this coverage, a second, island-forming phase emerges — white in Figure 1 due to
the high contrast — and coexists with the disperse dot phase (the island-forming phase will be
discussed later in detail). The inset of Figure 1c shows the round appearance of the dots, while
a small depression is visible in their centers. The height profiles in Figures 1d/e show that in
both cases the dots are locally separated by approximately one moiré distance (25.3 Å), while for
coverages above one dot per moiré cell the disperse phase is compressed and the dots move closer
as shown in Figure 1f. The apparent height of the dots is 2 − 3 Å and the base width is about
25 Å(significantly larger than the 8 Å van der Waals radius of Cot [58]). Both values depend
somewhat on the tunnelling parameters.

In order to determine the composition of the observed dots, only few possibilities need to be
considered, because the only two reactants are elemental Tm and Cot molecules. The possible
combinations are: (i) single Tm atoms, (ii) single Cot molecules, (iii) TmCot monomers (see
Figure 2a) and (iv) TmCot double deckers (see Figure 2b). The first two possibilities can be
immediately discarded, because at the growth temperature of 300 K (i) Tm atoms do not form a
disperse phase on Gr/Ir(111) but form clusters, and (ii) Cot molecules desorb from Gr well below
300 K (compare Figure S1 and S2 in the Supporting Information).

To distinguish possibilities (iii) and (iv) is more difficult. Cot is electronegative and attracts
up to two electrons to form the energetically favorable dianion. Two electrons are easily provided
by Tm with the preferred oxidation state 3+. Therefore the binding in both compounds, the
TmCot monomer and the TmCot2 double decker, will predominantly be of ionic character. Charge
transfer to Gr or dipole formation explains the dot repulsion, but does not allow one to distinguish
between the two possibilities (iii) and (iv). However, the binding strength to the Gr substrate is
likely to be different: The TmCot2 double decker will only be bound by van der Waals interaction,
while for the TmCot monomer the formation of an ionic Tm–Gr bond is likely. Therefore, stronger
binding to Gr is expected for the latter case.

In Figure 2c TDS data are shown corresponding to a sample as prepared in Figure 1b. No
desorption signal is observed for either of both masses (TmCot, 273 amu and TmCot2, 377 amu).
In a test experiment, we have first deposited several layers of Cot molecules on Gr/Ir(111) and
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Figure 1: (a)–(c): STM topographs (750 × 750 Å2). (a) TmCot dot phase (0.007 ML Tm, 5 ·
10−9 mbar Cot). Point-like objects are visible, which repulse each other and show a dispersive
behavior. Inset: The STM topograph (200 × 200 Å2) shows that the dots preferentially adsorb at
the atop site of the moiré. (b) TmCot dot phase (0.013 ML Tm, 5 · 10−9 mbar Cot). The disperse
phase has increased in density, the repulsive behavior is still observed. Inset: STM topograph
(200 × 200 Å2) which shows that the objects can easily be moved with the STM tip (indicated
by blue arrows). (c) TmCot dot phase (0.08 ML Tm, 5 · 10−9 mbar Cot). The disperse phase
has further increased in density, but now coexists with a distinct island-forming phase. Inset:
STM topograph (45 × 45 Å2) with molecular resolution of point-like objects, revealing a small
depression at the center. (d) Height profile indicated by green line in (a). The objects keep
distance at roughly the moiré periodicity of 25.3 Å and show a height slightly above 2 Å at the
given tunneling conditions. (e) Height profile indicated by green line in (b). Same behavior as
in (d) is visible. (f) Height profile indicated by green line in (c). The objects have moved closer,
since the density has surpassed one dot per moiré cell. (g) Height profile indicated by cyan line
in inset of (c). A small depression is observed in the center of the object. All STM data have
been recorded at 20 K. Tunneling parameters are (a) [also inset] Ubias = −2.9 V and It = 8 pA,(b)
Ubias = −2.9 V and It = 9 pA, inset: Ubias = −2.7 V and It = 10 pA, (c) Ubias = −1.7 V and
It = 7 pA, inset: Ubias = −2.8 V and It = 70 pA.

then deposited elemental Tm into a Cot matrix as depicted in Figure 2c, such that only TmCot2

double deckers can form. Figure 2e shows the TDS data of this experiment, revealing clear
desorption peaks for the mass of TmCot2 (377 amu) at ≈ 160 K, which increase proportional
to the deposited amount of Tm. Concluding from these experiments, the observed dots must
be TmCot monomers, because TmCot2 cannot be present at the growth temperature of 300 K
since it desorbs at 160 K. The absence of a desorption peak for the mass of TmCot (273 amu) in
Figure 2 can be rationalized by the binding strength to Gr through charge transfer. Apparently,
the desorption temperature of the TmCot monomer lies above the decomposition temperature,
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Figure 2: (a) Model of TmCot monomer adsorbed onto Gr/Ir(111). The Tm atoms binds to
the Gr and Cot through charge transfer. This charge leads to Coulomb repulsion resulting in a
dispersive behavior. (b) Model of TmCot2 double deckers adsorbed onto Gr/Ir(111). (c) Model
of TmCot2 double deckers embedded into a matrix of Cot molecules. The Tm cannot come into
contact with the substrate, because the Gr is first covered with a film of Cot molecules. (d) TDS
of masses 273 (TmCot) and 377 (TmCot2) after deposition of 0.018 ML Tm at 300 K in excess
pressure of Cot. The adsorption of neither of those masses is observed. (e) TDS of mass 377
(TmCot2) for 0.06 ML and 0.12 ML Tm. In both cases Tm was deposited into a Cot matrix at
20 K. The desorption peak for 0.06 ML lies at (155 ± 1) K, and for 0.12 ML at (159 ± 1) K. For
0.12 ML an additional peak at around 117 K is oberved, which is presumably due to desorption
from the Cot matrix.

We have also investigated the electronic configuration and magnetic properties of both TmCot
dots and double-deckers. Figures 3a/b show the XAS and XMCD data for normal (0°) and grazing
(60°) incidence of the X-ray beam with respect to the surface plane, of a TmCot monomer sample
as prepared in Figure 1b. Only the M5 edges are shown here, because the M4 edges are not
observed within the noise levels. While the fine structure varies, in both cases a main peak with
two surrounding shoulders is observed, which can be identified as 4f12 configuration comparing to
literature [59] and the multiplet calculations in Figure S3 of the Supporting Information (SI). The
corresponding magnetization curves for both angles of incidence are shown in Figure 3c. While
both curves show a saturating behavior, the saturation value at 60 ° is only ≈ 60 % compared to
0 °. Also, the zero field susceptibility at 0 ° is ≈ 3.9 times higher compared to 60 °, indicating
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an out-of-plane easy-axis magnetization of the TmCot dots. In comparison, Figure 3d shows
the XAS and XMCD data for TmCot2 double deckers embedded in a Cot matrix as depicted in
Figure 2d. The data are fully isotropic with respect to the angle of incidence, and in all cases
the M5 and M4 edges are well visible and clearly indicate a 4f12 electronic configuration. The
isotropic behavior is also visible in the magnetization curves on Figure 3e, which lie on top of
each other for both measured angles of incidence and seem close to saturation at 6.8 T. The
isotropic behavior is fully consistent with the model in Figure 2c, in which the double deckers are
embedded into the Cot matrix in random orientation.

(d)

(a)

(e)

(b) (c)

Figure 3: (a) Average XAS and XMCD of TmCot dot phase (0.01 ML Tm) at normal incidence
(0°) at the M5 edge. Two shoulders are visible left and right to the main peak, indicating a 4f12

electronic configuration. (b) Average XAS and XMCD of TmCot dot phase (0.01 ML Tm) at
grazing incidence (60°) at the M5 edge. The two shoulders are much more pronounced, clearly
indicating the 4f12 electronic configuration. The reduced XMCD signal points to a magnetic
anisotropy. (c) Magnetization curves corresponding to (a)/(b). At 0° a much higher zero-field
susceptibility is observed, as well as a higher saturation magnetization. This is in agreement with
the anisotropic XMCD signal, and the comparison of susceptibilities points to an out-of-plane
easy magnetic axis. (d) Average XAS and XMCD of TmCot2 double decker phase (0.55 ML
Tm) averaged over both angles of incidence at the M5,4 edges. The peak structures with both
shoulders and the presence of the M4 peak clearly indicates a 4f12 electronic configuration. (e)
Magnetization curves corresponding to (d), within accuracy the curves are completely isotropic
with respect to the angle of incidence. This is in agreement with the TmCot2 double deckers
being embedded into a Cot matrix at random orientation. All measurements were conducted at
T = 3 K.
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TmCot dots – ab initio calculations: Complementary to the experiments, we have em-
ployed ab initio DFT calculations. Figure 4a shows a top view of the relaxed geometry for a
TmCot dot adsorbed on Gr/Ir(111). The adsorption geometry is visible in the side view of Fig-
ure 4b, where the Tm atom binds down to the Gr via charge transfer and the Cot molecule binds
on top. The resulting adsorption energy of the dot is −2.16 eV, and the relaxed binding distances
are d(Tm–Cot) = 1.6 Å and d(Tm–C6) = 2.3 Å. Figures 4c/d show charge-density difference plots
(along the red line in Figure 4a), where red indicates electron accumulation and blue electron
depletion. In Figure 4c the charge difference is plotted, when a Cot molecule is adsorbed onto
Tm/Gr/Ir(111) (Tm atom already adsorbed to the substrate). It is visible, that charge from the
Tm–Gr bonds and from the Tm atom moves to the electronegative Cot molecule. In Figure 4c
the charge difference is plotted when adsorbing a TmCot dot on the substrate. In this case, some
charge from the Cot molecule moves back toward the Tm atom, and a charge transfer to the
substrate is observed, in agreement with the assumption made in Figure 2a.

(a) (c)

(d)

(b)

Figure 4: DFT calculated Gr/Ir(111) supercell with adsorbed TmCot dot. (b) Side view of relaxed
geometry as shown in (a). (c) Charge-density difference plot along of Cot molecule adsorbed to
Tm/Gr/Ir(111). It is visible that charge is transferred from the Tm atom to the Cot molecule.
(d) Charge-density difference plot of TmCot monomer adsorbed on Gr/Ir(111). A small portion
of charge is removed from the Cot molecule and transferred toward the Tm atom and substrate,
forming a monomer-substrate bond. Color scale for all plots ranges from charge accumulation in
red (+0.015 electrons/ Å3) to depletion in blue (−0.015 electrons/ Å3).
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TmCot coffee beans: As mentioned for Figure 1c, we observe the formation of a second
phase, forming islands when exceeding a TmCot dot coverage of about one dot per moiré cell.
This phase coexistence is well visible in the large scale topograph of Figure 5a. The already
described dot phase is visible in the zoom-in of Figure 5b (white square), and the island phase
is visible in Figure 5c (black square). Additionally, in many areas the island phase is covered
with additional species composed of Tm and/or Cot as shown in Figure 5d (blue square). Also
apparent from Figure 5b is, that the dot phase has a much higher density compared to the lower-
coverage topographs in Figure 1, which means when the island phase increases in coverage, the
dot phase is being compressed.

(a)

(b) (c) (d)

Figure 5: (a) STM topograph (3280 × 2350 Å2) of coexisting disperse and island phases. (b)
STM topograph (300 × 300 Å2) of dot phase, position indicated by white square in (a). (c)
STM topograph (300 × 300 Å2) of island phase. Two domains are visible with each showing
a herringbone structure, position indicated by black square in (a). (d) STM topograph (300 ×
300 Å2) of island which is covered by disordered organometallic compounds, position indicated by
blue square in (a). Synthesis recipe: deposition of 0.14 ML Tm in 4 ·10−9 mbar Cot on Gr/Ir(111)
at 300 K with subsequent short annealing to 400 K. The STM data have been recorded at 20 K.
Tunneling parameters for (a)-(d) are Ubias = −1.72 V and It = 49.0 pA.
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(a) (b)(b)

(b)(c)

Figure 6: (a) STM topograph (300×300 Å2) of TmCot coffee bean islands on Gr/Ir(111). Position
of corresponding height profile indicated by the blue line. (b) STM topograph (160 × 160 Å2)
on top of coffee bean island with two distinct contrasts due to STM tip change, indicated by
blue arrow. Cross-like features encircled cyan are visible in both contrasts. (c) STM topograph
(135 × 60 Å2) of coffee bean island. The unit cell is indicated by the green rectangle. Each coffee
bean contains four bright and four faint intensities indicated by green dots. Cross-like feature
encircled cyan. Synthesis recipe: deposition of 0.08 ML Tm in 1 · 10−9 mbar Cot on Gr/Ir(111)
at 300 K with subsequent short annealing to 400 K. The STM data have been recorded at 20 K.
Tunneling parameters are (a)/(b) Ubias = −3.2 V and It = 52 pA and (c) Ubias = −2.8 V and
It = 70 pA.

A high-resolution topograph of the islands can be seen in Figure 6a (the dots are not visible
due to the specific tunneling conditions). Due to the appearance of the building blocks within the
islands, we call this the “coffee bean” phase. The apparent height of ≈ 5Å visible in the height
profile of Figure 6a is comparable to the height of EuCot wire islands [54] and thus implies that
the Cot molecules are likely to stand upwards with respect to the substrate. The single coffee
beans appear in two chiralities and form domains with a herringbone structure. This is also
visible in the molecular-resolution topograph in Figure 6b, in which two contrasts are visible due
to a STM tip change (indicated by blue arrow). While the periodicities and angles are identical,
the upper part appears continuous, whereas the lower part shows the coffee bean herringbone
structure. Consistent in all imaging contrasts is the star-like feature encircled in cyan. This
feature is also visible in the high-resolution topograph in Figure 6c, in which the herringbone
unit cell with dimensions 40×18 Å2 is highlighted by the green rectangle. Each unit cell contains
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two coffee beans, and within each coffee bean four bright and four weak intensities are visible,
as indicated by the green overlay on the lower left in Figure 6c. It is also visible, that the coffee
beans change chirality between the rows along the direction of the white arrow, while the chirality
within each row is constant. While the density of Cot molecules is unknown due to the synthesis
in Cot excess, the density of Tm atoms within each herringbone unit cell can be calculated using
equation (1)

ρunit = ρtot − β · ρdot
α

(1)

with the geometrical coverages of the coffee bean (α) and dot phase (β), 0 ≤ α, β ≤ 1, and the
Tm atomic density per area for the coffee bean (ρunit) and dot phase (ρdot), and ρtot the total
density of the deposited Tm. Averaging over several experiments, the resulting Tm density is
(24 ± 3) atoms per unit cell, which corresponds to 12 Tm atoms per coffee bean.

(c)(a)

(b)

Figure 7: (a) STM topograph (1000 × 1000 Å2) of TmCot coffee bean islands on Gr/Ir(111)
after deposition of 0.08 ML Tm in 1 · 10−9 mbar Cot at 300 K. Islands are covered with small
organometallic fragments, and the coexistence with the TmCot dot phase is visible. (b) High-
resolution STM topograph (800 × 140 Å2) of island from (a). Small organometallic structures are
visible on the islands, most likely small fragments of wires. (c) STM topograph (1000 × 1000 Å2)
of sample in (a) after short annealing to 400 K. Majority of islands are clean, organometallic
fragments moved off the islands. The dot phase is still present, but not clearly visible due to
strong sample–tip interaction with the tunnelling conditions chosen. The STM data have been
recorded at 20 K. Tunneling parameters are (a) Ubias = −2.3 V and It = 80 pA, (b) Ubias = −2.7 V
and It = 8 pA, and Ubias = −1.9 V and It = 39 pA.
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In Figure 7a the coexistence of the dot and coffee bean phase are well visible. As in Figure 5a,
the islands are partly covered by a adsorbates. Figure 7b shows a higher-resolution topograph
of the adsorbates on a coffee bean island. The observed structures are consistent with small
organometallic Tm–Cot fragments — such as Tm2Cot3 or Tm3Cot4 — and it is plausible that
these have formed during growth on the already existing coffee bean islands. In a consecutive short
annealing step to 400 K, this island-covering phase is removed, visible in Figure 7c. During the
annealing step, the fragments have either desorbed, or moved off the islands and build themselves
into these islands.

We have also conducted XAS measurements on the coffee bean phase as shown in Figures 8a/b.
For both measured angles of incidence the M5 and M4 peaks are visible and clearly show a 4f12

electronic configuration. As apparent from the higher XMCD signal in Figure 8b at grazing
incidence a higher magnetization is reached. This is also visible from the corresponding magne-
tization curve in Figure 8c which shows a strong anisotropy between both angles of incidence.
Interestingly, the zero-field susceptibility is equal within few percent for both angles of incidence
while the magnetization differs significantly for higher fields. At normal incidence, the magnetiza-
tion appears close to saturation at 9 T, while at grazing incidence goes to a higher magnetization
value and is still far from saturation at 9 T.

(c)(a) (b)

Figure 8: (a)/(b) Average XAS and XMCD of TmCot coffee bean phase (0.08 ML Tm) at normal
incidence (0°) for (a) and grazing incidence (60°) for (b) at the M5 and M4 edges. At the
M5 edge a main peak with two clear shoulders is visible, clearly indicating a 4f12 electronic
configuration. Two light shoulders are visible left and right to the main peak, indicating a
4f12 electronic configuration. (c) Magnetization curves corresponding to (a)/(b). The zero-
field susceptibility of both curves agrees within few percent. While at normal incidence the
magnetization appears close to saturation, it is still far from saturation at grazing incidence. All
measurements were conducted at T = 5 K.
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TmCot sandwich-molecular wires – experiment: The idea of changing the chemical
reaction pathway during the on-surface synthesis from TmCot dots to wire growth is depicted in
Figure 9. Since the preferred ionization state of Tm in compounds is 3+ and Cot accepts only two
electrons, Tm donates charge to Gr and thereby induces an ionic bond to the substrate as shown
in Figure 9(a). In order to form sandwich-molecular wires, similar to EuCot, ionic binding of
Tm to the substrate needs to be suppressed. An intercalated layer of Eu causes strong n-doping
of Gr by about 1.4 eV [56]. N-doping makes additional transfer of electrons to Tm less favorable
and thereby weakens the TmCot–Gr bond. This weakening could be sufficient to maintain the
2+ oxidation state of Tm and thereby enable the formation of sandwich-molecular wires depicted
in Figure 9b.

(a)

Ir(111)
Gr

Tm
Cot

3+
2-

1-

(b)

Ir(111)
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Eu

n-doping
2+2+

2- 2-

Figure 9: Idea of changing the chemical reaction pathway via substrate doping. (a) On Gr/Ir(111)
TmCot monomers can form by charge transfer to the substrate. Tm atoms have the highest
binding energy in the monomers, such that wires do not form. (b) By n-doping the substrate
via Eu intercalation, the TmCot monomers become significantly less favorable because charge
transfer to the substrate is suppressed and TmCot wires can form.

Experimentally we find, that in fact the intercalation of Eu under Gr before the on-surface
synthesis completely suppresses the formation of TmCot dots and changes the chemical reaction
pathway from the dot phase to polycrystalline islands of TmCot wires as shown in Figure 10a.
The observed islands have a height of ≈ 6 Å which is consistent with the height of EuCot wire
islands as measured in ref. [54]. The molecular-resolution topograph (position indicated by the
blue arrow in Figure 10a) shown in Figure 10b shows the interlocked aligned wires with intra-
wire periodicity 4.3 ± 0.3 Å and inter-wire distance 6.5 ± 0.2 Å. The unit cell of the wire carpet
is indicated by the black rhomboid on top of the ball model of the wires. The topograph of
Figure 10c shows the island marked by the black rectangle in Figure 10a in larger magnification,
and several domains of aligned wires are visible. The parts within the islands which appear white
are consistent with second layer wire growth. The LEED pattern in Figure 10d corresponds to
a TmCot wire sample as grown in Figure 1a and the black rhomboid denotes the reciprocal unit
cell of the wire carpet. Due to the random orientation of the wire domains the LEED reflections
of the reciprocal unit cell are smeared out over all angles and result in the two visible rings
consistent with the intra- and inter-wire periodicities determined with STM.

Figure 11 shows a series of experiments, in which the Tm/Cot ratio was increased by a factor
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Figure 10: (a) STM topograph (1500 × 1500 Å2) of TmCot wire islands on Gr/Eu/Ir(111). The
islands show several domains of wire carpets, the bright intensities are consistent with second
layer wire growth. The position of the corresponding profile is indicated by the green line. An
isalnd height of ≈ 6 Å is observed, which is identical to the observed wire heights of EuCot wire
islands. (b) Molecular resolution STM topograph (42 × 15 Å2) of wire carpet at the position
indicated by the blue arrow in (a). (c) MCP-LEED pattern (40 eV) of TmCot wire sample as
grown in (a). Synthesis recipe (a)–(c): Deposition of 0.12 ML Tm in 1 · 10−9 mbar of Cot on
Gr/Eu/Ir(111) at 300 K. The STM data have been recorded at 20 K. Tunneling parameters are
(a) Ubias = −1.7 V and It = 47 pA and (b) Ubias = −0.2 V and It = 1.4 nA. Topographs have
been superimposed with their derivatives for better visibility.

of 10 from (a)–(c). In Figure 11a only small wire fragments are visible, which can be explained
by the large excess of Cot during synthesis. For small values of Tm/Cot, Tm atoms arriving
on the substrate rather form short wire fragments — such as Tm2Cot3 with non-reactive ends
— than attaching to an already existing wire, in which the terminal Cot molecule is already in
its dianoinc charge state. For an increased Tm/Cot ratio parallel wire domains start to form as
shown in Figure 11b. Further increasing the Tm/Cot ratio leads to increasingly larger domains
visible in Figure 11c. The inset of Figure 11c shows one of the bright intensities (indicated by
black square) in a different contrast. The structure and height are fully consistent with second
layer wire growth.

Figure 12 shows a series of experiments, in which the Tm/Cot ratio was kept constant from
(a)–(c), and the temperature during synthesis was increased from (a)–(d). A similar effect as in
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(a) (b) (c)

Figure 11: (a)–(c) STM topographs (350×350 Å2) of TmCot wire islands on Gr/Eu/Ir(111) after
growth in 4 · 10−9 mbar Cot at T = 300 K. (a) 10 min Tm deposition, 0.008 ML/min: Only small
wire fragments are visible. (b) 2 min Tm deposition, 0.04 ML/min, subsequent short annealing
to 400 K: Still small wire fragments are visible, but also few larger domains of parallel wires are
visible. (c) 1.5 min Tm deposition, 0.08 ML/min: The islands consist mostly of extended domains
of parallel wires. Inset: STM topograph (80 × 80 Å2) at position of black square with different
contrast. Bright spots on top of the islands are second layer of wires. Tunneling parameters are
(a) Ubias = −1.8 V and It = 11 pA, (b) Ubias = −2.0 V and It = 13 pA, and (c) Ubias = −1.7 V
and It = 47 pA. Topographs have been superimposed with their derivatives for better visibility.

(a) (b) (c) (d)

Figure 12: (a)–(d) STM topographs (350 × 350 Å2) of TmCot wire islands on Gr/Eu/Ir(111),
varying temperature T . (a) 250 K: Only small wire fragments are visible. (b) 300 K: Extended
wire domains are visible. (c) 350 K: Large crystalline domains of wires are visible, with wire
lengths exceeding 100 formula units. (d) 400 K: Large crystalline domains of wires are visible, but
also Tm clusters have formed, e.g. in the upper left of the topograph. Synthesis recipes: (a)–(c)
Tm deposition (0.08 ML/min) in 4 · 10−9 mbar Cot for 1.5 min, (d) Tm deposition (0.04 ML/min)
in 4 · 10−9 mbar Cot for 2 min. Tunnelling parameters are (a) Ubias = −2.3 V and It = 48 pA, (b)
Ubias = −1.7 V and It = 47 pA, (c) Ubias = −1.8 V and It = 11 pA, and (d) Ubias = −2.0 V and
It = 12 pA. Topographs have been superimposed with their derivatives for better visibility.

Figure 11 is visible. For T = 250 K in Figure 12a only small wire fragments are observed, while at
T = 300 K in Figure 12b larger domains have formed (same synthesis as in Figure 11c). Further
increasing the growth temperature to T = 350 K leads to the formation of large crystalline wire
islands as visible in Figure 12c, in which wire lengths > 200 formula units are achieved. For
the syntheses in Figure 12a–c the observed second layers are consistent with the growth of a
second layer of TmCot wires (compare Figure S4a of the SI for the second layer wire growth in
Figure 12c). Further increasing the growth temperature to T = 400 K — and also decreasing the
deposition rate to 0.04 ML/min — leads to large crystalline islands comparable to Figure 12c,
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but also results in the formation of Tm clusters (visible in Figure S4b in the SI). Apparently, the
provided amount of Cot at the given temperature was not sufficient to prevent the formation of
metal clusters in Figure 12d.

TmCot sandwich-molecular wires – ab initio calculations:
Complementary to our experiments, we have conducted DFT calculations to explain how

n-doping of the substrate can change the chemical reaction pathway during synthesis. Table 1
compares the calculated adsorption energies for the TmCot dot on the undoped and n-doped
substrate with the formation of an isolated TmCot 1D chain, i.e. an isolated wire. For the
undoped Gr/Ir(111), the adsorbed dot is the energetically favored configuration, preferred by
50 meV over the formation of wires. This situation is reversed on the n-doped substrate, and
the formation of TmCot wires is preferred by 600 meV. With this significant energy difference
of 600 meV the suppression of the dot phase can be explained. Furthermore, we have calculated
the electronic configurations of the different phases observed in experiment. In the infinite wire
depicted in Figure 13a, Tm has an electronic configuration of 4f13, fully consistent with the
ionic binding picture in which only the 6s electrons take part in binding. In agreement with the
XMCD measurements, for the adsorbed monomer depicted in Figure 13b (adsorption geometry
as in Figure 4) we find a 4f12 configuration, also consistent with the simple ionic picture sketched
in Figure 2a, where the Cot molecule accepts two electrons into its π system with the additional
transfer of one electron towards the substrate. Finally, for the TmCot2 double decker shown in
Figure 13c we also calculate a 4f12 configuration, consistent with XMCD results. Apparently, the
two Cot molecules are able to extract and share overall 3 electrons from the Tm atom, but are
not electronegative enough to force the Tm into a 4+ oxidation state.

adsorption energy TmCot dot
on Gr/Ir(111) −2.16 eV

on Gr/Eu/Ir(111) −1.51 eV

formation energy TmCot 1D chain −2.11 eV

Table 1: DFT-calculated adsorption energies for the TmCot dot on Gr/Ir(111) compared to Gr/Eu/Ir(111),
and formation energy of isolated TmCot wire.

Discussion: On the undoped Gr/Ir(111), we find the adsorption of TmCot dots (monomers)
through charge transfer to the Gr. The resulting Coulomb repulsion leads to a disperse behavior
of repulsively interacting adsorbants, which has also been observed for the alkaline metal cesium
adsorbed on Gr/6H-SiC(0001) [60]. The TmCot dots do not behave as a free 2D gas and are
influenced by the substrate moiré with an observed preferential atop binding site. The same
behavior was found for cesium adatoms adsorbed on Gr/Ir(111) [61], which are also regulated
by the moiré of Gr with Ir(111) with the atop region being the preferred adsorption site. In
ref. [62] single Tm atoms were adsorbed to W(110) surface. Although the situation is quite
different compared to the adsorption on Gr/Ir(111), also on W(110) the symmetry of the single
Tm atom is broken by the presence of the surface plane. Still, the magnetic behavior is similar
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Figure 13: Comparison of DFT geometries and results for different TmCot structures. (a) For
the isolated and infinite TmCot wire the electronic configuration of the 4f shell results as 4f13,
like for the isolated Tm atom. In the simple ionic picture only the two 6s electrons contribute
to the ionic binding. (b) The TmCot monomer adsorbed to Gr/Ir(111) has 4f12 configuration,
which can be explained by the fact that charge can be transferred to both Gr and the electroneg-
ative Cot molecule. (c) The TmCot double decker, i.e. one Tm atom sandwiched between two
electronegative Cot molecules, also has a 4f12 electronic configuration.

to our situation: The 4f12 configuration is found as ground state, and an out-of-plane easy-axis
magnetization is found for the single Tm atom.

While the exact molecular structure of the island-forming coffee bean phase remains unclear,
the corresponding Tm atomic density of (0.033 ± 0.003) atoms/Å2 agrees with the density of the
TmCot wires of (0.036±0.004) atoms/Å2 within uncertainty. Combined with the observed height
of ≈ 5Å, this implies that the Tm atoms must be embedded in a similar manner within a matrix
of upright standing Cot molecules, comparable to the wire phase. The fact that organometallic
wire fragments can be grown on top of the coffee bean islands, and later be removed by mild
annealing to 400 K, shows the inertness of the island-forming phase, i.e. all Tm atoms must be
encapsulated by Cot molecules and cannot stick out to the vacuum. It is unclear, if the single
coffee beans only bind to each other via van der Waals interaction, or whether Tm atoms are
bound in between the coffee beans. The fact that coffee beans are never observed in isolated form
points towards the latter. Despite its inertness, the Gr can be seen as a catalyst in this instance.
The formation of the coffee bean phase is only promoted by the initial TmCot monomer phase,
which depends on the Gr as substrate for the charge transfer.

For the TmCot wire growth on the n-doped substrate, we have found that the average wire
length depends both on the Tm/Cot ratio and temperature during synthesis, which is in contrast
to the findings in ref. [54]. There, EuCot wires were synthesized on Gr/Ir(111), and the wire
length was not limited by the Eu/Cot ratio during synthesis, as long as an excess pressure of Cot
molecules was provided. The key difference is the preferred oxidation state, which is 2+ in the case
of Eu due to its stable and half-filled 4f orbital. The preferred 2+ oxidation state for Eu has the
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effect, that EuCot wires are always terminated by either Eu1+ cations or Cot1− anions [50], both
of which are chemically reactive and facilitate elongated wire growth. In contrast, Tm prefers
a 3+ oxidation state under the same conditions, therefore TmCot wires are always terminated
by Tm3+–Cot2−, which is non-reactive and simply terminates the wire growth. Therefore, even
the small fragment Tm2Cot3 is energetically highly favorable, because both Tm atoms can be in
a Tm3+ state, fully saturating the three Cot molecules with electrons. This behavior has also
been observed in gas phase experiments for other lanthanides with preferred 3+ oxidation state,
described in ref. [49]. Therefore, the synthesis of extended TmCot wire domains can only be
achieved by reducing the amount of Cot molecules available during synthesis, i.e. increasing the
Tm/Cot ratio. In simple terms, a high Tm/Cot ratio corresponds to fewer Cot molecules present
as binding partners, such that reactive Tm atoms are more likely to bind to existing wires. An
increased synthesis temperature also results in larger wire domains, which can be explained by
two effects: (i) analogous to an increase of the Tm/Cot ratio, the equilibrium density of Cot on
Gr decreases for increasing temperature (at fixed Cot pressure) and (ii) an increased temperature
leads to higher mobility of the reactants — Tm atoms and Cot molecules — which lowers the
energy barrier for rearrangement on the surface, also promoting the growth of larger wire domains.

3 Conclusion

The formation of a disperse phase of repulsively interacting TmCot dots is observed on Gr/Ir(111).
Using ab initio calculations, we explain their binding mechanism through charge transfer from
the Tm atom to the Gr, and calculate a 4f12 electronic configuration of the Tm. Using XAS
and XMCD measurements, we verify the 4f12 configuration and find an out-of-plane easy-axis
magnetization of the dots.

For coverages exceeding one TmCot dot per moiré cell, an island phase emerges and coexists
with the disperse phase. Also here, a 4f12 configuration is found, and the Tm atomic density
within these islands is similar to the density in the TmCot wire phase.

We find, that by n-doping the Gr via Eu intercalation, the chemical reaction pathway during
synthesis is changed. On the n-doped substrate, sandwich-molecular wires are synthesized, form-
ing carpets of interlocking and parallelly aligned wires. The average domain size can be tuned by
changing the Tm/Cot ratio and temperature during growth: An increase in either ratio or tem-
perature leads to an increase of the average domain size and thus wire length. Our complementary
ab initio calculations show, that n-doping of the Gr changes the preferred binding configuration:
While on the undoped substrate TmCot monomers adsorbed to Gr are preferred over TmCot
wires, this situation is reversed on the n-doped Gr, enabling the growth of sandwich-molecular
wires.
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4 Methods

Scanning tunneling microscopy (STM) measurements and in situ sample synthesis were conducted
in Cologne in the ultrahigh vacuum system TuMAII with a base pressure below 1 · 10−10 mbar.
In this system Gr on Ir(111) was synthesized in situ. Gases are delivered through a gas dosing
tube giving rise to a pressure enhancement by a factor of 50 compared to the pressure measured
through a distant ion gauge and specified here. Sample cleaning was accomplished by exposure
to 1 · 10−7 mbar oxygen at 1200 K when needed, cycles of noble gas sputtering using xenon, and
brief annealing to 1500 K. Gr/Ir(111) was grown by room temperature exposure to ethylene until
saturation coverage was reached and subsequent thermal decomposition at 1500 K, resulting in
well-oriented Gr islands, which are grown to a complete layer through an additional exposure
1 · 10−7 mbar ethylene for 600 s at 1200 K [63]. TmCot dots and coffee beans on Gr/Ir(111) were
grown by sublimation of elemental Tm from a Knudsen cell with a deposition rate of 1.0·1016 atoms

m2s
in a background pressure of 1 · 10−8 mbar Cot. Similarly, TmCot sandwich-molecular wires on
Gr/Eu/Ir(111) were grown by sublimation of elemental Tm from a Knudsen cell with a deposition
rate of 2.0 · 1015 − 2.0 · 1016 atoms

m2s in a background pressure of 5 · 10−9 mbar Cot at temperatures
of 250 − 400 K.
STM imaging was conducted at 20 K with a sample bias and tunneling current in the order of
Ubias ≈ −2 V and It ≈ 0.1 nA. For STM image processing the software WSxM [64] was applied.
To ensure Gr quality and for structural characterization low-energy electron diffraction (LEED)
was used in an energy range of 30 − 150 eV. LEED patterns are contrast-inverted for better visi-
bility.
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measure-
ments of the TmCot dots and double deckers have been conducted at the X-Treme beamline
and endstation at the Swiss Light Source (SLS) synchrotron in Villigen (Switzerland [65]).
Measurements of the coffee bean phase were performed at the high-field endstation ID32 at
the European Synchrotron Research Facility (ESRF) in Grenoble (France). Measurements of
the sandwich-molecular wires were performed at the VEKMAG endstation at the ‘Berliner
Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung’ (BESSY) in Berlin (Germany).
The samples were prepared in situ in an ultrahigh vacuum chamber with a base pressure of the
order of 1 · 10−10 mbar and using the recipes described above. During syntheses, sample cleaning
was achieved by oxygen etching and noble-gas sputtering using argon. For consistency with home-
lab results, the prepared samples were checked using LEED and a variable-temperature STM.
The presented XAS data were recorded at a sample temperature of 3 K (SLS)/5 K (ESRF)/2 K
(BESSY) using circularly polarized light in the energy range of 1440−1520 eV in the total electron
yield detection mode.
The shown multiplet calculations were performed with the code in Crispy [66], using the standard
parameters for Tm.
Our first-principles spin-polarized calculations were performed using the density functional theory
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(DFT) [67] and the projector augmented plane wave method [68] as implemented in the VASP
code [69, 70]. For the plane wave expansion of the Kohn-Sham wave functions [71] we used a cutoff
energy of 500 eV. We carried out the structural relaxation using the vdW-DF2 [72] with a revised
Becke (B86b) exchange [73, 74, 75] functional to properly account for the nonlocal correlation
effects like van der Waals interactions. The analysis of the electronic structures was done using
the PBE exchange-correlation energy functional [76]. We used the GGA + U approach [77] to
correctly account for the orbital dependence of the Coulomb and exchange interactions of the Tm
4f states. For the presented calculations, we have used an effective Hubbard U of Ueff = 7.9 eV.
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Supporting information available

Figure S1 shows an STM topograph of Tm clusters on Gr/Ir(111), when Tm is deposited at
300 K. Figure S2 shows the thermal desorption spectrum of a multilayer of Cot adsorbed to
Gr/Ir(111). Figure S3 shows multiplet calculations of Tm 4f12 and 4f13 configurations. Finally,
Figure S4 shows two STM topographs of TmCot wires islands on Gr/Eu/Ir(111), in which de-
pending on growth conditions either additional second layer TmCot wires (Figure S4a) or Tm
clusters (Figure S4b) form.
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Figure S1: Tm deposited on Gr/Ir(111) at T= 300 K

Figure S1: STM topograph (700 × 700 Å) of 0.35 ML Tm deposited on Gr/Ir(111) at T = 300 K.
All Tm forms clusters, the Gr in between is clean. STM taken at T = 20 K. Tunnelling parameters
are Ubias = −2.0 V and It = 0.7 nA
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Figure S2: TDS of multiayer Cot adsorbed to Gr/Ir(111)

Figure S2: Thermal desorption spectrum (TDS) of multilayer Cot adsorbed to Gr/Ir(111). The
multilayer desorption peak is located at (162±3) K and the monolayer desorption peak at (185±
5) K. The annealing rate during desorption was 2 K/s.
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Figure S3: Multiplet calculations for Tm 4f12 and 4f13 configura-
tion

4f¹² 4f¹³

(a) (b)

Figure S3: Multiplet calculations of the XAS and XMCD for (a) Tm 4f12 and (b) Tm 4f13

configurations. The calculations were performed using the Crispy code with parameters T = 3 K
and B = 6.8 T.
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Figure S4: TmCot wires on Gr/Eu/Ir(111)

6

40 80 120

(a) (b)

Figure S4: (a) STM topograph (400×400 Å) of TmCot wire island on Gr/Eu/Ir(111) after growth
in 4 · 10−9 mbar Cot with Tm deposition rate 0.08 ML/min for 90 s at T = 350 K. The ground
level is the first layer of a wire island, the second layer shows a substructure and height (compare
the corresponding profile) which is consistent with second layer wire growth. (b) STM topograph
(5000 × 5000 Å) of TmCot wire island on Gr/Eu/Ir(111) after growth in 4 · 10−9 mbar Cot with
Tm deposition rate 0.08 ML/min for 90 s at T = 400 K. Large wire islands are visible, especially
along the wrinkle in the Gr which appears as the white stripe. Also many Tm clusters have
formed under these growth conditions. Inset: STM topograph (150 × 150 Å) of small island in
(b). The island structure is undefined and consistent with the growth of Tm clusters. STM taken
at T = 20 K. Tunnelling parameters are (a) Ubias = −1.8 V and It = 11 pA, (b) Ubias = −2.0 V
and It = 10 pA, and (b) [inset] Ubias = −1.1 V and It = 10 pA.
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CHAPTER 6

Reactant and substrate variation in
on-surface synthesis

S.K. and K.B. conducted the experiments shown in this chapter under the guidance of T. Michely.
The interpretations of the tetramethyl-Cot experiments were developed in discussions between
S.K. and T.M.

In this chapter, the on-surface synthesis of sandwich-molecular wires is extended to metal
reactants beyond europium and thulium. Further, the tetramethyl-Cot molecule is introduced
to the on-surface synthesis and the feasibility of a metal oxide substrate is investigated for the
on-surface reactions.

Motivation

In this chapter, the different components during the on-surface synthesis of sandwich-molecular
wires are varied. These are (i) the metal reactant, (ii) the cyclic molecule, and (iii) the substrate.

Regarding (i) it was already shown in the previous chapter, that it is possible to synthesize
TmCot wires, although only by suitable substrate doping and precise control of the growth
conditions. In order to demonstrate that the on-surface synthesis of sandwich-molecular wires is
not limited to elements from the lanthanide series, but can be generalized to other elements, the
alkaline-earth metal barium (Ba) is introduced to the synthesis. Moreover, the feasibility of the
on-surface synthesis of wires containing elements beyond Eu, Tm, and Ba will be investigated,
which showed promising results in gas phase experimetns [83, 119], and the feasibility of their
on-surface synthesis will be investigated.

Furthermore, regarding (ii) the Cot molecule used during synthesis will be exchanged to
tetramethyl-Cot. In the case of tetramethyl-Cot, four methyl groups are symmetrically attached
to the Cot ring. While the antiaromaticity is not changed, some charge is donated to the π

system [120], which corresponds to a lower electronegativity. Therefore, within Ln–tetramethyl-
Cot wires containing Ln atoms preferring a 3+ oxidation state, this 3+ oxidation state could
possibly be suppressed due to the lower electronegativity of tetramethyl-Cot. Then, the wire
ends would be reactive, similar to EuCot wires, and the growth of long Ln–tetramethyl-Cot wires
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Chapter 6 Reactant and substrate variation in on-surface synthesis

could be achieved. Further, a change in the molecular π system could lead to different electronic
and magnetic behavior. Since the coupling of the metal atoms within the wires is mediated by
the molecular π orbitals, changing these orbitals is expected to modify the interaction along the
wire. In the theoretical study in ref. [29] a modification of the Cot molecule in EuCot wires has
resulted in a transition from a semiconducting to a half-metallic state.

Finally, concerning (iii) another substrate is chosen for the synthesis of the prototypical EuCot
wires. In chapter 3 EuCot wires were already grown on the more strongly bound Gr/Ir(110).
Still, it was shown that molecules bind only weakly to Gr/Ir(110) via van der Waals interaction,
comparable to Gr/Ir(111) [116]. The synthesis on polar Eu oxide on Ir(111) is introduced and
compared to the synthesis on Gr substrates. In literature, metal-oxide layers have been used as
substrate for organometallic compounds, for example in refs. [67,107,121].

Results

6.0.1 Barium-cyclooctatetraene wires on graphene/Ir(111)

The alkaline-earth metal Ba ([Xe]6s2) is chemically similar to the rare-earth metal Eu ([Xe]4f76s2).
This is largely due to their electronic structures and their resulting oxidation state: Compared
to Eu, Ba lacks only the 4f electrons, which are close to the core and provide little chemical
reactivity. Hence, the favored oxidation state of both chemical elements is 2+. For the growth
of sandwich-molecular wires, Ba is a logical choice since its ionic radius is only slightly larger
compared to Eu.

Using the on-surface synthesis method under the same growth conditions as for Eu (i.e. de-
position of elemental Ba on Gr/Ir(111) in a background pressure of the Cot molecules at 300 K)
yields BaCot wire carpets shown in Figure 6.1a. The BaCot islands have a random orientation
with respect to the substrate. The corresponding height profile shows an apparent height of
(6.0 ± 0.3) Å, similar to the EuCot wire height [32]. It is expected that BaCot and EuCot wires
have the same apparent height, because in both cases the metal atoms are encapsulated by Cot
dianions which stand upright with respect to the surface.

While for EuCot wires the islands are typically elongated and have a racetrack-like appearance,
this is not the case for BaCot. The BaCot island shown in the topograph of Figure 6.1b consists
of only one direction of parallel wires and no bending angles or winding wires are observed, in
contrast to EuCot. The substrate moiré is well visible through the wire island. As characteristic
feature the edges of the island are not straight, but decorated with small wire segments which
are roughly spaced by the moiré periodicity. Finally, the molecular-resolution topograph in
Figure 6.1c shows the interlocking and parallelly aligned BaCot wires as indicated by the overlaid
atomic structure model with an intra-wire periodicity of (4.8±0.2) Å and an inter-wire distance
of (6.9 ± 0.2) Å.
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Figure 6.1: (a) STM topograph (1400 × 1400 Å2) of BaCot wire islands. The position of the
corresponding height profile is indicated by the blue line. (b) STM topograph (150 × 150 Å2) of
single BaCot wire islands. The moiré of Gr/Ir(111) is well visible through the island. (c) Molecular-
resolution STM topograph (30 × 30 Å2) on top of a BaCot island. The parallel wires are well
visible and overlaid with an atomic structure model. The BaCot unit cell is indicated by the black
rhomboid. Synthesis recipe: deposition of (a)/(c) 0.1 ML Ba, (b) 0.025 ML Ba in 1 · 10−8 mbar Cot
on Gr/Ir(111) at 300 K. The STM data have been recorded at 300 K. Tunneling parameters are (a)
Ubias = −1.4 V and It = 70 pA, (b) Ubias = −2.4 V and It = 82 pA and (c) Ubias = −1.8 V and
It = 84 pA.

6.0.2 Ytterbium-cyclooctatetraene wires on graphene/Ir(111)

The rare-earth metal Yb with [Xe]4f14 electronic configuration shares the favored 2+ oxidation
state with Eu [119]. In this sense, Eu and Yb stand out within the elements of the lanthanide
series, because most other lanthanides favor a higher oxidation state [8,119]. The reason for this
is the occupancy of the 4f orbital: Eu has a half-filled 4f shell, while the 4f shell of Yb is fully
occupied. This leads to a spheric symmetry and stabilization of the 4f orbital such that higher
energies are needed to withdraw an extra electron beyond the two 6s electrons, resulting in the
favored 2+ state. Therefore the use of Yb promises a very similar growth behavior to that of
Eu during on-surface synthesis.

As shown in Figure 6.2a, indeed islands of YbCot wires are formed under the same growth
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Figure 6.2: (a) STM topograph (1400 × 1400 Å2) of YbCot wire islands. The position of the
corresponding height profile is indicated by the blue line. (b) STM topograph (150 × 150 Å2) on top
of single YbCot wire islands. (c) Molecular-resolution STM topograph (35 × 35 Å2) on top of YbCot
island, the parallel wires are well visible and overlaid with an atomic structure model. The YbCot
unit cell is indicated by the black rhomboid. Synthesis recipe: deposition of (a)/(b) 0.1 ML Yb,
(b) 0.05 ML Yb in 1 · 10−8 mbar Cot on Gr/Ir(111) at 300 K. The STM data have been recorded
at 300 K. Tunneling parameters are (a) Ubias = −1.9 V and It = 94 pA, (b) Ubias = −1.1 V and
It = 70 pA and (c) Ubias = −1.9 V and It = 0.9 nA.

conditions as for EuCot and BaCot. The YbCot islands appear elongated with straight edges
and form a network of all-connected islands. Apparently, during growth the islands do not move
around each other and collide. Recurring bending angles are observed in Figure 6.2a, which
are multiples of (34 ± 3) °. On top of the first layer of wire islands, small second layer islands
are formed visible as bright protrusions. The corresponding height profile indicated by the blue
line shows an apparent island height of (5.9 ± 0.2) Å, similar to the heights observed for EuCot
and BaCot. The topograph in Figure 6.2b clearly shows the parallel wires within the island,
which is of high crystalline quality. A few depressions with a lower apparent height are visible
in the STM topograph. Presumably, these stem from defects present in the substrate before
growth which are visible trough the wire film. In contrast to BaCot, the edges of the islands are
very sharp without any fringes. The molecular resolution topograph in Figure 6.2c shows the
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interlocking wires as indicated by the overlaid structure model, with an intra-wire periodicity of
(4.0 ± 0.2) Åand an inter-wire distance of (6.7 ± 0.3) Å.

6.0.3 Europium-ytterbium-cyclooctatetraene wires on graphene/Ir(111)

(a)

6

(b)

(c)
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6.9Å

Figure 6.3: (a) STM topograph (1400 × 1400 Å2) of EuYbCot wire islands. The position of the
corresponding height profile is indicated by the blue line. Inset: STM topograph (160 × 240 Å2) of
bending wires in an EuYbCot island. (b) STM topograph (150 × 150 Å2) on top of single EuYbCot
wire islands. (c) Molecular-resolution STM topograph (45 × 45 Å2) on top of EuYbCot island,
the parallel wires are well visible and overlaid with an atomic structure model. The unit cell is
indicated by the black rhomboid. Synthesis recipe: co-deposition of 0.05 ML Eu and 0.05 ML Yb in
1 · 10−8 mbar Cot on Gr/Ir(111) at 300 K. The STM data have been recorded at 300 K. Tunneling
parameters are (a) Ubias = −2.1 V and It = 59 pA, (b) Ubias = −2.0 V and It = 0.1 nA and (c)
Ubias = −1.5 V and It = 35 pA. The inset of (a) is superimposed with its derivative for better
visibility.

The on-surface synthesis of bi-metallic sandwich-molecular wires was investigated using Eu
and Yb. For this, both elements were co-evaporated (with equal amounts) on Gr/Ir(111) in a
background pressure of 1 · 10−8 mbar Cot at 300 K. This synthesis results in the formation of
homogeneous wires islands shown in the topograph of Figure 6.3a. The island morphology is
very similar to YbCot wires and all islands are connected to each other. Generally, the bending
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angles are less well defined compared to EuCot and YbCot. The inset of Figure 6.3a shows an
islands position where the wires are bending. It appears that there is strain within the wire
islands, which can be released at the position of wire bends. The island height of (5.9 ± 0.2) Å
visible in the line profile in Figure 6.3 is similar to the island heights of the other synthesized
LnCot islands. The topograph of Figure 6.3b shows the parallel wires within an island. The
moiré of Gr with Ir(111) is weakly visible through the island. The wires within the island
appear homogeneous. Therefore, the position of the Eu and Yb atoms within the wire film
cannot be distinguished. Also in the molecular-resolution topograph in Figure 6.3c, the wires
appear continuous and homogeneous. The wire geometry is indicated by the overlaid structure
model. The average intra-wire periodicity is given by (4.1 ± 0.2) Å and the inter-wire distance
is (6.9 ± 0.4) Å.

6.0.4 Europium-tetramethyl-cyclooctatetraene wires on graphene/Ir(111)

CH₃

CH₃

H₃C

H₃C

Figure 6.4: Structure of 1,3,5,7-tetramethyl-2,4,5,8-cyclooctatetraene, a Cot molecule with sym-
metrically attached methyl groups.

During on-surface synthesis of sandwich-molecular wires, the choice of the organic molecule is
as crucial as that of the metal reactant. In order to further investigate the formation mechanism
of organometallic wires, we introduce here a different molecule: 1,3,5,7-tetramethyl-2,4,5,8-
cyclooctatetraene, abbreviated to tetramethyl-Cot (compare Figure 6.4). The methyl groups
donate some charge to the Cot π system [120] and promise to enable synthesis of elongated
Ln–tetramethyl-Cot wires, as outlined in the motivation. Additionally, the methyl groups could
serve as separators, isolating the wire from the substrate and reduce inter-wire interactions. As a
paradigm for the feasibility of metal–tetramethyl-Cot wire growth, Eu is used as metal reactant
as its growth within sandwich-molecular wires has been extensively studied.

The on-surface synthesis under comparable conditions to EuCot growth (i.e. deposition of
elemental Eu on Gr/Ir(111) in a background pressure of tetramethyl-Cot at T = 300 − 400 K)
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(a) (b)

1 2

Figure 6.5: (a) STM topograph (650 × 650 Å2) of Eu-tetramethyl-Cot wire islands. The position
of the corresponding height profile is indicated by the blue line. (b) Molecular-resolution STM
topograph (120 × 200 Å2) of a Eu-tetramethyl-Cot wire island. The corresponding height profile is
indicated by the cyan line. The blue circle indicates a protrusion. Inset: enlarged STM topograph
(30 × 45 Å2) of parallel wires. At position 1, the neighboring molecules are shifted by half a formula
unit. At position 2, the neighboring molecules are adjacent to each other. (c) STM topograph
(85 × 275 Å2) of island. The height modulations are very well visible. Synthesis recipe: deposition of
(a) 0.06 ML Eu, (b) 0.07 ML Eu in 1 · 10−8 mbar tetramethyl-Cot on Gr/Ir(111) at 350 K. The STM
data have been recorded at 20 K. Tunneling parameters are (a) Ubias = −1.9 V and It = 0.1 nA, (b)
Ubias = −2.2 V and It = 76 pA (also inset) and (c) Ubias = −2.4 V and It = 47 pA.

yields the formation of sandwich-molecular wires shown in the topograph of Figure 6.5a. The
formation of islands without distinct bending angles is observed. The corresponding height
profile shows an apparent base height of ≈ 6 Å, which is similar to the EuCot wire height.
The apparent height is significantly modulated, oscillating between 6 − 7 Å under the given
tunnelling conditions. This modulation is very well visible in the topograph of Figure 6.5b and
the corresponding height profile. An apparent height modulation of (1.5±0.1) Å is observed. The
apparent height varies continuously along the wire direction and the periodicities range between
20 − 100 Å. Additional to the continuous height variation, local bright protrusions are observed.
One of those protrusions is encircled blue in the topograph of Figure 6.5b. These protrusions
always appear as pairs of two and are located between two depressions of the neighboring wires.
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Chapter 6 Reactant and substrate variation in on-surface synthesis

In the inset of Figure 6.5b, the relative positions of neighboring molecules are indicated with
black rectangles at two positions. At position 1, molecules of neighboring wires are shifted by
half a formula unit. At position 2, the molecules of neighboring wires are directly adjacent to
each other. This implies that there is no strict interlocking, as it is the case for EuCot. In the
topograph of Figure 6.5c, the height variation along the wires is well visible. The high points of
the variation are typically adjacent to the lowest points of the neighboring wires. For the case
of Eu-tetramethyl-Cot, the intra-wire periodicity is (4.7 ± 0.5) Å and the inter-wire distance is
(10 ± 1) Å. The inter-wire distance is significantly larger compared to the EuCot wires which is
plausible due to the additional methyl groups.

(a) (b) (b)

Figure 6.6: Growth temperature dependence of Eu-tetramethyl-Cot wire islands: (a) T = 300 K,
(b) T = 350 K, (c) T = 400 K. (a)–(c) STM topographs (400 × 400 Å2) of Eu-tetramethyl-Cot wire
islands. (a) The island appears disordered and curled up. (b) The islands are well ordered with
parallelly aligned wires. (c) The island appears ordered, but a second phase on top of the first layer
islands appears. Inset: STM topograph (50 × 150 Å2) of second layer wire-like phase. Synthesis
recipe: deposition of (a) 0.03 ML Eu at T = 300 K, (b) 0.06 ML Eu at T = 350 K and (c) 0.07 ML
T = 400 K in 1 · 10−8 mbar tetramethyl-Cot on Gr/Ir(111). The STM data have been recorded
at 20 K. Tunneling parameters are (a) Ubias = −1.4 V and It = 98 pA, (b) Ubias = −1.9 V and
It = 0.1Y nA and (c) Ubias = −2.1 V and It = 55 pA (inset: superimposed with derivative for better
visibility).

The growth temperature dependence was investigated in Figure 6.6, where the substrate tem-
perature during synthesis was varied from 300−400 K. As shown in Figure 6.6a, the synthesis at
300 K results in the formation of disordered islands of first and second layer Eu-tetramethyl-Cot
wires. This appearance reminds of the two-step synthesis of EuCot wires at low temperature
described in the supporting information of ref. [32]. A reasonable explanation for this behavior
is the lower mobility of the pure tetramethyl-Cot molecule, which has a significantly higher ad-
sorption energy compared to Cot (compare the thermal desorption spectra of Cot in Figure A.3
and tetramethyl-Cot in Figure A.5 of the scientific appendix). By elevating the growth temper-
ature to 350 K, highly ordered wire islands are formed shown in Figure 6.6b, as discussed in the
previous paragraph. This can be explained by the increased mobility during growth, such that
the wires can easily move and re-arrange. It also means that the aligned phase is most likely
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energetically favorable. As shown in Figure 6.6c, increasing the growth temperature further to
400 K yields highly ordered islands. Additionally, the formation of a second phase on top of the
first layer wire islands is observed. A closer look to the molecular resolution topograph in the
inset of Figure 6.6c reveals that the second phase appears to consist of sandwich-molecular wires
with perpendicular orientation with respect to the first layer. The periodicities of the second
wire phase are consistent with EuCot wires, which are embedded onto the Eu-tetramethyl-
Cot wire film. A plausible explanation could be the partial decomposition of tetramethyl-Cot
molecules at the elevated temperature in form of methyl group dissociation. The dissociation of
four of methyl groups from tetramethyl-Cot results in a Cot ring, which combined with Eu could
form the EuCot wires observed on top of the fist layer islands. Additionally, the dissociation
of tetramethyl-Cot could explain the pairs of protrusions described above. If a dissociated (or
partly dissociated with 1 − 3 methyl groups missing) molecule is bound within a wire, it would
have a distinct imaging contrast. As explained in ref. [32], using STM the electrons tunnel
into the π molecular orbitals which have their nodal point in the molecular plane. The orbitals
extend from the nodal point into both directions and would therefore be imaged twice.

Next, the origin of the observed modulation observed in Figure 6.5b needs to be addressed.
First, it should be noted that the apparent height modulation is consistent with methyl–carbon
bond lengths of ≈ 1.5 Å [122], meaning how far the methyl groups stick out from the Cot
ring. Therefore, it is plausible that the high/low points along the wires correspond to different
rotations of the molecules around the wire axis. In the following, two possible scenarios are
described:

(i) At the imaging temperature of 20 K the molecular rotations are frozen and neighboring
molecules cannot rotate with respect to each other due to the methyl groups. Therefore, neigh-
boring molecules cannot have the same orientation because the methyl groups would collide. By
cooling down the system to 20 K the observed pattern freezes out.

(ii) Neighboring methyl groups do not block each other, but can still rotate close to freely at
20 K. Then it is conceivable, that at some locations the tetramethyl-Cot molecules bind down to
the substrate where a certain rotation leads to an increased physisorption, possibly at defects.
In between these fixed positions, the molecular chains can rotate and behave like strained wires
of a violin, with the highest oscillation amplitude in the center between two fixed points. The
STM would then image the average of all rotations, and the average height decreases towards
the fixed points visible as dark depressions.
Given the obtained data, it cannot be clearly determined whether (i) or (ii) is more plausi-
ble. However, the rather large inter-wire distance of 10 Å makes it implausible that methyl
groups of adjacent wires substantially impede each other’s rotations. This is also consistent
with the observation, that no strict interlocking behavior is visible between the wires. Further
temperature-dependent experiments could help to distinguish between those two possibilities.
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Chapter 6 Reactant and substrate variation in on-surface synthesis

6.0.5 Terbium-tetramethyl-cyclooctatetraene wires on graphene/Ir(111)

(a) (b)

(c)

Figure 6.7: (a) STM topograph (1340×1340 Å2) of a Tb-tetramethyl-Cot structures coexisting with
Tb clusters. (b) STM topograph (130 × 300 Å2) of a wire-like structure, the corresponding height
profile is indicated by the blue and cyan line. (c) Molecular-resolution STM topograph (33×100 Å2)
of a wire-like structure overlaid with an atomic model. Synthesis recipe: deposition of 0.1 ML Tb in
1 · 10−8 mbar tetramethyl-Cot on Gr/Ir(111) at 400 K. The STM data have been recorded at 20 K.
Tunneling parameters are (a) Ubias = −2.5 V and It = 8 pA, (b)/(c) Ubias = −2.5 V and It = 17 pA.

In the following, the tetramethyl-Cot molecule introduced in the previous section is combined
with the rare-earth metal Tb during the on-surface synthesis on Gr/Ir(111). In contrast to
Eu and Yb, Tb prefers a 3+ oxidation state [98] and is therefore chemically more similar to
Tm. While TmCot wires could only be produced on n-doped Gr, the more electronegative
tetramethyl-Cot molecule could possibly facilitate the growth of wires containing metal atoms
with a preferred 3+ oxidation state.

Figure 6.7a presents an STM topograph after deposition of elemental Tb on Gr/Ir(111) in a
background pressure of 1 · 10−8 mbar tetramethyl-Cot at 400 K. As visible in the topograph,
essentially no elongated islands are observed. Instead, most of the surface consists of broad
protrusions surrounded by clean Gr. The topograph provided in Figure 6.7b reveals an apparent
height of the protrusion well over the expected wire height of ≈ 6 Å (cyan line profile) and
consistent with a Tb metal cluster. No internal structure can be detected. In contrast to that,
the elongated feature shows the expected structure of sandwich-molecular wires. The structure
appears to consist of three parallel wires with a typical intra-wire periodicity of 4 − 5 Å. The
measured apparent height of ≈ Å (cyan line profile) is similar to that of other sandwich-molecular
wires on Gr/Ir(111), from which we can conclude these shapes to be short Tb–tetramethyl-Cot
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wires. In the further magnified view in Figure 6.7c the proposed sandwich-molecular structure
is indicated by the overlaid atomic model.

6.0.6 Europium-cyclooctatetraene wires on polar europium oxide on Ir(111)

Finally, the synthesis of EuCot sandwich-molecular wires on a metal-oxide surface is investigated.
Here, epitaxial polar europium oxide on Ir(111) is used as a substrate [123]. The on-surface
synthesis under typical growth conditions, i.e. deposition of elemental Eu in a background
pressure of 1 · 10−8 mbar Cot at 300 K yields the formation of disordered EuCot wire islands as
visible in Figure 6.8a. The islands are less ordered compared to the synthesis on Gr/Ir(111) [32].
The topograph in Figure 6.8b shows that the islands consist of only a few parallelly aligned wires.
The observed apparent height of (6.1 ± 0.2) Å, in good agreement with the expected apparent
height on Gr/Ir(111). The inset of Figure 6.8b shows that the structure in the second layer
are consistent with second layer wires, which appear as bright protrusions in Figure 6.8a. The
molecular structure is visible in the high-resolution topograph in Figure 6.8c. The defect density
within the wires is low, but at the island edges several fringes of small wire segments are visible,
which are absent for EuCot/Gr/Ir(111).

(a)
7.5nm

6

(b)

(c)

Figure 6.8: EuCot wire islands on polar EuO/Ir(111). (a) STM topograph (1000 × 100 Å2) of a
disordered network of EuCot wire island. The bright intensities are consistent with second layer
wires. (b) STM topograph (350 × 350 Å2) of EuCot wires. The wires form small islands and the
corresponding height profile is consistent with the EuCot wire height on Gr/Ir(111). (C) STM
topograph (55×100 Å2) of parallelly aligned EuCot wires in single island. Synthesis recipe: deposition
of 0.1 ML Eu in 1 · 10−8 mbar Cot on polar EuO/Ir(111) at 300 K. The STM data have been recorded
at 300 K. Tunneling parameters are (a) Ubias = −2.0 V and It = 0.2 nA, (b) Ubias = −2.3 V and
It = 18 pA and (c) Ubias = −2.5 V and It = 39 pA (superimposed with derivative for better visibility).
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Chapter 6 Reactant and substrate variation in on-surface synthesis

Discussion

Through the synthesis of BaCot wires it is demonstrated that the on-surface synthesis of
sandwich-molecular wires using Cot is not limited to metal reactants from the lanthanide series,
but represents a generalized growth scheme applicable to elements which can assume a 2+ oxi-
dation state within the wire. This finding is in agreement with previous gas phase experiments,
in which several different metal atoms — such as Eu, Yb, Tm, Tb and Ba — were successfully
synthesized [83,119].

The slightly larger lattice parameters of BaCot wires compared to EuCot can be explained
by the larger ionic radius of Ba, which can also explain the absence of distinct bending angles
observed for EuCot [32]. With an increasing bending angle, the resulting wire deformation
energy is increased. Therefore it is plausible, that for BaCot the energy penalty of bending is high
enough to prevent the formation of bending wires at the given growth conditions. The fringe-
like decoration of the BaCot island edges with small wire fragments indicates that the binding
energy within BaCot wires is lower compared to EuCot, which in turn allows the formation of
small fragments due to the lower energy penalty of wire termination.

Further, the on-surface synthesis of YbCot wires has confirmed the favored Yb 2+ oxidation
state which has previously been reported in gas phase experiments [8]. The inter- and intra-wire
periodicities of YbCot wires on Gr/Ir(111) found to be smaller than for EuCot. This can be
explained by the lower ionic radius of Yb. The small periodicities lead to even more elongated
and linearly growing wire islands compared to EuCot. Due to the preferred linear growth the
islands appear to grow into each other during synthesis, thus forming a connected network of
wires with no isolated islands present. The observed bending angles agree with the expected 33°
calculated from the bending angle formula introduced in ref. [32], but appear to be less favorable
compared to EuCot.

The synthesis of bi-metallic sandwich-molecular wires is demonstrated using the lanthanides
Eu and Yb combined with Cot. Using this synthesis, the formation of homogeneous EuYbCot
islands was observed on Gr/Ir(111). It was not possible to distinguish between Eu and Yb within
the wires, which consist of continuous wires. Possible strain within the wire islands was observed
at positions of ill-defined bending angles. It is plausible that strain is caused within the islands
by the slightly different lattice parameters of EuCot and YbCot wires. Although the distribution
of Eu and Yb within the wires is unclear, it is demonstrated that the on-surface synthesis of
bi-metallic wires is generally possible. Several theoretical studies have predicted bi-metallic
sandwich-molecules wires to be half-metallic using Bz and Cp molecules [17, 26, 48, 91]. It is
plausible, that also the electronic and magnetic properties of metal–Cot wires can be strongly
influenced through bi-metallic synthesis.

By introducing the synthesis of Eu-tetramethyl-Cot wires it is shown, that also modified
cyclic molecules are feasible for the growth of sandwich-molecular wires. This result is a proof of
concept and paves the way for studies with other potentially more complex molecules. Examples
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for such studies have been proposed theoretically, e.g. with Cot modifications. [29], modified Bz
rings [22] or other proposed molecules [124]. The weak interaction of the Eu-tetramethyl-Cot
wire islands with the substrate indicates that the attached methyl groups isolate the wires from
the substrate. In this sense the methyl groups could be viewed as stilts, somewhat lifting the
wires from the substrate. This strategy could be used to maintain an unperturbed intra-wire
coupling, which might otherwise be disturbed on more strongly interacting substrates.

The successful growth of small fragments of Tb-tetramethyl-Cot wires on on Gr/Ir(111) is
a promising finding in itself. In contrast, wire growth could not be achieved for the chemi-
cally similar Tm with the Cot molecule. Therefore, the synthesis of Tb–tetramethyl-Cot frag-
ments suggests that also other lanthanide elements preferring 3+ oxidation can be formed using
tetramethyl-Cot. The fact that only small fragments are formed while at the same time Tb clus-
ters are present at the surface can be rationalized by the high cohesive energy of Tb compared
to Tm [125]. The use of 4f elements with lower cohesive energy might result in longer wires in
the absence of clusters.

Finally, the growth of EuCot wires on the epitaxial Eu oxide on Ir(111) has demonstrated, that
the on-surface synthesis of sandwich-molecular wires is not limited to Gr substrates, but can be
expanded to metal oxide surfaces. The observed wire islands are disordered, which is typically
a sign of low mobility during the chemical on-surface reactions. Therefore it is plausible, that
increasing the growth temperature can lead to well-ordered wire islands. Even a uniaxial wire
alignment is conceivable, if a two-fold symmetric oxide surface is used. Since the charge transfer
from/to oxide layers is typically significantly weaker compared to Gr, this type of synthesis is
expected to result in even more isolated sandwich-molecular wires.
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CHAPTER 7

Discussion

S.K. conducted the experiment of naphthalene adsorption on Gr/Ir(110) shown in this chapter, un-
der the guidance of T.M. S.K. and K.B. conducted the Ba–Dibenzo-Cot experiment on Gr/Ir(111)
shown in this chapter, under the guidance of T.M. The DFT calculations were conducted by S.T.
and N.A.

In this chapter, the main lessons learned from the experimental results will be discussed. This
concerns the problem of irradiation damage of organometallic systems and the conditions for
successful on-surface synthesis of sandwich-molecular wires, with respect to the substrate and
chemical reactants. Finally, the magnetic properties of the investigated systems are discussed,
along with possible ways to modify these properties.

7.1 Irradiation damage

Investigating sandwich-molecular wires with irradiating techniques has shown, that the effects
of irradiation damage need to be carefully considered. In ref. [126] the problem of irradiation
damage has already been described in the context of photoelectron spectroscopy of organic
systems. In the context of this thesis irradiation damage of both EuCot and TmCot sandwich-
molecular wires were observed, which will be discussed in the following.

When EuCot wires are exposed to low-energy electrons (20 − 100 eV) of a conventional LEED
setup, the observed rings described in ref. [84] fade away on a time scale of 60 s. This implies that
the structural integrity of the wires is immediately damaged by electron irradiation, most likely
through the decomposition of the organic molecules. With typical sample currents of 100 nA
and an electron beam diameter of a few mm, the approximate electron flux is given by 1 e−

nm2s ,
which means EuCot sandwich-molecular wires are decomposed after the exposure to ≈ 60 e−

nm2 .
This rapid decomposition can be avoided by the use of a microchannelplate-LEED setup, which
uses typical beam currents of 10 − 100 pA, thereby increasing the time to full decomposition by
three to four orders of magnitude.

The effect of irradiation damage through high-energy (1000 − 1250 eV) photons (ph) in XAS
and XMCD measurements of EuCot wires has been described in the supporting information
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Figure 7.1: (a) Average XAS at the Eu M5 edge of EuCot wires on Gr/Ir(111) before and after
irradiation damage, from the supporting information of ref. [84]. The irradiation damage induces
changes in the fine structure. (b) Magnetization curves of EuCot wires on Gr/Ir(111) before (red)
and after (green) irradiation damage from ref. [84] (T = 5 K and measured at grazing incidence).
The irradiation damage causes the observed hysteresis loop to close. (c) Superimposed angle-resolved
photo emission spectrum along X − Γ − N for a 1 ML (left)/4 ML (right) EuCot film recorded at a
photon energy of 110 eV (left)/110 eV (right). Left: The photon beam is not moved over the sample
and the integrated photon dose at the measurement location is ≈ 1.2 · 107 ph

nm2 . The apparent
irradiation damage causes the observed flat band to shift down by 0.4 eV with respect to the Fermi
level.(d) STM topograph (500 × 500 Å2) of a 1 ML thick EuCot wire carpet after a photon dose of
≈ 6 · 103 ph

nm2 in each sample location. Tunneling parameters are Ubias = −2.12 V and It = 0.14 nA.
(a)–(b) Adapted with permission from ref. [84] © 2019 ACS.

of ref. [84]. In Figure 7.1a the Eu M5 egde of EuCot wires is shown where the black curve
corresponds to the measurement directly after synthesis. Prolonged exposure leads to small
changes in the M5 fine structure, such that the minimum between the main peak and the right
shoulder moves up (see red curve). Although the fine structure is changed, the M5,4 edges are
still of characteristic 4f7 shape, meaning the Eu stays in its dianionic state (Eu2+). Severe
changes are observed in the recorded magnetization curve of the wires, shown in Figure 7.1b.
While the undamaged sample exhibits a clear hysteresis (red curve) which is attributed to the
intra-wire coupling of Eu, irradiation damage leads to the closing of the magnetization curve
(green curve). This observation is consistent with the assumption that the wires are decomposed
through the irradiation, since only the intact wires are expected to couple ferromagnetically. It
remains unclear whether the decomposition is mainly caused directly through the high-energy
photons, or through the exposure to secondary electrons. LEED measurements have shown
that even low-energy electrons cause damage to the wire film, which makes both assumptions
plausible. In order to minimize the effects of irradiation damage, the photon flux should be
reduced as much as much as possible above the acceptable noise level. Additionally, the photon
beam should be defocussed over a larger fraction of the irradiated sample, which is possible
at most XAS beamlines. For the XAS measurements presented in chapter 4 and acquired at
the Swiss Light Source in Villigen (Switzerland) the photon beam was defocussed to an area of
0.3×2.5 mm2 on the sample while using a photon flux of 3 · 10−3 ph

nm2s . No significant irradiation
damage was observed over a time span of the order of one hour. This means an acceptable high-
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7.1 Irradiation damage

energy photon exposure beyond which irradiation damage becomes relevant for EuCot wires is
roughly 10 ph

nm2 .
Similarly, for the ARPES measurements presented in the manuscript of chapter 4 strong

effects of irradiation damage through low-energy (70 − 110 eV) photons were observed. As can
be seen in Figure 7.1c, on the undamaged EuCot wires sample a flat band at −1.85 eV was
observed, which quickly shifts down to −2.25 eV under photon exposure for both mono- and
multilayer samples. It was found, that by scanning the photon beam over the sample during
the measurements, severe irradiation damage can be avoided and ARPES measurements of the
intact wires can be acquired (compare left side of Figure 7.1c). During the measurements, a
photon flux of 3 · 102 ph

nm2s was used, and the integration time at each position during scanning
was 20 s. To investigate the irradiation effects on EuCot with STM, the whole sample was
intentionally irradiated using the scan mode prior to STM imaging. The corresponding STM
topograph is shown in Figure 7.1d. Directly after the successful in situ synthesis, EuCot wires
are of high quality and low defect density. After the exposure to 6 · 103 ph

nm2 , the appearance
of dark spots and bright protrusions in the film is observed. According to earlier analysis, the
former are most likely holes in the wires, while the latter are identified as Eu clusters. As already
discussed in the manuscript, the Cot molecules decompose under irradiation and it is plausible
that the exposed Eu partly intercalates and forms clusters, causing the flat band to broaden and
shift down. Although the wire film in Figure 7.1d is visibly damaged, in many areas the wires
are still intact. Therefore, the exposure to 6 · 103 ph

nm2 of low-energy photons is a reasonable
limit, below which measurements of the intact organometallic film are acquired. In analogy
to the XAS irradiation damage, both photons and electrons are expected to contribute to the
molecule decomposition.

Similar to EuCot wires on Gr, also TmCot wires described in the manuscript of chapter 5
are prone to irradiation damage under measuring conditions. Under the irradiation of low-
energy electrons in a conventional LEED setup, TmCot wires are quickly damaged and the
corresponding rings in the LEED pattern fade away within approximately one minute, similar
to EuCot. Here, the same strategy of using a microchannelplate-LEED setup is applicable to
reduce irradiation damage.

XAS and XMCD measurements of TmCot wires on Gr/Eu/Ir(111) were conducted at the end-
station VEGMAK of the Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung
in Berlin, Germany. Photon energies of 1440 − 1520 eV were used with a lower photon flux com-
pared to the measurements at the Swiss Light Source. The synthesis recipe of a sample similar
to the one in Figure 7.2a was used, i.e. a sample of medium sized wire islands such that the
formation of metallic Tm clusters during synthesis can be excluded. The MCP-LEED pattern
of the in situ synthesized TmCot wires is shown in Figure 7.2b. The visible Eu (

√
3 ×

√
3)R30°

intercalation reflections are encircled in black. Furthermore, a ring around the (0,0) reflection
appears, indicated by a black arrow. The emergence of this ring proves the successful synthesis
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Figure 7.2: (a) STM topograph (350 × 350 Å2) of TmCot wire islands on Gr/Eu/Ir(111) after Tm
deposition (0.08 ML/min) in 4 · 10−9 mbar Cot for 1.5 min at 300 K. STM data recorded at T = 20 K.
(b) MCP-LEED pattern of TmCot wire sample similar to (a) and corresponding to the data in
(c). LEED pattern taken after the in situ synthesis and before transfer to the XAS measurement
chamber. The ring indicated by the black arrow proves that TmCot wires have successfully been
synthesized. The Eu (

√
3 ×

√
3)R30° reflections are encircled black. (c) Experimentally measured

XAS and XMCD signals at the M5 edge for normal (0 °) and grazing incidence (60 °) of the X-ray
beam. For both angles of incidence a main peak with two surrounding shoulders is observed. The
comparison to multiplet calculations of the XAS and XMCD for Tm in 4f12 (d) and 4f13 (e) electronic
configuration unambiguously shows that in the experiment a clear 4f12 configuration is measured.
The XAS/XMCD experiments and calculations were performed at T = 3 K and at a B field of 6.8 T.

of TmCot wires at the endstation. After the in situ synthesis the sample was directly transferred
to the measurement setup and the resulting XAS and XMCD data of the M5 peak for normal
(0°) and grazing (60°) incidence of the X-ray beam with respect to the surface normal are shown
in Figure 7.2c. The fine structure varies only slightly between both angles of incidence and are
unambiguously assigned to a 4f12 electronic configuration, by comparing to multiplet calcula-
tions of 4f12 (compare Figure 7.2d) and 4f13 (compare Figure 7.2e). The characteristic shape
of the Tm M5 edge for 4f12 is the observed main peak, with a large shoulder to the left and
weaker shoulder to the right [127,128]. The measured 4f12 occupancy is completely inconsistent
with the formation of TmCot wires, both from an ionic binding picture and with respect to our
ab initio calculations. Neutral Tm has an electronic configuration of [Xe]4f136s2, and within
a wire both 6s electrons move towards the molecules, leading to a Tm2+–Cot2− ionic binding
motif. Within this binding motif, there is simply no possibility for further charge transfer of any
electrons, leaving a Tm 4f13 configuration as the only possible state. Although Tm atoms at the
wire terminals are in a 4f12 state (discussed in the manuscript of chapter 5), the observed ring
in LEED implies the synthesis of extended wire islands, such that the corresponding spectrum
should be dominated by the central Tm atoms. Combined with the fact, that the ring in LEED
has vanished after the XAS measurements, we conclude that the synthesized wires were decom-
posed before or during the XAS measurements. For EuCot wires, X-ray irradiation damage
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7.2 On-surface synthesis

induces changes in the M5 fine structure over the time scale of hours. In contrast, these types
of changes were not found for irradiated TmCot wires. Indeed, the first spectrum, the second
spectrum (acquired ≈ 1 min later), and the last measured spectrum (after hours of irradiation)
show no changes in the M5 fine structure. This can be interpreted in two ways: (i) the wires are
decomposed by the irradiation damage within a time span of < 1 min, such that during the first
spectrum they are completely decomposed, thus no changes can be observed afterwards. (ii) The
wires were already decomposed during the transfer process, which takes about 30 min. In the
transfer chamber, the wires were exposed to ≈ 1 × 10−7 mbar background pressure containing
water, since the chamber was not baked out. The adsorption of H2O on the wires could induce
oxidation and thus a decomposition of the molecular structure.

Both possibilities (i) and (ii) or the combination of both seem plausible, when considering the
differences between EuCot and TmCot wires: EuCot wires form carpets of closed and mostly
single-domain islands with low defect density, and the Eu atoms are in their preferred dianionic
state. Within these closed carpets, the Eu atoms are well isolated from the environment through
the encapsulation by Cot molecules. In contrast, within the TmCot wires, the Tm atoms are
not in their preferred oxidation state of 3+, and the formation is only possible through substrate
doping and precise tuning of growth conditions. The resulting islands have mostly disordered
edges and consist of many domains visible in Figure 7.2a. Therefore, TmCot wire islands have
significantly more nucleation points for oxygen etching and the resulting decomposition. In
conclusion, it is simply not possible to investigate TmCot wires using X-ray techniques without
significant decomposition.

To the contrary, the other observed TmCot phases — i.e. dots and coffee beans – are the
preferred configurations on Gr/Ir(111). Therefore, it is plausible that for both of these cases
irradiation damage is significantly weaker and comparable to EuCot wires, justifying the validity
of the measured spectra.

7.2 On-surface synthesis

Naphthalene: In the manuscript of chapter 3, the orienting effect of the two-fold-symmetric
Gr/Ir(110) was demonstrated through the uniaxial alignment of EuCot sandwich-molecular
wires. Moreover, ab initio calculations were presented for the adsorption of the small anisotropic
naphthalene molecule on Gr/Ir(110). Several local minima were found for the site-dependent ad-
sorption energy, with the lowest energy state adsorbed to the trough position, where the highest
amount of charge is transferred to the Gr. This finding is consistent with naphthalene adsorption
experiments on Gr/Ir(111) [116], in which a higher adsorption energy was reported on n-doped
Gr. Also, the calculations show that the preferred orientation of the molecules is with the long
axis along the [001] direction of the substrate, i.e. a uniaxial alignment effect is expected. In
contrast, the naphthalene molecules on Gr/Ir(111) were found to form randomly-oriented 2D
carpets [116].
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In Figure 7.3 the results of initial naphthalene adsorption experiments on Gr/Ir(110) are
presented. Figure 7.3a shows a close-to-monolayer film of adsorbed naphthalene molecules on
Gr/Ir(110), which was achieved through deposition of a few multilayers at 40 K and a subse-
quent temperature-programmed desorption step above the multilayer desorption temperature.
A strong templating effect on the film is observed, in which the molecules order in rows along
the [001] direction. The characteristic 10 Å stripe pattern along [11̄0] is indicated by blue lines
in Figure 7.3b, which are aligned to the missing rows in the film. The missing rows are pre-
sumably the crests, where the molecules have the highest binding energy. Most molecules form
close-packed rows, presumably through van der Waals interactions. Single molecules in troughs
where the neighboring crests are empty appear elongated in [001] direction, consistent with
the ab initio calculations. In the corresponding LEED pattern in Figure 7.3c most substrate
reflections are suppressed by the molecular film, but the reflections corresponding to the 10 Å
periodicity are very pronounced and encircled in black. The additional reflections encircled in
blue are caused by the molecular film and correspond to a 6.5 Å periodicity, consistent with the
close-packed row distance observed in STM.

Summarizing, a strong templating effect on the close-to-monolayer film is observed in STM
and LEED, and it is plausible that for low coverages a uniaxial alignment is imposed onto the
molecules with the long axis oriented along the [001] direction. Due to the weak physisorption
of the molecular film to Gr, further investigations at a low-temperature STM setup would be
beneficial.

(a) (b) (c) 24eV

Figure 7.3: (a) STM topograph (250 × 250 Å2) of C10H8 adsorbed at 100 K to Gr/Ir(110). (b)
Topograph shown in (a) in which the 10 Å: moiré periodicity of Gr/Ir(110) is highlighted by blue
lines. (c) Contrast-inverted LEED pattern (24 eV) corresponding to (a), the 10 Å moiré reflections are
encircled in black. Two additional reflections originating from the adsorbed naphthalene molecules
are encircled in blue and correspond to a periodicity of ≈ 6.5 Å. STM and LEED data were recorded
at 40 K. Tunneling parameters are Ubias = −2.4 V and It = 0.9 nA.

TmCot: In the manuscript of chapter 5 the formation of TmCot wires on n-doped Gr/Ir(111)
was reported. It was found that the average wire length depends on the ratio of Tm to Cot
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7.2 On-surface synthesis

during the on-surface synthesis. Figure 7.4 shows a sequence of TmCot syntheses for varying
flux ratios. In the following, the ratio will be discussed in terms of Cot molecules available
during synthesis per Tm atom, i.e. the ratio will be given as Cot/Tm. The Tm deposition rate
is already known from the calibration, and the Cot flux was calculated using the Hertz-Knudsen
formula (7.1) as the number N of incoming Cot molecules per time t and surface area A:

N

A · t
= pNA√

2πMRT
(7.1)

with p =̂ local Cot pressure, NA = 6.022 · 1023 mol−1 =̂ Avogadro constant, M = 104.15 =̂
molar mass of Cot, R = 8.314 JK−1mol−1 =̂ universal gas constant and T = 300 K =̂ temperature
of Cot gas. In Figure 7.4a/b/d/e the local pressure p corresponds to the background pressure
of Cot, and in Figure 7.4c/f — where Cot was supplied through a gas dosing tube — the
local pressure p was calculated by multiplying the Cot background pressure with the pressure
enhancement factor of ≈ 20.

Going from left to right in Figure 7.4a–f, the flux dependence can be easily explained: In
Figure 7.4a the flux ratio was Cot/Tm < 1, meaning on average less than one molecule is
available per Tm atom during synthesis. Therefore, the Tm atoms form Tm–Tm bonds due to
the lack of molecules and the formation of metal clusters is observed. The corresponding LEED
pattern shows the substrate reflections [intercalated Eu (

√
3 ×

√
3)R30°] and no additional Tm

or TmCot reflections. With the stoichiometric ratio Cot/Tm≈ 4 represented in Figure 7.4b,
enough molecules are available during synthesis for the formation of wires, but still not enough
to fully suppress the formation of Tm clusters, which are visible as bright intensities on top of
the wire islands. The formation of randomly oriented wire domains results in a ring observed in
the corresponding LEED pattern. Further increasing the ratio to values of Cot/Tm ≈ 6 − 7 as
shown in Figure 7.4c/d leads the formation of extended wire domains with some second layer
wire coverage. Due to the larger domains, the rings in LEED are very pronounced. If the ratio
is further increased to Cot/Tm ≈ 37 in Figure 7.4e the wire domain sizes start to shrink due to
the high surplus of Cot molecules, until for ratios of Cot/Tm ≈ 60 represented in Figure 7.4f
mostly small wire fragments are formed and the ring in LEED has consequently vanished. This
means that there is only a small window of ratios, Cot/Tm ≈ 6 − 37, in which extended wire
domains can be successfully synthesized (Figure 7.4c–e). Below that window – Cot/Tm < 6 Tm
– clusters are formed due to the low Cot flux (Figure 7.4a/b) and above that window only small
wire fragments are formed (Figure 7.4f).

It is plausible, that this window of successful wire synthesis also holds true also for other rare-
earth metals preferring a 3+ oxidation state, and the size of that window presumably depends
on the cohesive energy of the used element. If the cohesive energy is high, the metal–metal bond
becomes more favorable compared to the binding within wires. Therefore, if the cohesive energy
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(a) (b) (c) (d) (e) (f)

Cot/Tm<1 Cot/Tm≈4 Cot/Tm≈7Cot/Tm≈6 Cot/Tm≈37 Cot/Tm≈60

Figure 7.4: (a)–(f) Contrast-inverted LEED patterns and corresponding STM topographs
(350 × 350 Å2) after TmCot synthesis on Gr/Eu/Ir(111) with Tm deposition rate 0.08 ML/min
[(a)–(e)]/0.008 ML/min [(f)] in local Cot pressure of (a) 1 · 10−8 mbar, (b) 5 · 10−8 mbar, (c)
8 · 10−8 mbar, (d) 1 · 10−7 mbar, (e) 5 · 10−7 mbar, (f) 8 · 10−8 mbar. The given Cot/Tm flux
ratios were calculated using the Hertz-Knudsen formula. For Cot/Tm<1 metal clusters are formed
and no ring in LEED is observed. For Cot/Tm≈ 1 wires and clusters coexist, a ring in LEED ap-
pears. For 3<Cot/Tm<19 extended wire islands are formed and a clear ring is visible in LEED. For
Cot/TmCot/Tm≈ 30 small wire fragments are formed and the ring in LEED has disappeared. The
visible LEED reflections correspond to the

√
3 ×

√
3R30° Eu intercalation structure. LEED ener-

gies: (a) 40 eV, MCP-LEED, (b) 40 eV, MCP-LEED, (c) 44 eV, conventional LEED, (d) 40 eV, MCP-
LEED, (e) 40 eV, MCP-LEED, (f) 60 eV, conventional LEED. All STM and LEED data were acquired
at T = 20 K. Tunneling parameters are (a) Ubias = −1.7 V and It = 9 pA, (b) Ubias = −2.0 V and
It = 10 pA, (c) Ubias = −1.7 V and It = 47 nA, (d) Ubias = −2.0 V and It = 9 pA, (e) Ubias = −2.0 V
and It = 11 pA, (f) Ubias = −1.8 V and It = 11 nA.

is to high, the phase-pure formation of large wire domains might not be possible. For avoiding
metal clusters high molecule/metal ratios are needed, which in turn lead to the formation of
small wire fragments. The limit with respect to the cohesive energy is unclear, but several
rare-earth metals have a have a cohesive energy similar to Tm [125]. These elements could be
promising candidates for the on-surface synthesis.

Tetramethyl-Cot: The use of the molecule tetramethyl-Cot for the on-surface synthesis of
organometallic wires has shown, that their successful growth is not limited to Cot molecules
(compare chapter 6). The Eu–tetramethyl-Cot wires appear to be more isolated from the sub-
strate due to the methyl groups. Furthermore, the synthesis of small Tb-tetramethyl-Cot wire
fragments was demonstrated on undoped Gr/Ir(111). This is presumably not possible using
the simple Cot molecule — in analogy to TmCot wires described in chapter 5. The calculated
flux ratio of the Eu–tetramethyl-Cot experiment in chapter 6 is tetramethyl-Cot/Tb ≈ 23. For
TmCot this ratio is well within the window of a successful synthesis. The already discussed
argument regarding the cohesive energy can explain the fact, that mostly clusters are formed.
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7.2 On-surface synthesis

While Tm has a cohesive energy of ≈ 2.5 eV [129], the cohesive energy of Tb is significantly
larger with a value of ≈ 4.0 eV [129], thus favoring the formation of Tb–Tb bonds.

new

(a) (c)(b)

1 year old a�er pumping

Figure 7.5: Liquid tetramethyl-Cot in glas vial: (a) Shortly after purchase (and synthesis), the
liquid appears transparent and light yellow. (b) vial refilled with tetramethyl-Cot which was stored
at ≈ −30 °C for one year, the liquid has separated in two phases. (c) After pumping the vial for few
minutes, the upper liquid phase has disappeared.

Regarding the use of tetramethyl-Cot it should be mentioned, that during the time span of ≈
one year, the molecules have significantly decomposed. As a consequence, the successful synthesis
of Eu–tetramethyl-Cot wires could not no longer be achieved after one year. Tetramethyl-Cot is
liquid at room temperature and solidifies when stored in a common freezer. Figure 7.5a shows
the liquid filled into a glas vial directly after purchase. As apparent from the photograph, the
liquid appears transparent and light yellow. After storing the molecules for one year in the freezer
and refilling the vial, the liquid has separated into two phases visible in Figure 7.5b. This could
be explained by the dissociation of methyl groups from tetramethyl-Cot, leaving a mixture of
tetramethyl-Cot, Cot and other fragments. This assumption seems plausible when considering
that in the Eu–tetramethyl-Cot experiments in chapter 6 the molecules also appear to decompose
at a synthesis temperature of 400 K. Pumping on the two-phase liquid results in a single phase
again (compare Figure 7.5c). However, synthesis with this liquid was not clean either. The
acquired mass spectra corresponding to Figure 7.5a/c are shown in Figure A.5a of the scientific
appendix and support the finding of decomposition. While in the blue spectrum (directly after
purchase) the tetramethyl-Cot mass (160 amu) is well visible together with fragments thereof,
both are no more visible after one year of storage, even at a ten times higher provided gas
pressure. In conclusion, tetramethyl-Cot can only be used for a short timespan after its synthesis
by the manufacturer, before significant decomposition occurs, even when storing at temperatures
of ≈ −40 °C.

Dibenzo-Cot: During the course of this thesis, the use of the Cot derivative Dibenzo-Cot
(compare Figure 7.6) was tested in on-surface synthesis combined with the alkaline-metal Ba on
Gr/Ir(111). The topograph of Figure 7.7a shows Ba–Dibenzo-Cot organometallic compounds
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Figure 7.6: Structural formula of Dibenzo-Cot (C16H12). Two benzene rings are attached to the
Cot molecule symmetrically.

after on-surface synthesis on Gr/Ir(111) at 300 K under excess pressure of Dibenzo-Cot. The
compounds form a disordered network, and the molecular resolution topograph in Figure 7.7b
shows wire-like complexes forming disordered islands. Also the average height of ≈ 5 Å visible in
the corresponding height profile is consistent with the formation of small wire fragments. A plau-
sible explanation for the disordered behavior is the more complex geometry of the Dibenzo-Cot
molecule. Dibenzo-Cot is only of two-fold symmetry, while Cot is of eight-fold and tetramethyl-
Cot still of four-fold symmetry. The benzene rings of two neighboring Dibenzo-Cot molecules
within a wire are likely to attract each other through physisorption. A significant attraction
could lead to bending of the Ba–Dibenzo-Cot wires. It is plausible, that this bending would occur
randomly to both directions along a are. Thereby, the disordered network could be explained.

In conclusion, Dibenzo-Cot is not a good candidate for the on-surface synthesis of ordered and
high-quality films of sandwich-molecular wires.

(a)(a) (a)(b)

Figure 7.7: Ba–di-benzo-Cot organometallic structures on Gr/Ir(111): (a) STM topograph (400 ×
400 Å2) of disordered structures are visible. (b) STM topograph (120 × 200 Å2) with organometallic
structures which appear like disordered short wire fragments. The corresponding height profile
reveals an apparent height of ≈ 5 Å which is consistent with the growth of sandwich-molecular
fragments of upright standing molecules, with the long axis parallel to the surface. Synthesis recipe:
deposition of 0.1 ML Ba in 2×10−10 mbar di-benzo-Cot on Gr/Ir(111) at T = 300 K. STM topographs
were recorded at T = 20 K. Tunnelling parameters are (a) Ubias = −2.2 V and It = 43 pA and (b)
Ubias = −1.1 V and It = 16 pA (both superimposed with their derivatives for better visibility).
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7.3 Magnetic ordering

7.3 Magnetic ordering

In the manuscript of chapter 4 the magnetic behavior of EuCot wires on Gr/Ir(110) was investi-
gated and compared to EuCot wires on Gr/Ir(111). As discussed in ref. [84], a ML of EuCot on
Gr/Ir(111) was reported to be ferromagnetic with a magnetic hysteresis below 7 K. Surprisingly,
on the two-fold symmetric substrate Gr/Ir(110) the magnetic hysteresis of EuCot has vanished
even at 3 K. In the manuscript it was speculated, that the charge transfer to Gr in the trough
locations could be the reason for the suppression of the hysteresis. This explanation is consistent
with the finding, that also on the n-doped (Yb intercalated) Gr/Ir(111) the magnetic hysteresis
is suppressed (compare supporting information of chapter 4). These speculations are solidified
with ab initio calculations presented in Figure 7.8. Therein, the effects of doping of the Cot ring
on the magnetic coupling were studied. Due to computational constraints, the substrate doping
was simulated by symmetrically exchanging four H atoms of the Cot ring by electron donating
(X=NH2) or withdrawing groups (X=BH2), visualized in Figure 7.8.

H

H

H

H

X

X

X

X

Figure 7.8: Ab initio calculations of doping effects on the ferromagnetic (FM) and antiferromagnetic
(AFM) coupling in LnCot wires (Ln=Nd, Eu, Gd, Dy, Tm) for different values of the effective
Hubbard U . The substrate doping effects are simulated by symmetrically replacing four H atoms
of the Cot ring by electron donating (X=NH2) and withdrawing groups (X=BH2). Negative dnπ

corresponds to electron donation to the Cot π system.

The ab initio calculations find, that the rare-earth atoms within the wires form 4f–5d hybrid
orbitals which can interact with the extended molecular π system. This interaction mediates the
magnetic coupling within the wires and therefore changes in the π and 4f-5d hybrid occupancy
have a direct effect onto the intra-wire coupling. The energy differences between antiferromag-
netic and ferromagnetic ordering for periodic LnCot-X4 wires (Ln=Nd, Eu, Gd, Dy and Tm)
were calculated, and the doping is found to severely change the magnetic behavior through the
explained mechanism. In the graphs of Figure 7.8, negative dnπ corresponds to charge donation
into the Cot ring, which can be achieved by n-doping of the substrate. The graph for the EuCot
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wires shows, that p-doping (positive axis) promotes ferromagnetic coupling within the wires,
whereas for n-doping the suppression of ferromagnetic coupling is observed. These results are in
agreement with our experimental findings that on the slightly p-doped Gr/Ir(111) EuCot wires
couple ferromagnetically, while on n-doped Gr/Ir(111) the coupling is suppressed. The same
behavior is found in the calculations for TmCot wires. This implies that for the TmCot wires
on n-doped Gr/Ir(111) described in chapter 5 no ferromagnetic coupling is to be expected, but
rather weak antiferromagnetic coupling. In contrast, for GdCot wires ferromagnetic coupling is
strongly favored on n-doped substrates, according to the theoretical calculations. These results
show, that magnetic coupling in sandwich-molecular wires can be easily tuned via substrate
doping and promise a variety of electronic and magnetic behaviors that could be investigated in
future experiments.
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CHAPTER 8

Summary and outlook

Single-crystal graphene on Ir(110)

In the first manuscript of this thesis, the growth of a single-crystal sheet of Gr on the two-
fold symmetric substrate Ir(110) was presented. The adsorbed Gr layer is able to suppress
the surface reconstructions present on the bare Ir(110) substrate and flat terraces are formed.
The two-fold symmetry of Ir(110) is imprinted onto the moiré creating a wave pattern of nm
wavelength. This wave pattern is associated with a modulation of the electronic properties and
charge transfer into Gr is observed in the trough locations of the moiré. The resulting binding
strength varies between strong physisorption and weak chemisorption, suppressing the Dirac
cone of the electronic band structure characteristic to freestanding Gr. In DFT calculations the
adsorption of the naphthalene molecule to the Gr was studied and no hybridization was found,
i.e. the molecule purely binds through physisorption. Therefore, Gr/Ir(110) can be regarded
as inert and adsorbed molecular species bind only weakly, i.e. their electronic properties are
not perturbed through substrate hybridization. Finally it is shown, that Gr/Ir(110) is able to
uniaxially align sandwich-molecular wires and template the adsorption of aromatic molecules.

In future experiments, other sandwich-molecular wires could be uniaxially aligned using
Gr/Ir(110) as template, if they do not rely on n-doping of the substrate. This includes Ba-
Cot and YbCot wires described in this thesis, which were shown to have a similar growth
behavior to EuCot wires. Also the synthesis of another two-fold symmetric Gr/metal substrate
is conceivable using the Pt(110) surface. While in ref. [43] the formation of multiple domains
was found at a growth temperature of 1000 K, Gr growth above the roughening temperature of
Pt might lead to the formation of single-crystal Gr/Pt(110).

Uniaxially aligned 1D sandwich-molecular wires: electronic
structure and magnetism

In the second manuscript of this thesis, the two-fold symmetric moiré of Gr/Ir(110) was used
for the uniaxial alignment of EuCot sandwich-molecular wires with the goal to use spatially
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averaging techniques for the investigation of electronic and magnetic properties. The electronic
band structure of EuCot is dominated by a flat band 1.85 eV below the Fermi energy which was
found to originate from the localized Eu 4f states. By matching the relative distance of the
EuCot π and σ bands observed in ARPES to DFT calculations, the effective Hubbard U of this
system is found to be ≈ 3.5 eV. In the calculated PDOS of an isolated EuCot wire the formation
of 4f–5d hybrid orbitals is observed, which can interact with the extended molecular π system
and mediate magnetic coupling of the 4f-generated moments. While EuCot wires on Gr/Ir(111)
couple ferromagnetically below 7 K, they show a paramagnetic behavior on Gr/Ir(110) down to
3 K with an easy-axis magnetization along the wires. It is speculated that the ferromagnetic cou-
pling is suppressed due to the more strongly interacting Gr/Ir(110) and the related modification
of its electronic structure.

For future experiments, the 1D band structure investigation of BaCot wires aligned on Gr/Ir(110)
using ARPES could allow the observation of dispersing π bands within the wire. For EuCot only
a 4f-derived flat band was observed, which has by far the highest intensity in the corresponding
calculated PDOS. Therefore it is plausible that π-related bands simply cannot be resolved in
ARPES due to the superposition with the intense flat band. In BaCot wires the 4f states are
not occupied, and ARPES measurements might be able to resolve π-derived bands using the
scanning technique explained in the manuscript.

The growth of Eu–tetramethyl-Cot wires on Gr/Ir(110) could allow ferromagnetic coupling
within the sandwich-molecular wires, as they were found to be more isolated from Gr/Ir(111)
compared to EuCot. If this isolation is strong enough to decouple the wires from the Gr/Ir(110),
the unperturbed magnetic ordering could be probed using XAS and XMCD measurements.

From dots to wires: doping-dependent on-surface synthesis of
thulium-cyclooctatetraene compounds on graphene

In the third manuscript of this thesis, the on-surface synthesis of TmCot compounds on Gr/Ir(111)
was studied and it was found that the chemical reaction pathway can be changed through sub-
strate doping. On the undoped substrate the formation of the TmCot dot phase is observed,
which consists of repulsively interacting TmCot monomers bound to Gr through charge transfer.
The dots have a 4f12 electronic configuration and an out-of-plane easy axis magnetization. For
higher coverages the dot phase coexists with the coffee bean phase. The latter forms islands of
Tm and Cot, in which the molecules presumably stand upright with respect to Gr. The coffee
bean phase also has a 4f12 configuration and a peculiar magnetic behavior. For low magnetic
fields the in- and out-of-plane susceptibility agrees within few percent, while for higher fields the
in-plane magnetization saturates to a much lower value compared to out-of-plane. On n-doped
Gr/Ir(111) interlocking and parallelly aligned TmCot sandwich-molecular wires were synthe-
sized, forming multi-domain islands. The average wire length can be controlled by the Tm/Cot
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flux ratio during organometallic synthesis, going from small wire fragments to long wires of more
than 100 formula units.

In future experiments Tm could be combined with the more reactive tetramethyl-Cot. It is
plausible that due to the higher reactivity, Tm–tetramethyl-Cot wires grow longer compared
TmCot. It can also be speculated, that on Gr/Ir(111) other metal–Cot monomers could be
synthesized, specifically dysprosium–Cot. Similar to Tm, dysprosium (Dy) prefers an oxidation
state of 3+. In ref. [130] a superlattice of Dy atoms is reported on Gr/Ir(111) at low tempera-
tures, and the Dy atoms were found to be a single-atom magnets with an open magnetization
curve at 2.5 K. While the single atoms of Dy adsorbed to Gr/Ir(111) would immediately form
clusters at 300 K, this would not be the case for repulsively interacting DyCot monomers which
bind to Gr through charge transfer. The adsorbed Cot ring could further protect the Dy from
oxidation and modify the magnetic behavior.

Reactant and substrate variation in on-surface synthesis

Finally, in chapter 6 the use of different atomic species and molecules in the on-surface synthesis
of sandwich-molecular wires was investigated and the growth substrate was varied. BaCot and
YbCot on Gr/Ir(111) follow the same growth mechanism as EuCot, and form large islands
of interlocking and parallelly aligned wires, with some differences in the growth morphology.
This demonstrates that the formation of sandwich-molecular wires using Cot is not limited
to metal reactants from the lanthanide series, but also applies to other metal atoms favoring
a +2 oxidation state. Eu was combined with tetramethyl-Cot in the on-surface synthesis on
Gr/Ir(111) and also here the formation of sandwich-molecular wires was observed, which are
parallelly aligned within islands. The island height is significantly modulated which is explained
by the rotation of the attached methyl groups. These side groups further lead to a larger inter-
wire distance and a weaker binding to the substrate compared to EuCot. When combining Tb
with tetramethyl-Cot on Gr/Ir(111), small wire fragments were synthesized in coexistence with
Tb clusters. Since Tb prefers a 3+ oxidation state, the wire formation on Gr/Ir(111) indicates a
higher reactivity of tetramethyl-Cot during the chemical reactions. Lastly, on-surface synthesis
of EuCot wires on polar Eu oxide on Ir(111) was demonstrated, though at the cost of reduced
order.

For future experiments, tetramethyl-Cot could be combined with other lanthanide elements
on undoped and n-doped Gr/Ir(111). By choosing lanthanides with lower cohesive energy com-
pared to Tb — e.g. Nd, Gd, Dy, Ho, Er — the formation of clusters can possibly be suppressed.
Additionally, each of these lanthanide elements has a different 4f occupation and resulting mag-
netic moment, which could lead to a variety of different magnetic behaviors. Also other Cot
derivatives could be used for the on-surface synthesis, preferably with higher reactivity. Finally,
the growth of sandwich-molecular wires on metal oxide surfaces could be further investigated.
Since oxides have an even lower ability to take up charge compared to n-doped Gr/Ir(111), it is
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possible that TmCot and other lanthanide–Cot wires could be directly grown on e.g. polar Eu
oxide on Ir(111). As a secondary effect, the wires might be even more isolated electronically,
which would enable the investigation of their unperturbed electronic and magnetic properties.
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APPENDIX A

Scientific appendix

S. Kraus and K. Bischof conducted the experiments shown in this chapter under the guidance of
T. Michely.

A.1 Ytterbium intercalation under graphene/Ir(111)

(a) (b) 146eV(c)

Gr Ir

Figure A.1: Yb intercalated under Gr/Ir(111): (a) STM topograph (820×820 Å2) of an almost full
intercalation layer, only the dark stripes are non-intercalated. (b) STM topograph (150 × 150 Å2).
The moiré of Gr with Ir(111) and the (

√
3 ×

√
3)R30° intercalated Yb lattice is visible. (c) Contrast-

inverted 146 eV LEED pattern corresponding to (a)/(b). The moiré reflections are still visible and
the (

√
3×

√
3)R30° intercalation structure (with respect to Ir) is weakly visible. Intercalation recipe:

deposition of ≈ 1 ML Yb on Gr/Ir(111) at 450 K sample temperature, ∆t = 600 s. The STM data
have been recorded at 300 K. Tunnelling parameters are (a) Ubias = −0.5 V and It = 0.3 nA and (b)
Ubias = −0.7 V and It = 2.9 nA (superimposed with derivative for better visibility).

The intercalation of Gr/Ir(111) has already been studied for different species, e.g. for ce-
sium [131] or Eu [132, 133]. Intercalation can lead to the decoupling of the Gr sheet from its
substrate, the doping of Gr and in the case of Eu [133] was found to form a magnetic layer.
Here, the rare-earth metal Yb is intercalated under Gr/Ir(111) at a temperature of 450 K, signif-
icantly lower compared to the required 720 K for the effective intercalation of Eu [133]. Similar
to Eu, the described deposition of Yb results in a homogeneous intercalation layer shown in the
topograph of Figure A.1a. The observed non-intercalated stripes have a very similar appearance
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to those of the Eu intercalation layer described in ref. [132]. Although the intercalation layer is
almost closed, the moiré of Gr with Ir(111) is still well visible through the layer, indicating a
weaker decoupling effect compared to Eu, where the moiré is weakened through the intercala-
tion. In the topograph of Figure A.1b the moiré is very well visible, along with a (

√
3×

√
3)R30°

intercalation pattern of Yb. The corresponding LEED pattern in Figure A.1c both the Gr and
Ir reflections are still visible with additional moiré reflections, and also the (

√
3 ×

√
3)R30°

reflections are weakly visible. As indicated by the black line between two Ir reflections in Fig-
ure A.1c, the (

√
3 ×

√
3)R30° structure is formed with respect to the Ir(111) substrate. The

weak appearance of the intercalation layer reflections is consistent with the strong moiré of the
fully intercalated regions. It should be mentioned that upon Yb intercalation immediately the
(
√

3 ×
√

3)R30° structure is observed, up to the full intercalation layer. This is in contrast to
Eu, which first forms a (2×2)R0° structure until 0.25 ML Eu has been intercalated, and beyond
that starts to form the more densely packed (

√
3 ×

√
3)R30° structure up to full intercalation.
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A.2 Barium intercalation under graphene/Ir(111)

A.2 Barium intercalation under graphene/Ir(111)

(a) 80eV(b)

Gr

Figure A.2: Ba intercalated under Gr/Ir(111): (a) STM topograph (56 × 56 Å2) of an intercalated
area. The moiré of Gr with Ir(111) and the (

√
3 ×

√
3)R30° intercalated Ba lattice are visible. (b)

Contrast-inverted 80 eV LEED pattern corresponding to (a). The moiré reflections are suppressed,
and the (

√
3 ×

√
3)R30° intercalation structure (with respect to Gr) is well visible. Intercalation

recipe: deposition of ≈ 0.5 ML Ba on Gr/Ir(111) at 600 K, ∆t = 1400 s. The STM data have been
recorded at 300 K. Tunnelling parameters are Ubias = −0.5 V and It = 0.3 nA (superimposed with
derivative for better visibility).

Similar to Yb, also the non-magnetic alkaline-earth metal Ba can be intercalated under
Gr/Ir(111), but a higher substrate temperature compared to Yb is needed for effective inter-
calation. Upon deposition of Ba on Gr/Ir(111) at 600 K until saturation, the (

√
3 ×

√
3)R30°

intercalation layer shown in the topograph of Figure A.2a is formed. Here, the moiré appears
much weaker, and in the corresponding LEED pattern in Figure A.2b the Ir as well as the moiré
reflections are no more visible, while the (

√
3 ×

√
3)R30° intercalation reflections are very pro-

nounced and with respect to Gr. This indicates a strong decoupling effect of the intercalated Ba
layer, which in contrast to Eu is non-magnetic. It should be mentioned that similar to Eu, also
Ba intercalation first goes through a (2×2)R0° phase until finally the more dense (

√
3×

√
3)R30°

phase is formed as shown in Figure A.2.

141



Appendix A Scientific appendix

A.3 Cyclooctatetraene

Figure A.3a shows the mass spectrum of Cot (C8H8, 104 amu). The main mass peak at 104 amu
is well visible, along with fragments of lower masses. Figure A.3b shows the thermal desorption
spectrum of a multilayer of Cot adsorbed to Gr/Ir(111) at 20 K. The multilayer peak is located
at ≈ 162 K and the monolayer peak at 185 K.

(a) (b)

Figure A.3: (a) Mass spectrum of Cot (mass 104). Additional to the mass of Cot, also Cot fragments
are detected. (b) Thermal desorption spectrum of mass 104 (Cot) of multilayer film Cot adsorbed
to Gr/Ir(111) at T = 20 K. The monolayer peak is is positioned at (185 ± 5) K and the multilayer
peak at (162 ± 3) K. Ramp rate 2 K/s.

The topograph Figure A.4a shows a sub-monolayer coverage of Cot adsorbed to Gr/Ir(111)
at 20 K. The Cot molecules order along the moiré of Gr with Ir(111) with a periodicity of
≈ 25 Å visible in the corresponding height profile. The apparent height at the given tunnelling
conditions is ≈ 1 Å. The STM topograph in Figure A.4b shows a close-to-monolayer film of Cot
adsorbed to Gr/Ir(111) at 20 K and the formation of islands with a herringbone structure is
observed, with intra-row periodicity ≈ 7 Å and inter-row distance ≈ 8 Å. The corresponding
line profile shows an average height of < 2 Å and suggests that the Cot molecules are adsorbed
flat to the Gr. They appear elongated, which can be explained by the tub-like shape in their
neutral configuration.
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A.4 Tetramethyl-cyclooctatetraene

(a)

(b)

Figure A.4: (a) STM topograph (150 × 150 Å2) of sub-monolayer coverage Cot adsorbed to
Gr/Ir(111) at T = 20 K, the Cot molecules are arranged with the moiré periodicity of the substrate
and have an apparent height of ≈ 1 Å shown in corresponding height profile (position indicated
by cyan line). (b) STM topograph (100 × 500 Å2) of close-to-monolayer coverage Cot adsorbed to
Gr/Ir(111). Within the Cot island a herringbone structure is observed, and the apparent island
height is ≈ 2 Å (position of height profile indicated by blue line). The observed intra-row spacing is
8.0 ± 0.4 Å and the inter-row spacing is 7.0 ± 0.2 Å. STM topographs were recorded at T = 20 K.
Tunnelling parameters are (a) Ubias = −1.8 V and It = 11 pA and (b) Ubias = −1.8 V and It = 8 pA
(superimposed with reversed Fourier transform of Cot superstructure for better visibility).

A.4 Tetramethyl-cyclooctatetraene

Figure A.5 shows the mass spectrum of tetramethyl-Cot directly after purchase (blue) and after
one year of storage (orange). The mass of tetramethyl-Cot (160 amu) is well visible in the
blue spectrum, as well as molecular fragments. In the orange spectrum a ten times higher gas
pressure was provided, but still the mass of 160 amu is below the noise level. Therefore it is
concluded, that after storage, the molecules are decomposed. Figure A.5b shows the thermal
desorption spectrum of few multilayers of intact tetramethyl-Cot adsorbed to Gr/Ir(111) at
20 K. The multilayer peak lies at ≈ 177 K and the monolayer peak at ≈ 221 K. Compared to
Cot, tetramethyl-Cot has a 36 K higher desorption temperature.
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(a) (b)

Figure A.5: (a) Mass spectra of tetramethyl-Cot. Blue: After purchase, in pressure of 1×10−8 mbar
tetramethyl-Cot. Orange: stored for one year after purchase, in a pressure of 1 × 10−7 mbar
tetramethyl-Cot. (b) Thermal desorption spectrum of mass 160 (tetramethyl-Cot) of multilayer
film tetramethyl-Cot adsorbed to Gr/Ir(111) at T = 20 K. The monolayer peak is is positioned at
(221 ± 4) K and the multilayer peak at (177 ± 3) K. Ramp rate 2 K/s.

A.5 Dibenzo-cyclooctatetraene

In Figure A.6a the mass spectrum of Dibenzo-Cot is shown, which has a mass of 204 amu. The
main peak is not visible, but only fragments such as Cot (104 amu). The absence of the main
peak is probably due to the low sensitivity of the spectrometer at high masses. Therefore,
the fragment mass of 57 amu has been used for the thermal desorption spectrum of multilayer
Dibenzo-Cot adsorbed to Gr/Ir(111) in ref.A.6b. The multilayer desorption peak is located at
≈ 136 K and the monolayer peak at ≈ 187 K, which is very close to the monolayer desorption
temperature of Cot.

(a) (b)

Figure A.6: (a) Mass spectrum of Dibenzo-Cot, in a background pressure of 5 × 10−5 mbar di-
benzo-Cot. The mass of Dibenzo-Cot (204) is not visible in the spectrum, most likely due to the
low sensitivity of the spectrometer at high masses. (b) Thermal desorption spectrum of mass 57
(fragment of mass 204 for Dibenzo-Cot) of multilayer film Dibenzo-Cot adsorbed to Gr/Ir(111) at
T = 20 K. The monolayer peak is is positioned at (187 ± 3) K and the multilayer peak at (136 ± 2) K.
Ramp rate 4 K/s.
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A.5 Dibenzo-cyclooctatetraene

Figure A.7a shows the topograph of a closed monolayer film of Dibenzo-Cot adsorbed to
Gr/Ir(111) at 20 K, which was achieved by the adsorption of a mulilayer film and subsequent ther-
mally programmed desorption to 160 K. In the molecular-resolution topograph of Figure A.7b,
it is visible that the molecules arrange in rows with two distinct molecular orientations. The
intra-row distance is given by ≈ 5.6 Å and the inter-wire spacing is given by ≈ 8.9 Å.

(a)(a) (a)(b)

Figure A.7: (a) STM topograph (820 × 820 Å2) of a closed monolayer di-benzo-Cot film adsorbed
to Gr/Ir(111) at T = 20 K. (b) STM topograph (100 × 500 Å2) closed monolayer of di-benzo-Cot
adsorbed to Gr/Ir(111), rows of elongated objects are observed with two distinct orientations. The
observed intra-row spacing is 5.6±0.3 Å and the inter-row spacing is 8.9±0.4 Å. Recipe: Deposition
of multilayer film di-benzo-Cot on Gr/Ir(111) at T = 20 K with subsequent short annealing to
T = 160 K to desorb the multilayers. STM topographs were recorded at T = 20 K. Tunnelling
parameters are (a) Ubias = −1.6 V and It = 8 pA and (b) Ubias = −1.6 V and It = 4 pA (both
superimposed with derivative for better visibility).
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