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Abstract

The focus of my PhD research has been on the production and characterisation
of graphene–based interfaces. In the last decade, graphene, the perfectly two–
dimensional single layer of carbon atoms, has risen to the attention of the scientific
community as a revolutionary material with exceptional mechanical, electronic and
thermal properties, which could potentially outperform silicon in the next gener-
ation of electronic devices. A key issue related to graphene synthesis, however, is
the facile production of uniform and extended carbon flakes, which is required to
scale up graphene synthesis for industrial applications. In this respect, the epitaxial
growth of graphene by chemical vapour deposition of hydrocarbon molecules on a
solid substrate is currently one of the most promising routes.

My research activity has addressed, in particular, the graphene–substrate in-
teraction in epitaxial graphene/metal systems and its effects on the corrugation of
lattice-mismatched systems and on the electronic properties of the carbon sheet.
For the purpose of investigating this, high–energy resolution core level photoelec-
tron spectroscopy, with its superior sensitivity to the local environment experienced
by surface and interface atoms, has been technique of choice. This has been comple-
mented by other experimental techniques, in particular low energy electron diffrac-
tion and microscopy and angle–resolved photoemission spectroscopy, as well as by
state–of–the–art density functional theory calculations performed by collaborating
groups.

The primary objective has been that of achieving fine control of the graphene–
metal adhesion, which is key to understanding how the graphene properties evolve
as the coupling to the substrate is continuously varied from strong interaction to
the quasi free–standing case. This goal has been tackled with several different
strategies.

This thesis starts by presenting our results for a strongly interacting gra-
phene/metal system, graphene/Re(0001), which represents an exemplary case of
the different phases (graphene, carbides and bulk–dissolved carbon) carbon can
form upon high temperature ethylene exposure of the substrate. In this respect,
the temperature and pressure conditions are found to play a crucial role in favour-
ing the formation of one carbon species over the others. Another key finding is that
the high temperature thermal instability of graphene/Re(0001) is directly linked to
the corrugation of the moiré cell, in particular to the presence of buckled, strongly
interacting regions where C−C bond breaking is favoured.

Besides the elemental choice of the substrate, more refined strategies to achieve
accurate control of the graphene–metal interaction exploit, e.g. geometrical or
chemical modifications of the substrate. Using crystalline surfaces with non - three-
fold symmetry, e.g. vicinal surfaces, allows growing graphene with an anisotropic
moiré cell, with non–equivalent lattice parameters in the directions parallel and
orthogonal to the steps. This possibility has been explored for the case of graphene
on Rh(533). The obtained data point out a primary role of the steps in weaken-
ing the graphene bonding to the substrate and stabilising the carbon layer against
defect–induced C−C bond breaking at high temperature, as so far predicted only
by theoretical calculations.

An alternative, versatile approach to modify the graphene–substrate interaction
in a continuous way is by changing the elemental composition of the first layer of
the substrate. More specifically, the use of a PtRu surface alloy on Ru(0001) with a
variable concentration of randomly distributed Pt atoms in the first layer has proven
to be an excellent strategy for tuning the degree of coupling from strong adhesion



to very weak interaction in a controllable way, without affecting the quality and
periodicity of the carbon layer.

A further strategy for decoupling graphene from the substrate is offered by
the growth of an oxide buffer layer at the graphene/metal interface, which is of
special interest for the prospective combination of graphene with high–κ dielectric
materials in batteries, capacitors and other devices. As part of my PhD project,
I participated in the experimental investigation of epitaxial graphene on a Ni3Al
surface and of the structural and electronic changes induced by the formation of
a thick interface oxide layer. This method represents a viable, low cost and non–
destructive alternative to the conventional transfer techniques so far developed to
deposit graphene on dielectric supports.

The last part of this thesis work focuses on the employment of epitaxial gra-
phene as a template for the self–assembly of transition metal nanoclusters, made
possible by the long–range periodic corrugation of the moiré superlattice. This
topic has been addressed, in particular, in the study of the chemical reactivity of
Rh nanoclusters supported on graphene/Ir(111). The high degree of crystallinity
exhibited by the clusters after annealing and the presence of non–equivalent Rh
atoms with a different coordination number are addressed by means of high–energy
resolution core level photoelectron spectroscopy. In particular, I have focussed on
the interaction of these systems with oxygen and carbon monoxide, and on the key
role played by the highly reactive, undercoordinated Rh atoms, which are prefer-
ential bonding sites in the early stage of adsorption. I will also present the new
method we recently developed to synthesise highly oxidised Rh nanoparticles, which
could be of impact in relation to the enhanced catalytic selectivity towards CO and
NO oxidation exhibited by metal oxide films.

The great progress achieved in recent years in the field of supported metal
nanoclusters is very promising for the prospective application of these systems
in catalysis and next–generation electronic devices. In addition to the need to
producing long–range ordered superlattices of nanoclusters, which can be met by
making use of, e.g a graphene template, another key challenge posed by the use of
particles in the sub–nanometre scale is represented by the accurate control of their
size, which has dramatic effects on the morphology and electronic structure of these
systems. For this reason, the final part of my thesis is dedicated to the description
of an advanced experimental setup designed to produce size–selected transition
metal nanoclusters and soft–land them on solid substrates. This machine, which
is currently being assembled at the Surface Science Laboratory, will make use of a
laser ablation source to generate the ions and of a high resolution quadrupole mass
spectrometer to ensure a superior mass selectivity. Once operational, this system,
which will be the first size–selected cluster source for surface science studies in Italy,
will provide the international scientific community working at Elettra with a state–
of–the–art tool to conduct experiments on supported nanoparticles and cluster–
based materials, in combination with synchrotron radiation–based techniques.



Sommario

Il tema fondamentale della mia attività di ricerca di dottorato è stato la produzione
e caratterizzazione di interfacce a base di grafene. Negli ultimi dieci anni, il grafene,
il singolo strato perfettamente bidimensionale di atomi di carbonio, si è imposto
all’attenzione della comunità scientifica come un materiale rivoluzionario con ecce-
zionali proprietà meccaniche, elettroniche e termiche, potenzialmente in grado di
superare il silicio nella prossima generazione di dispositivi elettronici. Un proble-
ma fondamentale connesso alla produzione del grafene, tuttavia, è la sintesi di film
uniformi ed estesi di carbonio, necessaria per espandere la produzione del grafene a
livelli adeguati per applicazioni industriali. In questo riguardo, la crescita epitassia-
le del grafene mediante deposizione in fase vapore (CVD) di molecole idrocarburiche
su substrati solidi è al presente uno dei procedimenti più promettenti.

La mia attività di ricerca si è incentrata soprattutto sullo studio dell’interazione
tra grafene e substrato in sistemi epitassiali grafene/metallo e sui suoi effetti sulla
corrugazione dei sistemi con un mismatch reticolare e sulle proprietà elettroniche
dello strato di carbonio. A questo scopo, la spettroscopia di fotoemissione dai
livelli di core ad alta risoluzione energetica, con la sua eccezionale sensibilità alle
condizioni locali degli atomi di superficie e d’interfaccia, è stata la mia tecnica
preferenziale. Questa è stata affiancata da altre tecniche sperimentali, in particolare
la diffrazione e microscopia a elettroni lenti e la fotoemissione risolta in angolo,
cos̀ı come da calcoli basati sulla teoria del funzionale densità condotti da gruppi
collaboratori.

L’obiettivo primario è stato conseguire un controllo fine dell’adesione grafene–
metallo, fondamentale per capire come le proprietà del grafene cambiano quando
l’accoppiamento con il substrato viene variato in modo continuo da interazione forte
a quasi–disaccoppiamento. Questo obiettivo è stato perseguito con diverse tecniche.

Questa tesi inizia presentando i risultati da noi ottenuti per un sistema gra-
fene/metallo fortemente interagente, grafene/Re(0001), che rappresenta un caso
esemplare delle diverse fasi (grafene, carburi, carbonio dissolto nel bulk) che il car-
bonio può formare per esposizione ad alta temperatura del substrato ad etilene. In
questo riguardo, è emerso che le condizioni di temperatura e pressione svolgono un
ruolo chiave nel favorire la formazione di una specie di carbonio piuttosto che un’al-
tra. Un’altra scoperta cruciale è che l’instabilità termica ad alta temperatura del
grafene/Re(0001) è direttamente correlata alla corrugazione della cella di moiré, in
particolare alla presenza di ‘avvallamenti’, ovvero di regioni fortemente interagenti
in cui la rottura del legame C−C è favorita.

Oltre alla scelta della specie chimica del substrato, strategie più raffinate per
ottenere un controllo accurato dell’interazione grafene–metallo sfruttano, ad esem-
pio, alterazioni geometriche o chimiche del substrato. Utilizzare superfici cristalline
con simmetria non–threefold, ad es. superfici vicinali, permette di crescere grafene
con una cella di moiré anisotropica, con parametri reticolari non–equivalenti nelle
direzioni parallela e ortogonale agli step. Questa opportunità è stata esplorata, du-
rante il mio dottorato, per il caso del grafene su Rh(533). I nostri dati evidenziano
un ruolo primario degli step nell’indebolire il legame del grafene con il substrato e
nello stabilizzare il legame C−C ad alta temperatura, come finora predetto solo da
conti teorici.

Un approccio alternativo e versatile per modificare l’interazione grafene - sub-
strato in modo continuo è variando la composizione chimica della sola superficie
del substrato. Più precisamente, l’impiego di una lega superficiale di PtRu su
Ru(0001), con una concentrazione variabile di atomi di Pt distribuiti omogenea-
mente nel primo strato, si è dimostrata un’ottima strategia per regolare finemente,



in modo controllabile, il livello di accoppiamento tra adesione forte e interazione
debole, senza alterare la qualità e periodicità dello strato di carbonio.

Un’ulteriore strategia per disaccoppiare il grafene dal substrato è offerta dalla
crescita di uno strato di ossido all’interfaccia grafene/metallo, che è di particolare
interesse in vista della combinazione del grafene con materiali dielettrici ad alto
κ in batterie, condensatori e altri dispositivi. Come parte del mio progetto di
dottorato, ho partecipato alla caratterizzazione sperimentale del grafene cresciuto
epitassialmente su una superficie di Ni3Al e delle modifiche strutturali ed elettro-
niche indotte dalla formazione di uno spesso strato di ossido all’interfaccia. Questo
metodo rappresenta una valida alternativa, a basso costo e non distruttiva, alle
convenzionali tecniche di trasferimento finora sviluppate per depositare grafene su
supporti dielettrici.

L’ultima parte di questo lavoro di tesi è incentrata sull’impiego del grafene
epitassiale come ‘matrice’ per la deposizione ordinata di nanocluster di metalli di
transizione, resa possibile dalla corrugazione periodica a lungo raggio del reticolo di
moiré. Questo aspetto è stato esplorato, in particolare, nello studio della reattività
chimica di nanocluster di Rh supportati da grafene/Ir(111). L’alto grado di cri-
stallinità esibito dai cluster a seguito del loro riscaldamento e la presenza di atomi
di Rh non equivalenti con una diversa coordinazione sono stati oggetto di indagine
mediante spettroscopia di fotoemissione dai livelli di core ad alta risoluzione ener-
getica. In particolare, mi sono concentrata sull’interazione di questi sistemi con
l’ossigeno e il monossido di carbonio, e sul ruolo chiave degli atomi di Rh sotto–
coordinati, che sono siti preferenziali di legame nella fase iniziale dell’adsorbimento.
Presenterò anche il nuovo metodo che abbiamo recentemente messo a punto per sin-
tetizzare nanoparticelle di Rh altamente ossidate, che potrebbe essere di impatto
in relazione alla superiore selettività catalitica mostrata dai film di ossidi metallici
verso l’ossidazione del CO e del NO.

I grandi progressi degli ultimi anni nel campo dei nanocluster metallici suppor-
tati sono molto promettenti per la futura applicazione di questi sistemi nella catalisi
e nei dispositivi elettronici di prossima generazione. Oltre alla necessità di produrre
reticoli di nanocluster ordinati a lungo raggio, che può essere soddisfatta facendo
uso, ad es., di una matrice di grafene, un’altra sfida chiave posta dall’impiego di na-
noparticelle su scala sub–nanometrica è rappresentata dal controllo accurato delle
loro dimensioni, che ha effetti drammatici sulla morfologia e struttura elettronica
di questi sistemi.

Per questo motivo, la parte finale della mia tesi è dedicata alla descrizione di
un sistema sperimentale avanzato progettato per produrre nanocluster di metalli
di transizione selezionati in massa e depositarli a bassa energia su substrati soli-
di. Questa macchina, che è attualmente in fase di assemblaggio al Laboratorio di
Scienza delle Superfici, farà uso di una sorgente di ablazione laser per generare gli
ioni e di uno spettrometro di massa a quadrupolo ad alta risoluzione per assicurare
una selettività superiore. Una volta operativo, questo sistema, che sarà la prima
sorgente di nanocluster selezionati in massa per studi di fisica delle superfici in
Italia, metterà a disposizione della comunità scientifica internazionale di utenti di
Elettra uno strumento allo stato dell’arte per condurre esperimenti su nanoparticel-
le supportate e su materiali a base di cluster, in combinazione con tecniche basate
sulla radiazione di sincrotrone.



Contents

1 Introduction 1
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Experimental background 17
2.1 Introduction to the experimental setup and techniques . . . . 17
2.2 The Surface Science Laboratory. . . . . . . . . . . . . . . . . 18
2.3 The SuperESCA beamline at Elettra. . . . . . . . . . . . . . 19

2.3.1 The Elettra synchrotron light source. . . . . . . . . . . 19
2.3.2 The experimental workstation . . . . . . . . . . . . . . 20
2.3.3 High energy resolution core level photoelectron spec-

troscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 The Nanospectroscopy beamline at Elettra. . . . . . . . . . . 26

2.4.1 Low energy electron microscopy. . . . . . . . . . . . . 26
2.5 Introduction to the investigated systems . . . . . . . . . . . . 30

2.5.1 Graphene–based interfaces and transition metal nan-
oclusters: state of the art and hot topics . . . . . . . . 30

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3 The quest for the ideal conditions for graphene epitaxy:
competitive growth mechanisms between graphene and other
carbon species on Re(0001). 48
3.1 Core level analysis of clean and oxygen–covered Re(0001) . . 50
3.2 The competition for graphene formation on Re(0001): a com-

plex interplay between carbon segregation, dissolution and
carburisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.2.1 Low temperature carbon overlayers . . . . . . . . . . . 58
3.2.2 High temperature carbon overlayers. Only a narrow

window for graphene growth. . . . . . . . . . . . . . . 64
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4 Graphene on stepped metal surfaces: like a carpet on a
nanometric staircase 86
4.1 Characterisation of the clean Rh(533) surface . . . . . . . . . 88
4.2 Ethylene CVD and GR growth on Rh(533) . . . . . . . . . . 90
4.3 Thermal stability of the graphene layer . . . . . . . . . . . . . 99
4.4 Oxygen–induced lifting of the graphene layer . . . . . . . . . 101
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

i



5 Tailoring the GR–substrate adhesion: epitaxial graphene on
the PtRu/Ru(0001) surface alloy 110
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.2 Graphene on clean Ru(0001) . . . . . . . . . . . . . . . . . . 111

5.2.1 Atomistic insight into the early stage of graphene growth113
5.2.2 Multilayer GR growth on Ru(0001) . . . . . . . . . . . 116

5.3 Graphene on the PtRu surface alloy . . . . . . . . . . . . . . 118
5.3.1 PtRu surface alloy preparation . . . . . . . . . . . . . 118
5.3.2 GR growth on the PtRu surface alloy . . . . . . . . . 120
5.3.3 Lattice mismatch vs chemical effects. Applicability of

the d−band model to bimetallic surface alloys. . . . . 128
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6 Graphene on the Ni3Al bimetallic alloy: a bottom-up ap-
proach for the synthesis of graphene-alumina interfaces 135
6.1 Graphene growth on the Ni3Al(111) surface . . . . . . . . . . 136
6.2 Formation of an Al2O3 film at the GR/Ni3Al interface . . . . 142
6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

7 Oxygen and carbon monoxide interaction with Rh nanoclus-
ters grown on graphene/Ir(111) 153
7.1 Supported Rh nanoclusters on GR/Ir(111) . . . . . . . . . . . 154
7.2 Clean Rh nanoclusters on GR/Ir(111) . . . . . . . . . . . . . 155
7.3 Oxygen adsorption on Rh nanoclusters . . . . . . . . . . . . . 161
7.4 Carbon monoxide adsorption on the Rh nanoclusters . . . . . 166

7.4.1 CO thermal desorption from Rh nanoclusters . . . . . 171
7.5 Synthesis of highly oxidised Rh nanoclusters . . . . . . . . . . 173
7.6 CO+O reactivity on clean and highly oxidised Rh nanoclusters177
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

8 Setup of a size-selected nanocluster source 186
8.1 Cluster synthesis methods . . . . . . . . . . . . . . . . . . . . 188

8.1.1 Cluster nucleation and growth . . . . . . . . . . . . . 189
8.1.2 Cluster guidance . . . . . . . . . . . . . . . . . . . . . 194

8.2 Charge separation and mass selection . . . . . . . . . . . . . . 198
8.2.1 Bender . . . . . . . . . . . . . . . . . . . . . . . . . . 198
8.2.2 The quadrupole mass spectrometer . . . . . . . . . . . 199

8.3 The differential pumping system . . . . . . . . . . . . . . . . 201
8.4 The laser source. Technical challenges and solutions . . . . . 201
8.5 Outlook and future plans . . . . . . . . . . . . . . . . . . . . 202
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204



Chapter 1

Introduction

Graphene (GR), a two–dimensional monolayer of carbon atoms organised
in a planar honeycomb lattice, has emerged as a revolutionary material in
nanotechnology during the last decade. Since its first isolation in 2004,
which earned Geim and Novoselov the Nobel Prize for Physics in 2011, GR
has attracted a great deal of attention from the scientific community, due
to a number of unique properties which make it stand out from any other
known material. In its free standing form, GR exhibits a zero–band gap
with a linear band dispersion at the Fermi level, and its electrons behave
like massless relativistic particles. This gives rise to exceptional properties,
such as an anomalous quantum Hall effect [1,2], an ambipolar field effect [3]
and a high charge carrier mobility at room temperature. In addition, GR
shows outstanding thermal and electrical conductivity, high thermal stabil-
ity [4] and superior mechanical properties [5]. For all these reasons, GR
appears as the next generation material for a number of potential appli-
cations in touch screens, ultracapacitors [6], spintronic devices [7, 8], fuel
cells [9], lithium ion batteries [10, 11], single–molecule sensors [12], trans-
parent conductive films [13], high-frequency circuits [14, 15], and flexible
electronics [16–21]. The functionalisation of GR with biomolecules and its
incorporation in nanometer–sized GR–based heterostructures may open un-
precedented opportunities in the field of biotechnology [22,23].

Despite the unequalled potential of this material, a fundamental limit to
the development of GR-based real-life applications comes from the absence
of an electronic band gap, which doesn’t make this material competitive
in the field of semiconductors and sensors. Another key challenge for the
implementation of GR-based technologies is represented by the large scale
synthesis of high–quality, large area GR monolayers whose properties can
be manipulated to integrate them in electronic devices, sensors and other
GR-based heterostructures. Unfortunately, the method originally employed
to produce GR, exfoliation, comes with a number of issues related to the
non–uniform thickness and extension of the isolated GR layers, which make
this technique inadequate for mass production. In comparison, the epitaxial
growth of GR layers by thermal decomposition of carbides (in particular
SiC), or directly on transition metal (TM) surfaces by chemical vapour de-
position (CVD) of hydrocarbon gas molecules, represents an efficient and
reproducible method to produce extended, high quality single layers of GR.
In addition, GR epitaxy on TM surfaces allows a selective modification of
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the C layer properties based on the specific choice of the substrate and of the
experimental CVD parameters. In the specific case of GR grown on close–
packed transition metal surfaces (the (111) termination of fcc crystals and
the (0001) termination of hcp crystals), the lattice mismatch between the C
layer and the substrate is reflected in the formation of a larger coincidence
cell (moirè cell), characterised by a periodic corrugation which depends on
the GR-metal coupling [24]. Strongly interacting, lattice-mismatched GR-
metal systems typically exhibit a significant corrugation (∼1.5 Å) of the
moirè cell, with buckled regions where the C atoms are very close to the
substrate (∼2.1 Å) and experience a local sp2 to sp3 orbital rehybridisation
(typical of covalent bonds), and other regions where the C layer is elevated
and interacts with the substrate only via weak van der Waals forces. It
should be stressed, however, that this simplified ‘dual’ model, suggesting a
net distinction between the bonding and non–bonding parts of the layer,
is inadequate, and that a more realistic description of strongly interacting
systems should consider the whole range of possible intermediate configura-
tions [25, 26]. The geometric buckling of the GR layer is frequently accom-
panied by the opening of a gap at the Fermi level, which is absent in the
case of free standing or weakly interacting supported GR.

The epitaxial growth of GR on substrates with a variable degree of in-
teraction therefore provides a powerful tool to manipulate the geometry and
electronic structure of the C layer, opening exciting opportunities in a range
of technologically relevant fields. This has motivated a great deal of interest
in the investigation of GR-metal interfaces, which are of key importance,
e.g., for the preparation of conventional or spin–polarised contacts in de-
vices and attract considerable interest in view of their possible employment
in GR–based spintronic units [27–30].

My doctoral research project has primarily focused on the production
and characterisation of GR-based interfaces with different properties and
different degrees of complexity.

The first part of my studies has been devoted to the synthesis and charac-
terisation of simple GR/transition metal systems, in particular GR/Re(0001)
(chap. 3). This system deserves particular attention because of the complex,
competitive interplay among distinct mechanisms that accompany and coun-
teract GR growth: C chemisorption, surface carbide formation and C bulk
dissolution [25]. The emerging picture proves the crucial role of the experi-
mental growth parameters in favouring or selecting a specific mechanism; in
this respect, we believe our work will serve as a pilot study in the field of GR
synthesis on ‘difficult’ substrates (i.e. substrates which favour the formation
of carbides or other C phases), and that our results could be reproduced,
under appropriate conditions, also on common metals like tungsten and ti-
tanium, which are similar to Re but economically more affordable, and thus
of potential interest for market applications.

Another method which has proven effective to modify the band struc-
ture of epitaxial GR is by growing it on strongly anisotropic substrates, i.e.
substrates with different lattice parameters along different crystallographic
directions. In this sense, one of the most meaningful results has been ob-
tained by Vinogradov et al., who used the Fe(110) surface to grow a GR
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layer with a washboard -like, one-dimensional corrugation (with a periodicity
of 2.6 nm) and an impressive degree of long-range order [31]. It is therefore
clear that the use of surfaces with natural or artificial structural regularities,
like high-Miller index surfaces, offers an innovative and widely applicable so-
lution for the fine tuning of the structural properties of GR. To explore the
opportunities in this sense, we grew by C2H4 CVD a single layer of GR
on a vicinal (533) surface of Rh (chap. 4), which is commonly considered
a strongly interacting metal [24, 32]. The in–plane symmetry break caused
by the presence of the steps leads to a moirè cell with non–equivalent lat-
tice vectors in the directions parallel and orthogonal to the steps. The GR
layer, which exhibits a weaker interaction with the substrate and a slightly
higher thermal stability compared to the C layer grown on the flat Rh(111)
surface, can be reversibly decoupled from the substrate via oxygen interca-
lation, without significantly compromising the quality of the C layer.

A key challenge for the synthesis of GR–based heterostructures with
tailored properties is the development of selective and reproducible methods
to tune the GR-substrate adhesion to a desirable extent. This target is
crucial both for fundamental research, because it would enable to understand
how the properties of the C layer evolve from free–standing GR to metal-
contacted systems -probing all the intermediate configurations in between-,
and also for a range of technologically relevant applications, in particular
for the development of new generation GR–based electrical and mechanical
devices. For this reason, a great deal of efforts during my PhD activity was
devoted to the development of different approaches to achieve a fine tuning
of the GR-substrate interaction.

Conventional ways of controlling the GR-metal interaction, such as the
choice of the substrate, the intercalation of adspecies [32–37] (noble [38–40],
alkali [41–45] or light [46–49] atoms) or the creation of an oxide buffer layer
at the GR/substrate interface [47], do not enable to precisely control the GR-
substrate coupling strength and come with a series of issues. An alternative
approach to manipulate the properties of GR interfaces is by modifying the
chemical composition of the substrate, rather than its geometric structure.
This can be achieved e.g. by using bulk or surface alloys or pseudomorphic
metal layers grown on top of other TMs [50–52].

Our studies revealed that bimetallic surface alloying offers a versatile and
widely applicable method to manipulate the properties of the C layer by sim-
ply changing the elemental composition of the first layer of the substrate [26].
In this way, the properties of the GR-metal interface can be varied just by
means of a local modification, without affecting the bulk properties of the
crystal. In our experiments, described in chap. 5, GR was grown by CVD on
a PtRu/Ru(0001) surface alloy with a variable Pt concentration, between
0 and 50%. The specific choice of these two metals relies on the fact that
Pt and Ru stand out as two model examples of, respectively, weakly and
strongly interacting substrates for GR growth. Starting from a strongly in-
teracting, corrugated C layer on bare Ru(0001), the progressive increase of
the Pt content determines a gradual detachment of GR from the substrate,
caused by the Pt–induced modification of the carbon orbital hybridization.
We are confident that our method could be readily extended to a number
of binary alloy supports, thus opening the way to a full tunability of the
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GR-metal interaction.

As part of my research on new epitaxial GR/substrate systems, I con-
tributed to the experimental characterisation of GR grown on a bimetallic
Ni3Al bulk alloy (chap. 6). Our interest in this system was motivated, also
in this case, by the possibility of modifying the GR–metal interaction, this
time via a selective oxidation of the metallic substrate, which allows de-
coupling the C layer in a non-destructive way. In this regard, the different
approaches so far developed to produce high-quality GR-oxide interfaces via
hydrocarbon CVD come with a series of issues related not only to the com-
plexity and cost of the processes [53, 54], but also to the risk of damaging
the GR layer by introducing defects, grain boundaries, additional layers and
contaminants during the transfer and deposition procedures. In our study,
we observed that C2H4 CVD on the Ni3Al(111) surface leads to the forma-
tion of a strongly interacting GR layer which is in registry with the substrate
and has very similar properties to those of the well known GR/Ni(111) sys-
tem [55,56]. The selective oxidation of the Al substrate atoms, achieved by
O2 exposure at 520 K, leads to the formation of a thick alumina layer, and to
an almost complete lifting of the C layer from the substrate. On the longer
term, the so–developed method could find applications as a transfer-free
technique to produce high quality GR-oxide interfaces. In fact, as proven
by the recent progress in the field of GR-metal oxide based electrode mate-
rials [57,58], the synergistic mechanisms between GR and metal oxides lead
to beneficial effects in composites for lithium ion batteries and electrochem-
ical capacitors. In this perspective, the new strategy we introduced opens a
promising route to the direct synthesis of a wide range of interfaces formed
by GR and high-k dielectrics [59–62].

In more recent years, the field of research on low–dimensional materials
has expanded beyond the study of GR and isolated two–dimensional crys-
tals. There has been a rapidly growing interest in nanoscale heterostruc-
tures made of a combination of alternating layers of GR and other two–
dimensional materials, such as hexagonal boron-nitride (hBN), MoS2, Bi2S3,
and other topological insulators [63–67]. Such heterostructures, charac-
terised by atomically controllable thin barriers and quantum wells, enable a
conceptually new degree of flexibility in designing electronic, optoelectronic,
micromechanical and other devices [68]. Such systems are clearly charac-
terised by a higher degree of complexity than simple epitaxial GR/substrate
systems, due to the presence of multiple GR interfaces where the properties
of the C layer are strongly and dynamically modified with respect to the case
of free-standing GR. Another very promising and widely investigated class
of systems with multiple GR/metal interfaces is represented by supported
arrays of metal nanoclusters on GR moirè lattices grown on close–packed
transition metal surfaces [69–74]. Supported metal nanoclusters, formed
by aggregates of some tens or some hundreds of atoms, are an intermedi-
ate state of matter between atoms and macroscopic objects and have been
the subject of an intense research activity since the early ’90ies. The dis-
cretisation of the electron energy levels arising when the dimensions of an
object are reduced below approximately 100 atoms brings about a modifi-
cation of the electronic structure and morphology of the clusters, with key
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consequences on their thermal stability, chemical reactivity, optical prop-
erties and magnetic behaviour [75]. A striking example of the remarkable
catalytic properties of nanoparticles is the high chemical activity of gold:
after being considered for many years a chemically inert element, gold is
unambiguously regarded as one of the principal actors in the golden age of
catalysis [76–79]. The emerging perspective of rationally designed, cluster–
based functional nanomaterials clearly requires a thorough understanding of
the interplay between morphology and electronic structure as a function of
the aggregate size. A promising approach to tune the size and shape of metal
nanoparticles is their self-assembly into arrays onto a naturally or artificially
nanopatterned template, characterised by a range of non–equivalent surface
binding sites for adatoms and small clusters. In this respect, the ordered
moirè lattice formed by monolayer GR on a variety of transition metals, such
as Ir(111) [80, 81], Rh(111) [82], Ru(0001) [83–85] and Pt(111) [86], has in-
deed been identified as a candidate for the templated growth of nanocluster
arrays. This has first been demonstrated in the case of Ir clusters on GR
grown on Ir(111) [81], and more recently on other substrates. The use of GR
as the supporting material brings about a series of advantages, due to the
exceptional mechanical strength of GR, its high temperature thermal stabil-
ity and high electrical and thermal conductivity. In addition, the possibility
to manipulate the properties and periodicity of epitaxial GR via a suitable
choice of the substrate allows to shape the surface adsorption potential on
GR. Once a suitable substrate for cluster deposition had been found, the
key target is understanding the relationship between the geometric and elec-
tronic structure of the under-coordinated atoms in supported nanoclusters,
and how this varies with cluster size, shape, and density. The first ambi-
tious goal would be tuning the chemical properties of the GR–supported
nanoparticle superlattices, also in sight of their prospective employment in
GR-based metamaterials for electrocatalysis applications. In the last cou-
ple of years, our experimental group, in collaboration with a theoretical
group from the UCL (University College London), has been devoting par-
ticular attention to the investigation of the properties and reactivity of Rh
nanoclusters on GR/Ir(111). The specific choice of Rh was primarily sug-
gested by the strong reactivity and high selectivity towards NOx reduction
shown by Rh nanoparticles, which could have significant spillover effects in
the automotive industry (e.g. for car exhaust gas purification) and related
fields. The successful combination of high-energy resolution x-ray photo-
electron spectroscopy (XPS), scanning tunneling microscopy (STM), and
density functional theory (DFT) allowed to shed light on the morphology,
electronic structure and thermal stability of Rh nanoclusters (chap. 7), in
particular on the role of the under-coordinated atoms at the edges. Using
these results as the starting point, during my PhD we turned our attention
to the adsorption of oxygen and CO on GR-supported Rh nanoclusters, as
a first step in the characterisation of their chemical reactivity. Our results
highlight the key role of the atoms at the edges as preferential adsorption
sites for both oxygen and CO, which can be easily understood by considering
that a lower coordination generally leads to an electronic d−band narrow-
ing and to a higher chemical reactivity [79]. In addition, we performed a
series of preliminary promising experiments which proved the possibility to
synthesise highly oxidised Rh nanoparticles by direct Rh evaporation under
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an O2 atmosphere. Further studies are currently being carried out on the
reactivity of these objects upon CO exposure. This could significantly con-
tribute to shedding light on the important role of oxide phases in mediating
and enhancing the CO + O −−→ CO2 reaction rate, as already suggested by
previous studies [87,88].

When using spatially averaged techniques, such as thermal desorption
spectroscopy (TDS), x-ray or ultraviolet photoelectron spectroscopy (XPS/
UPS), as well as photoemission–based microscopy techniques (like x–ray
photoelectron microscopy), regular arrays of supported nanoclusters with
a uniform size and spacing are required in order to investigate the size-
dependent properties of the nanoparticles, and ultimately for any practical
application of these nano–objects. The limited spatial resolution of these
techniques, in fact, does not allow detecting the differences between clusters
formed by a different number of atoms. The deposition of metal nanoclus-
ters on GR moirè lattices has already been the topic of extensive studies,
which have significantly contributed to our general understanding of the ad-
sorption behaviour and templating mechanisms [50,80,81,89–91]. However,
a key limitation encountered in these studies is related to the use of con-
ventional nanocluster growth methods, typically atomic vapor deposition,
which preclude size selection and thus do not enable a direct comparison
between experiment and theory. Another drawback is that such methods do
not allow to separately control the cluster coverage and size, thus limiting the
systematic investigation of cluster properties (structure, isomerism, mobil-
ity and chemical reactivity) as a function of the particle size and adsorption
environment. By contrast, if all the nanoscale units are formed by an equal
number of atoms, they also assume the same local configuration and show
a uniform response to the external stimulations, a behaviour which could
be widely exploited for heterogeneous catalysis, sensing devices, magnetic
memories and many other applications. A size-selective nanocluster synthe-
sis can be accomplished by using a cluster source, i.e. a machine especially
designed for the production of nano-aggregates of well-defined dimensions
and their soft-landing on a substrate. One such machine is currently under
construction in the Surface Science Laboratory (University of Trieste and
Elettra–Sincrotrone Trieste) at Elettra (chap. 8). This project, which has
been part of my PhD activity, has been carried out in close collaboration
with the experimental group of Prof. Ueli Heiz (TUM - Technical University
of Munich), one of the world leaders in this field. Once operational, this ma-
chine will be employed to produce controllable amounts of aggregates formed
by a few to a few hundred atoms by laser ablation and supersonic beam ex-
pansion, making use of ion optics and radio frequency fields to achieve an
accurate control over the energy and spatial distribution of the particles
and to prevent their fragmentation upon impact with the target surface.
The final mass selection will be performed by a high–resolution quadrupole
mass spectrometer, which will allow obtaining metal nanoclusters with a
close-to-zero statistical size dispersion. Once complete, this machine will
provide the Elettra research centre with a cutting-edge experimental system
for materials science studies, which will be unique in Italian research and one
of only a few worldwide to be used in combination with synchrotron light.
More specifically, the cluster source will be employed to produce metal nan-
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oclusters of tunable composition and size and to deposit them on GR, in
order to induce their self–assembly into ordered superlattices. The ability
to precisely control the growth parameters and the templating mechanisms
of metal nanoclusters on GR would clearly represent a key step towards the
functional design of novel GR–based metamaterials with tailored properties.

In all the experimental studies in which I have taken part during my re-
search activity, high–energy resolution core level photoelectron spectroscopy
has been the primary technique of choice for investigating the electronic
structure, as well as many other properties, of the systems in analysis. Since
the 1970s, core level spectroscopy has played a key role in shedding light on
the energetics, structure and kinetics of solid surfaces. In fact, although the
electronic core levels of a solid are spatially compact and localised and do
not participate directly in bond formation, they are strongly affected by the
local electronic environment, so that the changes in the core level binding
energies can be used as a local probe of the variation undergone by the
electrostatic potential of atoms surrounded by non–equivalent chemical and
geometrical environments [92]. Compared to other spectroscopic methods
commonly used to investigate gas-surface interfaces, XPS is equally sensitive
to the binding energy changes of both adsorbate and substrate atoms, thus
offering the possibility to use a spatially averaged experimental technique
to derive information on the local electronic structure of surface atoms with
different geometrical and chemical coordination. Another powerful aspect
of this technique is the possibility of identifying distinct core–level shifted
components originated by different layers of the crystal. The BE shift of
the surface component relative to the bulk, named surface core level shift
(SCLS) [93] is closely related to the local electronic density of states and
thus provides valuable information about the electronic structure of clean
as well as of adsorbate–covered metal surfaces. In the last two decades, the
advent of third generation synchrotron facilities has brought about a revo-
lution in the field of core level photoelectron spectroscopy: the high photon
flux, wide energy tunability and superior experimental resolution attainable
at a synchrotron light source, in fact, clearly outperform the characteristics
of conventional anode–based x–ray sources. For these reasons, synchrotron
radiation has found increasing application in SCLS studies, where an energy
resolution of the order of 50 meV or better is typically required.

Low energy electron diffraction (LEED) is another surface–sensitive tech-
nique I have extensively employed during my PhD, yielding direct insight
into the symmetry and periodicity of the sample surface. LEED is also an
effective tool to monitor the commensurability between layers of different
geometries during lattice matching processes. It makes use of a low energy
electron beam, which impinges on the surface and is coherently diffracted
by the atoms whose lattice vectors satisfy the Bragg condition [94]. For
this reason, LEED is mainly used on periodic, crystalline samples with a
long-range ordered lattice structure.

Low energy electron microscopy (LEEM) is a powerful surface imaging
technique, which has also been extensively employed during my doctoral
research work. More specifically, it’s a type of cathode lens electron mi-
croscopy [95–97], where the sample is the active cathode element and emits
electrons with energy between 50 and 100 eV in the objective lens of the
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microscope. Unlike scanning surface microscopies, such as SEM (Scanning
Electron Microscopy) and STM (Scanning Tunneling Microscopy), LEEM
is a non–scanning technique, because each point of the surface is simulta-
neously imaged by means of elastically backscattered low energy electrons.
In the case of crystalline samples, the elastic backscattering of a coher-
ent electron beam produces diffraction; for this reason, LEEM can provide
complementary access to real and reciprocal space information, by properly
configuring the microscope optical elements. On one hand, in fact, LEEM
allows direct, real-space imaging of the sample morphology over large surface
areas (up to several tens of micrometers), with a lateral resolution of 10 nm
and exceptional structural and surface sensitivity. On the other hand, this
technique can be used for microprobe low-energy electron diffraction (µ-
LEED) measurements that are restricted to a surface area of only a few
square micrometers, thus providing access to the reciprocal space. In ad-
dition, LEEM offers the opportunity to probe interfaces and deeper layers
by working with very low energy electrons (down to few eV), which have
a mean penetrating depth of several nm. Combined with its non–scanning
imaging mechanism, this is translated in a fast image acquisition and a real–
time imaging capability, which make LEEM an ideal tool to study in situ
dynamic processes on solid surfaces.

The present thesis is structured as follows: after an introduction to the
experimental set-ups and techniques employed during my research activity,
I will present the results of our experimental investigation of the various car-
bon phases formed on the Re(0001) surface (chap. 3), with a particular focus
on the epitaxial growth of GR. I will then present the results obtained by
our group in the manipulation of GR/metal interfaces by selecting geomet-
rically or chemically modified substrates. I will first report on the epitaxial
growth of GR on a vicinal Rh(533) surface and on the ensuing modifications
of the morphology, electronic structure and thermal stability with respect
to GR grown on the flat Rh(111) surface (chap. 4). This part is followed
by a chapter illustrating a more sophisticated method, recently developed
by our group, to manipulate the properties of GR-metal interfaces, based
on the use of a bimetallic PtRu/Ru(0001) surface alloy with a variable Pt
concentration (chap. 5). By simply varying the elemental composition of the
first layer of the substrate, we prove how it is possible to create GR/metal
interfaces with the same lattice matching, but with tunable morphological
and electronic properties and characterised by different GR growth modes.
The focus of the following chapter is on the possibility of selectively modify-
ing the GR–substrate adhesion by first growing GR on strongly interacting
bimetallic Ni3Al alloy, and subsequently forming an interlayer oxide phase
(chap. 6).

We will then move to a slightly different topic, namely the employment
of GR/metal systems as templates for the self–assembly of long–range or-
dered superlattices of TM nanoparticles. Starting from the encouraging,
preliminary results obtained by our group for Rh nanoclusters supported
on GR/Ir(111), I will report on our more recent findings regarding the re-
activity of the Rh nanoparticles upon exposure to O2 and CO and on an
innovative method we introduced for the in situ synthesis of highly oxidised
Rh clusters (chap. 7). Finally, I will present an overview of the future de-
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velopments expected in this field upon completion of the new size-selected
cluster source currently under construction in our laboratory, which will en-
able the production of metal nanoparticles of precisely controllable size and
their soft landing on GR-based solid substrates (chap. 8).
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R. Schlögl, and S. Hofmann. In situ characterization of alloy catalysts
for low-temperature graphene growth. Nano Lett., 11:4154, 2011.

12



BIBLIOGRAPHY

[53] R.J. Young, I.A. Kinloch, L. Gong, and K.S. Novoselov. The mechanics
of graphene nanocomposites: A review. Compos. Sci. Technol., 72:1459,
2012.

[54] K.S. Novoselov, V.I. Fal’ko, L. Colombo, P.R. Gellert, M.G. Schwab,
and K. Kim. A roadmap for graphene. Nature, 490:192, 2012.

[55] J. Lahiri, T. Miller, L. Adamska, I.I. Oleynik, and M. Batzill. Graphene
growth on Ni(111) by transformation of a surface carbide. Nano Lett.,
11:518, 2011.

[56] G. Bertoni, L. Calmels, A. Altibelli, and V. Serin. First-principles
calculation of the electronic structure and EELS spectra at the
graphene/Ni(111) interface. Phys. Rev. B, 71:075402, 2005.

[57] L. Liao, J. Bai, Y. Qu, Y. Huang, and X. Duan. Single-layer graphene
on Al2O3/Si substrate: better contrast and higher performance of gra-
phene transistors. Nanotechnology, 21:015705, 2010.

[58] Z. Wu, G. Zhou, L. Yin, W. Ren, F. Li, and H. Cheng. Graphene/metal
oxide composite electrode materials for energy storage. Nano Energy,
1:107, 2012.

[59] B. Fallahazad, K. Lee, G. Lian, S. Kim, C.M. Corbet, D.A. Ferrer,
L. Colombo, and E. Tutuc. Scaling of Al2O3 dielectric for graphene
field-effect transistors. Appl. Phys. Lett., 100:093112, 2012.

[60] R. Addou, A. Dahal, and M. Batzill. Growth of a two-dimensional di-
electric monolayer on quasi-freestanding graphene. Nat. Nanotechnol.,
8:41, 2011.

[61] V.K. Sangwan, D. Jariwala, S.A. Filippone, H.J. Karmel, J.E. Johns,
J.M.P. Alaboson, T.J. Marks, L.J. Lauhon, and M.C. Hersam. Quan-
titatively enhanced reliability and uniformity of high-κ dielectrics on
graphene enabled by self-assembled seeding layers. Nano Lett., 13:1162,
2013.

[62] L. Liao, J. Bai, Y. Lin, Y. Qu, Y. Huang, and X. Duan. High-
performance top-gated graphene-nanoribbon transistors using zirco-
nium oxide nanowires as high-dielectric-constant gate dielectrics. Adv.
Mater., 22:1941, 2010.

[63] W. Han, T. Taychatanapat, A. Hsu, K. Watanabe, T. Taniguchi,
P. Jarillo-Herrero, and T. Palacios. BN/graphene/BN transistors for
RF applications. IEEE Electron Device Lett., 32:1209, 2011.

[64] L.A. Ponomarenko, A.K. Geim, A.A. Zhukov, R. Jalil, S.V. Morozov,
K.S. Novoselov, I.V. Grigorieva, E.H. Hill, V.V. Cheianov, V.I. Fal/’ko,
K. Watanabe, T. Taniguchi, and R.V. Gorbachev. Tunable metal-
insulator transition in double-layer graphene heterostructures. Nat.
Phys., 7:958, 2011.

[65] L. Britnell, R.V. Gorbachev, R. Jalil, B.D. Belle, F. Schedin,
A. Mishchenko, T. Georgiou, M.I. Katsnelson, L. Eaves, S.V. Morozov,

13



BIBLIOGRAPHY

N.M.R. Peres, J. Leist, A.K. Geim, K.S. Novoselov, and L.A. Pono-
marenko. Field-effect tunneling transistor based on vertical graphene
heterostructures. Science, 335:947, 2012.

[66] M. Yankowitz, J. Xue, D. Cormode, J.D. Sanchez-Yamagishi,
K. Watanabe, T. Taniguchi, P. Jarillo-Herrero, P. Jacquod, and B.J.
LeRoy. Emergence of superlattice Dirac points in graphene on hexago-
nal boron nitride. Nat. Phys., 8:382, 2012.

[67] W. Dang, H. Peng, H. Li, P. Wang, and Z. Liu. Epitaxial heterostruc-
tures of ultrathin topological insulator nanoplate and graphene. Nano
Lett., 10:2870, 2010.

[68] S.J. Haigh, A. Gholinia, R. Jalil, S. Romani, L. Britnell, D.C. Elias,
K.S. Novoselov, L.A. Ponomarenko, A.K. Geim, and R. Gorbachev.
Cross-sectional imaging of individual layers and buried interfaces of
graphene-based heterostructures and superlattices. Nat. Mater., 11:764,
2012.

[69] R. Muszynski, B. Seger, and P.V. Kamat. Decorating graphene sheets
with gold nanoparticles. J. Phys. Chem. C, 112:5263, 2008.

[70] K.S. Subrahmanyam, A.K. Manna, S.K. Pati, and C.N.R. Rao. A
study of graphene decorated with metal nanoparticles. Chem. Phys.
Lett., 497:70, 2010.

[71] P.V. Kamat. Graphene-based nanoarchitectures. anchoring semicon-
ductor and metal nanoparticles on a two-dimensional carbon support.
Phys. Chem. Lett., 1:520, 2010.

[72] B. Wang, B. Yoon, M. König, Y. Fukamori, F. Esch, U. Heiz, and
U. Landman. Size-selected monodisperse nanoclusters on supported
graphene: Bonding, isomerism, and mobility. Nano Lett., 12:5907, 2012.

[73] M. Zhou, A. Zhang, Z. Dai, Y.P. Feng, and C. Zhang. Strain-enhanced
stabilization and catalytic activity of metal nanoclusters on graphene.
J. Phys. Chem. C, 114:16541, 2010.

[74] H. Zhang, Q. Fu, Y. Cui, D. Tan, and X. Bao. Fabrication of metal
nanoclusters on graphene grown on Ru(0001). Chin. Sci. Bull., 54:2446,
2009.

[75] P. Gambardella, S. Rusponi, M. Veronese, S.S. Dhesi, C. Grazioli,
A. Dallmeyer, I. Cabria, R. Zeller, P.H. Dederichs, K. Kern, C. Car-
bone, and H. Brune. Giant magnetic anisotropy of single cobalt atoms
and nanoparticles. Science, 300:1130, 2003.

[76] N. Lopez, T.V.W Janssens, B.S Clausen, Y.Xu, M. Mavrikakis, T Bli-
gaard, and J.K Nørskov. On the origin of the catalytic activity of gold
nanoparticles for low-temperature CO oxidation. J. Catal., 223:232,
2004.

[77] M. Daniel and D. Astruc. Gold nanoparticles: assembly, supramolecu-
lar chemistry, quantum-size-related properties, and applications toward
biology, catalysis, and nanotechnology. Chem. Rev., 104:293, 2004.

14



BIBLIOGRAPHY

[78] M. Haruta. When gold is not noble: Catalysis by nanoparticles. Chem.
Rec., 3:75, 2003.

[79] L. Bianchettin. Electronic structure and chemical reactivity at solid sur-
faces: the role of under-coordinated atoms and bimetallic alloys. PhD
thesis, University of Trieste, 2000.

[80] A.T. N’Diaye, T. Gerber, C. Busse, J. Mysliveček, J. Coraux, and
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M. Fonin. Nucleation and growth of nickel nanoclusters on graphene
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Chapter 2

Experimental background

This chapter is meant to provide an overview of the experimental setups
and techniques used during my doctoral research activity, along with an
introduction to the topics and experiments that will be presented in this
thesis. The chapter starts with some preliminary considerations on surface
science studies and on the experimental conditions they normally require,
and with a general technical description of the experimental workstations,
sample preparation and analysis methods used in the present work. The
second part provides instead an overview of the topics that have been the
subject of my PhD research activity.

2.1 Introduction to the experimental setup and
techniques

A large part of the experimental techniques employed in the study of solid
surfaces, in particular the ones I’ve used during my PhD research activity,
require Ultra High Vacuum (UHV) conditions. Only in this way, in fact, it
is possible to prepare atomically clean surfaces, and to maintain them in a
contamination-free state for the duration of the experiment [1–3]. A UHV
environment is especially needed when using low energy electron1–based
experimental techniques, in order to prevent gas phase scattering effects.
Assuming the sticking probability of contaminants in a vacuum environ-
ment is 1, in a background pressure of 1× 10−6 mbar the sample would get
completely covered by contaminants in few seconds, and any accurate mea-
surement would be precluded 2. For this reason, a pressure of the order of
1× 10−10 mbar or better is typically required. Besides an efficient pumping
system, a bake–out procedure is required to induce the desorption of water
and other contaminants from the inner walls of the chamber. In this way a
very good pressure, in the range 10−10 − 10−11 mbar, can be obtained.

During a typical experiment, the sample should be cleaned before each
measurement via a suitable treatment. For transition metal samples, like the
ones used in this work, this generally consists of sputtering cycles, followed
by annealing to high temperature. In the first stage, the sample is exposed
to a collimated flux of energetic noble gas ions (usually Ar+), in such a way

1Typically with a kinetic energy between 40 and 200 eV.
2Estimates obtained using the Hertz–Knudsen formula [1, 2]
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to remove contaminants by ion impact with the surface. This treatment,
which leaves the surface rough and disordered, is normally followed by an
annealing cycle to high temperature, which restores the long range order of
the surface and promotes the formation of large terraces (for metal surfaces
typically some hundred Å wide).

The data which will be presented and discussed in this thesis work were
mainly acquired at three different experimental workstations, which are all
equipped with a multi–stage pumping system and with the instrumentation
typically required to clean and prepare the sample: a sputter ion gun, a
quadrupole mass spectrometer (QMS) and a gas line for gas inlet into the
chamber. Besides this standard equipment, each UHV system is charac-
terised by a particular experimental setup, which will be described in detail
in the next sections.

2.2 The Surface Science Laboratory.

The experimental chamber of the Surface Science laboratory is primarily de-
voted to LEED/SPA-LEED [4] and XPS/XPD measurements. It is equipped
with two conventional X–ray sources, an Al–Kα and a Mg–Kα source (which
generate photons with energy hν = 1486.6 eV and 1253.6 eV, respectively),
and a hemispherical electron energy analyser with a mean radius of 150 mm,
which collects the photoelectrons emitted from the sample in XPS and XPD
experiments. The accurate temperature control achievable with the partic-
ular sample mounting, combined with the presence of a quadrupole mass
spectrometer, makes the system suitable also for Thermal Desorption Spec-
troscopy (TDS) experiments. The UHV chamber has a highly flexible con-

Figure 2.1: View from three different sides of the experimental chamber of the
Surface Science Laboratory.

figuration, thanks to the automated flange rotation and positioning system,
which allows controlling the sample movements from remote, via a software
interface. Several instruments are installed on the different flanges of the
chamber, including the LEED and SPA–LEED optics system, the sputter–
ion gun, the X–ray sources and the quadrupole mass spectrometer. Fig. 2.1
shows a side view of the chamber.
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2.3 The SuperESCA beamline at Elettra.

2.3.1 The Elettra synchrotron light source.

Elettra is a third generation synchrotron facility located in Basovizza (Tri-
este) (Fig. 2.2 (a)), optimised for the VUV and soft X–ray range.

Figure 2.2: (a) View from the air of the synchrotron light source at the Elettra
international research centre (Trieste). (b) General diagram of a synchrotron fa-
cility. The outer circular ring is the actual synchrotron, i.e. a particle accelerator
that brings electrons (light blue beam) to relativistic speeds. The electrons are ac-
celerated by electric fields in the straight sections between green squares, while the
red rectangles represent bending magnets. The synchrotron radiation so emitted
by the electrons (shown in yellow) is finally delivered to the various beam lines (the
straight lines branching out of the synchrotron).

By synchrotron radiation we mean the light emitted by relativistic elec-
trons when they are accelerated on a curved trajectory. Under these condi-
tions, in fact, they emit a highly collimated photon beam in the tangential
direction (see [5] for details).

The electrons, which are produced in bunches by thermoionic emission
from a ceramic disc, are extracted by an electric field of up to 80 kV and
first accelerated through a straight section (linear accelerator or LINAC) by
two radio-frequency structures. The particles are subsequently injected into
a booster ring where they are accelerated to the operating energy (2 or 2.4
GeV) and transported into the storage ring through a transfer line consisting
of a series of deflection and focusing magnets (Fig. 2.2 (b)). Inside the ring,
the electrons are maintained on a circular orbit by different types of magnets
(bending magnets, quadrupoles, sextupoles and steering magnets), and the
energy they lose by emission of synchrotron radiation is reintegrated by
four radio-frequency cavities. The storage ring includes also some straight
sections which host insertion devices, in particular undulators. An undulator
is formed by two periodic arrays of magnetic poles which force the incoming
electrons on a wiggling trajectory, thus inducing the emission of a collimated,
high brilliance beam 3.

The reasons why synchrotron radiation is preferable to conventional X–
ray sources are manifold. First of all, synchrotron radiation is tunable, in
that a wide range of photon energies can be accessed by properly adjusting

3The brilliance of a radiation source indicates the light intensity (number of photons
per unit time) within a given bandwidth, around the desired wavelength, that can be
focused unto a certain area.
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the undulator gap and the monochromator; moreover synchrotron radiation
yields a high brilliance, a high polarization and stable time structure of the
photon beam.

2.3.2 The experimental workstation

The light source of the SuperESCA beam line [6] is a 56 mm period un-
dulator, consisting of three sections of 81 periods each, covering a photon
energy range from 85 to 1000 eV and yielding a photon flux of 1014 − 1015

photons·s−1/0.1%bw at a ring energy of 2 GeV. The photon beam generated
by the undulator is collected, monochromatized and refocused by a prefo-
cusing mirror, followed by a single planar grating and a refocusing mirror
(Fig. 2.3). The highest attainable resolving power, E/∆E, is of the order

Figure 2.3: Layout of the SuperESCA beam line.

of 104 for hν < 500 eV. The experimental workstation consists of two UHV
chambers separated by a valve: a stainless steel chamber above, which is
primarily used for the sample preparation, and a µ−metal4 chamber below,
where the actual measurements are performed. Optimal UHV conditions
are mantained by a system of turbomolecular pumps. A view of the ex-
perimental setup is shown in Fig. 2.4. The manipulator used in most of
the experiments illustrated in the next chapters has four degrees of freedom
(corresponding to the x, y and z axes, and to the polar angle θ) and allows
cooling the sample down to 25 K and heating it either radiatively, using
three filaments mounted on the back, or by electron bombardment. The
chamber is further equipped with a series of evaporators for layer growth or
cluster deposition, a quadrupole mass spectrometer, a supersonic molecular
beam and a hemispherical SPECS Phoibos electron energy analyser with a
mean radius of 150 mm, equipped with a home-made delay line detector. A
generic hemispherical analyser (shown schematically in Fig. 2.5) consists of
two concentric hemispherical electrodes (of radius R1 and R2, respectively)
held at proper voltages. The potential difference (V2 − V1) between the two
hemispheres can be expressed as:

V2 − V1 = V0

(
R2

R1
− R1

R2

)
(2.1)

The above equation can be used to calculate the potentials that should be ap-
plied to the hemispheres in order to select electrons with energy E0 = |e|V0,

4µ−metal allows screening the sample from stray magnetic fields which would deflect
the low–energy electron trajectories.
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Figure 2.4: The experimental chamber of the SuperESCA beamline at Elettra.

the so called pass energy. In fact, only the electrons with energy E0 imping-
ing normal to the entrance slit of the analyser follow a trajectory of radius
R0 = (R1 + R2)/2 and can reach the exit slit, where they are revealed by
the detector. Although the instrumental energy resolution, ∆E, improves
at lower pass energy, the electron transmission probability is reduced, so
that a compromise must be found between high energy resolution and good
signal–to–noise ratio. The electrostatic lenses in front of the analyser serve
two purposes: they collect the incoming photoelectrons from a wide solid
angle and focus them into the entrance slit of the analyser; at the same time,
they slow down the electrons to the required kinetic energy E0, in such a way
to increase the resolution. The electrons that reach the exit slit are collected
by an electron multiplier which amplifies the signal and transmits it to an
electronic acquisition system. When a spectrum is acquired in sweep (or
scanning) mode, the voltages of the two hemispheres, V1 and V2 (and hence
the pass energy E0), are held fixed, while the voltage applied to the electro-
static lenses is swept in such a way that each channel counts electrons with
the selected kinetic energy for a period equal to the selected time window.
In order to reduce the acquisition time per spectrum, the so–called snapshot
(or fixed) mode can be alternatively used at the SuperESCA beamline. This
method exploits the relation between the kinetic energy of a photoelectron
and its position inside the detector (see [7] for a detailed treatment). If the
energy range covered by the detector is sufficiently wide and the photoemis-
sion signal is strong enough to resolve the spectral features, it is possible
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Figure 2.5: Schematic illustration of a hemispherical electron energy analyzer.

to acquire photoemission spectrum in a single shot by simply collecting an
image of the detector.

2.3.3 High energy resolution core level photoelectron spec-
troscopy.

The photoemission process from a solid sample takes place when a highly
energetic photon interacts with matter, causing the removal of an electron
from an atomic orbital or from a band [8]. The process has been traditionally
described with a three step model, involving: (1) optical excitation; (2)
migration to the surface; (3) transition to the vacuum level5. In this way, the
N−electron system is left in a core–ionized state. Photoemission can take
place either from the valence band or from the core levels, which generally
show no dispersion due to their highly localized, atomic–like nature. Soft
X–rays (the kind of radiation used in the Surface Science laboratory and at
the SuperESCA beamline) are especially suitable to probe the core levels
of a solid. When a photoemission event takes place, the following energy
conservation law applies:

hν = EB + Ek +W (2.2)

where hν is the photon energy, EB is the electron binding energy (BE) prior
to ionization, as calculated with respect to the Fermi level (as conventional in
photoemission spectroscopy), Ek is the kinetic energy of the photoelectron,
and W is the sample work function. The sum of the BE relative to the

5A more rigorous approach, in which the photoelectron is represented as a reverse
LEED wave function, describes the photoemission phenomenon as a single–step event.

22



2.Experimental background

Figure 2.6: Energy diagram of the photoemission process, illustrating the relation
between the electron energy levels in a solid metalsample and the kinetic energy
distribution of the detected photoemitted electrons. The binding energy EB is
referred to the Fermi level.

Fermi level and the work function, EB + W , yields the BE with respect to
the vacuum level (Fig. 2.6).

A fundamental property of photoelectron spectroscopy is its chemical
sensitivity. The photoelectron BEs, in fact, are a clear fingerprint of the
elements present in the sample. Moreover, the chemical environment (the
nature of the bonds, the presence of adsorbates, the oxidation state, etc.)
experienced by a core electron before the photoemission event is reflected in
a characteristic chemical shift of its BE. Therefore, core level spectra convey
a significant amount of information on the nature of the system under study.

A particular kind of chemical shifts are Surface Core Level Shifts (SCLS),
i.e. the energy shift of surface with respect to bulk core level electrons. In
the case of transition metals, this effect basically ensues from the lower
coordination of top layer atoms, which leads to a d−band narrowing and to
a subsequent energy shift to preserve charge neutrality.

Another remarkable property of photoelectron spectroscopy is its surface
sensitivity. This is understood by considering the universal curve of the
electron inelastic mean free path, reported in Fig. 2.7. As can be seen from
the graph, electrons with kinetic energies between 50 and 100 eV fall in
the minimum of the curve, corresponding to a mean free path of few Å;
this means that photoelectrons in that energy range mostly originate from
the first few layers of the solid, thus making photoelectron spectroscopy a
unique tool for investigating the electronic structure of thin films and solid
surfaces.

From the theoretical point of view, the photoemission process is gener-
ally described with a semiclassical approach, in which the electromagnetic
field is still treated classically, while the solid is described in quantome-
chanical terms. The one–particle Hamiltonian for an electron subject to an
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electromagnetic field is given by:

i~
∂ψ

∂t
=

[
1

2m

(
p̂− e

c
Â
)2

+ V̂

]
= Ĥψ (2.3)

where ψ is the electron wave function, A is the vector potential of the
electromagnetic field and V is the unperturbed potential of the solid. In
the Coulomb gauge (∇ · A = 0) the vector potential commutes with the
momentum operator ([p̂, Â] = 0), so that the expression in brackets in
eq. 2.3 simplifies to6:(

p̂− e

c
Â
)2

= p̂2 − 2
e

c
Â · p̂ +

(e
c

)2
Â2 (2.4)

The quadratic term in A can be neglected, since its contribution is normally

Figure 2.7: Universal curve of the electron inelastic mean free path.

one order of magnitude smaller than the first term. Following a first–order
perturbative approach, the one–electron Hamiltonian can be split into two

terms, an unperturbed Hamiltonian Ĥ0 = p2

2m , plus an interaction Hamilto-

nian Ĥ ′, which accounts for the effects of the electromagnetic field:

Ĥ ′ = − e

mc
Â · p̂ (2.5)

The time–dependent perturbation theory for harmonic perturbations allows
us to express the transition rate between the initial state ψi and the final
state ψf via the Fermi Golden rule:

dω

dt
∝ 2π

~
|〈ψf |Ĥ ′|ψi〉|2δ(Ef − Ei − hν) (2.6)

where Ei and Ef are the eigenvalues of the unperturbed Hamiltonian in the
initial and final state, respectively, and hν is the photon energy. In order to

6Notice we are neglecting the term∇·A in the Hamiltonian, which accounts for possible
photocurrent contributions. Such effects are generally negligible in the bulk of solids, but
may become important at the surface [8, 9].
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take into account the finite time scale of real interactions, eq. 2.6 should be
corrected by replacing the Dirac delta function with the density of states ρf
in the final state:

dω

dt
∝ 2π

~
|〈ψf |Ĥ ′|ψi〉|2ρf (2.7)

In a real photoemission experiment the BE of the core electron in its
ground state cannot be directly probed, since the measured BE incorporates
both initial and final state effects, and the spectral linewidth is broadened by
the finite core–hole lifetime (τ). Assuming an exponential decay probability
for the core hole in the time domain (∝ exp (−t/τ)), the spectral function
will have a Lorentzian shape, characterized by a FWHM (Full Width at Half
Maximum) given by the Γ parameter:

IL(E) =
I0
π

Γ/2

(E − EB)2 + (Γ/2)2
(2.8)

From the simple theory of Fourier transforms, Γ and τ are related by the
indeterminacy relation: Γτ ≥ ~.

The photoemission event leaves the atom in a highly excited core–ionized
state, from which it can decay radiatively (by fluorescent emission) or non–
radiatively (typically via an Auger process). Besides the aforementioned
Lorentzian broadening, photoemission spectra are also affected by a Gaus-
sian broadening, which basically contains the resolution, the vibrational and
the inhomogeneous contribution. The first effect is due to the non perfect
monochromaticity of the photon beam and to the limited resolving power
of the electron energy analyser, which pose an upper bound to the overall
experimental energy resolution. The vibrational broadening is produced by
the excitation of low energy vibrational modes both in the initial and in
the final state. Finally, an inhomogeneous broadening may originate from
the presence of unresolved core level shifted components in the spectrum.
The Gaussian contribution to the experimentally observed broadening can
be expressed as:

IG(E) =
I0

σ
√

2
exp

(
−(E − EB)2

2σ2

)
(2.9)

An accurate description of the photoemission peak line shape was formu-
lated by Doniach and Šunjic̀ [10], who elaborated a modified Lorentzian
distribution function by including an asymmetry parameter α (also called
Anderson singularity index) which basically accounts for the excitation of
electron–hole pairs at the Fermi level. The Donjach–Šunjic̀ lineshape is
expressed as:

IDS = I0
ΓE(1− α)

[(E − EB)2 − (ΓE/2)2](1−α)/2
ξ(E) (2.10)

where ΓE is the Euler Gamma function, and

ξ(E) = cos

[
πα

2
+ (1− α)atan

(
E − EB

ΓE/2

)]
(2.11)

All the spectra presented in the following chapters were analysed using
Doniach–Šunjic̀ fitting functions, convoluted with a Gaussian distribution
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function to take into account all the previously described spectral broaden-
ing effects. The background was assumed to be linear. For all the spectra,
the zero of the BE scale was chosen to coincide with the Fermi level, which
was calculated by fitting the Fermi edge (acquired after each core level spec-
trum) with a Fermi–Dirac statistical distribution function convoluted with
a Gaussian profile.

2.4 The Nanospectroscopy beamline at Elettra.

The Nanospectroscopy beamline is equipped with an Elmitec SPELEEM
(see Fig. 2.8), the Spectroscopic Photoemission and Low Energy Electron
Microscope based on the design originally developed by Prof. Ernst Bauer
and his research group [11, 12]. The available operation modes are: (i)
LEEM, either in bright/dark field mode (the distinction will be explained in
the following) or using mirror–electron microscopy (MEM), (ii) XPEEM, se-
lecting energy-filtered photoelectrons, (iii) x-ray magnetic circular and linear
dichroism (XMCD/XMLD)- photoemission electron microscopy (PEEM),
using secondary electrons produced by threshold ionisation induced by lin-
early or circularly polarized light; (iv) micro-XPS, by collecting the spectrum
on the dispersive plane of the energy filter; and (v) micro-spot LEED [13].

The SPELEEM is therefore a powerful and versatile instrument to study
the structural, electronic, chemical, and magnetic properties of surfaces and
interfaces and can be applied to a variety of fields, including catalysis, mag-
netism and thin–film growth. Low energy electron microscopy, in partic-
ular, is an extremely powerful technique to investigate the morphology of
surfaces and interfaces and to tackle the dynamics of surface processes on
the mesoscopic scale, thanks to its real–time structural sensitivity. Since
the measurements performed at the Nanospectroscopy beam line as part of
my PhD research activity made primarily use of LEEM microscopy, the fol-
lowing section will be devoted to illustrating the operating principles of this
technique.

2.4.1 Low energy electron microscopy.

LEEM is an example of cathode lens electron microscopy [14–16], i.e. a type
of microscopy in which the sample acts as the cathode, by emitting electrons
in the objective lens of the microscope. Unlike scanning surface microscopies,
such as SEM (Scanning Electron Microscopy) and STM (Scanning Tunnel-
ing Microscopy), LEEM is a non–scanning technique, since each point of
the surface is simultaneously imaged by means of elastically backscattered
low energy electrons. If a crystalline sample is used, the elastic backscatter-
ing of the coherent electron beam produces diffraction; in this case LEEM
can provide complementary access to real and reciprocal space information.
By properly configuring the electron–optical elements in the microscope,
it is possible to select either the real space image or the LEED pattern
of the surface. The scheme of a LEEM instrument is shown in Fig. 2.9.
A monochromatic electron beam is first generated by a LaB6 cathode in
the electron gun and accelerated to the microscope potential (18 keV in
the present case). A magnetic field subsequently aligns the beam with the
optical axis of the objective lens, at normal incidence on the sample. In
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Figure 2.8: Overview of the SPELEEM installed at the Nanospectroscopy beam-
line at Elettra.

the backscattering LEEM geometry, the incident and reflected beams travel
through the objective lens in opposite directions without crossing (the mag-
netic field keeps them on separate trajectories). The incident electron beam
is focused by the illumination optics in a crossover point on the back focal
plane of the objective lens. The objective lens then redirects the beam on
the sample and decelerates it to the desired incident energy. The reflected
electrons are then accelerated to the microscope potential, focused by the
objective and deflected by the field in the magnetic sector into the imaging
column (Fig. 2.9).

An image is present in the middle of the magnetic sector and a trans-
fer lens placed in front of the imaging column (labelled ‘TL’ in Fig. 2.9)
reproduces the diffraction pattern on a secondary diffraction plane inside
the column. The LEED pattern can be simply obtained as an image of the
diffraction plane by properly adjusting the optics; alternatively, a real–space
image can be collected by inserting a contrast aperture in the diffraction
plane and selecting one of the diffracted beams. Placing an aperture along
the beam path inside the illumination column enables selecting the field of
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Figure 2.9: Sketch of the optical elements and operative scheme of a LEEM mi-
croscope.

view, i.e. the width of the surface region to be imaged7. In this way, when
operating the microscope in LEED mode, it is possible to collect the micro–
spot low energy electron diffraction (µ−LEED) pattern of a restricted region
of the sample.

Figure 2.10: Conventional Ewald construction in one dimension, showing the scat-
tering of an electron beam impinging with wave vector ki. Only the backscattered
beams with wave vectors k′ satisfying the Bragg condition k′ − ki = G, where G
is a reciprocal lattice vector, originate diffraction maxima in the LEED pattern.

Following the conventional Ewald sphere formalism (Fig. 2.10), the nor-

7The LEEM images presented in the next chapters, which were collected at the
Nanospectroscopy beamline, all have a field of view between between 2 and 30µm.
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mal incidence/exit condition which is most often used for LEEM imaging
corresponds to diffraction along the (00) reciprocal lattice rod. This is
the so–called bright–field imaging mode, corresponding to specular reflec-
tion with no momentum transfer in the direction parallel to the surface
(∆k‖ = 0)(Fig. 2.11 (a)). Alternatively, a dark-field image of the surface
can be obtained by collecting the diffraction signal along a fractional order
or integer low order diffraction rod. In practice, this is achieved by tilting
off–axis the illuminating beam vector by such an angle to orient the imaging
beam vector in the direction perpendicular to the surface (see Fig. 2.11)
(b). Bright field is the standard mode of operation because it yields the
best spatial resolution, but working in dark field mode allows separating the
contributions of rotationally inequivalent domains and overlayers which are
indistinguishable at normal incidence, where they don’t produce contrast.

Figure 2.11: (a) In the bright field (BF) mode of LEEM, an aperture is placed in
the back focal plane of the objective lens which lets through only the direct beam.
In normal BF imaging, the specularly reflected beam is aligned with the optical
axis of the objective lens. (b) In the dark field (DF) mode, the contrast aperture
is in the back focal plane of the objective lens, so that the direct beam is blocked,
while one or more diffracted beams are allowed to pass the objective aperture.

In the field of surface imaging techniques, LEEM exhibits an excellent
spatial resolution, owing to the higher field strength that can be applied
between the sample and the objective lens, which accelerates the emitted
electron beam. As it has already been explained in section 2.3.3, slow elec-
trons with a kinetic energy between 50 and 100 eV are an extremely surface
sensitive probe due to their short mean free path. In addition, LEEM offers
a unique opportunity to probe also deeper layers and interfaces by working
with very low energy electrons (down to few eV), which have a mean pen-
etrating depth of several nanometers. Moreover, electrons in the very low
energy range have a very high reflectivity, which, combined with the non–
scanning imaging mechanism, is translated into a short image acquisition
time and a real–time imaging capability.

There are essentially two mechanisms that produce contrast in LEEM:
phase contrast and quantum size contrast (Fig. 2.12). In the first, the height
difference between terraces at different heights on the surface leads to a
phase difference in the backscattered waves. Defocussing can convert such
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phase difference into an amplitude difference, allowing to image steps on
a surface. The second method exploits the interference of waves that are
backscattered at the surface and at the interface of a thin film, producing
maxima and minima in the backscattered intensity depending on the local
film thickness.

Figure 2.12: Contrast mechanisms commonly exploited in LEEM: (a) diffraction
contrast; (b) geometric (or step) phase contrast, (c) quantum size contrast.

The first mechanism is related to the interference effects originating from
a phase change of the imaging electron beam upon reflection from the sam-
ple. A surface step is an example of a pure phase object which introduces
a phase shift, but has no effect on the wave amplitude (Fig. 2.12 (b)). The
phase shift is given by φ = kd = (2π/λ)2a0, where λ is the wavelength
of elastically backscattered electrons, a0 is the step height and d = 2a0 is
the path length difference between waves reflected by adjacent terraces sep-
arated by a monoatomic step. Step phase contrast has been observed on
many surfaces and is a key parameter in the study of the morphological evo-
lution of crystalline surfaces. Another important phase contrast mechanism
observed in LEEM for thin films is due to quantum size effects (QSE) in
the electron reflectivity. This phenomenon originates from the interference
between the electron waves reflected at the film surface and at the interface
between the film and the substrate (Fig. 2.12 (c)). The optical path length
difference between the two waves, which is given by d = 2t (where t is the
film thickness), causes a phase shift φ = k0d between the two waves, where
k0 is the wave vector inside the film and is determined by the crystal band
structure. As a consequence, the reflected intensity presents a modulation
which is a function both of the incident electron energy and of the film
thickness. This concept will be recalled in chap. 3 and 5.

2.5 Introduction to the investigated systems

2.5.1 Graphene–based interfaces and transition metal nan-
oclusters: state of the art and hot topics

As already mentioned in the introduction, graphene (here and in the follow-
ing indicated as GR) consists of a one-atom thick sheet of sp2-hybridised
carbon atoms arranged in a honeycomb crystal lattice, with two C atoms per
unit cell [17]. The C network can be thought of as formed by two interpen-
etrating triangular sublattices related by a 120◦ in plane rotation, as shown
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in Fig. 2.13 (a). The high mechanical stability of GR can be understood by

Figure 2.13: (a) The honeycomb lattice of GR, formed by two interpenetrating
triangular sublattices of C atoms (A and B), shown in red and green. (b) Band
structure of GR. The conduction (red) and the valence band (blue) meet at six
Dirac points –labelled K and K ′– at the corners of the Brillouin zone (only two are
displayed for simplicity).

considering that each C atom participates in the formation of in–plane bonds
with one s and two p orbitals, which undergo an sp2 hybridisation, forming
three strong, directional σ bonds between C atoms. The C−C bond distance
in this trigonal planar structure is 1.46 Å. In general, the σ band is responsi-
ble for the structural robustness of all C allotropes, including fullerenes and
nanotubes. The remaining p orbital, oriented perpendicularly to the molec-
ular plane, can bind covalently with neighbouring C atoms and hybridises
to form the π∗ (conduction) and π (valence) bands, which are responsible
for the in–plane conduction phenomena [18].

Until recently, it was generally believed, on the basis of both theoretical
calculations and experimental observations, that 2D materials could not ex-
ist without a 3D base. More than 70 years ago, in fact, Landau and Peierls
stated that strictly 2D crystals were thermodynamically unstable (see [19]
and references therein), arguing that a divergent contribution of the ther-
mal fluctuations in low-dimensional crystal lattices would lead to atomic
displacements comparable with the interatomic distances at any finite tem-
perature. On the experimental side, it had been observed that the melting
temperature of thin films rapidly decreases with decreasing thickness, so
that these systems become unstable already at a thickness of few tens of
atomic layers. For this reason, atomic monolayers were known only as an
integral part of larger 3D structures, or as epitaxial layers grown on crys-
talline supports. Despite the predicted thermal instability of 2D systems,
several attempts were made to synthesise GR. Many of them followed the
same approaches developed for the growth of carbon nanotubes, like chem-
ical vapour deposition (CVD) on metal surfaces and SiC thermal decompo-
sition [20–24]. Although these methods did not produce perfect monolayer
GR, the studies evidenced an interestingly high charge carrier mobility in
few-layer graphene [25]. However, it was not until 2004, when the group of
Andre Geim and Konstantin Novoselov obtained GR by micro-mechanical
exfoliation of graphite, that isolated monolayer graphene was experimentally
observed for the first time. Since then, the research on GR, the refinement
of GR synthesis techniques and the development of GR-based applications
have grown at an exponential rate.

The initial contribution of the group of Kim [26–32] and De Heer [25,
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33–37], along with that of Novoselov and Geim [38–41], who developed ef-
ficient exfoliation methods for the isolation of GR, was crucial in terms of
the fundamental research on the physical properties of GR [18, 42]. The
capability of synthesising high–quality few-layer GR, among the other find-
ings, enabled the verification of many of the predicted exotic behaviours
of the charge carriers in GR. In 2010, Geim and Novoselov were awarded
the Nobel Prize for Physics for ‘groundbreaking experiments regarding the
two–dimensional material graphene’.

It is nice to recall that, as early as 1947, Wallace [43] had already shown
that a single sheet of sp2 hybridized C atoms would have a linear energy
dispersion as a function of the electron-momentum vector at the K-point of
the Brillouin zone. The experimental studies conducted in the last decade
have validated this prediction, showing that the electronic π and π∗ bands of
free-standing GR touch at the Fermi energy (EF ) in six points at the corners
of the Brillouin zone, and that, close to these points (called Dirac points),
the bands exhibit a linear dispersion. The peculiar energy dispersion of the
conical valence and conduction bands (termed Dirac cones) is the same of
relativistic massless fermions. This band topology is responsible for exotic
electronic transport properties and results in unique behaviours, such as
an anomalous quantum Hall effect [27, 30, 41]. The superior charge carrier
mobility, the exceptional long–range ballistic transport at room tempera-
ture, the quantum confinement observed in nanoscale GR ribbons and the
single–molecule detection sensitivity of the 2D carbon layer qualify GR as a
promising, revolutionary material for large scale applications in microelec-
tronics and sensing devices [25, 44–50]. Although many experiments have
been performed using exfoliation [51–53], and despite the high quality, topo-
logical flatness and high electron mobility of the so–obtained GR samples,
this methods lacks reproducibility [54]. From the perspective of the applica-
tions, in fact, this method is unlikely to meet the requirements for a scalable
production and for device fabrication.

For this reason, alternative and more promising methods for the bottom–
up synthesis of GR, like GR–oxide reduction, silicon carbide (SiC) annealing
and CVD of hydrocarbon molecules on metal supports, have been developed
and refined, especially in the last few years. Heating a SiC crystal to high
temperatures (>1100 K) induces Si sublimation from the top layer and the
subsequent reduction of the carbide surface to GR. Depending on the specific
crystal face (either Si–terminated or C–terminated) chosen for GR synthesis,
it is possible to control the thickness of the GR layer, as well as the charge
carrier density and mobility of the so–obtained GR domains [55–58].

The most promising alternative route to precisely produce monolayer GR
is CVD on metal surfaces [23, 59–64]. As already mentioned, the original
observation of GR formation on TM surfaces is prior to the discovery of
free-standing GR in 2004, and dates back to the early surface science studies
on single crystal metals. On Pt, Ni and Ru, characteristic LEED patterns
were coincidentally observed after annealing the C–saturated sample to high
temperature and were interpreted as the formation of 2D graphitic layers
upon segregation of carbon impurities from the bulk [22, 65–70]. Once the
extraordinary potential of GR became clear and the ‘graphene gold rush’
began, the scientific community discovered a renewed interest in the epitaxial
growth of GR films on solid surfaces. At present, CVD is normally carried
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out by decomposition of methane, propene, ethylene, acetylene, CO, and
of larger hydrocarbon molecules, such as cyclohexane, n-heptane, benzene,
and toluene [71, 72]. In these cases, either the C-containing molecules are
adsorbed at room temperature and thermally decomposed by annealing the
sample (in this way the H desorbs and is disposed of by the pumping system),
or the sample is directly exposed to a flux of molecules at high temperature.

Besides CVD, epitaxial GR can be grown also by surface segregation of
bulk–dissolved C [24, 61, 63, 73]. In that case, the sample is typically doped
with carbon by prolonged exposure to a CO or hydrocarbon atmosphere
and subsequently annealed at high temperature in order to induce C segre-
gation to the surface. By adjusting the annealing temperature, it is normally
possible to control the growth of mono- and multilayer GR structures.

The peculiar LEED patterns originally observed on Pt(111) and Ru(0001)
upon GR formation are an example of a peculiar diffraction phenomenon ac-
companying the epitaxial growth of GR on most close–packed TM surfaces
(the (111) termination of fcc crystals and the (0001) termination of hcp
crystals).

Figure 2.14: LEED pattern of epitaxial graphene on Ir(111).

The LEED pattern of these systems, showing characteristic hexagonal
rings of satellite spots around the (0,0) and the first–order spots of the
substrate (see Fig. 2.14), is associated with the ordered superstructure orig-
inated by the superposition of GR with a lattice–mismatched crystalline
surface with threefold, close–packed geometry. The overlap between the two
lattices, in fact, results in a coincidence superstructure (or, in other cases, in
an incommensurate structure) with a larger periodicity (or quasi–periodicity,
respectively). The coincidence cell is named moirè cell, after the interference
pattern observed when two grids are overlaid at an angle, or when they have
a slightly different mesh size (see Fig. 2.15). Two exceptions in this respect
are GR/Ni(111) [74] and GR/Co(0001) [75]: in these two cases, in fact, the
GR lattice is approximately commensurate with the substrate, so that only
a (1× 1) structure with no moirè pattern is observed.

The interaction GR develops with the substrate on which it is grown
depends on the specific choice of the metal and represents one of the most
attractive features of this material. As it has already been mentioned in the

33



2.Experimental background

introduction and will be discussed in more detail in the next chapters, the
nature of the GR-metal interaction deeply affects the morphological prop-
erties and the electronic structure of the GR layer. In strongly interacting
GR/metal systems (both lattice–matched (Ni, Co) and lattice–mismatched
ones (Ru, Rh, Re)), the smallest distance between the metal and the C layer
is around 2.1÷2.2 Å, i.e. much smaller than the graphene plane separation in
graphite (about 3.3 Å [76]). In addition, while in weakly interacting systems
the formation of multiple, rotationally misaligned domains is often observed
during CVD, in strongly interacting systems the C–metal coupling tends to
force the C layer in registry with the substrate, thus limiting the appearance
of multiple domains.

In this context, one of the most important contributions is the work of
Preobrajenski et al. [77], where the transition metal series Pt(111)–Ir(111)–
Rh(111)–Ru(0001) was examined, and the nature of the GR–metal interac-
tion was accurately investigated for each lattice–mismatched system. This
benchmark study highlighted a direct correlation between the strength of
GR bonding to the metal, the degree of corrugation of the overlayer and the
orbital rehybridization of GR and metal states at the interface. Consistently
with what was already known from previous works, it turned out that GR
on Pt(111) and on Ir(111) maintains similar properties to a free–standing
C layer, since its electronic structure is little affected by the presence of the
metal below. By contrast, Rh(111) and Ru(0001) are examples of strongly
interacting substrates, on which epitaxial GR develops a significant buck-
ling. In lattice–mismatched systems, the strong interaction with the sub-
strate does not only lead to a morphological modification of the C layer, but
is also reflected in a significant alteration of the electronic band structure.
Also the C1s core level spectrum, however, is modified with respect to the

Figure 2.15: Atomic model (top and side view) of the moirè lattice formed by GR
on Ru(0001).
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free–standing case; in particular, it exhibits two components (separated by
500 to 700 meV), which have been traditionally attributed to weakly and
strongly interacting regions of the moiré cell (corresponding to the elevated
and buckled regions of the GR layer, respectively [77]). In weakly interact-
ing GR–metal systems, by contrast, only one component, at a BE similar
to that of highly–oriented pyrolytic graphite (HOPG), is normally observed
in the C1s spectrum. In Fig. 2.16 are compared the C1s core level spectra
of selected lattice–mismatched GR–metal systems characterised by a differ-
ent degree of interaction between the C layer and the substrate. Finally,

Figure 2.16: Selected high energy resolution C1s spectra of weakly (Pt(111),
Ir(111)) and strongly interacting (Rh(111), Re(0001)) GR/metal systems, acquired
at hv = 400 eV, in the normal emission configuration.

in strongly interacting systems where the GR layer is in registry with the
substrate, like GR/Ni(111), the C1s core level signal typically consists of a
single component at about 600 meV higher BE than the HOPG peak.

The variable GR–substrate coupling is also reflected in the electronic
band structure of GR and plays a key role in determining the physical prop-
erties of GR, for example the electron transport capability. A meaningful
example in this sense is offered by GR/Ni(111), whose band structure has
been measured by ARUPS [78–83]. In fact, although both the π and σ
bands characteristic of bulk graphite are preserved, they are both shifted
downwards (by more than 2 and nearly 1 eV, respectively). The strongest
modification, however, occurs at the K−point of the Brillouin zone: while in
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free-standing GR the π and π∗ bands exactly meet at EF at the Dirac point,
for GR/Ni(111) the top of the π band is shifted by 3 eV below EF , and an
extended band gap opens between the π and π∗ bands. The fact that the
main changes in the band structure are observed in the energy region of the
Ni 3d band can be interpreted in terms of a local covalent bonding between
GR and the substrate, which proceeds through the orbital hybridization be-
tween the C 2pz and the Ni 3d states. Similar trends have been reported
also for GR/Ru(0001), in particular the opening of a band gap of several
eV, with localized electronic states inside the gap [84, 85]. By contrast, the
ARUPS data for GR/Ir(111) show that, in this system, the band structure
of free-standing GR is largely preserved. The π band is shifted by only
∼ 0.1 eV to higher energy, and the band gap is smaller than 0.2 eV. This
is consistent with the large C-metal distance (about 3.4 Å) found for this
system [86,87]. The different electronic structures of Ni(111) and Ru(0001)
on one hand and Ir(111) on the other therefore supports the distinction into
two main different GR–metal binding classes.

The picture that emerges is that epitaxial GR on strongly interacting,
lattice–mismatched substrates, originates a ‘nanomesh’ similar to that of h–
BN, with a net separation between weakly and strongly interacting regions of
the C layer [77]. As we will see in the next chapters (in particular chap. 3 and
5), more recent studies have pointed out that strongly interacting GR-metal
systems are more realistically described in terms of a continuous distribu-
tion of the C–substrate distances and of a continuously varying GR–metal
bonding strength.

In light of all these considerations, it is understood that the opportunity
of growing epitaxial GR on a range of substrates with a variable degree of in-
teraction provides a powerful tool to manipulate the geometry and electronic
structure of the C layer, and has therefore attracted considerable interest
also in more application–oriented fields of research. GR-metal interfaces, in
fact, have gained increasing importance in the preparation of conventional
or spin–polarised contacts in devices and appear as promising candidates for
the fabrication of GR–based spintronic units [88–91].

Thinking of the possible applications of epitaxial graphene in nanotech-
nology, an important field is surely the templated fabrication of large arrays
of monodispersed clusters on solid surfaces.

In the last two decades, metal nanoclusters have been the subject of
increasing attention in the scientific community working in materials sci-
ence and nanotechnology. As we will see in better detail in chap. 7 and
8, one of the most fascinating aspects of these systems is that they repre-
sent an intermediate state of matter between individual atoms/molecules
and macroscopic objects. A series of studies have proven that the discreti-
sation of the electron density of states ensuing in very small aggregates
(≤ 100 atoms) modifies the atomic interactions, and thus the geometric and
electronic structure of the clusters, with dramatic effects on their thermo-
dynamic, optical, magnetic and chemical properties [92, 93]. By contrast,
larger clusters formed by several thousands of atoms, with a size of 3÷5 nm
or larger, present a smoothly varying behaviour, which approaches the bulk
limit as the size increases. Magnetic data storage, heterogeneous catalysis,
nanophotonics and sensors are some of the technologically relevant fields
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where nanoclusters are expected to make an impact in the near future. The
dependence of the spin configurations and of the quantum separation be-
tween energy levels on the cluster size opens the possibility to tailor the
properties of ultra-high density magnetic recording media and nanoscale
spintronic devices [94, 95]. Maybe the most meaningful example of the ex-
ceptional catalytic properties of nanoparticles is the high chemical activity
of gold nanoclusters, in contrast with the well–known chemical inertness
of the bulk metal [96, 97]. The structural properties of nanoclusters are
also extremely interesting: in most cases, in fact, metal nanoparticles have
been found to exhibit a high degree of crystallinity [98], and their melting
temperature is a size–dependent parameter [99].

The fabrication of nanocluster–based devices for practical applications
typically requires a large number of regularly spaced, identical building
blocks characterised by a collective behaviour. When the size and spac-
ing of these nano–objects is in the range of 1 to 2 nm, two main challenges
are posed: (i) the understanding of the geometric and electronic structure
of the aggregates as a function of the number of atoms; (ii) the identifica-
tion and control of the templating mechanisms leading to the formation of
extended superlattices of monodispersed nanoparticles on a suitable solid
substrate.

A popular route to cluster array fabrication is vapour deposition of atoms
or molecules onto a ‘template’, i.e. a substrate characterized by periodic
arrays of nucleation sites, where the deposited clusters can diffuse and ad-
sorb [100, 101]. In this way, the clusters are driven into a regular configu-
ration by the adsorption energetics of the substrate, via a so called ‘self–
assembly’ mechanism. The templated growth of monodispersed, periodic
arrays of clusters can be exploited in many ways, because the identical local
environment of each cluster induces a uniform response to external stim-
ulations, e.g. the selectivity of the nanoparticles towards specific reaction
pathways [94,102].

The high crystallographic quality of many GR moiré structures, along
with their thermal and chemical stability and their high surface area, makes
these systems perfect templates for nanostructures [87, 103–108]. This idea
has first proven successful for GR/Ir(111), which has been used as a sub-
strate for the deposition and growth of Ir cluster superlattices [87] (see
Fig. 2.17). A fundamental finding is that, even at high Ir surface concentra-
tions (above 1.5 ML), the clusters maintain a narrow size distribution and are
thermally stable up to 500 K. This exceptional structural stability has been
explained in terms of a restructuring of the GR layer. DFT calculations, in
fact, have shown that metal cluster deposition induces a local orbital rehy-
bridisation of the C atoms from sp2 to sp3 [87]; the so–formed GR–cluster
bonds stabilise the clusters against sintering, even at high temperature. Very
promising results have also been obtained for the deposition of various TM
nanoclusters (Pt, Rh, Pd, Co, and Au) on GR/Ru(0001) [109]. The cited
work suggests that both the C-metal bond strength and the cohesive ener-
gies of the different metals are important factors in cluster formation and
that the C-metal bond strength plays a special role in determining the mor-
phology of the clusters in the initial growth stages. Both the theoretical and
the experimental results reported in literature to date indicate that a GR
layer with a strong electronic interaction with the substrate should interact
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Figure 2.17: STM image of an Ir cluster superlattice grown on GR/Ir(111) at
300 K, with an average cluster size of 70 atoms. Ir coverage: 0.80 ML; image size:
0.5×0.5 µm2, inset 500×500 Å2. From [104].

more weakly with the deposited metal; it is therefore clear that an accu-
rate choice of both the substrate and the cluster metal is of key importance
for the selective tuning of the electronic and geometrical properties of the
template, and thus for the control of the self–assembly mechanisms of the
supported nanoparticles.

As already explained, a fundamental objective of the research on sup-
ported TM nanoclusters is understanding the atomic scale formation and
templating mechanisms of these objects and their dependence on the cluster
size. Without this knowledge, in fact, a thorough interpretation of the struc-
tural, physical and chemical properties of metal nanoparticles and of the col-
lective behaviours observed in cluster superlattices would not be possible.
For this reason, a key focus of modern nanocluster science is the controllable
and reproducible synthesis of metal nanoparticles whose structural, physi-
cal and chemical properties can be precisely selected by controlling their
size. Only in this way, in fact, it is possible to probe the size–dependent
properties of small nanoclusters also using space–averaging techniques like
XPS, which provides an extremely powerful experimental tool but lacks the
atomic sensitivity typical of local probes like STM.

Therefore, besides traditional cluster synthesis methods, like sputtering
and evaporation, which offer the advantage of a high particle throughput but
do not provide an accurate control of the size distribution, in the last decades
several new techniques have been introduced and refined for the production
of size–selected nanoclusters. A more detailed overview of these methods will
be presented in chap. 8, but it is here important to underline that the most
promising results for the production of size–selected nanoclusters have been
obtained by laser–vaporisation cluster sources [110, 111]. These machines,
whose recent development has received a fundamental contribution from the
research group of Prof. Heiz [112], make use of a high–power laser source to
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ablate a metal target and produce TM nanoclusters formed by exactly the
same number of atoms, which are eventually deposited on a solid support
under soft-landing conditions, in order to prevent their fragmentation upon
impact with the surface. The standard scheme of a size–selected nanoclus-
ter source is shown in Fig. 2.18 (b). Size–selected nanocluster sources can
typically produce clusters ranging from a few to a few hundred atoms and
have already found application in a number of cluster deposition experi-
ments on TM oxides, epitaxial GR and other nanoscale templated materi-
als [97,113–117] (see Fig. 2.18 (a)).

Figure 2.18: Schematic top view of the laser–vaporisation nanocluster source which
is currently being set up at the Surface Science Laboratory. This machine will
enable the production of nanoclusters in the size range of 1 to 2 nm whose mass can
be exactly selected. A detailed technical description of the experimental assembly
is deferred to chap. 8.

This powerful, promising technology and its potential for surface science
studies will be explored in chap. 8, where we will specifically describe the
size–selected source which is currently being set up at the Surface Science
Laboratory.
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[80] Yu.S. Dedkov, M. Fonin, U. Rüdiger, and C. Laubschat. Rashba effect
in the graphene/Ni(111) system. Phys. Rev. Lett., 100:107602, 2008.

[81] Yu.S. Dedkov, M. Fonin, U. Rüdiger, and C. Laubschat. Graphene-
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Chapter 3

The quest for the ideal
conditions for graphene
epitaxy: competitive growth
mechanisms between
graphene and other carbon
species on Re(0001).

It is well known that the GR-substrate interaction and its thermally in-
duced changes can heavily affect the electronic, chemical and geometrical
properties, as well as the heat transport properties of the C layer [1]. As an
example, phonon scattering, which is responsible for the thermal conduc-
tivity of GR, can be enhanced by the interaction with the substrate [2], a
behaviour which could be exploited to reduce heat dissipation problems in
GR–based nanoelectronic devices [3]. On the other hand, a stronger GR-
substrate adhesion can negatively affect the high temperature stability of
the C layer [4], by favouring the formation of C lattice defects, which alter
the electronic properties of GR and eventually lead to the breakup of the
sp2 C−C bond network.

As already illustrated in the Introduction, a number of studies have
shown how the epitaxial growth of GR on lattice–mismatched close-packed
TM surfaces is accompanied by the formation of a coincidence cell with a
larger periodicity, called moiré cell [5,6]. The epitaxial stress induced by the
lattice mismatch between the C layer and the substrate gives rise to a peri-
odic corrugation, leading to regions of the moiré cell which are buckled and
strongly coupled with the substrate, with the local formation of covalent C-
metal bonds, and to other regions where the average C-substrate separation
is larger and the interaction is dominated by weak van der Waals forces. In
other epitaxial 2D materials, such as h–BN, the morphological corrugation
is so strong to allow a net distinction between strongly and weakly inter-
acting regions of the nanomesh (the ‘pores’ and ‘wires’, respectively [7]).
Even in freestanding exfoliated GR, the out-of-plane lattice vibrations lead
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to the formation of intrinsic ripples, which are believed to play an impor-
tant role in the thermodynamic stability of this material [8–10]. Differently
from the freestanding case, the actual extent of the corrugation in epitax-
ial GR and its effect on the temperature–dependent GR properties are still
largely debated [6, 11–16]. While epitaxial GR grows in registry with the
strongly interacting Ni(111) and Co(0001) surface and appears flat on these
substrates [17–19], the C layer grown on Pt and Ir(111) exhibits a very small
corrugation. The extent of GR corrugation on Ru(0001) has long been de-
bated in literature [20–28].

As part of my PhD research activity on corrugated GR-metal systems,
the first case we studied was GR/Re(0001). Our interest in this system
was first motivated by the perspective of developing a robust, reproducible
method to synthesise GR on a strongly interacting substrate which is widely
known to favour the formation of other C species, in particular surface car-
bides. The so–obtained GR layer has very peculiar properties, which are
specific to this substrate and are not found in weakly interacting GR-metal
systems. Ultimately, we would like to extend this method to other similar
substrates, like W and Ti, which are more abundant and economically more
affordable, and would therefore be of technological interest for the prospec-
tive applications of graphene.

To appreciate the novelty of our study and its contribution to the knowl-
edge of strongly corrugated GR-metal system, it should be stressed that the
possibility to grow graphene on Re(0001) was not granted at the start, but
was the result of a thorough exploration of the experimental growth con-
ditions. In fact, although the formation of a two–dimensional ‘graphitic
monolayer’ on Re had already been reported in the eighties [29], the strong
interaction of carbon with Re and the documented tendency of this substrate
to form surface carbides raised serious doubts regarding the possibility of
growing epitaxial graphene.

The preliminary part of this chapter is devoted to the SCL analysis of
the clean Re(0001) surface by means of high–energy resolution XPS and to
the investigation of the effects produced by oxygen chemisorption on the
electronic structure of the substrate. In fact, since Re is generally known to
form bulk oxides, we first wanted to make sure that the possible formation of
oxide phases would not affect our GR growth experiments. Earlier studies in
literature reported that oxygen removal from Re surfaces requires prolonged
annealing treatments at very high temperatures and often leaves residual
traces of contaminants on the surface [30–34]. For this reason, a fundamental
problem we first had to solve was developing an efficient cleaning procedure
to remove carbon and oxygen contaminants from the surface before carrying
out the actual experiments. As the next step, we tried understanding which
structures oxygen forms on Re(0001) upon low pressure O2 exposure and we
checked for possible overlaps between the experimental growth conditions of
oxygen and carbon species. This preliminary characterisation of the clean
surface provided us the starting point for the subsequent analysis of the
more complex C phases formed on this substrate by C2H4 adsorption.

In the second part of the chapter, we will report on the formation of
three distinct carbon species on Re(0001), which offers a benchmark of the
variety of configurations carbon can take on metal surfaces. Under specific
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pressure and temperature growth conditions, we observe a complex, compet-
itive interplay among different carbon species (chemisorbed carbon, surface
carbides, bulk dissolved carbon and, actually, GR), which make this system
rather unique. Our main focus was on GR, whose growth on this substrate
competes with the formation of surface carbides, which is energetically al-
most as favourable [29]. Our approach, based on the combination of high
energy resolution XPS, LEED, LEEM and density functional theory (DFT)
calculations, allowed us to thoroughly investigate the corrugation of GR on
the Re(0001) substrate and its relationship with the thermal stability.

Our results indicate that, similarly to GR/Ru(0001) [27,28], also GR on
Re(0001) is strongly corrugated. Differently from systems like GR/Ir(111),
which are only weakly corrugated and resist up to very high temperatures [5,
6, 35], our results show that GR on Re(0001) becomes thermally unstable
just above 1000 K. Our analysis suggests that the breakup of the C layer
proceeds through the thermally–activated diffusion of single layer vacancies
to the strongly interacting, buckled regions of the moiré unit cell, where
the C atoms are closer to the metal surface, and C−C bond cleavage is
thermodynamically favoured.

3.1 Core level analysis of clean and oxygen–covered
Re(0001)

As already mentioned, the interaction of oxygen with the Re(0001) surface
was a key issue we had to address in the initial part of our experiments.
The tendency of Re crystals to form stable bulk and surface oxide phases
with different stoichiometries (ReO3, ReO2, ReO) has been documented in
a number of studies in literature. In some early studies by Ducros et al.,
the authors reported that, at room temperature, oxygen adsorbs dissocia-
tively on Re(0001) and, upon annealing to 500 K, forms an ordered structure
with (2× 2) periodicity, yielding a coverage of 0.5 ML [36,37]. The authors
attributed this LEED pattern to the superposition of three domains with
p(2× 1) geometry rotated by 120◦ from each other. At higher oxygen tem-
perature and higher O2 pressures, polycrystalline Re surfaces were observed
to undergo a larger restructuring. From an accurate review of the works
already published in literature [30–34], both on Re single crystals and on
polycrystalline Re samples, it turns out that the generally recommended
cleaning procedure for Re substrates consists of repeated, prolonged oxy-
gen exposure cycles (for several hours) at temperatures between 1500 and
2000 K, followed by a flash annealing to at least 2200 K. In order to achieve
such high annealing temperatures and, in general, to work more easily in
the high temperature range, in our experiments we monitored the temper-
ature of the sample by means of a C-type thermocouple, which can resist
up to 2760 K), instead of using a conventional K-type thermocouple, which
would melt at 1700 K. To ensure an accurate control on the temperature,
the thermocouple was directly spotwelded on one side of the crystal.

The cleaning procedure we ultimately developed is remarkably different
from the conventional recipes found in literature and consists of repeated
oxidation cycles at relatively low O2 pressures (p(O2)=5× 10−7 mbar), be-
tween 700 and 1250 K, followed by a final flash annealing to 2000 K. The
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effectiveness of this treatment was checked by LEED and high resolution
photoelectron spectroscopy. The sharp (1× 1) LEED pattern with very low
background intensity and the XPS spectra, which did not show any residual
traces of carbon, oxygen or other contaminants, left no doubts about the
cleanliness of the sample. We therefore understood that there is no need
for prolonged oxidising treatments at high temperature to clean the sample
from C contaminants, and that oxygen can be removed from Re(0001) at
significantly lower temperatures than previously believed.

The effectiveness of the cleaning procedure we developed for this sub-
strate prompted us to explore in better detail the interaction mechanisms
between oxygen and Re(0001). Historically, the interaction of oxygen with
4d and 5d metals has attracted a considerable interest within the scientific
community, not only because of its important role in industrially–relevant
catalytic reactions, but also because it provides a generalised, simple bench-
mark for the interaction mechanisms between adsorbates and metal sub-
strates. As highlighted in previous works, [38–40] oxygen adsorption on
transition metals induces the appearance of new SCL components in the
3d or 4f core level spectra of the substrate, originating from surface metal
atoms with a different coordination with the adsorbates. Some previous pho-
toemission studies on oxygen chemisorption on TMs also evidenced a link
between the oxygen coverage and the BE of the SCL components originating
from surface metal atoms bonded to a different number of adsorbates [39,40].
In this respect, our work on Re(0001) [41] has contributed with an element
of novelty to the existing literature on the subject, by shedding light on the
previously unexplored link between the atomic SCLSs of the substrate and
the presence of oxygen atoms adsorbed at further–than–nearest neighbour
(NN) sites. In fact, thanks to our sophisticated approach, combining high
energy resolution core level photoelectron spectroscopy and state–of–the–
art DFT calculations, we were not only able to characterise in detail the
chemisorption structures formed by oxygen on Re(0001), but we could also
identify the non–local effects of oxygen adsorption on the atomic SCLSs of
the substrate. The effects of oxygen adsorption, in particular, were inves-
tigated by exposing the Re surface to oxygen at 300 K while monitoring
the time evolution of the core level spectra of both substrate and adsor-
bate atoms. In parallel, a series of DFT simulations was carried out by the
collaborating group of Dario Alfè at the University College London (UCL)
to determine the adsorption configurations and calculate the SCLSs of the
spectral components originating from non–equivalent Re atoms at various
oxygen coverages.

As already illustrated, the preliminary part of our study was devoted to
implementing a suitable procedure to remove contaminants from the sample
and obtain a bulk clean Re(0001) substrate, which was subsequently char-
acterised by a combination of experimental and theoretical techniques. In
particular, we focussed on the SCLS of Re(0001), which, despite the vast
array of core level photoemission studies on clean and adsorbate–covered 5d
transition metals (TM), has long been debated in literature, mainly because
of its small magnitude [42–44]. To this purpose, we acquired a set of high
energy resolution Re 4f7/2 core level spectra (the measurements were per-
formed at the SuperESCA beamline) of the clean surface at different photon
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energies and at 80 K, in order to reduce the phonon broadening of the peaks.

Figure 3.1: Selected Re 4f7/2 spectra acquired at T=80 K, at normal emission, at
three different photon energies (hν = 160, 180 and 200 eV). The deconvolution into
bulk (blue) and surface (red) components is shown superimposed.

Fig. 3.1 shows a selection of spectra recorded at hν = 160, 180 and 200
eV, respectively. Sampling different excitation energies allows to change
the relative weight of the different core level components by exploiting
the energy–dependent photoelectron mean free path and diffraction effects.
From the analysis of these data, we identified two spectral contributions,
separated by 95 ± 10 meV, originating from bulk (Sb) and surface (S0) Re
atoms. As later confirmed by our DFT calculations and by the oxygen up-
take experiments, the intensity enhancement of the high BE component at
hν > 200 eV already suggests an assignment of the latter to bulk atoms.

By comparison, the DFT calculations carried out by the group of Dario
Alfè, returned a SCLS of −130 meV, which is in fairly good agreement
with the experimentally determined value of −95 meV. In addition, the
calculations indicate the presence of a second and third layer component,
shifted by 0 meV and −30 meV with respect to the BE of the bulk peak.
These CLSs, however, are too small to be experimentally detectable in the
Re 4f7/2 spectrum. The presence of unresolved features in the BE region
of the bulk could actually explain both the 35 meV difference between the
theoretically–predicted and the experimentally–measured SCLS of Re(0001)
and the Gaussian broadening of the bulk peak with respect to the surface
component, which cannot be interpreted as a phonon effect. As later con-
firmed by the theoretical calculations, in fact, the experimentally measured
bulk component receives a contribution also from second and deeper–layer
components.
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Having developed an efficient cleaning procedure to remove oxygen con-
taminants from the surface, we became interested in investigating in more
detail the dissociative adsorption of molecular oxygen on Re(0001), in order
to achieve a deeper understanding of the oxygen-metal interaction mech-
anisms involved in the early stage of Re oxidation. To this purpose, we
carried out an uptake experiment at 300 K, by monitoring the evolution of
the Re 4f7/2 and O 1s core levels while exposing the sample to an increas-

ing O2 flux (from 1 × 10−9 mbar to 1 × 10−7 mbar) up to the saturation
exposure. In order to calibrate the oxygen coverage, the same experiment
was also repeated by monitoring the intensity of the O 1s core level signal.

The time–lapsed series of O 1s spectra acquired during the uptake (Fig.
3.2) was fitted with a single peak up to the saturation coverage.

Figure 3.2: Selected O 1s spectra measured during oxygen uptake at room temper-
ature (hν= 650 eV, T=300 K). The relative oxygen coverage (I/Imax), as estimated
from the intensity of the O 1s signal, is indicated on the left of each spectrum. In
the inset is reported the oxygen uptake curve obtained from the fit.

The monotonic intensity increase of the O 1s signal is accompanied by its
simultaneous shift to lower BEs. By analogy with what observed on most
close–packed transition metal surfaces, we assumed that oxygen adsorbs
preferentially in threefold hollow sites also on Re(0001). Similarly to what
observed on other 4d and 5d TM substrates upon oxygen exposure [38–40],
we see that the intensity of the S0 component decreases and eventually
vanishes (Fig. 3.3) as the oxygen coverage increases, which clearly confirms
the attribution of this component to surface Re atoms.

At the same time, we observe the appearance of three new oxygen–
induced core level components at higher BE than the bulk, labelled as S1
(yellow curve), S2 (orange) and S3 (red) in Fig. 3.3. Following the assign-
ment proposed in previous SCLS studies [39,40,45,46], we attributed these
components to surface Re atoms bonded to one (S1), two (S2) and three
(S3) oxygen atoms, respectively. Our interpretation is further supported by
a SCLS additivity rule which has been found to hold for a number of adsor-
bate (and co–adsorbate)/substrate systems [39, 40, 45, 47]. If we call ∆Ei,0
the BE separation between Si and S0 (where the index i indicates the num-
ber of O−Re bonds and ranges from 1 to 3), we observe that: ∆E1,0 = 440
meV, ∆E2,0 = 785 meV and ∆E3,0 = 1075 meV. This means that the BE
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Figure 3.3: (a) Re4f7/2 core level evolution during O2 exposure at 300 K. The
dashed lines mark the different core level components. (b) Selection of high energy
resolution Re4f7/2 spectra collected during the exposure, with their deconvolution
into bulk and surface components shown superimposed. The clean surface compo-
nent is indicated by S0, while the components labeled as S1, S2 and S3 are due to
first-layer substrate atoms coordinated with 1, 2, and 3 oxygen atoms, respectively.
The oxygen coverage is reported on the right of each spectrum.

shifts are approximately proportional to the number of O−Re bonds formed
by each population of surface Re atoms: ∆Ei,0 = i · ∆E1,0. [48]. This
equation indicates that the SCLSs of the oxygen–induced components scale
linearly with the coordination number of the associated surface Re atoms,
at least as long as the contribution of final state effects is not too large. The
relative weights of the SCL components clearly change at increasing cover-
age, while, in parallel, a monotonic shift to higher BEs is observed for the
three oxygen–induced surface components (more specifically, ∼ 110 meV for
S1, ∼ 100 meV for S2 and ∼ 70 meV for S3).

Another effect we observe above 0.5 ML oxygen coverage is the appear-
ance of a new, broad core level component at about 90 meV higher BE than
the bulk, which is absent from the spectrum of the clean surface and which
we attributed to second–layer Re atoms. In the absence of adsorbates, in
fact, bulk and second–layer atoms have the same coordination and their core
level BEs are evidently too similar to be experimentally resolved, whereas
oxygen adsorption induces a modification of the local electronic structure
which results in a measurable energy splitting between the two components.
The DFT calculations performed by our colleagues at the UCL confirmed
that the core level spectral distribution of second layer Re atoms evolves
with the oxygen coverage and that, at a concentration larger than 0.5 ML,
its centre of mass shifts to approximately 60 meV higher BE than the bulk
component, in good agreement with our experimental result of 90 meV.
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The analysis of the coverage–dependent evolution of the oxygen chemisorp-
tion states on Re(0001) allowed us to elaborate a tentative scheme of the
adsorption geometries at different coverages, at least on the local scale.
Fig. 3.4, which reports the photoemission intensities of the individual com-
ponents as a function of the O coverage, will help follow our discussion. At

Figure 3.4: Integrated intensity of the clean (S0) and oxygen-induced (S1, S2, S3)
surface core level components of the Re 4f7/2 spectrum as a function of the oxygen
coverage.

the beginning, S0 is the only component present on the surface, because Re
atoms have not yet formed bonds with the adsorbates. The initial stage of
the uptake is characterised by a linear decrease of the photoemission inten-
sity of S0 and by the parallel increase of S1: for each oxygen atom which
adsorbs at a threefold site, in fact, the intensity contribution of three Re
atoms shift from S0 to S1. The intensity of the S1 component increases
almost linearly, reaching a maximum at ∼ 0.25 ML, and subsequently starts
decreasing (Fig. 3.4). The parallel appearance of S2 reflects a new local con-
figuration, in which a fraction of first–layer Re atoms is coordinated with
two oxygen atoms. The crossover between the two curves (S1 and S2) oc-
curs at about 0.50 ML coverage. Finally, the growth of the S3 signal, which
becomes detectable already above ∼ 0.3 ML, reflects the increasing number
of first–layer Re atoms which are coordinated with three oxygen atoms. It is
important to notice that the evolution of the oxygen–induced surface com-
ponents is different from the trends one would expect if only stoichiometric
structures were formed on the surface (e.g. the p(2×2) structure at 0.25 ML
and the p(2×1) at 0.5 ML). This suggests that, at least at the temperatures
and O2 pressures used in our experiments, the oxygen overlayer still lacks
long range order, and the formation of stoichiometric structures is restricted
to the local scale, similarly to what observed by Ynzunza et al. [38] for oxy-
gen adsorption on W(110). The fact that, even at saturation, a coverage of
1 ML cannot be reached, is evidently related to the dissociative oxygen ad-
sorption mechanism on close packed TM surfaces [39]: for each O2 molecule
that breaks, two adjacent threefold sites are required to accommodate two
oxygen atoms. Since the number of available threefold sites in neighbour-
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ing positions decreases with the coverage, any further oxygen adsorption is
hampered above 0.7 ML coverage.

In order to shed more light on the possible oxygen atomic adsorption
configurations, we resorted to DFT. Also in this case, the calculations were
carried out by the collaborating group of Dario Alfè at the UCL, considering
three possible oxygen adsorption sites: the on-top site, directly above a
surface atom, and two hollow sites, the hcp and the fcc site. In agreement
with previous results [49] and with the general trend observed on the (0001)
surface of other hcp TMs [50], we found that oxygen adsorption is most
favoured in the hcp site, and least favoured in the on-top configuration.
In particular, for the p(2 × 2) structure at 0.25 ML, the calculated oxygen
adsorption energy is 3.69 eV for the hcp site, 3.12 eV for the fcc site and
2.62 eV for the on-top configuration. We then calculated the SCLSs of the
oxygen-coordinated Re atoms at selected coverages, which turned out to
be in general good agreement with the experimental data. To make the
simulation more realistic, instead of restricting ourselves to stoichiometric
structures like the p(2×2), the p(2×1) or the p(2×2)-3O, we considered, for
each selected oxygen coverage, a set of non equivalent atomic configurations
using larger simulation cells (Fig. 3.5). Notably, our calculations indicate

Figure 3.5: DFT-simulated structural models for oxygen adsorption, with distinct
local geometries and an oxygen coverage between 0 and 1 ML. The stoichiometric
structures are highlighted in bold.

that the SCLS of a given Re atom is not only sensitive to the number of
O−Re bonds, but it is also affected by the presence of O atoms adsorbed in
second and third nearest neighbour sites, whose number increases with the
oxygen concentration. The parallel increase of the BE of surface Re atoms
indicates a correlation between the SCLSs of the adsorbate–induced surface
components and the number of O−Re bonds, with additional higher–order
effects caused by the interaction with second and third NN oxygen adatoms.

To better understand this behaviour, we calculated some relevant initial–
state physical quantities and investigated their link to the DFT–calculated
SCLSs of the oxygen–induced Re 4f7/2 SCL components. More specifically,
we computed the effective charge of surface Re atoms and the surface–
projected d−band centre, and studied their link with the SCLSs, which
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receive a contribution both from initial and final state effects, mainly en-
suing from the valence electron core–hole screening after the photoemission
event. The calculations for the atomic charge were carried out for the cell
reported at the bottom centre of Fig. 3.5, which corresponds to 1/2 ML
coverage, since this structural model is representative of a range of different
adsorption configurations. While an isolated surface Re atom has a nominal
charge of 7 (i.e., it has 7 electrons available to form bonds with other atoms),
oxygen adsorption induces a partial depletion of the substrate electron den-
sity, thus reducing the nominal charge. The linear relationship between the
SCLSs and the effective atomic charge (Fig. 3.6 (a)), calculated by taking
into account also the indirect (second and third order) oxygen–metal in-
teractions, confirms the importance of non local effects in determining the
electronic structure of first layer metal atoms.

Figure 3.6: (a) DFT-calculated SCLSs (corresponding to the structural model
at 0.5 ML oxygen coverage at the bottom centre of Fig. 3.5) as a function of the
effective charge per surface Re atom. (b) Theoretical SCLSs of the non–equivalent
Re atoms in the structural models of Fig. 3.5 as a function of the surface-projected
d-band centre. The oxygen coverage associated with each structure is reported in
the legend.

The other important initial–state parameter we studied is the surface–
projected d−band centre, which has long been considered a key parameter in
determining the chemical reactivity of transition metal surfaces. This topic
was first investigated by Hammer and Nørskov [51,52], who observed how the
position of the d−band centre of a metal affects the ability of the surface
d−electrons to form bonds with the adsorbates. Within an initial state
picture, the SCLS of the clean substrate originates from the narrowing of
the surface d−band, caused by the lower coordination of surface atoms with
respect to bulk atoms, which leads to an up- or downshift of the d−band
centre (depending on whether the band is less or more than half filled)
in order to preserve the neutrality. On the other hand, the adsorption
of a strongly electronegative species like oxygen induces a broadening of
the surface d−band and a subsequent shift of the d−band centre to higher
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BEs. Accordingly, a higher number of adsorbate–metal bonds results in a
larger surface d−band broadening and in an increased downward shift of the
surface d−band centre. Previous studies on other adsorption systems [39,46]
have pointed out a linear correlation between the initial state contribution
to the adsorbate–induced SCLSs and the surface–projected d−band centre.
Like for O and N adsorption on Rh surfaces [53, 54], also in the case of O
adsorption on Re the shift to higher BEs is linked to the charge transfer from
the surface to the O atoms, thus leading to a more attractive potential. As
can be seen in Fig. 3.6, our results show a fairly linear dependence of the
total SCLSs on the surface–projected d−band centre, thus indicating that
initial state effects are largely predominant on possible core hole screening
mechanisms occurring in the final state.

3.2 The competition for graphene formation on
Re(0001): a complex interplay between car-
bon segregation, dissolution and carburisation

Once we had developed an efficient procedure to clean the sample from C
and O contaminants and investigated the effects of oxygen chemisorption
on Re(0001), we could proceed with the analysis of the C interaction with
this substrate and investigate the possible formation of graphene. Earlier
studies on Re substrates had evidenced the tendency of this metal to form
a variety of C phases upon hydrocarbon exposure, including chemisorbed
C [36], surface carbides [55] and actually graphene [29, 56, 57], although
the extension and uniformity of the GR sheets were limited. In particular,
some works conducted by Gall et al. [56] on polycrystalline Re had high-
lighted the possibility of growing 2–dimensional graphitic carbon layers on
this substrate; however, the experimental methods they employed, includ-
ing Auger electron spectroscopy, Cs ion implantation and thermal desorption
spectroscopy, did not enable a thorough understanding of the mechanisms
involved in the formation of GR and other carbon species. Using a combi-
nation of spectroscopy, diffraction and microscopy techniques and of state–
of–the–art DFT calculations, we were able to shed light on the growth of
GR and other carbon species on Re(0001) and provide a consistent inter-
pretation of the data [58, 59]. Notably, in contrast with what reported in
previous works, we found that it is not necessary to saturate the bulk of
the substrate with carbon to grow GR, and that, in the new experimental
conditions, the optimum GR growth temperature is significantly lower than
previously believed.

3.2.1 Low temperature carbon overlayers

In the first part of the measurements, which were carried out in the UHV
chamber of the Surface Science Laboratory (described in chap. 2), we stud-
ied the adsorption of C2H4 on Re(0001) and carried out a series of TDS ex-
periments to determine the temperature above which C2H4 dissociation into
C and H is complete. The large H2 desorption signal at ∼300 K (Fig. 3.7),
which is not accompanied by the appreciable desorption of other species,
suggests that C2H4 undergoes a first dehydrogenation already below room
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temperature, in overall good agreement with an earlier work of Ducros et
al. [31] on the adsorption of ethylene and acetylene molecules on polycrys-
talline Re and on Re(0001). At room temperature, C2H4 adsorption on

Figure 3.7: H2 TD spectra (m/e = 2) for different values of the C2H4 exposure at
T=170 K. Heating rate =2 K s−1.

Re(0001) results in the formation of a disordered adlayer. This surface is
characterised by a LEED pattern exhibiting a (1×1) periodicity with an in-
tense background and diffuse diffraction maxima along the direction between
the zero- and the first-order spots of the substrate (Fig. 3.8(a)). Anneal-
ing the C2H4-saturated substrate to T∼750 K, a temperature at which only
atomic C is present on the surface, leads to the appearance of a LEED pat-
tern with c(4 × 2) periodicity (Fig. 3.8(b)). This diffraction pattern had

Figure 3.8: LEED patterns of (a) the disordered overlayer formed by C2H4 expo-
sure at room temperature (Ek = 43 eV) and (b) the c(4× 2) structure formed by
annealing the C2H4-saturated substrate at 750 K.
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already been observed by Ducros et al. [31] under similar experimental con-
ditions and had been attributed to three non–equivalent domains rotated by
120◦ with respect to each other each other. Our LEED experiments proved
that the highest quality c(4×2) overlayer is formed by a 2 L C2H4 exposure at
750 K. As can be seen in Fig. 3.9, the c(4×2) diffraction spots not only gain

Figure 3.9: Intensity (left axis) and Lorentzian full width at half maximum (right
axis) of the (-12 ,

1
2 ) LEED spot of the c(4× 2) overlayer (shown in the inset) during

C2H4 exposure at 750 K.

intensity, but also become sharper (as seen from their Lorentzian width) at
increasing C2H4 exposure, reflecting the formation of a long–range ordered
C phase. A maximum in the intensity, and a corresponding minimum in the
Lorentzian width of the spots, are reached around a 2 L exposure, while at
higher exposures the LEED spots become progressively weaker and broader,
indicating the disordered buildup of excess carbon on the surface.

The bright field LEEM image of a high–quality c(4 × 2) overlayer (ac-
quired at the Nanospectroscopy beam line) is shown in Fig. 3.10; dark field
LEEM imaging (below) was used to gain complementary information on
the extension and distribution of the rotational domains on the surface.
The three sets of non–equivalent diffraction spots are originated by domains
with an average extension of .20 nm (the small bright grains in Fig. 3.10
(c)–(e)). If we sum the three images, we see that the overall bright area is
only 80± 10% of the total surface area, meaning that the c(4× 2) structure
does not extend over the whole surface. In fact, the C coverage we estimated
from the photoemission data is in the range 0.5÷ 0.75 ML, thus suggesting
an occupation of at least two C atoms per unit cell.

The C 1s core level spectrum of the c(4 × 2) structure shows a single
component centred at −283.4 eV, which suggests that all the C adatoms are
found in a similar adsorption configuration. By comparing the integrated
intensity of the C 1s signal with that of GR (which, as later explained, yields
a C coverage of 2.47 ML) we were able to estimate the C coverage yielded
by the c(4× 2) structure1.

1To account for possible photoelectron diffraction effects, our comparison was carried
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Figure 3.10: (a) LEED pattern of the c(4×2) structure (Ek = 55 eV), where three
diffraction spots originating from non–equivalent rotational domains are highlighted
in different colours. (b) Corresponding bright field image of the surface (E = 4 eV,
field of view: 2 µm). (c)-(e) Dark field LEEM images (E = 16 eV, field of view:
2 µm) corresponding to the three non–equivalent LEED spots in (a).

Figure 3.11: High energy resolution C 1s core level spectrum (hν = 400 eV) of
the c(4× 2) structure, obtained by annealing the substrate to 750 K after exposure
to ∼ 2 L C2H4.

Some important information was obtained, in particular, from the anal-
ysis of the Re 4f7/2 core level spectra shown in Fig. 3.12. As evident from
a comparison with the spectrum of clean Re(0001) (Fig. 3.12 (a)), the core
level component due to clean surface Re atoms (i.e. atoms not coordinated
to adsorbates), S0, is absent from the spectrum of the C–covered surface.
At the same time, new adsorbate–induced components (labelled S1 (green),
S2 (red curve) and S3 (orange) in Fig. 3.12 (b-c)) appear, respectively, at

out on multiple sets of spectra collected at photon energies in the range 350÷ 550 eV.
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140± 20, 280± 25 and 570± 25 meV higher BE than the bulk component.

Figure 3.12: High energy resolution Re 4f7/2 core level spectra (hν = 160 eV)
associated with (a) the clean surface and (b-c) to the c(4× 2) structure, at normal
and grazing emission, respectively.

The intensity enhancement of these components at grazing emission
(compare Fig. 3.12 (c) with (b)) supports their assignment to surface atoms.
Notably, the S3 component shows a larger Gaussian width and is consider-
ably less intense than S1 and S2: its integrated area (at normal emission),
in fact, corresponds to less than 20% of the total intensity of the other two
components. This suggests that S3 could be related, rather than to the or-
dered c(4× 2) structure, to patches of a different carbon species occupying
the surface regions left uncovered by the c(4×2) phase, as also indicated by
the LEEM data.

In order to help us understand the origin of the various core level com-
ponents in the Re 4f7/2 spectrum and elaborate a geometric model of the
c(4×2) structure, our colleagues at the UCL carried out a set of DFT calcu-
lations for different C coverages. In our simulations, besides the structures
with c(4×2) symmetry, we also tested cells with (4×2) periodicity, obtained
by a local modification of the original geometry, corresponding to C cover-
ages between 0.5 and 1 ML. In all the examined configurations, the C atoms
occupy fcc or hcp three-fold sites; on–top adsorption was excluded because
C atoms on TM surfaces normally favour high coordination sites [60]. The
configurations with C atoms in bridge sites are metastable and tend to relax
to three–fold adsorption. The calculated SCLSs for each first–layer Re atom
in the unit cell are also reported in Fig. 3.13.

From the analysis of the 16 simulated structures, we found that the most
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Figure 3.13: Simulated structural models of C overlayers with coverages between
0.5 and 1.5 ML, assuming C adsorption in different surface sites. The cells with
c(4 × 2) symmetry are tagged with a blue label; the other structures have (4 × 2)
symmetry. Structure (l) has also a C atom in a subsurface interstitial site, indicated
by a light blue circle. For each structure, the C coverage and the total energy are
indicated on the left. A label with the values of the calculated SCLSs (in meV) is
reported on each first-layer Re atom.

stable configurations include either dimers (Fig. 3.13 (c), (h) and (m)) or
trimers (Fig. 3.13 (e), (f) and (g)). The configurations with isolated C atoms
in three–fold sites (models (a), (d) an (l)), on the other hand, are unfavoured
at all coverages. However, the minimum energy structures with 0.5 ML C
coverage (Fig. 3.13 (a), (b) and (c)) do not reproduce correctly the number
and abundance of the experimentally observed surface species. On the other
hand, in order to obtain a SCLS of the S3 component comparable with the
experimental value of +570 meV, it is necessary to assume a higher C cover-
age (0.75 ML), like in models (f) and (g), with C atoms adsorbed in adjacent
sites to form trimers. However, these models are incompatible with the ex-
perimentally weaker intensity of the S3 component, and, most importantly,
with the observation of a single peak in the C 1s core level spectrum, which
seems to indicate the presence of a single C species. On the other hand,
even placing some C atoms in interstitial subsurface sites, or in adjacent
hollow surface sites (e.g. fcc and hcp) to reduce the C−C distance and form
dimers, the experimental BE of the S3 component remains too large. By
contrast, models (e) and (n), with C atoms forming hexagonal rings, return
core level shifts of over 700 meV, too large to match our experimental values.
All these observations support the hypothesis that the overlayer generating
the observed c(4×2) pattern does not correspond to a single well–ordered C
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phase. This is also indirectly supported by our LEEM results, showing that
the Re surface is only partially covered by c(4× 2) islands. We believe that
the c(4×2) phase is mainly formed by C atoms sitting in three–fold sites, as
in model (d). However, since, according to DFT, this is not the thermody-
namically most stable configuration, the local formation of trimers must be
taken into account to reproduce the experimental SCL of the S3 component
(+570 meV). The absence of visible multiple C 1s core level components
can be either ascribed to a low surface density of the minority population,
or to our difficulty in detecting very small amounts of carbon.

3.2.2 High temperature carbon overlayers. Only a narrow
window for graphene growth.

In order to study the evolution of the C adlayers on Re(0001) and to char-
acterise the possible formation of GR on this substrate, we had to explore
different temperature and pressure conditions from the ones used to grow
the c(4× 2) carbon phase.

We first tried annealing the Re(0001) substrate after prolonged room
temperature exposure to C2H4 (> 20 L, i.e. well above the saturation dose).
Several temperatures between 850 and 1100 K were tested, but the formation
of an extended, ordered GR layer was never observed. This is different from
what reported for Ru(0001), where the annealing of an amorphous carbon
layer results in the formation of GR [61, 62]. Likewise, even methods like
the high–temperature annealing of surface carbides [5] or of chemisorbed C
monomer/dimer species [63], which have been successfully applied to other
substrates, prove ineffective to grow GR on Re(0001). Our µ-LEED and
photoemission data, in fact, indicate that annealing the C2H4–presaturated
Re(0001) surface leads only to the local formation of GR patches. Under
these conditions, the moiré LEED pattern distinctive of GR is visible only
in restricted areas of the sample, while the other regions exhibit the (1× 1)
LEED pattern of the clean surface. At the same time, the C 1s core level
spectrum shows the double–peak structure characteristic of GR/Re(0001)
-as will be later explained in detail–, but the low intensity of the photoemis-
sion signal and the broad shape of the spectrum indicate that the C layer
covers only a limited area of the sample and has a high density of defects.
We conclude that annealing a well–ordered c(4 × 2) overlayer above 750 K
mainly results in C bulk dissolution and that, in general, the formation
and stability of any C surface phases on Re(0001) has to compete with the
thermally activated mechanism of C subsurface migration.

The second approach we tested consisted of exposing the Re surface to a
C2H4 flux at high temperature, following a procedure which is routinely used
on a number of substrates (e.g. Pt, Rh, Ir, Ru [5]). Several distinct combina-
tions of the experimental parameters (temperature, gas pressure, exposure
time) were tried, but none of them led to the formation of a well-ordered GR
layer. At T>750 K, in fact, the thermal decomposition of C2H4 on Re(0001)
results in the competitive interplay of three processes: (i) GR growth, (ii)
surface carbide formation, and (iii) C bulk dissolution. Basically, a combina-
tion of high temperature and low C2H4 pressure (p<1× 10−6 mbar) (which
on many substrates proves beneficial to the quality of GR, because it lim-
its the simultaneous formation of multiple nucleation centres) in our case
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favours C subsurface migration. GR formation can be achieved only if the
pressure is high enough to ensure that the flux of impinging hydrocarbon
molecules is larger than the C bulk dissolution rate. On the other hand,
unfortunately, the high temperature formation and diffusion of defects af-
fect the quality of the C layer and lead to the simultaneous formation of
a new ordered phase, later identified as a surface carbide, as indicated by
the appearance of a new, sharp LEED pattern (Fig. 3.14 (a)), whose com-
plex geometry can be described, using the Park–Madden notation, by the
following matrix: (

~b1
~b2

)
=

(
7 0
2 5

)(
~a1
~a2

)
(3.1)

where ~b1,~b2 indicate the unit cell vectors of the overlayer, and ~a1,~a2 are the
primitive vectors of the Re(0001) lattice. Symmetry considerations, later

Figure 3.14: (a) LEED pattern of the surface carbide structure on Re(0001) (E =
40 eV). (b) µ−LEED pattern of a single subdomain of the surface carbide (E = 55
eV). Some diffraction features due to other subdomains are also visible, owing to
the limited extension of the individual domains on the surface

confirmed by dark field LEEM experiments, led us to the conclusion that
the observed pattern results from the superposition of three non–equivalent
domains rotated by 120◦ from each other. Inside each domain, we further
identified two non–equivalent subdomains related by an in–plane rotation of
∼12◦. The LEED pattern of a single subdomain (Fig. 3.14 (b)) exhibits par-
allel arrays of evenly spaced spots, whose diffraction intensity is inversely
proportional to the diffraction order (i.e. the lowest–order spots are the
brightest), a behaviour typical of multiple scattering phenomena. Interest-
ingly, also the R(15×3) carbide structure on W(110) shows a similar LEED
pattern, where the superposition of rotational domains has occasionally been
observed [64–68].

The C 1s core level spectrum of the surface carbide on Re(0001) (Fig. 3.15)
shows a distinctive double–peak structure, with two core level components
(labelled C1 and C2), centred at −282.85 eV and −283.35 eV, respectively.
The comparison of this C 1s core level spectrum with that of the analogous
phase formed on W(110) [68] confirms a certain similarity between the two
species. Both spectra, in fact, exhibit two core level components, which, in
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Figure 3.15: High energy resolution C1s core level spectrum (hν = 400 eV) of the
surface carbide phase, at normal emission.

addition, are found at similar BEs, with a mutual shift of approximately 450
meV.

According to our DFT calculations for the C 1s core levels of the trimer
structure shown in Fig. 3.13 (see details of model (g) in the bottom panel),
CA and CC–type carbon atoms have the same BE, while CB–type atoms are
found at 0.6 eV higher BE, in fair agreement with the experimental findings.
The BE difference between CA/C and CB–type atoms clearly arises from
the different local configurations, which results in a different charge transfer
from the substrate to the adsorbates. Notably, the 1 : 2 ratio between the
populations of CB and CA/C–type atoms in Fig. 3.13 (g) closely reproduces
the experimental intensity ratio between the two C 1s core level components
(0.57).

The Re 4f7/2 core level spectrum of the surface carbide (Fig. 3.16) shows,
as in the case of the c(4×2) phase, a suppression of the photoemission signal
from uncoordinated surface atoms, while two new components (labelled S′2
and S′3) are seen to grow on the high BE side of the bulk peak. Most
importantly, these two components are located at very similar BEs to the
S2 and S3 peaks in the c(4 × 2) structure. The intensity ratio between S′2
and S′3 exhibits a strong dependence on the photoemission angle (compare
Fig. 3.16 (b) and (c)), with an enhancement of the S′3 component at grazing
emission, which suggests a predominant surface-like character of the latter.

The S′2 component also exhibits a similar, though less marked, increase
with respect to the bulk component at grazing emission. We can therefore
reasonably conclude that both S′2 and S′3 originate from top–layer substrate
atoms found in similar local configurations (including C−Re bonding) to
surface Re atoms in the case of the c(4× 2) phase.

More specifically, our results suggest that the C trimer shown in the
bottom panel of Fig. 3.13 generates the observed surface core level shifted
component at +570 meV. In conclusion, although the large size of the unit
cell of the surface carbide structure (as determined from our LEED analy-
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Figure 3.16: High resolution Re4f7/2 core level spectra (hν = 160 eV) of clean
Re(0001) at normal emission (a) and of the surface carbide phase at normal (b)
and grazing (c) emission, respectively.

sis) did not allow us to use DFT to calculate the lowest–energy structure,
we believe that carbon trimers are the building blocks of the surface car-
bide phase. Their presence, although in a limited amount, accompanies also
the formation of the c(4 × 2) structure, in the form of layer defects. Their
concentration subsequently increases with the exposure and reaches a max-
imum around 2 L, when the LEED spots of the pattern in Fig. 3.9 achieve
their highest intensity. In this new configuration, carbon forms clusters of 3
atoms sitting in adjacent hcp–fcc–hcp sites, with a significant modification
of the surface morphology. In particular, the C atom in the middle is later-
ally displaced with respect to its two neighbours (see bottom of Fig. 3.13),
and its centre lies 0.32 Å higher than the other two C atoms. We also notice
an increase in the height of the first layer Re atoms underneath the trimers
and a zig–zag distortion of the Re atoms in the [1000] direction. We cannot
actually exclude the occurrence of a surface reconstruction, as previously
proposed for the R(15× 3)/W(110) structure [69].

It is understood that the appearance of the carbide phase over a wide
temperature range, from 750 to 1100 K, poses a significant limitation to the

67



3.The quest for the ideal conditions for graphene epitaxy: competitive growth

mechanisms between graphene and other carbon species on Re(0001).

possibility of growing an extended GR layer. From all the above considera-
tions, it is clear that, in order to grow GR on Re, a different method from
those typically adopted on other transition metal surfaces must be used. In
the search for an effective growth method, a series of factors should be con-
sidered. First of all, the temperature should be high enough to ensure a fast
enough rate of C−C bond formation, but not so large to favour the breakup
of the C layer. The hydrocarbon pressure, on the other hand, should be high
enough to enable the initial C cluster nucleation, but not too high, otherwise
the simultaneous formation of multiple nucleation centres would eventually
result in a defective C layer, with a high density of domain boundaries.

Figure 3.17: (a) LEEM image (field of view: 10 µm) of the GR–covered Re surface,
showing the homogeneity of the GR film. The grey streaks are associated with the
presence of steps or step bunches. (b) µ−LEED pattern of a high quality GR layer
(Ek = 46 eV).

The recipe we ultimately elaborated involves the preliminary saturation
of the Re substrate with C2H4 at room temperature, followed by a series of
rapid heating–cooling cycles between 300 and 1100 K under a C2H4 atmo-
sphere (pC2H4

=5× 10−7 mbar). The so–obtained GR sheet is long–range
ordered (as seen from the LEEM image in Fig. 3.17 (a)) and forms only one
type of rotational domain which uniformly extends over the whole sample
surface. The micro–low energy electron diffraction (µ–LEED) pattern of this
layer, shown in Fig. 3.17 (b), is very sharp, with a low background intensity,
and exhibits satellite diffraction spots around the zero- and the first-order
spots of the substrate, indicating the existence of a moiré superstructure [70].

On some substrates where carbon subsurface segregation is energetically
favoured, like Ru(0001), it is possible to observe, under particular condi-
tions, the formation of bi- or multi–layer structures, generally via surface
precipitation of bulk-dissolved C [71]. In the case of GR/Re(0001), a low–
energy LEEM–IV experiment proved that GR forms a single layer on this
substrate, as indicated by the absence of a fine structure in the low–energy
LEED–IV curve (between 0 and 15 eV) of the substrate [58] (Fig. 3.18). Due
to a quantum size mechanism –similar to a Fabry–Perot interference effect–,
in fact, the presence of multilayer films on the substrate would originate
a characteristic modulation in the reflectivity of the system at low beam
energy [72–75], which is not observed in our case.

In order to explore the dynamics of GR formation on this substrate and
to study the effect of the temperature on the overlayer, we monitored in situ
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Figure 3.18: Reflectivity vs electron energy curve measured for GR/Re(0001) in
the range 2 ÷ 20 eV. The curve shows a single minimum at 11 eV, as typically
observed for single-layer GR films.

the evolution of the LEED pattern while preparing GR by a series of an-
nealing cycles under a C2H4 atmosphere. The 2D waterfall plot in Fig. 3.19
(a) shows the evolution of the LEED pattern along the radial direction be-
tween the (1, 0) and the (1, 0) diffraction spots. From the intensity curves

Figure 3.19: (a) LEED line profile evolution of GR/Re(0001) during C2H4 CVD
on Re(0001) via a series of heating/cooling cycles. (b) Top: temperature vs time
during CVD; bottom: intensity evolution of the zero–order (red) and the (0.92, 0)
moiré (blue) LEED spot during GR formation on Re(0001).

in Fig. 3.19 (b), it is clear how the diffraction spots associated with the
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moiré periodicity gain intensity at each annealing cycle, meaning that the
GR lattice is growing in an ordered way and extending over the metal sub-
strate2. Another interesting phenomenon accompanying GR formation is
the modification of the moiré lattice constant: the reciprocal lattice spacing
between the (0.92,0) moiré diffraction spot and the zero–order spot of the
substrate, in fact, increases between consecutive annealing cycles, with a
maximum variation of about 3%. This indicates that the GR lattice under-
goes a partial structural rearrangement and that the moiré supercell slightly
contracts as the carbon layer extends over the substrate. Notably, a similar
effect was reported by Blanc et al. [77] for GR on Ir(111). In particular, the
authors observed large lattice strain effects (above 2%) during GR growth,
which were attributed to the presence and diffusion of vacancies formed
during CVD. In particular, they proposed that the progressive filling of de-
fects at increasing C coverage and the disappearance of small vacancies via
their thermally activated diffusion to the edges of the GR islands reduce
the tensile strain in the C layer, leading to a decrease of the moiré lattice
parameter. We can reasonably assume the analogous behaviour observed in
GR/Re(0001) is produced by a similar mechanism.

From a line profile analysis of the moiré LEED patterns at saturation,
we estimated that the moiré cell is formed by (10×10) unit cells of GR over
(9×9) substrate unit cells. Considering that the lattice parameter of pristine
GR is 2.46 Å, while that of Re(0001) is 2.71 Å, the C coverage of a single
layer of GR extending over the whole substrate is 2×(10×10)/(9×9) = 2.47
ML, corresponding to a density of 3.74× 1015 C atoms/cm2.

The structural information derived from our experiments was subse-
quently used by the theoretical group of Dario Alfè as a starting point to
carry out detailed DFT calculations. A top and side view of the calculated
minimum energy structure of GR/Re(0001) are shown in Fig. 3.20(a), where
the colour scale reflects the separation between the C layer and the under-
lying substrate. The structure was obtained by overlaying (10 × 10) GR
cells over a (9× 9) Re(0001) supercell formed by 4 Re layers, allowing the C
layer and the two Re layers at the top to relax. The simulated GR sheet is
strongly corrugated, with C−Re distances between 2.1 and 3.8 Å, and nearly
75% of the C atoms lying within 3 Å from the metal substrate (histogram
in Fig. 3.20 (c)). The distances were calculated with respect to the average
z coordinate of first layer Re atoms, which also exhibit a small corrugation
(<0.1 Å). As clear from Fig. 3.20 (a)–(b), the internal regions of the moiré
cell, where the C atoms are found either in fcc or in on–top configuration, are
characterised by on average shorter C−Re distances, while, at the corners
of the moiré cell, the C layer is more detached from the substrate.

Using the DFT–calculated positions of the 200 C atoms in the moiré cell,
we computed the average distance of each C atom from its three nearest
neighbours. As it turns out, the C−C bond length inside the cell varies
between 1.43 and 1.47 Å, with an average value of 1.45 Å (Fig. 3.21). By
comparison, the C−C bond length in pristine GR is 1.42 Å. Interestingly,
we observe a correlation between the C−C and the C−Re distances inside
the moiré cell (Fig. 3.21): in fact, while the buckled regions, where the C

2Only the intensity of the (0.92,0) moiré diffraction spot is shown in the figure. The
intensity attenuation observed in correspondence of the temperature maxima is due to the
Debye–Waller effect [76].
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Figure 3.20: (a) Top and (b) side views of the simulated structure of GR/Re(0001).
The colour scale reflects the C−Re separation. (c) Distribution of the C−Re dis-
tances inside the moiré cell.

Figure 3.21: (a) DFT–calculated simulated moiré cell of GR/Re(0001), where the
green colour scale reflect the C−C nearest neighbour distance (the inset shows the
details of the local distribution). (b) Plot of the calculated C−C nearest neighbour
distance vs C−Re distance. The green colour scale is proportional to the C−C
bond length.

layer is closer to the substrate, are characterised by a significant C−C bond
stretching, at the corners and edges of the cell the average C−C distance is
close to that of free-standing GR.

After characterising the morphology of the system, a fundamental insight
into the electronic properties of GR/Re(0001) came from the analysis of the
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photoemission data.
The measured C 1s core level spectrum exhibits two main components,

separated by approximately 700 meV, which is conventionally considered the
hallmark of strongly interacting GR–substrate systems, like GR on Ru(0001)
and Rh(111) [11]. Following the assignment proposed for the latter, we
attributed the low binding energy (BE) component to the weakly interacting
regions of the GR layer and the peak at higher BE to the strongly coupled
ones.

Figure 3.22: High energy resolution C 1s spectrum of GR/Re(0001) measured at
normal emission and hν = 400 eV. The spectral deconvolution into strongly (S)
and weakly (W) interacting component is shown superimposed.

It should be said that a net distinction between weakly and strongly in-
teracting regions is inaccurate, because it overshadows the actual presence
of a manifold of components, characterised by a different degree of interac-
tion with the metal underneath. This issue was thoroughly addressed by
the group of Dario Alfè, who calculated the C 1s core level BE for each of
the 200 C atoms in the moiré cell, including also final state effects [58]. As
shown in Fig. 3.23, the BEs of all the components are distributed in the
range −284.3÷−285.8 eV, with a clear dependence on the C−Re distance.
More specifically, the smaller is the C−Re separation, the higher the corre-
sponding C 1s core level BE is. A closer inspection of the C 1s core level
BE distribution inside the ‘valleys’ of the moiré cell reveals a similar trend
to the one found for the C−C bond distance distribution. With reference to
Fig. 3.21, in fact, the C atoms in on–top sites, labelled A, are characterised
by a BE nearly 500 meV smaller than B–type atoms.

The experimental C 1s spectrum was then fitted to a sum of 200 Doniach-
Šunjič (DS) functions convoluted with a Gaussian function, holding the BE
of each component fixed to its calculated value and assuming all components
have the same intensity. The excellent agreement between experimental and
simulated data (3.24) proves that the apparent double–peak shape of the
C 1s spectrum actually arises from an almost continuous distribution of the
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Figure 3.23: Calculated C 1s core level BEs vs C−Re distance, showing a mono-
tonic dependence between the two quantities.

C−Re distances within the moiré cell. [58]. A small improvement to the

Figure 3.24: (a) Experimental C 1s spectrum of GR/Re(0001) and its deconvolu-
tion into two components. (b) Comparison of the experimental spectrum (empty
circles) with the DFT–simulated atomic spectral distribution inside the moiré cell.

quality of the fit was achieved by assuming an exponential dependence of
the type A exp (−Bd) (with A and B free fitting parameters) between the
Lorentzian FWHM of the peaks and the C−Re distances. This assumption
relies on the consideration that a larger or smaller distance between the C
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atoms and the substrate affects the local electronic structure -and hence the
core–hole relaxation probability- in the considered region. The Lorentzian
widths obtained in correspondence of the A and B best–fitting parameters 3

are between 130 and 320 meV, with a lower limit which compares fairly well
with the Lorentzian width reported for GR/Ir(111) [78,79].

After completing the structural and electronic characterisation of GR on
Re(0001), we addressed the key issue of its thermal stability. All our mea-
surements basically indicate that GR/Re(0001) is not stable at T≥1000 K.
Above this temperature, in fact, both annealing the GR layer at increasing
temperature and annealing it at constant temperature (above 1000 K) for
a prolonged period result in an irreversible damage to the C layer and in
the appearance of surface carbides. To shed light on these mechanisms, we
carried out two different sets of experiments, analysing the evolution of the
C layer either as a function of the temperature (temperature–programmed
XPS experiments) or as a function of the time while the sample was kept at
fixed temperature.

In the first set of experiments, we monitored the evolution of the C 1s
core level spectrum of the GR–covered substrate while annealing the sample
at a constant heating rate. Above 1000 K, we initially observe an evident in-
tensity loss of the two–peak structure typical of GR, followed by the appear-
ance, at lower BE, of the spectral features characteristic of surface carbides
(Fig. 3.25). At temperatures ≥1350 K, however, also these features lose in-
tensity and eventually disappear, indicating the complete bulk dissolution
of the C initially present on the surface.

The same experiment was repeated also in LEED and LEEM mode. An-
nealing a well–ordered GR–covered surface first results in the moiré LEED
pattern fading away, followed by the appearance of the complex diffraction
pattern characteristic of the carbidic phase. The transition between the
two C species is quite abrupt and basically completes within a temperature
range of ∼100 K. Interestingly, although the diffraction spots of the moiré
superstructure lose intensity upon annealing, reflecting the dissolution of the
C layer into the bulk, they keep a sharp and narrow shape (with an approx-
imately constant Lorentzian width) until they disappear. This means that
the long range order of the C layer is substantially preserved upon anneal-
ing, thus suggesting that the destruction of the GR layer does not proceed
by reaction fronts, but through the random formation of point lattice de-
fects. Above 1350 K, also the diffraction pattern of surface carbides fades
away until only the (1× 1) pattern of the clean surface remains visible, thus
confirming that the surface carbide species has dissolved into the bulk, as
indicated by the XPS data.

The same experiment carried out by LEEM shows that carbide nucle-
ation is accompanied by the appearance of dark spots on the surface, both
at the steps and on the terraces, which progressively expand to cover great
part of the sample (Fig. 3.26). Upon further annealing, the area covered by
carbides shrinks upon C bulk dissolution and in the end only the bare Re
surface remains visible. Noteworthy, the same transition, from GR to car-
bides to bulk dissolution is observed also when the sample is annealed under
a C2H4 atmosphere, but at different temperatures: the higher hydrocarbon

3A = 1.015± 0.100 eV; B = 0.536± 0.05 Å−1)
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Figure 3.25: Thermal evolution of the C 1s core level spectrum during annealing
of GR/Re(0001) from 1100 to 1240 K.

pressure, in fact, pushes the transition temperatures to higher values.
Besides the thermally programmed experiments, we also monitored the

thermal evolution of GR while annealing the sample at a constant tempera-
ture –above 1000 K–. As visible from the two–dimensional plot in Fig. 3.27
and from the curves in Fig. 3.28, which refers to the data acquired at
T=1110 K, the initial stage of the annealing (approximately the first 150 s) is
characterised by a reduction of the high BE component (S), whose intensity
drops at a significantly faster rate with respect to the low BE component
(W). The overall intensity of the C 1s signal is reduced, thus indicating that
C dissolves into the bulk, rather than converting into a different species.
The experiment was repeated at five selected temperatures, between 1095
and 1170 K, and, from an exponential fit of the intensity curve of the high
BE component, we estimated the temperature–dependent decay rate of the
C 1s signal, R(T ), at each temperature. Assuming that R(T ) depends on
the activation energy for C−C bond breaking through a Boltzmann factor,
we derived the Arrhenius plot shown in Fig. 3.29, from which we estimated
an effective barrier for C−C bond breakup and dissolution of 3.5± 0.7 eV.

In order to help us identify the microscopic mechanisms involved in the
initial breakup of the GR layer, and their relationship with the corrugation
of the C layer, our colleagues at the UCL used DFT to calculate the en-
ergy barriers for different selected pathways, using the nudged elastic band
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Figure 3.26: Bright field LEEM images (E = 4 eV, f.o.v.: 4 µm) acquired during
the annealing of GR/Re(0001) (the temperature is reported in each frame). The
bright halo around the dark spots is produced by the work function difference
between clean and carburised regions of the substrate.

(NEB) method [80]. The simplest mechanism we can imagine involves a C
atom leaving the GR network and migrating into the bulk. Starting from a
defect–free GR layer, the lowest–energy configuration is achieved by remov-
ing a C atom from a strongly interacting region and placing it in a hollow
subsurface interstitial site, leaving a hole almost above a Re atom. Due to
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Figure 3.27: Time evolution of the C 1s core level spectrum of the GR–covered
sample upon annealing of the sample at 1110 K.

Figure 3.28: Time evolution of the intensities of the S and W C 1s components
during annealing at 1110 K.

Figure 3.29: Arrhenius plot of the decay rate (R) of the strongly interacting C 1s
core level component. A linear fit of the experimental data is shown superimposed.
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the high energetic cost of breaking three strong sp2 planar bonds, however,
the final state for this pathway lies at 3 eV higher energy than the initial
state, and the overall calculated barrier amounts to 6 eV, almost twice as
large as the experimental one. However, if we introduce a C single vacancy
in our model, the cost of removing a carbon atom from one of the neigh-
bouring sites and placing it below the surface is considerably reduced, since
it requires the breakup of only two sp2 bonds. A realistic pathway would
involve the formation of vacancies near the domain boundaries created dur-
ing GR growth and their subsequent migration to the strongly interacting
regions of the moiré cell. Our colleagues calculated the diffusion barrier for
monovacancies, (the energy barrier for divacancies would be considerably
higher [81]), and found that, in the weakly interacting regions, it amounts to
less than 1 eV. The barriers increase as the vacancy approaches the strongly
interacting region (indicated as TS in Fig. 3.30), though never exceeding
∼ 4 eV, which is comparable to the barrier for the subsurface penetration of
a second C atom. We therefore propose that GR destruction goes through

Figure 3.30: Reaction path for C−C bond breaking in the presence of a C vacancy
in the strongly interacting region of GR, as obtained from the NEB calculations.
The configurations corresponding to the initial (IS), transition (TS), and final state
(FS) are shown.

an initial stage where the existing C monovacancies, under the effect of
the temperature, migrate to the strongly interacting regions, where the ac-
tual C−C bond breakup takes place. As a vacancy approaches a ‘valley’,
the diffusion barrier gets larger and becomes eventually comparable with
the experimental energy barrier for C−C bond breakup and C subsurface
migration (approximately 4 eV). In conclusion, the process of C−C bond
breaking is favoured in the strongly buckled regions of the moiré cell, but
requires the presence of diffusing C monolayer vacancies. It is important
to stress that the process of GR layer breaking we observed in our case
is markedly different from what reported by Gall et al. [57], who claimed
that the breakup of C−C bonds occurs at the edges of the GR islands and
proceeds by reaction fronts.

It is instructive to compare the high temperature thermal behaviour
of GR/Re(0001) with that of GR/Rh(111) [82]. First and foremost, GR
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growth on both substrates requires an accurate selection of the experimen-
tal growth conditions, in particular of the annealing rate during hydrocar-
bon CVD. Moreover, both systems are characterised by a complex interplay
between GR and carbides, but there are some relevant differences. First,
GR/Rh(111) is stable over a considerably larger temperature range (808-
1053 K) than GR/Re(0001). In addition, differently from what observed
in the case of GR/Re(0001), carbides on Rh are energetically less stable
than GR, which precludes the conversion of GR into carbides, but makes
the reverse process possible. In fact, when carbides and GR coexist on the
Rh(111) surface, the carbides eventually transform into GR islands, which
progressively grow in size over time [82].

Another system which is in many respects similar to Re(0001) is Fe(110).
As proven by Vinogradov et al. [83], in fact, also this substrate interacts
strongly with C, and GR growth is limited to a very narrow window of the
experimental parameter space. Differently from Re, however, Fe is charac-
terised by a higher carbon bulk solubility and tends to form a stable bulk
carbide phase, Fe3C. It is therefore clear why the possibility to grow GR
on strongly interacting metals is not related to the specific tendency of a
metal to form certain C phases (e.g. surface instead of bulk carbides), but
rather to the accurate choice of the experimental conditions (temperature,
hydrocarbon pressure, annealing procedure) for GR synthesis.

Our findings are especially promising because they also suggest that,
under appropriate conditions, also other substrates, like W and Ti, which
are well known to interact strongly with C and to form carbides, might
be good candidates for the supported growth of GR. Most importantly,
we believe our method can be applied at temperatures below the carbon
bulk solubility limit, by simply exploiting the favourable interplay between
kinetics and thermodynamics under appropriate experimental conditions.
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Chapter 4

Graphene on stepped metal
surfaces: like a carpet on a
nanometric staircase

As discussed in the Introduction, a leading topic of my research activity
on GR–based interfaces has been the manipulation of the GR properties
in epitaxial GR/metal systems. As we have seen in the case of Re(0001),
the elemental choice of the substrate already provides an efficient strategy
to change the adhesion of the C layer to the metal surface. In this case
the orbital coupling between the electronic states of GR and of the specific
substrate is largely responsible for the C-metal bonding, and the properties
of supported GR, especially in strongly interacting systems, can be signif-
icantly different from those of a free-standing C layer. Very interesting
effects are observed, in particular, when GR is grown on a close–packed,
lattice–mismatched metal surface, due to the formation of a moiré coinci-
dence superstructure. It is clear, however, that the range of elements which
crystallise in a hcp or fcc structure and can support GR growth is limited.

For this reason, also metal surfaces with non–threefold terminations have
recently gained increasing attention for the epitaxial growth of GR. On one
hand, in fact, the study of these substrates has significantly contributed to
the fundamental investigation of the complex interfacial interactions arising
between GR and supports with non-threefold symmetries, which play a key
role in shaping the film morphology and its electronic properties. From an
application–oriented standpoint, this class of substrates provides a bench-
mark to model and understand the GR growth mechanisms on polycrys-
talline substrates -which may be good candidates for the low–cost, large–
scale synthesis of GR- without the complications introduced by the presence
of differently oriented crystal grains or grain boundaries.

A number of experimental studies have already employed surfaces with
non–threefold crystallographic orientations to grow GR with a modified mor-
phology and electronic structure [1–6]. Two notable examples are GR on
Cu(100) [4,5], due to the importance of this metal for GR transferring tech-
niques, and on Fe(110) [1]. On this substrate, in particular, Vinogradov et
al. were able to grow a high quality monolayer of GR, selecting an accurate
combination of the experimental parameters in such a way to avoid the for-
mation of carbide phases by working in out–of–equilibrium thermodynamic
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conditions during CVD. The GR they obtained was strongly chemisorbed
on the substrate and exhibited a one–dimensional periodic ‘washboard-like’
corrugation, with an average separation of about 4 nm between ripples and
a wave amplitude (in the direction perpendicular to the surface) between
0.6 and 0.9 Å. As proven by the DFT calculations, this peculiar morphology
is generated by a unique combination of the GR–substrate lattice mismatch
and of the strong Fe 3d-C 2p(π) orbital hybridization.

The case of GR/Ir(100) is especially interesting because of the reversible
temperature–controlled phase transformation observed in this system [3].
In this system, in fact, the temperature has been found to play a crucial
role on the interfacial strain associated with the formation of localised C−Ir
chemisorption bonds, which are responsible for the observed rippling of the
C layer. The development of a thermal switch to create or remove the pe-
riodic rippling opens interesting perspectives for the controllable, reversible
modification of the nanoscale structure of GR.

Another system which deserves particular attention is GR/Pt(100), which
is among the few examples of GR grown on a reconstructed substrate [2].
In contrast with the adsorbate–induced tendency of the hex-reconstructed
Pt(100) surface to relax into an unreconstructed state, it was shown that a
continuous GR sheet, overgrowing domain boundaries and step edges, can
be formed on this substrate without lifting the reconstruction. The ability
to grow continuous, high structural quality GR sheets on a reconstructed
surface opens up new opportunities for the spatial modulation of GR and
for the prospective employment of GR as a template for surface science
applications or –after transfer– in electronic components and devices.

Besides using TM surfaces with non–threefold geometry, also growing
GR on substrates with structural anisotropies, i.e. with different lattice pa-
rameters along different crystallographic directions, is a viable strategy to
modify the band structure of epitaxial GR. A periodically stepped metal
surface, in fact, adds a 1D periodic potential to the GR lattice and thus
induces the formation of a one–dimensional GR superlattice. This may lead
to exotic –and potentially useful– charge carrier behaviours, like anisotropic
Fermi velocities or band gap openings [7]. This concept has been experi-
mentally explored in the study of Šrut et al. [8] on the Ir(332) surface. The
authors successfully employed this substrate to grow single layers of GR with
a local one-dimensional corrugation. A main downside is the nucleation of
different rotational domains, owing to the weak GR-Ir coupling. In addition,
GR growth was found to induce a step bunching of the Ir(332) substrate,
thus altering the original narrow terrace width distribution of the latter.
This mechanism can be counteracted by lowering the growth temperature,
which, however, favours the nucleation of differently oriented domains.

In this chapter we will present our experimental work on GR growth
on the vicinal Rh(533) surface, which was primarily aimed at broadening
our knowledge of GR synthesis on structurally anisotropic supports and was
encouraged by the promising results already obtained in literature for similar
systems.

Our specific interest in the Rh(533) surface was motivated by the fact
that, differently from Ir [8], Rh substrates typically develop a strong inter-
action with GR [9–13]; at the same time, due to the symmetry break in
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Figure 4.1: Left panel: cannon ball atomic model of the Rh(533) clean surface.
The atoms at the (100) step edges are highlighted in blue, while the atoms on the
(111) terraces are coloured in grey. The unit cell is defined by a yellow line. Right
panel: LEED pattern of the clean Rh(533) surface acquired at Ek = 98 eV.

the direction perpendicular to the steps, we were expecting to observe inter-
esting and more complex GR–substrate lattice matching effects than those
observed on the threefold (111) termination of this metal. The stronger C-
metal adhesion in the case of GR on Rh(533) compared to Ir(332) somehow
forces the GR layer into a better matching with the substrates, thus prevent-
ing the formation of differently oriented domains. As far as the geometry is
concerned, the lattice vector of the moiré cell of GR in the direction paral-
lel to the steps is identical to that of GR/Rh(111), while in the orthogonal
direction it is determined by the specific periodicity of the stepped substrate.

4.1 Characterisation of the clean Rh(533) surface

The preliminary part of our study was devoted to the characterisation of
the clean substrate. The vicinal Rh(533) surface consists of (111) terraces
formed by 4 atomic rows and separated by monoatomic steps oriented in
the (100) direction. For this reason, also the notation 4(111) × (100) is
alternatively used for this surface. The terrace width in the (111) plane
is '0.85 nm, while the step height of 0.22 nm corresponds to the interlayer
distance between the (111) planes of Rh. A cannon ball atomic model of the
surface is presented in Fig. 4.1. The LEED pattern of the clean substrate,
acquired at the Surface Science Laboratory and shown in the panel on the
right, exhibits, besides the (0,0) and the first–order spots due to the (111)
nanofacets, also the features induced by the step periodicity.

The sample was prepared following the same well–established procedure
commonly used for Rh(111), consisting of repeated Ar+ sputtering cycles fol-
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lowed by annealing at 1275 K. A series of oxidation cycles, using a partial O2
pressure of 1× 10−7 mbar and temperatures up to 1000 K, was subsequently
performed in order to remove possible C contaminants. The residual oxygen
was removed by reduction under an H2 atmosphere (p(H2)=5× 10−8 mbar)
while cyclically increasing the temperature up to 750 K. The oxidation–
reduction treatment was followed by a final flash annealing to 650 K. The
efficiency of this cleaning procedure was proven by the sharp LEED pattern
obtained at the end of the treatment (Fig. 4.1) and by the photoemission
spectra, showing no traces of residual C or O contaminants.

The electronic structure of the clean substrate was characterised by high
energy resolution photoelectron spectroscopy, by acquiring a series of Rh
3d5/2 core level spectra at various photon energies (between 350 and 400 eV)
and in different angular configurations. The primary target of these mea-
surements was to investigate the effect of lower coordinated atoms, typical
of stepped surfaces, on the electronic structure of the system and to make a
comparison with the flat Rh(111) surface. Varying the photon energy (over
a small range, in the present case between 350 and 400 eV) and the photoe-
mission angle allows changing the surface sensitivity and the photoelectron
diffraction conditions, and thus modifying the weight of the individual core
level components. As we have seen in the case of Re(0001) (chap. 3), this
strategy is especially useful to understand whether a spectral component is
due to photoemission from the surface or from the deeper layers of the solid.

Figure 4.2: Comparison of the high energy resolution Rh 3d5/2 core level spectra
of the clean Rh(111) and Rh(533) surface, acquired at hν = 375 eV in the normal
emission configuration. In the inset is reported, for comparison, also the spectrum
of the vicinal Rh(553) substrate, investigated by Gustafson et al. [14]. The decom-
position into the individual core level components is shown superimposed to each
spectrum.

It is instructive to compare the Rh 3d5/2 spectrum of the clean Rh(533)
substrate with that of the flat Rh(111) surface (both shown in Fig. 4.11).
The different morphology of the two substrates is reflected in a different
core level spectral shape: in particular, the spectrum of the vicinal surface
shows some extra components that are absent from the spectrum of the flat
Rh(111) termination.

A previous photoemission study of the similar Rh(553) surface [14] had

89



4.Graphene on stepped metal surfaces: like a carpet on a nanometric staircase

evidenced the presence of four SCL shifted components (see inset in Fig. 4.11),
which had been attributed to non–equivalent Rh atoms with different co-
ordination numbers (CN): bulk (B) and terrace (T) atoms (with CN=12
and 9, respectively), which are basically equivalent to the bulk and surface
atoms of Rh(111); underlayer (U) atoms (CN=11) and step (S) atoms (which
have the lowest coordination, CN=7). The same scheme was also applied
to the analysis of the Rh(533) surface, despite its geometrical differences
with respect to the (553) termination, which exhibits 3 atomic-row wide
terraces separated by (111) steps. The spectra of the clean Rh(533) surface
were therefore analysed with a 4–component best fitting procedure using
Doniach–Šunjic̀ line shapes convoluted with a Gaussian profile. In order to
prevent fitting artefacts caused by the large number of parameters and by
correlation effects, we mapped the evolution of the χ2 as a function of each
pair of parameters, following the procedure originally proposed by Riffe and
Wertheim in their work on Ta(110) [15]. The BEs of the four components
shows a clear dependence on CN, since a lower coordination is reflected in
a reduced core level BE, as found in previous coordination–dependent Rh
3d5/2 surface core level shift (SCLS) measurements [14, 16]. Besides final
state effects, this trend is explained in terms of the d−band narrowing at
the surface, which is especially important for undercoordinated atoms. The
SCLSs we obtain for the (533) surface are: −90 ± 20 meV (underlayer),
−430 ± 10 meV (terrace) and −690 ± 25 meV (steps), in good agreement
with the results obtained for the Rh(553) surface [14].

4.2 Ethylene CVD and GR growth on Rh(533)

In the second part of the experiments, we focussed on the search for suit-
able experimental conditions to grow GR on the Rh(533) surface. To this
purpose, we deposited C atoms on the clean substrate in a series of C2H4
CVD experiments, using a hydrocarbon pressure between 1.5× 10−9 mbar
and 1.5× 10−7 mbar and temperatures in the range 770÷1020 K, while the
C 1s core level spectrum of the system was monitored by fast XPS (see
Fig. 4.3 (a)).

It is here important to specify that in this chapter, at variance with the
convention generally adopted in this thesis, 1 ML is defined as the surface
coverage yielded by a complete, defect–free single layer of GR extending over
the whole substrate. Our data, in fact, did not allow us to determine the
absolute coverage corresponding to a single layer of GR on this substrate.

At the lowest deposition temperature (770 K), we observe three core level
components, which follow a different evolution during the uptake (see top
row of Fig. 4.3). The initial stage of the exposure is characterised by the
appearance of a species at −283.83 eV BE (Cs in Fig. 4.3 (a)), which grows
linearly, reaching a maximum intensity around 0.03 ML, and subsequently
stabilises around a steady–state value at higher exposures. Above 0.03 ML,
two other components, indicated as S and W components and centred at
−284.80 and −284.31 eV BE, respectively, start growing at similar, con-
stant rates, with an intensity ratio skewed in favour of S (Fig. 4.3 (b), top
panel). As we have seen in the previous chapters, this two–peak struc-
ture is a characteristic fingerprint of GR formation on lattice–mismatched,
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strongly interacting substrates, like Rh [10], Re [17] and Ru [10], and has
conventionally been attributed to the presence of two main populations of C
atoms experiencing a different degree of interaction with the substrate. The
appearance of the S and W component also at the lowest experimental tem-
perature therefore indicates that the formation of GR islands on the vicinal
Rh(533) surface is possible even at temperatures as low as 770 K, although
it occurs in a disordered way and with a higher density of defects.

With reference to the experiment carried out at 970 K, we observe how
the intensity of Cs monotonically decreases after reaching a maximum at
about 0.03 ML -although it does not vanish completely-. The S and W
components, on the other hand, grow linearly in an approximate 1 : 1 in-
tensity ratio up to the saturation coverage (Fig. 4.3 (b), central panel). The
beneficial effect of the higher growth temperature on the order of the GR
layer is reflected in the significantly narrower width of the S and W com-
ponents compared to the experiment at 770 K. The higher temperature is
also found to affect the C saturation coverage, 0.7 ML, which is nearly 20%
higher than at 770 K.

At the highest growth temperature we used (1020 K), the Cs component,
after reaching an initial maximum at 0.03 ML, rapidly loses intensity and
eventually disappears above 0.7 ML coverage. At the same time, the S and
W components appear even narrower than in the other two experiments
and grow at similar, constant rates (Fig. 4.3 (b), bottom panel). The final
carbon coverage at saturation, 1 ML, is 65% higher than the one obtained
in the lowest temperature experiments.

The analysis of the curves reported in Fig. 4.3 (b) clearly indicates that
the populations of C atoms associated with the S and W core level compo-
nents grow at the same rate, which can be unambiguously interpreted as a
sign of GR formation, for the reasons we will see later.

On the other hand, it is also useful to plot the C coverage curves as a
function of the C2H4 exposure (Fig. 4.3 (c)): this type of plot, in fact, pro-
vides relevant information on the initial growth stage of GR. In particular,
looking at the curves measured at the three different CVD temperatures,
it is clear that the appearance of the S and W components is preceded by
an induction period, during which only the Cs component is present on the
surface (blue peak in Fig. 4.3). Notably, this period increases as the growth
temperature increases.

A comparison with previous data reported in literature allowed us to
shed light on the nature of the Cs component visible in the initial stage of
GR formation. First, we can safely rule out any identification of Cs as a
surface carbide species, because carbides are normally found at BEs between
−283.5 and −282 eV [17–19]. In an earlier work, Saadi et al. [20] used DFT
to investigate the role of step edges in GR formation and proved that, on fcc
and hcp metal surfaces, GR preferentially nucleates at the step edges and
expands onto the lower facets in a step-flow growth mode. In the specific
case of Rh(211), which, like Rh(533), exhibits surface terraces with a (111)
termination and (100)–oriented steps, it was found that C atoms prefer to
adsorb at the steps. On the basis of these results and of the similarity
between the Rh(533) and Rh(211) surfaces, we interpret the Cs component
as due to C atoms at the steps. Actually, the role of surface step sites in
the initial stage of GR growth had already been predicted and explained by
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Figure 4.3: (a) Time–lapsed sequence of C 1s spectra acquired during GR growth
on Rh(533) at 770, 970 and 1020 K, respectively. (b) Evolution of the intensity
curves vs C coverage for the different carbon species (Cs, S and W ), as obtained
from the analysis of the integrated photoemission intensity of the spectra. The
intensity ratio between the strongly and the weakly interacting C 1s components
(S/W, grey line in (b)) is plotted against the right axis. (c) Corresponding intensity
evolution of the various C species as a function of the C2H4 exposure. In the bottom
graph the pressure curve vs exposure (which was the same in all experiments) is
also shown superimposed.

Bengaard et al. in their early study on Ni catalysts [21]. Their calculations
for the Ni(111) and Ni(211) surfaces showed that the observed step-mediated
growth mechanism is determined by the stronger binding of C atoms to the
steps than to the facets. These findings have recently been confirmed by the
theoretical work of Gao and Zhao on C cluster nucleation on the steps of
the Rh(433) surface during the initial stage of GR growth [22]. On a similar
note, a study carried out by McCarty et al. on Ru(0001) and Ir(111) revealed
that, at low C concentrations, GR nucleation is clearly favoured at the step
edges, while at higher C concentrations it simultaneously occurs near the
step edges and on the terraces [23,24]. Notably, the Cs component observed
on Rh(533) has a BE (−283.55 eV) which is very similar to the theoretically
calculated C 1s core level BE of the C monomer adsorbed at the steps of
Ru(0001) (−283.83 eV), as found in a recent work of our group (see [25] and
chap. 5). By contrast, although Cs is found in the same BE region as the
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2D C adatom gas component observed on Ru(0001), we cannot assign it to
this species, otherwise the peak should disappear at the saturation exposure
at all temperatures.

The induction period before GR nucleation (Fig. 4.3 (c)) indicates that,
even under a constant flux of C2H4 molecules, the population of C atoms
at the steps remains approximately constant. This phenomenon is partic-
ularly evident at the highest temperature and is primarily due to C bulk
dissolution, a mechanism which is especially active in the early stages of
C2H4 CVD and competes with GR formation. Another reason for the ob-
served induction time is the large formation energy of a C dimer at low C
coverage [22]. To better understand the atomic–scale mechanisms involved
in GR nucleation on Rh(111), it is instructive to consider the theoretical
work of Nykänen et al. on C adsorption on Pd(211) [26]. In fact, besides
the well–known similarity between the two metals in terms of their elec-
tronic structure, the Rh(533) and Pd(211) surfaces are also geometrically
very similar, since both of them have (111) terraces and (100)–terminated
steps. On Pd(211), at low C coverage, the octahedral interstitial site is en-
ergetically favoured over the superficial fcc and hcp sites and can be easily
reached from the step edges. The lower atomic coordination and increased
surface openness of the step edges, in fact, lower the energy barrier for
C2H4 dissociation and facilitate C subsurface penetration [27]. We can rea-
sonably believe that the same mechanism, namely the migration of C atoms
underneath the surface through the step edges, is active also on Rh(533).
Interestingly, the process of C bulk dissolution is not specific to stepped Rh
surfaces, but has also been observed by Dong et al. [12, 28] in their STM
study on GR/Rh(111), where the dissolved C partly re-precipitates to the
surface and contributes to the formation of the C network. These consider-
ations complete our picture for the low exposure regime.

At higher exposures, on the other hand, it becomes energetically more
favourable to accumulate part of the C atoms also on the surface, until
an equilibrium is established between the subsurface–segregated and the
surface–adsorbed C phase. GR nucleation becomes possible once a C super-
saturation condition is reached on the surface and the rate of C−C bond
formation overtakes the rate of carbon bulk dissolution.

The comparable growth rate of the S and W components at all tempera-
tures indicates that GR growth proceeds through a homogeneous expansion
of the GR islands via the addition of whole moiré unit cells. The observed
narrowing of both peaks at increasing deposition temperature, in contrast
with the expected thermally-induced phonon broadening, reflects the ben-
eficial effect of the temperature on the long–range order of the C layer.
Accordingly, we interpret the parallel increase of the saturation C coverage
as a sign of the reduced surface defect density.

To get further insight into the properties of the GR layer obtained at
1020 K, we compared the line shape of the C 1s and Rh 3d5/2 core level
spectra with those of GR grown by CVD on the clean Rh(111) surface
(Fig. 4.4)

The Rh 3d5/2 spectrum of GR–covered Rh(533) is quite similar to that
of Rh(111). In both cases, the component associated with Rh atoms on the
terraces is largely suppressed, and, for Rh(533), the same effect is observed,
to an even larger extent, also for the undercoordinated step atoms. In the
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Figure 4.4: High resolution C 1s (red) and Rh 3d5/2 (black) core level spectra of
GR–covered Rh(111) Rh(533). A schematic model of the two systems is reported
on the right.

case of Rh(533), in addition, the alteration of the electronic structure of
the substrate caused by the coupling with the C atoms is also reflected in
a modification of the spectral line shape on the high-BE side of the S and
T components. However, the degree of complexity of this system, which is
further complicated by the break of the in-plane crystal symmetry caused by
the steps, enables only a qualitative interpretation of these data, while more
information can be derived from the analysis of the C 1s core level spec-
trum and its comparison with the corresponding spectrum of GR/Rh(111).
Despite the similar double–peak structure, in fact, a few important differ-
ences can be identified between the two spectra, as visible from Fig. 4.4. In
the case of Rh(533), the spectral weight is shifted to the weakly interacting
component (W ), most likely due to the presence of the steps, where the C–
substrate separation is larger and the coupling accordingly weaker. Related
to this effect, we observe a parallel shift of both the S and W components to
lower BEs (∆E ' 300 meV), which indicates a reduced charge transfer and
therefore a decreased strength of the covalent interfacial bonding. We also
notice that the spectrum is significantly broadened with respect to the case
of GR/Rh(111), which can be interpreted as a sign of the increased com-
plexity of the GR/substrate matching and interaction, and of the resulting
wider range of non–equivalent C atomic configurations.

Further evidence of the formation of single-layer GR comes from the
analysis of the valence band spectra acquired during C2H4 CVD. Fig. 4.5
(a) gives an overview of the valence band modifications occurring during GR
growth at T=1020 K; the data were acquired at hv = 100 eV in the normal
emission configuration, corresponding to the Γ point in the reciprocal space.

94



4.Graphene on stepped metal surfaces: like a carpet on a nanometric staircase

Fig. 4.5 (b) shows a comparison of the high energy resolution valence band

Figure 4.5: (a) 2D waterfall plot showing the evolution of the valence band spec-
trum during C2H4 CVD at 1020 K as a function of the exposure (vertical axis). (b)
valence band spectrum of the clean (black) and GR–covered (red) Rh(533) surface
acquired at hv = 100 eV in the normal emission configuration (corresponding to the
Γ point in k-space). (c) Integrated intensity of the carbon π–band signal associated
with GR growth as a function of the exposure.

spectrum of Rhodium before (black curve) and after (red curve) GR growth,
which clearly highlights the appearance of the π-band peak associated with
GR formation. Finally, panel (c) reports the intensity evolution of the π-
band signal as a function of the C2H4 exposure. As previously observed
for the photoemission data (Fig. 4.3), also in this case GR nucleation is
preceded by an induction period, with the difference that, in this case, due
to the higher C2H4 partial pressure used at the beginning of the uptake, the
threshold is lower (∼ 20 L exposure vs nearly 40 L in the XPS experiment).

The signal associated with the bonding C p states is centred at about
7.8 eV below the Fermi Level. In this respect, it is useful to compare our
data with the theoretical results obtained by Iannuzzi and Hutter [29] for
the analogous GR/Rh(111) system. The authors calculated the projected
density of states (DOS) of the C atoms in the valence band for the four high–
symmetry configurations within the moiré cell ((top, fcc), (top, hcp), (fcc,
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Figure 4.6: Projected Density of states (PDOS) on the C pz orbitals (red) and
on the surface Rh dz2 orbitals (green) for the four optimized GR/Rh model slabs
corresponding (from top to bottom) to the (bridge), (top, fcc), (top, hcp) and (fcc,
hcp) configuration. From [29].

hcp) and bridge) and identified the bridge configuration as the energetically
most stable one. The projected density of states on the C pz orbitals (see
Fig. 4.6) shows an evident splitting between occupied and unoccupied p
states and a significant energy downshift of the bonding orbitals, to about
−7 eV relative to the Fermi Level, a value which fits fairly well with our
experimental findings. This behaviour is caused by the orbital hybridization
between the C p states and the metal d bands, and by the ensuing charge
transfer between GR and the substrate. Similar conclusions on the valence
band structure of GR/Rh(111) were also reported by Voloshina et al. in a
later work [13].

A fundamental question which has not yet been addressed is to what
extent the morphology of the Rh(533) substrate is affected by GR growth.
This issue was investigated by an accurate comparison of the LEED patterns
of Rh(533) prior to and after GR formation, which led us to the conclusion
that the stepped morphology of the metal surface is largely preserved. Our
LEED analysis also provided us with relevant information on the period-
icity of the moiré superstructure formed on this substrate. As reported
in sec. 4.1, the diffraction pattern of the clean Rh(533) surface shows a
hexagonal atomic arrangement of the surface, with an additional splitting
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of the diffraction spots due to the periodicity of the ordered arrays of steps.
The LEED pattern of GR/Rh(533) (Fig. 4.7 (a)) shows a moiré periodicity,

Figure 4.7: (a) LEED pattern of GR/Rh(533) at Ek = 104 eV. (b) LEED line
profile of GR/Rh(533) along the direction parallel (left) and orthogonal (right) to
the steps, at Ek = 98 and Ek = 128 eV. (c) Waterfall plots of the electron energy–
dependent LEED line profiles of the (left) clean and (right) GR-covered Rh(533)
surface.

which is, however, different from the one observed on Rh(111). In fact, it is
known from previous investigations [9, 10, 12] that the modulus of the two
vectors of the moiré cell of GR/Rh(111) is identical in both crystallographic
directions and is in a 12 : 11 ratio with the substrate lattice parameter.
On the other hand, the LEED pattern of GR/Rh(533) cannot be explained
in terms of a single–scattering model. In single–scattering diffraction, in
fact, the position of each spot is given by a linear combination of the over-
layer lattice vectors, and the spot intensity scales linearly with the order
of diffraction. In the present case, by contrast, we observe that the spot
intensity changes with the diffraction order and with the electron energy in
a strongly non-linear way, with some missing or strongly suppressed spots.
Most importantly, the spots are found at positions given by the sum of a
reciprocal lattice vector of the substrate and a lattice vector of the overlayer.
A similar behaviour, which is typical of multiple scattering phenomena, has
actually already been observe in GR-based interfaces, e.g. in epitaxial GR
grown on the reconstructed SiC(0001) surface [30].

In contrast with the case of GR on the threefold Rh(111) surface, the
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moiré cell of GR/Rh(533) has a different periodicity in the crystallographic
directions parallel and orthogonal to the steps. A thorough analysis of the
LEED line profiles (Fig. 4.7 (b)) reveals that, while the cell periodicity in
the direction parallel to the steps (left subpanel) is 1.07, very close (within
2%) to the 12 : 11 ratio found on flat Rh(111), the lattice matching in the
direction orthogonal to the steps (right subpanel) is different. On the basis
of these results, we propose the model moiré cell reported in Fig. 4.8, with
lattice vectors perpendicular to the corresponding LEED reciprocal lattice
vectors, and with the smallest periodicity that enables matching the GR
layer with the substrate. It measures 29.56 Å in the direction parallel to the
steps, while the other vector, which extends over two substrate terraces, is
19.37 Å long and forms an angle of 65.5◦ with the first. In order to match
the nearest integer number of Rh atoms underneath, the GR layer has been
compressed by 0.9% in the direction parallel to the steps and stretched by
2.3% in the orthogonal direction.

Figure 4.8: Cannon ball atomic model of GR/Rh(533), as obtained on the basis of
our LEED analysis. The Rh atoms at the steps are highlighted in blue, while the
moiré cell is marked by a yellow line. In the inset (top left) is shown the calculated
LEED pattern produced by multiple scattering mechanisms.

In Fig. 4.7 (c) are compared the waterfall plots of the LEED line profiles
of the clean (left) and GR–covered (right) Rh(533) as a function of the
electron kinetic energy. This comparison is crucial to understand whether
the substrate steps are preserved upon GR formation: in the presence of
steps, in fact, we should see the diffraction spots move upon changing the
electron energy, while on a flat surface they are always found at the same
~k [31].

At low energies, the LEED pattern of the GR–covered sample is domi-
nated by the features of the moiré superlattice and shows broader diffraction
spots and a more intense background with respect to the LEED pattern of
the clean system (Fig. 4.7 (c)). At higher energies, on the other hand,
due to the larger sampling depth of the diffracted electrons, the pattern re-
ceives a bigger contribution from the deeper layers of the sample than from
the carbon overlayer. In this regime, similar features can be identified for
both the clean and the GR–covered surface, with a comparable intensity
modulation as a function of the energy. Although our LEED analysis pro-
vides compelling evidence that the steps are still present on the GR–covered
Rh(533) surface, we cannot exclude, on the sole basis of our data, a partial
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GR–induced modification of the step morphology, as revealed by the STM
measurements carried out by Dong et al. [12] on Rh(111).

4.3 Thermal stability of the graphene layer

As already explained in chap. 3, the high–temperature thermal stability of
epitaxial GR on TM substrates is a key issue, both for fundamental re-
search and for the prospective applications of this material for technological
purposes. In the case of GR/Rh(111), which has already been investigated
in literature, Dong et al. [12] observed that GR becomes unstable at tem-
peratures above 1053 K and C starts dissolving into the bulk. In general,
GR on strongly interacting substrates (like Rh(111)) is found to be less
stable against high–temperature C−C bond breaking and C bulk dissolu-
tion compared to weakly interacting GR-metal systems (like GR/Ir(111)),
which resist up to very high temperatures. The correlation between the
GR-metal coupling strength and the high–temperature thermal stability of
the C layer has been thoroughly addressed in chap. 3 for the specific case of
GR/Re(0001) [17].

In order to investigate the thermal stability of GR/Rh(111) and make a
comparison with the case of Rh(111), we carried out a series of experiments
in which the GR–covered sample, prepared by C2H4 CVD at 1020 K, was
annealed from 470 to 1170 K at a constant rate of 1 K s−1, while the C 1s
core level spectrum was monitored in real time by fast XPS.

The time–lapsed sequence of C 1s spectra of GR/Rh(533), shown in
Fig. 4.8 (a), was then analysed using a two–peak fitting procedure, hold-
ing the BEs of the peaks fixed to the values found for the high resolution
C 1s spectra acquired at low temperature and allowing the intensities and
line shape parameters of the weakly (W) and strongly (S) interacting GR
components to evolve as a function of the temperature. The analysis of the
intensity curves of the S and W components (see Fig. 4.9) enabled us to
identify the activation temperature for the thermally–induced C−C bond
breaking, which is 1100±10 K. Above this temperature, the C 1s photoe-

Figure 4.9: (a) 2D plot of the thermal evolution of the C 1s core level photoe-
mission signal of GR/Rh(533) during annealing to 1100 K. (b) Intensity curves vs
temperature of the C 1s component (S, W and their sum) during the annealing.

mission signal loses intensity and eventually vanishes, while the Gaussian
width of both spectral components increases dramatically. Since mecha-
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nisms like C desorption from the surface are very unlikely (because of the
high C–metal adsorption energy on this substrate), we conclude that the C
atoms which disappear dissolve into the bulk. This conclusion is supported
by the additional observation of the opposite mechanism on Rh(533): if the
substrate, in fact, is doped with C by prolonged C2H4 exposure at high tem-
perature and subsequently cooled down, the bulk-dissolved C reprecipitates
to the surface.

Figure 4.10: (a) C 1s intensity curves vs time during GR formation by C bulk-to-
surface segregation at 948, 973 and 998 K, respectively. (b) Arrhenius plot of the
data reported in (a).

The slightly higher activation temperature for C−C bond formation on
Rh(533) (1100 K) with respect to the case of GR/Rh(111) (1053 K) [12] can
be explained in terms of the average weaker interaction of the C layer with
the vicinal surface. As illustrated in chap. 3 and in [17], on Re(0001) the
process of C−C bond breaking, which is mediated by the high–temperature
diffusion of C monovacancies, starts preferentially in the buckled, strongly
interacting regions of the GR layer. We therefore expect that the larger
population of weakly interacting C atoms in GR/Rh(533) will partly reduce
the activation temperature for GR destruction with respect to the case of
GR/Rh(111) .

The breaking of C−C bonds and the diffusion of C atoms into the subsur-
face region causes a redistribution of the remaining C atoms within the GR
network and leaves some C atoms on the surface with unsaturated bonds,
leading them to form bonds with the substrate in order to minimise their
energy. These structural rearrangements are reflected in the overall broad-
ening of the C 1s spectrum at high temperature.

To further explore the mechanisms of C bulk-to-surface segregation and
to estimate the activation energy of C−C bond formation for surface–
precipitated GR on Rh(533), we carried out a separate experiment, in which
the sample was first exposed to a C2H4 flux at high temperature -in order to
accumulate C in the bulk- and then slowly cooled from 1020 down to 920 K
in steps of 25 K (approximately 500 s per step). The evolution of the C 1s
core level signal associated with the formation of GR was monitored by ac-
quiring a series of snapshot spectra at three selected temperatures (948, 973
and 998 K). The curve of the C coverage vs time for each temperature was
then fitted to an exponential function in order to derive the temperature–
dependent reaction rate k(T ) for C−C bond formation (Fig. 4.10 (c)).
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Assuming that k(T ) depends on the activation energy Ea through an Ar-
rhenius equation, k = A exp (−Ea/(kBT )) (where T is the temperature and
kB is the Boltzmann constant), we made an Arrhenius plot of the data (k
vs 1/kBT ), from which we estimated a total activation energy of 0.95±0.15
eV (Fig. 4.10 (d)). This value actually corresponds to the highest energy
barrier of the different elementary processes involved in the formation of the
GR layer: bulk-to-surface C diffusion, lateral surface diffusion, formation of
new C−C bonds. Interestingly, in their theoretical work on carbon adsorp-
tion and diffusion on Pd surfaces, Nykänen et al. [26] estimated that the
energy barrier for C bulk to surface diffusion on Pd(211) (more specifically,
for the diffusion of a C atom from a subsurface interstitial octahedral site to
a step edge site) varies between 0.76 and 0.95 eV -depending on the specific
pathway-, in very good agreement with the value we experimentally found
for Rh(533).

4.4 Oxygen–induced lifting of the graphene layer

In the final part of our investigation, we focussed on the development of
a possible strategy to modify the interaction of GR with the Rh(533) sub-
strate.

As demonstrated in the case of GR/Ir(111) [32–34] and GR/Ru(0001) [34–
36], a simple and successful approach to manipulate in situ the properties
of epitaxial GR by weakening its interaction with the substrate is by oxygen
intercalation. In order to explore the effectiveness of this mechanism also
on GR/Rh(533) and to make a comparison with what reported in literature
for other systems, we tried to grow an oxygen buffer layer at the C/metal
interface and to subsequently remove it by hydrogen reduction.

Before performing these experiments, we preliminarily investigated the
interaction of the clean Rh(533) surface with oxygen and characterised the
chemisorption phases formed upon O2 exposure, in order to have a reference
with which to compare the data of the GR–covered system. In general, the
study of the oxygen interaction with vicinal metal surfaces has traditionally
attracted attention because of the higher reactivity of lower coordinated
atoms. Most importantly, compared to flat single crystal substrates, stepped
surfaces provide a more faithful model of real metallic surfaces, which are
typically characterised by a higher density of steps, kinks, and possibly
defects.

In addition, atomically rough high–index surfaces approach the high cat-
alytic performance of metal nanoparticles, which are very hard to charac-
terise in situ because of the complexity of their reactions, and can therefore
help bridge the gap between real catalysts and surface science models.

The atomistic effects of the oxygen interaction with vicinal metal sur-
faces, however, have already been thoroughly investigated in previous works
[37–41]. In our case, our interest in oxygen adsorption on Rh(533) was
mainly aimed at understanding which oxygen phases form on this sub-
strate and providing a reference for the comparison with the results sub-
sequently obtained for oxygen intercalation under GR. Oxygen adsorption
on the Rh(533) surface was studied by photoemission spectroscopy by mon-
itoring the evolution of the Rh 3d5/2 and of the O 1s core level spectra,
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respectively, while exposing the sample to an increasing O2 pressure (from
1× 10−9 to 2× 10−7 mbar). The two time-lapsed series of spectra are shown
in Fig. 4.11. The O 1s core level spectrum can be fitted with a single compo-

Figure 4.11: Time–lapsed series of Rh 3d5/2 (left) and O 1s (right) core level
spectra acquired during oxygen exposure of the clean Rh(533) surface at 520 K.
The corresponding O2 exposure is reported on the left. In the left panel also the
high resolution Rh 3d5/2 spectra acquired at low temperature at the beginning and
at the end of the uptake are reported .

nent up to the saturation coverage. Interestingly, although this component
can be described with the same line shape parameters throughout the up-
take experiment, its BE shifts by about 30 meV to lower values during the
exposure, from −529.60 to −529.30 eV. A similar behaviour has also been
reported in the case of oxygen adsorption on Rh(111) and Ru(0001); how-
ever, this shift is too small and continuous to be interpreted as a change of
the oxygen adsorption configuration or as the simultaneous occupation of
multiple adsorption sites. Most likely, the BE shift is caused by the interac-
tions arising between O atoms adsorbed in neighbouring sites at increasing
O surface concentration.

The time–lapsed series of Rh 3d5/2 spectra provides some insight into the
evolution of the different populations of surface Rh atoms upon exposure.

Although, in fact, our sole experimental data do not enable us to pro-
vide an atomistic description of the oxygen–induced surface modifications,
the evolution of the Rh 3d5/2 spectra can be used to derive a qualitative
description of the adsorption mechanisms. One trend which clearly emerges
in the initial stage of oxygen adsorption is the disappearance of the S com-
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ponent, due to Rh atoms at the steps. This is consistent with the generally
observed enhanced reactivity of undercoordinated atoms, which makes them
preferential sites for the adsorption of oxygen and other reactants. At higher
exposure, also the core level component due to Rh atoms on the terraces
starts losing intensity, while new SCL components, due to populations of
Rh atoms with a different local coordination with the adsorbates, appear at
higher BEs. However, the presence of multiple oxygen–induced core level
components within a narrow BE range increases the risk of overfitting the
data, so we decided not to pursue our analysis further.

After this preliminary analysis of oxygen adsorption on the clean Rh(533)
surface, we considered the case of GR/Rh(533). To this purpose, the GR–
covered sample, prepared by C2H4 CVD at 1020 K, was exposed to molecular
oxygen (p(O2)=4× 10−4 mbar) for 5 min at T=520 K, while the evolution
of the C 1s core level signal was monitored as a function of the O2 exposure.

Figure 4.12: (a) Comparison of the high–energy resolution C 1s core level spectra
of GR/Rh(533) before (bottom) and after (top) oxygen–induced lifting. (b) Cor-
responding O 1s core level spectra before and after oxygen exposure. The dashed
spectrum in the upper part of the plot represents the O 1s signal after oxygen ex-
posure of the clean Rh(533) surface. (c) High–resolution Rh 3d5/2 spectra acquired
before (bottom) and after (top) GR lifting. The dashed spectra refer to the clean
(bottom) and oxygen–saturated (top) Rh(533) substrate in the absence of GR. (d)
Time–lapsed sequence of C 1s core level spectra acquired during GR landing on
the metal surface upon removal of the oxygen buffer layer, as a function of the H2

exposure.

The first important conclusion is that the oxygen-induced decoupling
mechanism reported for GR/Ir(111) and GR/Ru(0001) is active also on
GR/Rh(533). This is first confirmed by the suppression of the C 1s core
level spectral contribution due to the C atoms in the strongly interacting
regions of the moiré cell upon exposure. As a consequence of the charge
transfer from GR to the more electronegative O atoms and of the resulting
p−doping of GR, the entire C 1s core level signal is seen to shift to lower
BEs (about 660 meV) (Fig. 4.12 (a)) during the exposure. An important
difference with respect to the case of Ir(111) is that, while the C 1s spectrum
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of oxygen–lifted GR/Ir(111) shows a single component, shifted by about
−570 meV with respect to GR/Ir(111), in the case of O/GR/Rh(533) the
spectrum exhibits an additional weak feature at 210 meV higher BE. In our
opinion, this difference reflects the residual coupling of GR with the steps of
the Rh(533) substrate. In fact, we can reasonably expect that the presence
of steps on the Rh(533) surface prevents the formation of a uniform oxygen
buffer layer, leaving the metal atoms at the steps partially uncovered and
therefore exposed to a stronger interaction with the C layer. This leads to
the presence of a residual corrugation even in the O-intercalated system,
whereas in the case of GR/O/Ir(111) the lifting leads to a flat, quasi free–
standing GR layer.

It is worth noticing that the O 1s core level spectrum of GR/Rh(533)
after lifting (represented as green circles in Fig. 4.12 (b)-top) is comparable
with the spectrum acquired after oxygen exposure of the clean Rh(533)
surface (shown superimposed as a dashed green line), apart from a ∼ 15%
photoemission intensity reduction, caused by the presence of the C layer.
Also the Rh 3d5/2 core level spectrum of the oxygen–lifted GR/Rh(533)
has a similar line shape to the spectrum of the oxygen–saturated substrate
acquired at the end of the O2 uptake on the clean surface (Fig. 4.12 (c)). In
addition, both the spectra show some features at high BE, around −307.5
eV, which are absent from the spectrum of clean Rh(533) and originate
from the Rh−O interactions. The lower intensity and broader shape of the
spectrum acquired after GR lifting can be attributed to the attenuation
caused by the carbon layer.

As seen in other GR/metal systems, the oxygen–induced lifting of the
GR layer is a reversible process; in particular, the oxygen buffer layer can
be removed by reduction under an H2 atmosphere, which selectively acti-
vates the 2 H2 + O2 −−→ 2H2O chemical reaction at the GR/metal interface.
This leads to a ‘soft landing’ of the GR sheet on the metal surface and is
accompanied by a small intensity decrease (∼ 10%) of the C 1s signal with
respect to the spectrum of the as–grown GR/Rh(533), caused by the bulk
dissolution of a small fraction of C atoms. The Rh 3d5/2 spectrum after this
treatment can be compared with the corresponding spectrum acquired after
oxygen exposure of the clean Rh(533) surface.

4.5 Conclusions

Our work allowed us to shed light on a number of important aspects of
GR/Rh(533), and we believe our findings could be ultimately extended also
to many similar systems. As illustrated in detail in our study, our results
highlighted some analogies and, most importantly, some relevant differences,
between GR/Rh(533) and GR on the flat Rh(111) surface. In particular,
the high–resolution C 1s spectrum of GR/Rh(533) shows a smaller intensity
ratio between the S and W components than in the case of GR/Rh(111), and
an overall shift to lower BEs. We ascribe these effects to the presence of the
steps, which weakens the local bonding of the C atoms to the metal substrate
because of the increased C−metal separation at the step edges. A series of
in situ annealing experiments proved that GR/Rh(533) becomes unstable
above 1100 K, a value comparable with the activation temperature for C−C
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bond breaking found for GR/Rh(111) [12]. We believe this 50 K difference
is explained by the presence of the steps, which improve the thermal stability
of GR/Rh(533) by locally weakening the C-metal interaction.

Finally, we successfully tested the possibility of manipulating the GR/
substrate interaction by growing an oxygen buffer layer at the GR-metal
interface in order to weaken the C-substrate interaction, and subsequently
reduced the system under a H2 atmosphere in order to restore the interac-
tion of the GR layer with the metal. This mechanism therefore provides an
efficient switch to reversibly modify the C-metal interaction without signif-
icantly affecting the quality of the GR layer.

One of the most intriguing aspects of the GR/Rh(533) system, which
still leaves some open questions, is the very high structural quality of the
GR layer, which may not be expected for a GR film grown on a stepped
metal surface. The sharpness and order of the moiré LEED pattern can be
explained by the strong adhesion between GR and, in general, Rh surfaces,
which forces the C layer into registry with the substrate, thus preventing
the formation of multiple rotational domains (as instead observed for weakly
interacting GR/metal systems, like Pt(111) [42,43] or Ir(332) [8]). There is,
however, another argument, which applies more specifically to vicinal sur-
faces, and which could explain the high quality of the GR layer on Rh(533).
In particular, the theoretical work of Meng et al. [44] suggests important
considerations on the beneficial role of substrate steps during GR formation,
proposing a step–assisted healing mechanism of the GR layer defects at high
temperature. By analysing the particular case of GR/Ni(111), the authors
showed that GR growth by hydrocarbon CVD is typically accompanied by
the formation of defects, which can be removed at high temperature. This
thermally–induced healing mechanism is present both on flat and stepped
surfaces, but has a higher activation energy on the terraces than on the
steps, whose presence lowers the energy barrier, and thus the activation
temperature. We can reasonably believe that a similar step–assisted healing
mechanism is active during high-temperature CVD on Rh(533) and limits
the formation of defects during the growth of the C layer. Above a certain
temperature, however, this mechanism alone is not sufficient to counter-
act the breakup of the GR network, and the C−C bond network is rapidly
destroyed above 1100 K.

In conclusion, a key finding of our study is that the presence of surface
steps can promote the growth of GR layers with a high structural quality
and a tunable morphology and periodicity of the moiré cell, which can be
adjusted by selecting a vicinal TM substrate with the desired geometrical
properties. We expect that this concept can be readily extended to a range
of stepped TM substrates, thus opening the way to the synthesis of moiré
lattices with a tunable geometry and matching with the substrate. Most
interestingly, our experiments seem to confirm a peculiar mechanism which
had so far been predicted only theoretically, i.e. that the presence of sur-
face steps stabilises the C layer against the thermally–induced C−C bonds
breakup via a step-assisted defect healing mechanism. In addition, as ob-
served for other GR/metal systems, the possibility to form and remove an
oxygen buffer layer at the GR-metal interface provides an efficient tool to
reversibly switch the GR-substrate interaction between two states.
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Fine tuning of graphene-metal adhesion by surface alloying. Sci. Rep.,
3:2430, 2013.

107



BIBLIOGRAPHY

[26] L. Nykänen, J. Andersin, and K. Honkala. First-principles calculations
of the initial incorporation of carbon into flat and stepped Pd surfaces.
Phys. Rev. B, 81:075417, 2010.

[27] J. Andersin, N. Lopez, and K. Honkala. DFT study on the complex
reaction networks in the conversion of ethylene to ethylidyne on flat
and stepped Pd. J. Phys. Chem. C, 113:8278, 2009.

[28] G. Dong and J.W.M. Frenken. Kinetics of graphene formation on
Rh(111) investigated by in situ scanning tunneling microscopy. ACS
Nano, 7:7028, 2013.

[29] M. Iannuzzi and J. Hutter. Comparative study of the nature of chemical
bonding of corrugated graphene on Ru(0001) and Rh(111) by electronic
structure calculations. Surf. Sci., 605:1360, 2011.

[30] C. Riedl, U. Starke, J. Bernhardt, M. Franke, and K. Heinz. Structural
properties of the graphene-SiC(0001) interface as a key for the prepa-
ration of homogeneous large-terrace graphene surfaces. Phys. Rev. B,
76:245406, 2007.
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Chapter 5

Tailoring the GR–substrate
adhesion: epitaxial graphene
on the PtRu/Ru(0001)
surface alloy

5.1 Introduction

As we have seen in the previous chapters, the coupling strength in supported
GR–substrate systems is responsible for a number of properties of epitaxial
GR, including the electromechanical properties [1], the contact resistance [2],
the thermal stability [3,4], as well as the electronic [5–10] and heat transport
properties [11]. It is therefore understood that a key goal of the scientific
community working on epitaxial GR is developing the capability of control-
ling, in a selective and continuous way, the interaction strength between
GR and the substrate. This challenge is pivotal for both fundamental and
applied research. On one hand, in fact, developing a method to finely tune
the GR-substrate adhesion would allow to thoroughly understand how the
C layer properties evolve from the free–standing to the metal–coupled case,
probing all the intermediate configurations in between. On the other hand,
any realistic pathway to the establishment of GR–based nanotechnologies
for real–life applications would involve the use of supported GR in combi-
nation with insulating substrates or other 2D materials [12–14]. A selective
control of the GR–substrate adhesion is therefore a crucial requirement also
in this respect. The accurate understanding and control of the interface
mechanisms responsible for the GR-substrate coupling would be of impor-
tance also for the development of suitable transfer techniques to remove the
GR film from a metal surface and deposit it on SiO2 or another dielectric
support.

Unfortunately, none of the methods so–far developed, including the tar-
geted choice of the substrate [15], the creation of oxide buffer layers [16], the
intercalation of alkali or noble atoms to the GR/substrate interface [17–22]
or the use of geometrically anisotropic substrates [23–25] (chap. 4) allows
to precisely adjust the GR–metal interaction strength to the desired level,
although they all induce a measurable modification of the GR properties.
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Besides this main limitation, all these methods come with a series of issues
related to the preservation of the quality and crystallinity of the as–grown
GR film. For instance, the penetration of adsorbates (like light or alkali
elements, transition or noble metal atoms) between GR and the substrate
can take place only in the presence of GR layer defects and typically results
in a non-uniform interface.

However, as we recently demonstrated [26], bimetallic surface alloying
can provide an efficient, alternative approach to tailor the GR–substrate
interaction to the desired extent. To prove this concept, we grew GR on a
PtRu surface alloy on Ru(0001) with a variable Pt content, between 0 and
0.5 ML. The specific choice of these two metals was not coincidental, but
was suggested by the fact that Ru(0001) and Pt(111) are two widely investi-
gated substrates known to develop, respectively, a very strong and very weak
interaction with GR [15, 27]. For this reason, one would intuitively expect
that the intermixing of a variable amount of Pt and Ru in a surface alloy
would produce a substrate with intermediate interaction properties between
the two pure metals, and, most importantly, where the GR–metal coupling
can be selectively regulated by choosing a suitable alloy composition. In sev-
eral cases, however, the contribution of ligand and strain mechanisms has
been reported to strongly modify the electronic structure of surface alloy
systems [26], leading to unexpected effects.

Before the actual experiments on the PtRu surface alloy, we carried
out a preliminary investigation of the growth mechanisms, structural and
electronic properties of GR on pure Ru(0001), in order to have a bench-
mark for the subsequent measurements on the surface alloy. Both systems
(GR/Ru(0001) and the PtRu surface alloy) were studied using a combination
of experimental techniques, including high–energy resolution core level pho-
toelectron spectroscopy, LEED and LEEM. The XPS measurements were
carried out at the SuperESCA beam line, while the LEEM images and
micro–LEED patterns were acquired at the Nanospectroscopy beam line.
The experimental measurements were complemented by DFT calculations
carried out by the collaborating research group of Dario Alfè at the UCL.

5.2 Graphene on clean Ru(0001)

In the preliminary part of our study, we focussed on epitaxial GR/Ru(0001),
which has already been the subject of a number of works in the past [19,28–
35] and will represent our benchmark system throughout our discussion.

Following a well–established procedure [36–41], the Ru(0001) single crys-
tal was cleaned by repeated cycles of Ar+ sputtering at 2.5 keV (p(Ar)=
3× 10−6 mbar) and annealing to 1500 K, followed by a high temperature
oxidising treatment to remove bulk C contaminants (p(O2)=5× 10−7 mbar;
550<T< 1100 K), a reducing treatment under H2 atmosphere to remove the
residual oxygen (p(H2)=2× 10−7 mbar; 550<T<1500 K) and a final flash
annealing to 1600 K. The C 1s, O 1s and S 2p CL regions after this proce-
dure appeared flat, showing no evidence of residual contaminants. We first
studied the growth mechanisms and the morphology of GR on this substrate
and then, using high-energy resolution photoemission spectroscopy with the
support of DFT calculations, we carried out an accurate SCL analysis aimed,
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in particular, at investigating the possible links between the structure and
the atomic core level BEs of the GR layer.

The LEEM images acquired during C2H4 CVD at T=1020 K show that
GR grows in a continuous, rolling-carpet fashion (Fig. 5.1), in agreement
with previous observations [19, 33, 42]. In particular, the GR islands are
seen to overgrow the steps and uniformly expand on the terraces of the
Ru(0001) surface. Earlier in situ LEEM studies [19] carried out during GR
growth documented a fast expansion of the GR domains parallel to or across
the substrate steps in the ‘downhill’ direction, while the crossing of ‘uphill’
steps was not observed. The LEED pattern of single-layer GR/Ru(0001)

Figure 5.1: LEEM images of GR growth on clean Ru(0001) by C2H4 exposure
at T= 1020 K (p(C2H4)= 2÷5× 10−8 mbar). In each inset is shown (in grey) the
fraction of surface area already covered by GR, while the uncovered regions are
white.

(Fig. 5.2) shows the features of a moiré superlattice, whose periodicity was
measured by a LEED line profile analysis at different electron kinetic en-
ergies. According to our estimates, the moiré cell is formed by (13 × 13)
unit cells of GR over (12× 12) substrate unit cells, in good agreement with
the (25× 25)/(23× 23) periodicity found in a high resolution surface X–ray
diffraction study [29] and confirmed by a recent theoretical work [35]. Based

Figure 5.2: LEED pattern of single–layer GR on Ru(0001) acquired at Ekin = 45
eV.

on these results, we estimated that the C coverage of an ideal single layer of
GR extending over the whole substrate is 2× (13×13)/(12×12) = 2.35 ML
(GR has two C atoms per unit cell). Here and in the following, we adopt the
conventional definition of one ML as the surface coverage corresponding to
one adsorbate for each atom of the substrate surface. In the photoemission
experiments, both on Ru(0001) and on the PtRu surface alloy (sec. 5.3), the
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C coverage was estimated by comparing the intensity of the C 1s signal with
that of the C 1s core level spectrum of a high quality GR layer on Ru(0001).

The C 1s core level photoemission measurements performed during CVD
(Fig. 5.3) show the development of two components, which, following the
same convention used for other lattice mismatched GR/metal systems (chap.
1, 3 and 4), we assigned to strongly (S) and weakly (W) interacting popu-
lations of C atoms of the GR layer [27]. Both components increase linearly

Figure 5.3: Time–lapsed series of C 1s spectra acquired at hν = 400 eV in the
normal emission configuration during C2H4 exposure at T= 1020 K.

up to the saturation exposure, keeping a constant intensity ratio (S:W) of
about 2.5 (Fig. 5.3) and a BE separation of 630 ± 20 meV, in agreement
with the value found for an extended GR layer on Ru(0001) in previous
studies [16,27].

5.2.1 Atomistic insight into the early stage of graphene growth

In the initial stage of carbon deposition on the Ru(0001) surface, prior to
GR formation, we observe the appearance of another C species , which looks
like a small shoulder at −282.82 eV BE. This species (CA in Fig. 5.4), which
reaches a maximum coverage of ∼ 0.03 ML, eventually disappears as GR
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starts nucleating, with both S and W growing at the expenses of CA. In

Figure 5.4: Partial coverage of the different C phases formed on Ru(0001) upon
C2H4 exposure as a function of the total C coverage: strongly (S) and weakly (W)
interacting GR and C monomers (CA).

order to shed light on the nature of CA, we asked our colleagues at the
UCL to calculate, using DFT, the adsorption energies and the C 1s CL BEs
of a number of selected C adatoms and dimers adsorbed in non–equivalent
configurations, both on the terraces and at the (100) and (111) steps of
Ru(0001) (Fig. 5.5). It turned out that the threefold hcp site on the terraces
(MH1) and the C monomer at the steps (MF2) have very similar adsorption
energies (see table in Fig. 5.5), thus confirming the results of Chen et al.,
who predicted that, at the typical GR growth temperatures, the substrate
steps do not act as efficient C monomer trapping centres [43]. A comparison
between the calculated C 1s BEs and the experimental spectrum (Fig. 5.5
bottom) supports the assignment of CA to the C monomers adsorbed in
hcp sites on the terraces. Once GR nucleation starts, as originally proposed
by Loginova et al. [33], this 2D lattice gas of C monomers serves as a C
reservoir feeding the growth of GR islands. According to Chen et al. [43],
GR formation proceeds through the migration of C monomers to the steps,
where the dimerisation is energetically favoured (DA1 −DA2, DB1 −DB2),
and through the subsequent attachment of C atoms.

Having gained more insight into the atomistic mechanisms of GR nu-
cleation, we subsequently applied DFT to investigate the electronic and
morphological properties of monolayer GR on Ru(0001). To this purpose,
our colleagues at the UCL modelled the system by overlaying (13× 13) unit
cells of GR -for a total of 338 C atoms- over a (12×12) Ru(0001) super-cell,
using a 5 layer Ru slab. As clear from Fig. 5.6, the calculations show that
the GR layer is strongly buckled [30], with C−Ru distances ranging between
2.15 and 3.70 Å, and a corrugation of 1.55 Å. By comparison, the average C-
substrate distance in a weakly interacting system like GR/Pt(111) is of the
order of 3.3 Å [44], and it’s about the same for all C atoms in the layer. Fol-
lowing the same approach already used for GR/Re(0001) (see chap. 3), DFT
was first applied to calculate the C 1s CL BE of the 338 individual C atoms
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Figure 5.5: Top: DFT–simulated cell for C adsorption on clean Ru(0001)
(grey=Ru; red=C). The corresponding adsorption energies (Eb) and C 1s CL BEs
are reported in the table. Bottom: Comparison between the experimental C 1s
CL spectrum (grey circles) and the calculated BE distribution for C monomers and
dimers adsorbed on Ru(0001) (represented as red bars).

Figure 5.6: Side and top view of the DFT-simulated moiré cell of GR/Ru(0001);
the blue colour scale reflects the C-substrate distance.
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within the moiré cell [26] and the experimental spectrum was then fitted to
a sum of 338 Doniach-Šunjic functions [45] convoluted with a Gaussian dis-
tribution, holding the BEs fixed to their theoretical values and imposing all
the components have the same intensity (Fig. 5.7). The simulated spectral
distribution shows that, similarly to what found for GR/Re(0001)(chap. 3),
the two main components arise from a continuous, rather than ‘dual’, dis-
tribution of non–equivalent C atomic configurations [3]. Also in this case,
the combined use of core level photoelectron spectroscopy and DFT calcula-
tions proved highly effective in distinguishing regions of the moiré cells with
different and continuously varying degrees of C–substrate adhesion.

Figure 5.7: Comparison between the experimental C 1s spectrum of GR and the
calculated spectral distribution. The decomposition of the theoretical spectrum
into strongly (S-theo) and weakly (W-theo) interacting components is also shown
superimposed, along with the histogram of the calculated BE distribution.

5.2.2 Multilayer GR growth on Ru(0001)

On most transition metals, GR growth is a self–limiting process, in that,
once a single layer has completely formed, the substrate is catalytically pas-
sivated and no further C attachment is possible from the gas phase. However,
on some substrates (especially metals with a high C bulk solubility, like Ru),
the formation of bi- and multilayer structures can also be observed under
particular conditions [19,46–49]. In these cases, due to the passivating action
of the first GR layer, the additional layers grow at the interface between the
metal surface and the existing C network -rather than on top of the latter-
and cause a local debonding of the C atoms from the substrate. In most
systems, the formation of bi– and multilayer structures does not normally
take place via hydrocarbon decomposition, but by surface segregation of
bulk–dissolved C. On metals like Ir(111), however, the growth of additional
layers has been observed to occur also by atomic C deposition from the gas
phase [49], mainly at the boundaries between first–layer rotational domains,
where C underlayer penetration is easier, and in correspondence of substrate
defects. In the particular case of Ir, in fact, due to the weaker GR-metal
bonding, this mechanism is energetically favoured over C bulk segregation.
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In our experiments, we applied the method described by Cui et al. [46]
to grow a second GR layer on Ru(0001). Starting from the GR-covered
substrate, we exposed the sample to C2H4 (p(C2H4)= 5× 10−7 mbar) at
T=1300 K for ∼15 minutes, up to an exposure of ∼300 L. We subsequently
cooled the sample from 1300 down to 1050 K in about 10 minutes (at a
cooling rate of approximately 20 K·min−1), and we finally exposed it to a
C2H4 atmosphere at 1050 K for other 30 minutes. We also studied the re-
verse mechanism, i.e. the thermally–induced removal of the additional C
layers. Previous LEEM studies [32, 49] have shown that, on strongly inter-
acting substrates where the formation of multilayer structures is possible,
the coupling to the metal somehow forces GR to grow in a layer-by-layer
mode, and the same sequential behaviour is observed during its removal. On
weakly interacting substrates, on the other hand, the growth of additional
layers generally starts before the previous one is complete, leading to an
irregular distribution of mono- and multilayer patches on the surface. Our
LEEM experiments indicate that, in line with previous findings [19,32,46,50]
GR on Ru(0001) proceeds in a layer–by–layer mode. The high resolution
C 1s core level spectrum acquired at the end of the experiment presents an
additional component (at −284.75 eV, approximately 300 meV lower BE
than S), which is absent from the spectrum of monolayer GR, and which
we therefore interpreted as due to a bi- or multilayer C structure (Fig. 5.8).

Figure 5.8: Comparison of the high energy resolution C 1s core level spectra
of single-(red curve) and bilayer (blue curve) GR on Ru(0001), both acquired at
hν = 333 eV, in the normal emission configuration, after subtraction of the Rh 3d3/2
signal. The deconvolution into the individual spectral components, including the
peak associated with the second layer (solid black curve), is shown superimposed.
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5.3 Graphene on the PtRu surface alloy

5.3.1 PtRu surface alloy preparation

After the preliminary characterisation of GR/Ru(0001), we explored the pos-
sibility to grow GR on a PtRu surface alloy on Ru(0001), trying different
submonolayer Pt concentrations. The surface alloy was prepared following
the method originally developed by Diemant et al. [51, 52], illustrated in
Fig. 5.9 (a)–(c). Starting from the clean Ru(0001) surface (Fig. 5.9 (a)),
the standard preparation procedure consists of depositing a submonolayer
amount of Pt on the substrate at room temperature using a Pt evaporator
(in our experiments we tried several concentrations up to 0.5 ML). Anneal-
ing the layer to 800 K results in the formation of Pt ad-islands covering the
Ru(0001) surface (Fig. 5.9 (b)), which appear as bright spots in the LEEM
images (Fig. 5.10 (a)). In order to estimate the amount of Pt deposited
on the surface, we used a particle analysis algorithm based on the grey
scale contrast between the bright, Pt–covered areas and the homogeneous
background of Ru atoms. More specifically, the algorithm differentiates the
images in the x and y direction in order to identify the borders of the islands
(where the gradient is maximum), measures the enclosed area and compares
it with the total area of the image. The ratio between the two values is
actually an estimate of the Pt surface coverage. To promote the intermixing
between the two metals, Pt and Ru, on the Ru(0001) surface, the substrate
was annealed to 1300 K. The Pt islands visible after Pt deposition (Fig. 5.10
(a)) irreversibly disappear upon alloying, as reflected by the absence of con-
trast in the final LEEM images (Fig. 5.10 (b)). Previous detailed STM
experiments performed by the group of Behm [51, 52] demonstrated that
this preparation procedure allows obtaining a PtRu surface alloy where the
Pt atoms are all localised in the first layer of the substrate and are randomly
distributed on the surface, as visible from the the atomically resolved STM
images of the PtRu surface alloy reported in Fig. 5.11.

A partial migration of the Pt atoms underneath the first layer can actu-
ally be observed, but only at high Pt coverages (above ∼ 0.8 ML), well above
the concentrations used in our experiments. The absence of significant Pt
bulk dissolution phenomena at the Pt coverages used in our experiments is
also confirmed by our photoemission data: in fact, the Pt 4f7/2 core level
spectrum acquired after Pt evaporation on the clean Ru(0001) substrate,
both before and after annealing to 1300 K (Fig. 5.12), can be fitted with a
single component, which does not significantly lose intensity upon anneal-
ing. Another phenomenon we actually observe upon alloying is a shift of
the Pt 4f7/2 core level signal to about 100 meV higher BEs, along with a
slight spectral broadening. In the photoemission experiments, the Pt cov-
erage was estimated by comparing the intensities of the Pt 4f7/2 and Ru
3d5/2 signal, after rescaling them to the photon flux and to the photoelec-
tron cross section of the respective core levels at the photon energy used.
The Ru 3d5/2 photoemission intensity, which receives a contribution from
both bulk and surface Ru atoms, was additionally rescaled to account for the
depth-dependent signal attenuation due to the inelastic photoelectron mean
free path in the crystal, according to the Tanuma-Powell-Penn formula [53].

To exclude major structural modifications or alloying–induced lattice
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Figure 5.9: Schematic illustration of our experimental design. (a) The clean
Ru(0001) single crystal. (b) Pt islands (yellow atoms) formed after Pt deposi-
tion at room temperature. (c) PtRu surface alloy after annealing to 1300 K. (d)
GR growth on the PtRu surface alloy by C2H4 CVD at 1050 K; the C layer starts
growing along the substrate steps and subsequently extends to the terraces. (e)
Extended, long-range ordered GR layer on the PtRu surface alloy.

strain effects, we acquired the LEED patterns of the PtRu surface alloy at
different Pt concentrations and compared them with those of clean Ru(0001)
(Fig. 5.13). The LEED images show that the lattice constant of Ru(0001) is
not appreciably modified by the introduction of Pt atoms in the first layer.
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Figure 5.10: LEEM images of the Ru(0001) surface (a) after deposition of 0.4±0.1
ML of Pt at 300 K followed by annealing to 800 K, and (b) after alloying with Ru
by annealing at 1300 K. The images were acquired at 13 and 18 eV electron energy,
respectively.

In fact, our analysis of the LEED patterns of clean Ru(0001) and of the PtRu
surface alloy –acquired at the same electron kinetic energy and under the
same experimental conditions– shows that the first–order diffraction spots
of the substrate are found in the same positions. These data confirm that
the intermixing between the two metals is confined within the first layer
of the substrate and that the geometry of the surface alloy is essentially
determined by that of the Ru(0001) crystal underneath. We then compared
the LEED data of GR on clean Ru(0001) and on the PtRu surface alloy.
Our line profile analysis of the diffraction patterns (Fig. 5.13) proved that
the moiré cell of GR/PtRu, up to Pt concentrations of 0.5 ML, exhibits the
same periodicity as GR/Ru(0001), namely (13 × 13) unit cells of GR over
(12×12) cells of the substrate. The fact that, in both cases, the LEED spots
of the overlayer are aligned with the radial direction between the zero– and
the first–order diffraction spots of the substrate indicates that the moiré
lattice is aligned with the substrate –and not rotated as instead observed
on other metals [44,54,55]–. In addition, the fact that the diffraction spots
do not broaden appreciably with respect to the case of GR/Ru(0001) allows
us to exclude the formation of multiple GR domains, which is typically
accompanied by the proliferation of anti–phase domain boundaries. Because
of the different lattice parameter of Pt(111) (2.77 Å) and Ru(0001) (2.71 Å),
the Pt atoms embedded in the surface alloy experience a lateral metal–metal
bond compression of about 2%.

5.3.2 GR growth on the PtRu surface alloy

An accurate search of the optimum experimental growth parameters revealed
that the best recipe to obtain a high quality layer of GR on the PtRu surface
alloy is by C2H4 CVD (Fig. 5.9 (d)) at T =1050 K, using a C2H4 pressure in
the range 1× 10−9÷1× 10−7 mbar. As we will see in better detail soon, this
procedure leads to the formation of an extended, well–ordered layer of GR
whose interaction with the substrate can be modified in a straightforward
way, by simply changing the elemental composition of the surface alloy, i.e.
by increasing or decreasing the Pt concentration.

The first difference between GR grown on Ru(0001) and on the PtRu
alloy is the growth mechanism. At a Pt concentration of 0.5± 0.1 ML, the
LEEM images (Fig. 5.14) show that GR first nucleates and grows along the
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Figure 5.11: (a)-(f) Atomically resolved STM images (size: 7×7 nm2) of
PtxRu1−x/Ru(0001) surface alloys with a variable Pt content, between 0.07 and 0.6
ML, as indicated above the images. (g)-(h) Atomically resolved images (13×13nm2)
of the PtRu surface alloy at a Pt concentration of 0.5 ML. (g) shows an atomic ter-
race, where the Pt atoms appear dark due to the chemical contrast, while in (h) the
edge region between two terraces is visible, showing an identical composition of the
top and bottom terrace; the line between the brighter and the darker region indi-
cates a monoatomic step edge. Reproduced and adapted from [52] with permission
of Prof. R.J. Behm.

step edges and, only at a later stage, once the free area available at the
steps has significantly reduced, the GR islands extend to the terraces. This
is remarkably different from the carpet-flow growth mode observed on pure
Ru.

Following the same procedure used for GR/Ru(0001), we monitored the
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Figure 5.12: High energy resolution Pt 4f7/2 core level photoemission spectra
acquired at hν = 200 eV in the normal emission configuration after ∼ 0.39 ML
Pt deposition, before (black curve) and after (red curve) alloying by annealing at
1300 K.

Figure 5.13: Top (from left to right): LEED patterns of clean Ru(0001), GR–
covered Ru(0001) and GR–covered PtRu at Pt concentrations of 0.19 and 0.39
ML, respectively. All the images were acquired at 45 eV electron energy. Bottom:
comparison of the LEED line profiles of the 4 systems, measured along the direction
between two diametrically opposite first–order spots of the substrate.

evolution of the C 1s spectra during C2H4 CVD for various initial Pt con-
centrations (Fig. 5.15).

At low Pt content (0.12 ML, top panel of Fig. 5.15), the S and W com-
ponents grow linearly up to a C coverage of ∼ 2 ML, keeping an approxi-
mately constant 1.5 ratio. At higher C coverages, however, the two curves
enter a slightly non–linear regime, where the intensity of the W component
keeps growing at a constant rate, while the growth of the S component
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Figure 5.14: LEEM images of GR growth on the PtRu surface alloy (Pt
coverage=0.5 ± 0.1 ML) by C2H4 CVD at T=1020 K (field of view: 4µm). The
brighter areas correspond to GR–covered regions of the substrate, while the darker
ones indicate clean areas of the sample.

Figure 5.15: Left: C 1s spectra at ∼ 2 ML C coverage (after subtraction of the
Ru 3d3/2 component), and their deconvolution into S, W and second–layer (CS)
GR components. Right: intensity evolution of the C 1s photoemission intensities
of the various C species during C2H4 exposure. The reported S:W intensity ratios
were calculated at 2 ML C coverage.

progressively slows down. At higher Pt concentrations (0.19 and 0.39 ML,
Fig. 5.15), on the other hand, the coverage-dependent evolution of the two
components shows a strongly non–linear behaviour, with significant differ-
ences from what observed on clean Ru(0001). More specifically, the S:W
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ratio, which is initially skewed towards the strongly interacting component,
evolves in favour of W at increasing exposure and, at 2 ML C coverage,
reaches a value of, respectively, 1.1 -at a Pt concentration of 0.19- and 0.35
-at 0.39 ML Pt coverage-, respectively. The shift of the spectral weight
from the S to the W C 1s component at increasing Pt concentration clearly
proves how, in a simplified ‘dual’ picture, the relative abundance of strongly
and weakly interacting C atoms in the moiré cell is directly affected by
the specific composition of the bimetallic alloy. More precisely, the average
degree of GR-substrate coupling decreases at increasing Pt concentration.
Also in this case, a small C 1s component is detected at about −282 eV BE
in the initial stage of GR growth, although it is significantly weaker than
on Ru(0001), and becomes experimentally undistinguishable at 0.39 ML Pt.
Finally, at high Pt coverage and larger C2H4 exposures, we also observe the
appearance of a third C 1s component at −284.65 eV BE (CS in Fig. 5.15).
Based on a comparison with the photoemission spectra of multilayer GR on
Ru(0001), we assigned also this component to a bi- or multilayer structure.
As can be seen in Fig. 5.16, in fact, CS is found at the same BE as the
second–layer component of GR on Ru(0001). Our interpretation was fur-

Figure 5.16: (a) Comparison of the high energy resolution C 1s core level spectra
of monolayer GR/Ru(0001), bilayer GR/Ru(0001) and bilayer GR/PtRu at 0.12
ML Pt coverage. (b) Bright field LEEM image of GR-covered Ru(0001) (field of
view: 6µm). (c) Bright field LEEM image of the GR-covered PtRu surface alloy
at 0.5 ML Pt coverage (field of view: 10 µm). The different shades of grey are
associated with the presence of patches of mono- and bilayer GR, as well as of
clean (carbon–uncovered) areas of the sample, which yield a different contrast in
LEEM. (d) Low energy reflectivity curves of selected areas of the samples covered
by mono- or bilayer GR, as indicated in (b) and (c).

ther confirmed by the analysis of the LEEM images of the GR–covered PtRu
surface alloy, which allowed us to distinguish the clean areas of the surface
from the regions covered by single- and multilayer GR, based on their differ-
ent contrast. Fig. 5.16 shows a comparison of the LEEM-IV curves of (A)
monolayer GR on Ru(0001), (B) monolayer GR on PtRu and (C) bilayer GR
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on PtRu (C), respectively. While curves A and B are comparable and show
a single broad dip at about 11 eV, curve C exhibits an additional strong
feature around 4 eV. As already pointed out in chap. 3, a similar modula-
tion of the reflectivity curve at energies below 10 eV is typically observed in
multilayer thin film systems and can be interpreted in terms of a quantum
interference effect [56–59]. It is interesting to observe how, in the presence
of Pt, the same recipe used to grow monolayer GR on Ru(0001) leads, at
high C coverages, to the appearance of patches of mono- and bilayer GR on
the surface alloy. The higher the Pt concentration is, the earlier the growth
of multilayer GR starts. The formation of multiple layer structures on PtRu
(with respect to pure Ru) and the non–uniform distribution of the bi– and
multilayer GR patches on the surface can be explained by considering the
bilayer formation mechanism, which involves the decoupling of the first GR
layer from the substrate. While for strongly interacting substrates, like
Ru(0001), the GR-substrate adhesion promotes an ordered layer–by–layer
growth, on weakly binding systems like GR/Ir(111) -and, we can reasonably
assume, GR/PtRu- achieving a simple layer–by–layer growth is difficult be-
cause new layers nucleate before the prior ones are complete [49], due to the
easier GR-metal decoupling process.

As we had done for GR/Ru(0001), in order to make our analysis more
complete, we carried out, with the support of our colleagues at the UCL,
a set of DFT calculations to simulate the morphology and electronic struc-
ture of GR on the PtRu surface alloy. The surface cell of the system was
modelled assuming a random distribution of the Pt atoms in the first layer,
as suggested by previous STM works [52](Fig. 5.17). We first focussed on
the initial stage of C2H4 CVD on the PtRu surface alloy. To this purpose,
our colleagues simulated the adsorption of various C monomers and dimers
in selected, non–equivalent surface sites and calculated the adsorption en-
ergies and C 1s core level BEs for each bonding configuration [26]. The
results clearly indicate that the Pt atoms in the surface alloy weaken the
C-metal interaction for both monomers and dimers. By the same token, the
C adatoms on the terraces are attracted to the steps by the higher local
Ru concentration, since in this way they can bind to Ru and enable GR
nucleation. More specifically, the simulations showed that, if a C adatom is
initially placed next to a Pt atom on a terrace and subsequently relaxed, it
will spontaneously migrate to the nearest available step site (see MH2 and
MH4 in Fig. 5.18).

Our colleagues then carried out a set of DFT calculations for GR on
PtRu, at three different Pt concentrations, similar to the ones analysed
in our experiments: 0.1, 0.2 and 0.5 ML (Fig. 5.18). Their simulations
confirmed that, as already indicated by our experimental results, both the
morphology and the electronic structure of GR strongly depend on the Pt
concentration. As an example, the average C-substrate distance (repre-
sented by different shades of red in Fig. 5.18 (a)) increases at increasing
Pt coverage (from 2.4 Å on clean Ru to 4 Å at 0.5 ML Pt concentration),
while the corrugation of the GR layer is correspondingly reduced. At a Pt
concentration of 0.5 ML (Fig. 5.18 (a), bottom cell), the GR layer appears
almost flat and completely decoupled from the metal surface. Even more
interestingly, the C layer is sensitive not only to the density, but also to the
spatial distribution of the Pt atoms in the first layer: this is reflected, in

125



5.Tailoring the GR–substrate adhesion: epitaxial graphene on the PtRu/Ru(0001)

surface alloy

Figure 5.17: Top: DFT–simulated cell for C adsorption on the PtRu surface alloy
(yellow=Pt; grey=Ru; red=C). The adsorption energies (Eb) and C 1s CL BEs of
the different C monomers and dimers are reported in the table. Bottom: comparison
between the experimental C 1s CL spectrum (red points) and the calculated BE
distributions for C adsorption both on Ru(0001) and on PtRu (blue and light blue
bars, respectively).

particular, in a local detachment of the C layer in correspondence of the
substrate regions characterised by a higher local concentration of Pt atoms.

The changes accompanying the addition of Pt atoms to the Ru(0001) ma-
trix are especially evident if we compare the charge distribution difference
maps obtained by overlaying a completely decoupled GR layer on Ru(0001)
and on the PtRu surface (Fig. 5.18 (b)). In the case of GR on Ru(0001),
the strong chemical interaction and the large electronic transfer (from the
metal to the more electronegative C layer) induce a significant charge redis-
tribution in the buckled regions of the moiré cell. On the other hand, the
introduction of Pt atoms in the first layer results in the formation of small
GR areas where the charge density distribution is very similar to that of a
completely decoupled GR layer, thus indicating a significant local weaken-
ing of the interaction and a reduced orbital rehybridization. Fig. 5.18 (b)
reports a side view of the electronic charge redistribution inside the moiré
cell, which clearly highlights the effect of the local presence of Pt atoms in
the surface alloy on the GR-substrate adhesion.

Finally, DFT was also used to calculate the C 1s BEs for each atom
in the moiré cell, in analogy with what already done for GR/Ru(0001). A
comparison of the simulated spectral distributions for different Pt coverages
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Figure 5.18: (a) 2D plot of the simulated moiré cell of GR on the PtRu surface al-
loy, at various Pt concentrations. The colour gradient reflects the C–metal distance.
The first layer atoms of the substrate, represented as circles, are visible through the
C layer; the Pt atoms, in particular, are highlighted in a white shade. (b) Top and
side views of the difference map calculated by comparing the charge density of a
GR layer on Ru(0001) and on PtRu/Ru(0001) with that of a completely decoupled
GR layer. The red and blue isosurfaces indicate charge accumulation and depletion
regions, corresponding to an electron concentration of ±0.023 e Å−3, respectively.
Side views: 2D projections of the charge difference map along the plane (P) per-
pendicular to the surface plane. (c) DFT–simulated C 1s core level spectra of GR
on the Ru and PtRu surfaces, and their deconvolution into strongly (S) and weakly
(W) interacting GR components.

(Fig. 5.18 (c)) clearly shows that the intensity ratio S:W decreases as the Pt
concentration in the first layer increases, a trend which faithfully reproduces
our experimental results. This is consistent with the experimental observa-
tion that an increasing amount of Pt atoms in the first layer of the alloy
leads to a progressive detachment of the C layer from the metal substrate.
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5.3.3 Lattice mismatch vs chemical effects. Applicability of
the d−band model to bimetallic surface alloys.

Despite the well–known tendency of epitaxial GR to develop a strong in-
teraction with Ru(0001) and a weak interaction with Pt(111), it was not
granted a priori that the combination of the two metals in a surface al-
loy would have proven so effective in providing a simple and selective tool
to regulate the GR–substrate adhesion. In fact, the electronic structure of
surface and/or near-surface alloys is always largely modified by both ligand
and strain effects, which often combine in non–linear, hardly predictable
ways. Our results, however, show that the presence of randomly distributed
Pt atoms in the first layer of the substrate weakens the GR-metal interac-
tion by an extent that is a function of the Pt concentration. These results
can be interpreted using the electronic d−band model, which describes the
link between adsorption energy and d-band centre [60]. As already observed,
embedding some randomly distributed Pt atoms in a Ru matrix causes a lat-
eral compression of the Pt–metal bonds from 2.77 Å (the lattice constant of
Pt(111)) to 2.71 Å (the lattice parameter of Ru(0001)). The sole geometric
compression would weaken by itself the bonding of any atomic or molecular
adsorbate to the substrate. In our system, moreover, the addition of Pt
atoms causes a downshift of the first–layer atom surface projected d−band
centre Ed with respect to clean Ru(0001). More specifically, the theoretical
calculations show that Ed moves from 0.61 eV for bare Ru(0001), to 0.73,
0.84 and 1.20 eV for the surface alloy at Pt coverages of 0.1, 0.2 and 0.5 ML,
respectively. These finding prove that the d−band model can be extended
to describe the trends in the GR–metal interaction also in the case of sur-
face alloys, as long as the lattice mismatch effects can be separated from the
chemical effects. Actually, as a result of the combination of the geometrical
bond compression with the chemically–induced d-band downshift, the GR–
substrate bonding should be even weaker on an epitaxial monolayer of Pt
on Ru(0001) than on pure Pt(111).

The interplay between lattice mismatch and chemical effects has already
been addressed in the case of strongly interacting GR–substrate systems, as
in the case of Ni(111) and Fe(110) [61], for which the first factor (the geo-
metrical mismatch) has proven to play a secondary role. Our experiments on
the PtRu/Ru(0001) system actually demonstrate that the same rule applies
also to the case of weakly interacting systems. More specifically, starting
from a strongly coupled system like GR/Ru(0001) and gradually changing
the chemical composition of the substrate, without modifying the lattice
constant, the GR interaction is significantly modified. Our findings hence
provide direct evidence that the interaction strength is dominated by chemi-
cal effects rather than by the geometrical lattice mismatch between GR and
the substrate.

In conclusion, using a PtRu/Ru(0001) model system, we have proven
that the employment of bimetallic surface alloys, which have been widely
used in many areas of materials science (surface coatings, electrochemistry,
heterogeneous catalysis), provides a unique tool to synthesise extended and
thermally stable GR layers, whose coupling with the metal can be selectively
tuned by simply modifying the chemical composition of the first layer of the
substrate. Our results for GR on PtRu/Ru(0001), in particular, can be
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interpreted using the d−band theory, thus proving the applicability of this
simple model also to more complex systems, dominated by the interplay
between lattice mismatch and chemical effects.

The thorough understanding of the interaction mechanisms between GR
and metal surfaces represents the first step towards the manipulation of the
epitaxial GR properties and the subsequent design of GR-based heterostruc-
tures in novel mechanical and high–power nanoelectronic devices [62], in
which the carbon layer will be fully integrated with oxides, two-dimensional
materials (like h-BN, MoS2, WS2 or similar systems [51, 63]) and actually
metal surfaces.
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Chapter 6

Graphene on the Ni3Al
bimetallic alloy: a bottom-up
approach for the synthesis of
graphene-alumina interfaces

A primary objective of my PhD research on epitaxial GR/metal systems has
been the development or improvement of efficient strategies to modify the
GR–metal adhesion. Three results in this sense have already been illustrated
in the previous chapters. In chap. 3, in particular, we have seen how the
GR/metal interaction, which is determined by the nature of the substrate, is
responsible -among the other properties- for the high–temperature thermal
behaviour of the C layer. In chap. 4 we have reported on the possibility of
exploiting a structural anisotropy of the substrate to grow high–quality GR
with modified properties and periodicity with respect to the C layer grown
on the threefold (111) surface of the same metal; finally, in chap. 5, we have
seen how the use of a PtRu surface alloy on Ru(0001) allows tuning the GR–
substrate adhesion in a continuous and controllable way by simply selecting
the concentration of randomly distributed Pt atoms in the first layer.

As part of my PhD project, I also contributed to the experimental inves-
tigation of an innovative, non–destructive approach to decouple GR from
a strongly interacting substrate by growing an oxide buffer layer at the
GR/metal interface, while preserving the integrity of the GR sheet [1]. In
this work, in which we employed a combination of different spectroscopic
techniques complemented by DFT calculations, we observed how the epi-
taxial growth of GR on a bimetallic Ni3Al alloy followed by oxygen expo-
sure at high temperature result in a selective oxidation of the Al atoms in
the first layers and in the formation of an alumina (Al2O3) layer at the
GR/substrate interface. In a broader perspective, the coupling of GR with
dielectric materials represents an important topic in contemporary materi-
als science, due to its potential impact on a number of high-performance
technological devices [2, 3]. In this respect, in particular, Al2O3 films play
a key role because of their employment as high-κ oxides in transistors and
low-power chips, where their presence improves both the capacitance and
the dielectric strength [4–9]. Unfortunately, the conventional methods so far
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used for producing GR-alumina interfaces inevitably lead to a degradation
of the electron mobility and, more generally, of the electronic and structural
properties of GR. One of the most popular approaches to produce GR-oxide
interfaces is GR growth by CVD on a metallic surface followed by transfer
onto an oxide, typically by means of polymers, etchants or water–based so-
lutions [10–13]. However, GR growth on transition metal single crystals is
usually not cheap, especially when using substrates like Pt [14] or Ru [15].
Most importantly, the transfer procedure does not ensure a uniform thick-
ness of the transferred GR sheets and inevitably introduces contaminants or
defects, such as vacancies and grain boundaries, not only during the chemical
etching of Cu/Ni substrates, but also because of the hydrophilic character
of alumina surfaces which can easily dissociate water molecules [16].

Also atomic layer deposition, which involves the direct synthesis of an
oxide layer on top of GR [17, 18], requires a chemical modification of the
carbon layer to avoid wetting problems, which, on the downside, introduces
impurities or induces C−C bond cleavage. Other more recent strategies,
involving the deposition and subsequent oxidation of Hf and Si, have the
drawback of requiring expensive transition metal supports, such as Pt and
Ru [19–22]. It would be therefore desirable to develop a simple, scalable,
and economically affordable method for the transfer-free production of GR-
dielectric interfaces. We believe the novel method presented and discussed
in this chapter offers a very promising alternative in this sense, which could
be extended from Ni3Al also to other high-κ dielectrics.

Our specific interest in the Ni3Al(111) surface was motivated, on one
hand, by the possibility to grow a single layer of GR whose properties and
interaction are very similar to those of GR/Ni(111), a system which has al-
ready been widely investigated in literature [23–26]. Moreover, the presence
of Al in the alloy composition, and its well-known tendency to bind with
oxygen into stable oxide compounds looked very promising in relation to
the possibility of growing high–quality, uniform interface oxide layers. This
method has proven an efficient strategy to lift the carbon layer from the
substrate by weakening the GR-metal adhesion, as reflected in the ensuing
modifications of the electronic structure of the system, both in the valence
band and in the atomic core levels. The most remarkable achievement, how-
ever, is that the chemical and structural modifications of the system induced
by oxidation are confined to the metal/GR interface, without affecting the
intactness of the C layer.

6.1 Graphene growth on the Ni3Al(111) surface

The sample used in our experiments was a Ni3Al (111) single crystal, which
had been polished before mounting it in the UHV chamber. The high energy
resolution and fast XPS experiments were carried out at the SuperESCA
beamline of Elettra, while the complementary ARPES experiments were
performed at the SGM3 undulator beamline of the ASTRID storage ring in
Aarhus (Denmark) [1].

In all the experiments, the sample was prepared by repeated cycles of
Ar+ sputtering (p(Ar)=3× 10−6 mbar), followed by annealing to 1170 K.
The quality of the sample after cleaning was checked by LEED and XPS,
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which showed no traces of residual contaminants.
Starting from the clean sample, a single layer of GR was grown by

C2H4 CVD at 950 K, using a maximum C2H4 pressure of 2× 10−6 mbar,
following a similar procedure to the well–established method developed for
Ni(111) [23–26]. The high pressure used in our experiments served to ensure
a high enough density of GR nucleation seeds; at the same time, a high tem-
perature was needed in order to enhance the surface diffusion rate of carbon
atoms, and hence promote the formation of an ordered GR layer. However,
we never exceeded 950 K because of the thermally–enhanced carbon bulk
solubility.

The low energy electron diffraction pattern of GR/Ni3Al(111), shown in
Fig. 6.1, exhibits the same (2 × 2) hexagonal periodicity observed for the
clean substrate [27,28], which is highlighted by green circles in the figure. In
this system, in fact, similarly to what reported for GR/Ni(111) [29–31], the
lattice mismatch between GR and the Ni3Al surface is only 2.4%, meaning
that the carbon layer is almost in registry with the substrate. The LEED

Figure 6.1: LEED pattern of GR/Ni3Al(111) measured at 150 eV.

pattern of the GR–covered sample clearly indicates that the first layer of
the bimetallic alloy does not undergo any reconstruction or structural mod-
ification upon GR growth. With respect to the LEED pattern of the clean
surface, however, we observe a very weak ring-shaped modulation along
the circle defined by the first–order spots of the substrate. As previously
reported for other substrates [32,33], this feature reflects the presence of dif-
ferently oriented GR domains, rotated by ±18.5◦ with respect to the main
GR orientation.

The electronic core level structure of the carbon layer and the substrate,
as well as their evolution during GR formation, were characterised by high
resolution core level photoelectron spectroscopy. The evolution of the C
1s core level during GR formation is shown in Fig. 6.2 (top). The initial
stage of the uptake (at exposures below ∼ 500 L) is characterised by the
appearance of a single peak at about −283.5 eV BE (labelled C1 in Fig. 6.2).
Based on the comparison with previous literature data [24,34], we attributed
this component to residual C2H4 fragments and carbides. At higher carbon
coverages, on the other hand, we observe the appearance of a new component
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Figure 6.2: Top: Time–lapsed series of C 1s core level spectra acquired at different
exposures during ethylene CVD at 950 K. Bottom: high resolution C 1s core level
spectrum measured at room temperature after GR growth. The fit (black curve)
and the C0 (red) and C1 (yellow) components are shown superimposed to the
experimental data (grey circles).

at −284.84 eV (C0 in Fig. 6.2), which in earlier studies on GR/Ni(111) [24,
34] has been identified as the fingerprint of GR formation. The intensity of
this peak stops growing once a single layer of GR has formed, meaning that,
in analogy to what observed on many other substrates [26], GR formation on
Ni3Al follows a self–limiting mechanism. The final high-energy resolution C
1s core level spectrum acquired at room temperature (Fig. 6.2 (top)) shows
two narrow components (C0 and C1) separated by 410 meV.

In order to address the effect of GR growth on the electronic core levels of
the substrate, we also acquired a series of high energy resolution Al 2p spec-
tra of the GR–covered substrate and compared them with the corresponding
spectra of the clean sample (Fig. 6.3). A first important observation is that
GR formation induces the appearance of an additional spin-orbit doublet
(green components in Fig. 6.3), shifted to 160 meV higher BE with respect
to the clean surface doublet, and which can be ascribed to the ensuing C−Al
atomic interactions in the metal-GR interface region. In addition, the pres-
ence of the GR layer causes an intensity attenuation of approximately 65%
of the Al 2p photoemission signal.

The ARPES measurements carried out in Aahrus (Fig. 6.4 (a)) show the
disappearance of the Dirac cones typical of free–standing GR, along with a
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Figure 6.3: Top: Al 2p core level spectra acquired at different exposures during
C2H4 uptake at 950 K. Bottom: High resolution Al 2p photoemission spectrum
measured at room temperature after GR growth. The fit (black curve) is shown su-
perimposed to the experimental data (grey circles), along with the bulk (dark/light
grey) and surface (dark/light green) components for the 2p3/2 and 2p1/2 sublevels.
The Al 2p spectrum of the clean surface (red line) is also plotted -after rescaling-
as a reference.

shift of the whole π−band of GR to higher binding energy. This effect,
caused by the strong hybridization between GR and the metal 3d valence
band states, is similar to what previously reported for GR on Ni(111) [23,35].
The high density of states at the Fermi level, on the other hand, is mainly
due to the Ni d-band of the alloy substrate.

To get a more detailed insight into the structure and properties of GR on
Ni3Al, our theoretician colleagues at the UCL performed some DFT calcula-
tions for six possible high-symmetry configurations satisfying the constraint
that GR forms a superstructure with (1×1) geometry on Ni3Al(111) [1]. In
particular, we focussed our attention on the top-fcc, top-hcp, fcc-hcp, b-top,
b-fcc and b-hcp structures, named after the different position of the centre
of the GR honeycomb cell with respect to the Ni substrate atoms (Fig. 6.5).

The calculations revealed that the minimum energy configuration is the
b-top, followed by the top-fcc (Fig. 6.6), separated by only 60 meV, similarly
to what obtained in previous DFT calculations for GR on Ni(111) [36]. The
b-fcc and b-hcp are not stable and relax into a top-fcc and top-hcp structure,
respectively. Finally, the top-hcp and fcc-hcp configurations turn out to be
the least stable, with a significantly higher energy.
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Figure 6.4: (a) Experimental plot of the GR/Ni3Al(111) energy band dispersion
along the K−M−K ′ direction in the reciprocal space. (b) Constant energy surfaces
at the Dirac point (left) and at the Fermi level (right). (c) DFT–calculated GR
energy band dispersion along the M-K direction for the top-fcc structure.

Also the DFT–simulated band structure for the top-fcc configuration,
shown in Fig. 6.4 (c), shows an excellent agreement with the experimental
data (Fig. 6.4 (a)), thus corroborating the hypothesis that the observed
structure is predominantly top-fcc.

However, to better understand which of the two minimum energy struc-
tures between b-top and top-fcc actually corresponds to the experimentally
observed one, our colleagues at the UCL computed also the individual C
1s core level BEs of the 6 C atoms in each high–simmetry configuration.
The experimental C 1s spectrum of GR/Ni3Al was then fitted to a sum of
Doniach-Šunjič functions, holding the BEs of the peaks fixed to the the-
oretical values. In order to rationalise our fitting procedure and reduce
the number of degrees of freedom, the Lorentzian and Gaussian widths, as
well as the asymmetry parameter, were constrained to be the same for all
peaks. This is equivalent to assuming that (i) the core electronic states
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Figure 6.5: Different simulated adsorption geometries for GR on Ni3Al(111) (from
left to right, top to bottom): top-hcp, fcc-hcp, top-fcc, b-fcc, b-top and b-hcp.

Figure 6.6: Top (a) and side (b) views for the top-fcc GR/Ni3Al(111) structure.
The calculated mean distance between the GR layer and the substrate is 2.12 Å,
similar to the value found for Gr/Ni(111) [37].

corresponding to the different atomic configurations all have the same finite
lifetime (resulting in an equal Lorentzian broadening); (ii) all the core level
components are affected to the same extent by thermal, experimental and
inhomogeneous broadening (reflected in their Gaussian FWHM); (iii) the
chance of an electron–hole pair excitation event is the same for all core level
components. We also constrained the photoemission intensity to a same
value for all components. Indeed, previous photoelectron diffraction studies
on the strongly interacting GR/Rh(111) system proved that diffraction ef-
fects, which may affect the ratio between the core level components due to
weakly (W) and strongly (S) interacting carbon atoms, become negligible
at photoelectron kinetic energies above 120 eV (see Fig. 4 in Ref. [38]).

In our analysis, we first tested the agreement between our experimental
data and the DFT–simulated C 1s spectrum for the b-top structure, and we
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then repeated the same procedure for the the top-fcc configuration.
In the b-top structure, the C atoms are found in three non–equivalent

configurations, yielding six different core level BEs: top Al, where a C atom
is directly above a surface Al atom, and two bridge configurations in which
a C−C bond lies directly on top of a Ni atom, which can be either at the
centre of the cell (b-Nic) or halfway along a lattice vectors (b-Nis). Since the
population of C atoms in b-Nis configuration is twice as large as the other
two, two pairs of C atoms within the simulation cell are BE–degenerate. The
agreement between experimental data and DFT simulations for the b-top
structure is very good, as clear from Fig. 6.7 (a).

Figure 6.7: Comparison between the experimental C 1s core level spectrum (grey
circles) and the DFT simulations for the (a) b-top and (b) top-fcc structures, and
(c) for a linear combination of the two.

The above analysis was subsequently repeated for the top-fcc structure.
In this case, 4 non-equivalent populations of C atoms can be identified inside
the simulation cell, each of which is two–fold degenerate: more specifically,
we have two configurations with a C atom at a threefold fcc hollow site (fcc-
Ni3 and fcc-Ni2Al), and two configurations with a C atom on top of a Ni (top-
Ni) or an Al atom (top-Al), respectively. As visible from Fig. 6.7 (b), this
structure yields an excellent agreement with the experimental photoemission
data, even better than the one found for the b-top structure.

6.2 Formation of an Al2O3 film at the GR/Ni3Al
interface

Previous studies have clearly shown that the intercalation of noble or light
atoms provides an effective method to create an interface layer between GR
and the substrate [37, 39–47]. In the second part of our experiments, we
followed a similar procedure to demonstrate the possibility to intercalate
oxygen underneath the GR layer and selectively oxidise only the Al atoms
at the metal interface.

In order to investigate the role of the GR layer during substrate oxi-
dation, we preliminarily performed a series of oxidation experiments of the
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bare Ni3Al(111) surface [1]. Fig. 6.8 shows a time–lapsed series of photoe-
mission spectra of the Ni3Al sample at increasing oxygen coverages. The

Figure 6.8: Time–lapsed series of Al 2p spectra acquired during oxygen exposure
of the clean Ni3Al surface at T=520 K.

clean Ni3Al crystal was exposed to an O2 partial pressure of 5× 10−7 mbar
at 520 K, up to an oxygen exposure of approximately 200 L (the same value
subsequently reached in the oxygen intercalation experiment). After oxida-
tion, the Al 2p spectrum exhibits a broad peak centred at −73.8 eV, plus
an additional feature due to residual Al atoms in their metallic state.

In the subsequent experiments on GR–covered Ni3Al, the system was ex-
posed to a high flux of molecular oxygen (p(O2)=4× 10−3 mbar) at 520 K.
Fig. 6.9 (a) and (b) show a set of high–resolution photoemission spectra ac-
quired after different oxygen exposures, for the C 1s and Al 2p levels, respec-
tively. Looking at the C 1s spectrum (Fig. 6.9 (a)), we see the appearance
of a new component at −284.2 eV, which is absent from the spectrum of
the GR–covered surface before oxygen exposure and is shifted to about 590
meV lower BE than the strongly interacting component observed for GR on
metallic Ni3Al(111) (Fig. 6.2). Based on a comparison with previous liter-
ature data for GR/substrate systems characterised by a variable degree of
interaction [38], we ascribed the new component to the formation of weakly
bonding regions of GR. In the cited work, in fact, the BE of the single C
1s component observed in weakly bonding GR/metal systems is −283.97
eV for GR/Pt(111) and −284.16 for GR/Ir(111), therefore comparable with
our experimentally measured value. Similar results have also been obtained
in other works on weakly bonding systems [48–51], including the study on
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Figure 6.9: C 1s (left) and Al 2p (right) photoemission spectra acquired at different
O2 exposures. The high resolution C 1s and Al 2p spectra acquired after the
formation of a thick alumina layer under GR are also shown on the top, along with
their deconvolution into the spectral components obtained from the fit.

oxygen–intercalated GR/Ir(111) by Larciprete et al. [39]. At increasing oxy-
gen exposure, we observe that the peak at lower BE grows in intensity at
the expense of the GR–related peak at −284.84 eV, thus indicating that the
weakly interacting regions of the C layer are continuously expanding and
replacing the strongly interacting ones, leading to a gradual overall decou-
pling of the GR layer from the substrate. Above ∼ 100 L exposure, the
component at −284.84 eV associated with strongly interacting GR/Ni3Al
becomes experimentally undetectable, thus reflecting a complete decoupling
of the GR layer. At this point, the C 1s spectrum shows a single, narrow
component centred at −284.2 eV.

It is important to notice that, during oxygen intercalation, the total in-
tensity of the C 1s core level signal decreases by less than 5%, thus indicating
that the overall integrity of the carbon network is preserved.

In order to monitor the selective oxidation of the Al atoms in the first
layers of the alloy, we followed the evolution of the Al 2p core level spectra
during O2 exposure. As seen from the time-lapsed plot in Fig. 6.9 (b),
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oxygen intercalation is accompanied by the growth of a broad peak, centred
at about −73.8 eV, at the same BE as the Al 2p3/2 component observed after
oxidation of the clean Ni3Al substrate. In this case, however, the residual
signal originating from the metallic Al atoms is absent. This suggests that
oxygen intercalation on the GR-covered sample leads to the formation of
an oxide layer with a very similar composition to the oxide formed on the
clean substrate. Moreover, the Al 2p3/2 peak is found in the same BE region
as the peak typically observed upon formation of an alumina film on NiAl
alloys [52,53]. On the other hand, both on the clean metallic substrate and
on the oxidised surface, the presence of GR causes an approximately 65%
reduction of the Al 2p signal, hence suggesting that the GR layer has a
marginal effect on the surface structure of the oxidised substrate.

Finally, the evolution of the Ni 2p3/2 spectra, which do no show any ap-
preciable change during oxygen exposure, allowed us to conclude that the ox-
idation process selectively involves the Al atoms, leaving the Ni atoms largely
unaffected. This observation can be interpreted in terms of a thermally–
induced surface segregation of the Al atoms during O2 exposure, a mecha-
nism which has already been reported for other bimetallic alloys [54]. This
process results in a Ni-depleted substrate and in the formation of an oxide
layer mainly consisting of alumina. Based on this consideration, it was pos-
sible to estimate the oxide layer thickness from the intensity attenuation of
the Ni 2p3/2 signal. The estimated average thickness of the alumina layer,
calculated using the Tanuma-Powell Penn algorithm [55] which takes into
account the inelastic photoelectron mean free path, is ∼1.5±0.2 nm.

Concerning the O 1s core level, its spectrum upon oxidation (Fig. 6.10)
shows two broad peaks separated by about 1.5 eV, similarly to what re-
ported in the case of the alumina bilayer [52], where the two components
were attributed to the metal-oxide interface and to top layer oxygen atoms,
respectively. In our case, however, the layer still has a high degree of mor-

Figure 6.10: High energy resolution O 1s core level spectrum acquired after oxi-
dation of the GR/Ni3Al interface, showing two components at a BE separation of
∼ 1.5 eV.

phological disorder, as reflected by the fact that both components are shifted
to about 1.4 eV lower BE with respect to the case of the ordered bilayer,
and that also their intensity ratio is different.

The corresponding ARPES measurements for GR/Al2O3/Ni3Al, reported

145



6.Graphene on the Ni3Al bimetallic alloy: a bottom-up approach for the synthesis of

graphene-alumina interfaces

in Fig. 6.11 (a), show that the Dirac cones in the proximity of the Fermi
energy are completely restored, thus confirming that the selective oxidation
of the Al atoms and the subsequent formation of a thick oxide buffer layer
lead to an effective decoupling of GR from the substrate. In particular, the
bottom of the π band at the M point shifts by about 2 eV with respect
to the strongly interacting system, similarly to what reported for quasi-
free-standing GR on Ni(111). Moreover, close to the K and K ′ points, the

Figure 6.11: )(a) Experimental plot of the GR/Al2O3 electronic band structure
along the K −M −K ′ direction. (b) DFT–calculated energy band dispersion for
the GR/Al2O3 system.

energy dispersion curve becomes linear, as expected for quasi-free-standing
GR. From a linear extrapolation of the data, we estimated that the K point
lies 200± 40 meV above the Fermi level, which is indicative of a p-doping of
the GR layer following oxide formation.

To make our analysis more complete and compare our experimental
results with a theoretical model, we asked our colleagues at the UCL to
carry out some simulations for the alumina–supported GR layer. The DFT–
calculated structure for a GR layer on the α phase of Al2O3(0001) (Fig. 6.12),
which approximately reproduces the experimentally obtained thick alumina
layer, shows a distance of 2.85 Å between GR and the oxide substrate, thus
significantly larger than the 2.12 Å calculated for the strongly interacting
GR/Ni3Al system.

Finally, also the DFT-calculated electronic dispersion of GR/Al2O3/Ni3Al
shows an excellent agreement with the experimental data; in particular the
bottom of the π-band and the region near the Dirac point are well repro-
duced (Fig. 6.11 (b)). The calculated band energy value at the K point lies
220 meV below EF, consistently with the experimental value.
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Figure 6.12: )Top and side views of the DFT-simulated GR/Al2O3 structure.

6.3 Conclusions

In conclusion, the method described in this chapter offers a viable and sim-
ple alternative for the reversible, non–destructive decoupling of the GR layer
from the Ni3Al substrate via a selective oxidation of the Al atoms at the
GR/alloy interface. This procedure results in the formation of a high–quality
Al2O3 layer and of a stable GR/oxide interface. We believe the same ap-
proach could be readily extended also to other common Al-based bimetal-
lic alloys (CuAl2, CoAl, FeAl, Fe3Al) [54, 56, 57], as long as their surfaces
are active towards C−H bond breaking (to allow cracking of hydrocarbon
molecules) and towards the selective oxidation of Al atoms under an oxygen
atmosphere.

From an application–oriented standpoint, stable GR-Al2O3 interfaces,
like the ones obtained by the described procedure, could be employed in the
future as a support for the deposition of other oxide materials, following
well–established procedures [14]. This would enable the synthesis of sand-
wiched oxide–GR–oxide heterostructures, which could be of great impact in
nanoelectronics. In a broader perspective, the availability of a wide range
of inexpensive bimetallic compounds, like NiTi and NiZr, could open new
opportunities for the synthesis of GR–integrated materials with higher di-
electric constants than conventional dioxides like SiO2, while, at the same
time, preserving the intactness and the unique transport properties of GR.
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Chapter 7

Oxygen and carbon
monoxide interaction with
Rh nanoclusters grown on
graphene/Ir(111)

In the last two decades metal nanoclusters have attracted a great deal of
attention in the scientific community working in materials science and nan-
otechnology. One of the most fascinating aspects of nanoclusters is that
these systems represent an intermediate state of matter between single atoms
and macroscopic objects. As previously mentioned in the introduction, in
fact, a number of studies have proven that, when an aggregate is very small
(.1–2 nm), the discretisation of the electron density of states modifies the
atomic interactions, and hence the structural and electronic properties of
the clusters. These are, in turn, directly linked to the thermodynamic, op-
tical, magnetic and chemical properties of the clusters. By contrast, larger
clusters formed by several thousands of atoms, with a size of at least 10 nm,
present a smoothly varying behaviour, which tends to the bulk limit as the
size increases.

From an application–oriented perspective, an important field where nano-
cluster–based materials are expected to make an impact is heterogeneous
catalysis. The most striking example in this sense is the high chemical
activity of small Au nanoclusters, which is at odds with the well–known
chemical inertness of the bulk metal [1–4]. Gold, however, is not the only
case: also other TMs, in fact, e.g. Pt, exhibit an enhanced reactivity in
their nanocluster form [5,6].

This intriguing behaviour has been interpreted in terms of the increased
catalytic activity of corner and edge atoms, which are characterised by a
lower coordination number (CN ) with respect to atoms in the bulk or on
the facets [7, 8]. In Au systems, in fact, it has been found that the binding
energy of small molecules like O2, O, and CO, increases with decreasing
coordination number CN [9]. As a first approximation, this trend can be
interpreted in terms of the classical d−band model developed by Hammer
and Nørskov [10], which relates the chemical properties and reactivity of
transition metals to the position of their d−band centre. In atoms with a
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smaller coordination number, the d−band width is reduced with respect to
the case of bulk atoms, and hence, if the d band is more than half filled
(as in the case of Rh), its centre shifts to higher energies to preserve charge
neutrality [10–13]. As a consequence of this trend, atomic and molecular
adsorbates tend to bind more strongly to atoms with a lower coordination.

Magnetic data storage is another technologically relevant field where the
employment of nanoclusters could have revolutionary spillovers. The de-
pendence of the spin configurations and of the quantum separation between
energy levels on the cluster size, in fact, opens the possibility to tailor the
properties of high-density magnetic memories and nanoscale spintronic de-
vices by changing the cluster size.

On this scale, when the particle size is approximately in the range
1÷2 nm, a key challenge for the development of cluster–based technologies
is identifying a controllable and reproducible strategy to synthesize ordered,
large-scale replicas of these building blocks on a suitable substrate [14–16].
This requirement can be met by making use of self-assembly to obtain high-
density arrays of molecules or nanoclusters periodically repeated over the
substrate [17]. This approach has already proven successful for nanoparticle-
based metamaterials, although mainly in the case of large atomic aggregates
of several hundreds or thousands of atoms, as it is normally the case in col-
loidal science and organometallic chemistry. The properties of such systems
are often related to the surface-to-volume ratio because of the primary role
played by surface atoms. On the other hand, when the dimensions of the
individual particles are below this limit, intriguing quantum-size effects be-
come important and often lead to results otherwise unexpected for bulk
materials.

In this context, epitaxial GR has emerged in recent years as an excellent
candidate for the supported growth of small transition metal nanoclusters
and for the formation of long-range-ordered superstructures [18–27]. The
moiré lattice formed by GR on lattice–mismatched transition metals with
a threefold symmetry, in fact, has a natural corrugation which enables the
deposited clusters to arrange themselves into extended, periodic superstruc-
tures by adsorbing at the minimum–energy sites.

Another key advantage of using GR is that it is the strongest known
two–dimensional material [28], with superior heat transport properties [29]
and room temperature electrical conductivity, owing to its unique electronic
structure [30]. In addition, it exhibits a very high thermal stability. This
makes GR an ideal candidate for the production of nanocluster-based ma-
terials [31–33].

7.1 Supported Rh nanoclusters on GR/Ir(111)

The structural and morphological properties of Rh nanoclusters deposited
on GR/Ir(111) have already been thoroughly investigated within our group
as part of a broader research project on GR–supported transition metal
nanoclusters [26]. The accurate study carried out on these systems, in par-
ticular, had demonstrated the possibility to finely control the morphology
and the degree of structural order of Rh clusters grown in registry with the
GR/Ir(111) moiré superlattice. An accurate comparison of the experimen-
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tally measured core electron binding energies with the results of DFT sim-
ulations enabled the identification of non–equivalent edge, facet, and bulk
atoms of the nanoclusters. In addition, this study had highlighted how the
small changes in the interatomic distances upon changing the cluster size
can lead to a substantial modification of the properties of surface atoms.

7.2 Clean Rh nanoclusters on GR/Ir(111)

In the first part of our study, we focussed on the characterisation of the
as-deposited Rh nanoclusters, in order to check the agreement with the
previous results obtained by our group and to collect a reference set of data
for the subsequent adsorption and reactivity experiments.

All the measurements described in this chapter were carried out at the
SuperESCA beam line, making use of high energy resolution core level pho-
toelectron spectroscopy. The Ir(111) single crystal was cleaned by a well-
established procedure consisting of repeated Ar+ sputtering cycles (p(Ar) =
3× 10−6 mbar) followed by annealing to 1400 K. The substrate subsequently
underwent an oxido-reduction treatment consisting of repeated annealing cy-
cles under an O2 and H2 atmosphere, respectively (p(O2)=1× 10−7 mbar,
p(H2)=1× 10−7 mbar). This procedure allowed obtaining a clean, well or-
dered substrate, as reflected in the sharp (1 × 1) LEED pattern with low
background intensity and in the flat C 1s and O 1s spectra, showing no
traces of contaminants.

GR was epitaxially grown on the clean Ir(111) substrate by C2H4 CVD,
using C2H4 pressures between 5× 10−8 and 3× 10−7 mbar and annealing the
substrate between 550 and 1450 K. From previous studies, GR/Ir(111) is
known to form a moiré superlattice with (10×10)/(9×9) periodicity [34–37].
Similarly to what observed in the case of GR/Pt(111), GR/Ir(111) is known
to develop only a weak coupling with the metal substrate [38]. The C 1s core
level spectrum of the GR–covered substrate (Fig. 7.1 (a)), in fact, shows a
single component, as typical of weakly interacting lattice–mismatched GR–
metal systems [38]. The single C 1s peak is found at a BE of −284.08±0.04
eV, in very good agreement with the data previously reported in literature
for this system [35,38–40]. The comparison of the Ir 4f7/2 core level spectra
of the substrate prior to and after GR growth (Fig. 7.2 (a) and (b)) shows
that the substrate is not appreciably modified by the presence of the C
layer (in contrast with what observed for strongly interacting systems, where
the interaction with GR induces a significant modification of the electronic
structure of the substrate). In general, we notice only a reduction of the Ir
4f7/2 photoemission intensity due to the screening effect of the GR film.
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Figure 7.1: High energy resolution C 1s core level spectrum of GR/Ir(111) acquired
at T=80 K, at hν = 400 eV in the normal emission configuration, before (a) and
after (b) low temperature Rh deposition. The spectrum shows a single component,
a hallmark of weakly interacting lattice-mismatched GR/metal systems.

Figure 7.2: High energy resolution Ir 4f7/2 core level spectra of the clean (a) and
GR–covered substrate Ir(111) substrate before (b) and after (c) Rh evaporation,
acquired at T=80 K, at hν = 200 eV in the normal emission configuration. The
spectrum does not show appreciable changes upon GR growth.
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On the so–obtained GR substrate, Rh nanoclusters were deposited by
means of an evaporator at low temperature (80 K), in order to limit surface
diffusion of atoms and clusters during deposition. The thermal evolution
of the morphology and surface distribution of Rh nanoclusters has already
been addressed in detail by Cavallin et al. for different initial Rh coverages,
using a combination of STM, high energy resolution core level XPS and
DFT calculations [26]. Fig. 7.3 reports a selection of STM images of GR–
supported Rh nanoclusters acquired at different initial Rh coverages (0.2 ML
for the top row and 1 ML for the bottom row, respectively) and different
annealing temperatures (170, 300 and 840 K, as indicated in the graph).

Figure 7.3: STM images (800×800 Å2) of Rh clusters on GR/Ir(111), for different
initial Rh coverages and different annealing temperatures. Reproduced from [26].

The accurate microscopy analysis carried out in the cited work showed
that, both at low and high Rh coverages (up to 1 ML), the as–deposited
clusters are not randomly distributed on the surface, but form a regularly
spaced superlattice, with an occupancy of one moiré cell per cluster. This
configuration is pretty stable up to a temperature of ∼300 K. At the same
time, the clusters still lack crystalline order, as reflected in the broad and
structureless shape of the Rh 3d5/2 core level (shown in Fig. 7.4 (a)). Fol-
lowing the same approach used by Cavallin et al. in their study, we annealed
the as–deposited Rh nanoclusters at 300 K and acquired the high resolution
spectrum of the Rh 3d5/2 core level (Fig. 7.4 (b)). The large Gaussian broad-
ening of the spectrum is an indication of the structural disorder still present
at this stage of the annealing. The corresponding Ir 4f7/2 core level spec-
trum after nanocluster formation and annealing to 300 K is shown in Fig. 7.2
(c) In order to derive an approximate estimate of the Rh coverage, we first
measured the photoemission intensity of the Rh 3d5/2 and Ir 4f7/2 spectra
and rescaled it to account for the spin degeneracy and the photoelectron
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Figure 7.4: High energy resolution Rh 3d5/2 core level spectra acquired (a) after
deposition of 0.4 ML of Rh at 80 K; (b) after annealing at 300 K; (c) after annealing
at 840 K. All the photoemission measurements were carried out at hν = 400 eV
at normal emission. The spectral deconvolution into three components, due to
differently coordinated Rh atoms (RhB , RhS , RhE), as obtained from our analysis,
is shown superimposed to spectrum (c).

cross section of the respective core level at the experimental photon energy.
As a first approximation, we neglected any possible layered structure of the
Rh nanoclusters and considered all the Rh 3d5/2 signal as originating from
the surface. In order to quantify, for comparison, the surface signal of the
Ir substrate, I0, we used the formula

Itot =

inf∑
i=0

I0 exp(−xi/λ)

where Itot is the measured Ir 4f7/2 total photoemission intensity and
xi is the thickness given by i · d, with d the interlayer distance and i the
atomic layer index. The additional screening effect of the GR layer was
accounted for by introducing a rescaling factor given by the integral of the
attenuation function exp (−x/k) over the thickness of a GR monolayer, k
being the inelastic electron mean free path in C.
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Based on our calculations, all the Rh cluster experiments described in
the following were carried out with an initial Rh coverage of 0.40±0.05 ML.
To ensure a good reproducibility of our experiments, the same evaporation
parameters (filament current, deposition time) were used in all measure-
ments, and the Rh 3d5/2 photoemission signal intensity in each experiment
was calibrated against a reference set of spectra.

It should be stressed that, in all the experiments, the possible presence
of contaminants, in particular oxygen, which would affect the shape and
core level BEs of the Rh core levels, was carefully excluded on the basis of
a quantitative XPS analysis, which showed, besides a flat O 1s region, no
alterations of the SCLS of the Ir substrate, which is extremely sensitive to
the presence of contaminants.

In the following, the Rh clusters were annealed up to 840 K. This treat-
ment has been shown to promote the coalescence of the particles into larger
clusters of a few hundred atoms (with a diameter between 2 and 4 nm),
extending over several moiré cells and exhibiting a high degree of crys-
tallinity [26]. The STM measurements previously carried out on these ob-
jects proved that, at this stage, the majority of the clusters are on average
more than 3 layers thick and exhibit an ordered hexagonal shape (Fig. 7.5).
On the other hand, the long-range periodic superlattices observed after de-

Figure 7.5: (a)–(b) STM images (6×6 nm2) of a single cluster obtained after an-
nealing to 840 K, showing an ordered hexagonal shape; (c) its line profile and (d)
corresponding structural model. Reproduced from [26]

position (at temperatures up to ∼300 K) is irreversibly lost [26]. The DFT
calculations carried out for Rh nanoclusters with a variable number of atoms
(between 19 and 82) proved that, while smaller clusters are morphologically
disordered and lack a clear layered structure, clusters formed by several
tens of atoms form regular truncated octahedral structures with a predom-
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inance of (111) and (100) nanofacets, as also predicted by the Wulff con-
struction1 [41] and suggested by the experimental STM images. Theoretical
calculations carried out by Mittendorfer et al. [42] for Rh and Pd nano-
clusters indeed proved that the (111) and (100) facets are the energetically
most stable ones at low pressures, although a possible contribution of low in-
dex stepped surfaces ((311), (211), and (331) facets) under UHV conditions
should also be considered.

The high structural order of the clusters is directly reflected in the shape
of the Rh 3d5/2 core level spectrum after annealing at 840 K (Fig. 7.4 (c)),
which appears significantly sharper than the spectrum acquired after an-
nealing at 300 K (Fig. 7.4 (b)).

A phenomenon we actually observe is a partial decrease of the Rh 3d5/2
photoemission signal following the annealing, which has already been re-
ported before [26] and has been interpreted in terms of inelastic mean free
path effects in 3-D structures. A more quantitative analysis of the Rh 3d5/2
photoemission spectra revealed the presence of three core level components,
in excellent agreement with the results obtained by Cavallin et al. [26]. It is
also important to stress that, as pointed out by that study, for temperatures
within 840 K, both Rh evaporation and intercalation can be safely ruled out,
while only at higher temperatures a partial intercalation of the Rh atoms to
the GR–Ir interface can be observed. Following the interpretation proposed
by Cavallin et al. [26], we assigned the three components to non–equivalent
Rh atoms with a different coordination number (here and in the following
indicated as CN ): more specifically, we attributed the component at higher
BE (RhB, −307.15 eV) to bulk Rh atoms (CN = 12), the component in the
middle, RhS , which has a SCLS of −420 meV, to Rh atoms on the nanofacets
(CN = 9 for (111) facets and CN = 8 for (100) facets) and the component
at the lowest BE (RhE , at −730 meV with respect to RhB) to Rh atoms at
the edges (CN = 7) (Fig. 7.4(c)). This assignment is in line with the general
observation that a lower coordination is associated with a smaller BE of the
corresponding core level component. The DFT calculations reported in [26]
actually showed that Rh atoms with a high CN are associated with high BE
values, while BEs smaller than 306.4 eV are indicative of undercoordinated
atoms with CN ≤ 7.

While the Ir 4f7/2 core level spectrum does not show appreciable mod-
ifications upon cluster deposition (see Fig. 7.2) and subsequent annealing
to increasing temperature, the experimental work of Cavallin et al. [26]
highlighted some slight changes in the C 1s spectrum, in particular the
appearance, on the high BE side of the main peak, of a new component
originating from the interaction of the GR layer with metal atoms, both
from the clusters and from the Ir substrate (blue component in Fig. 7.1
(b)). This feature is especially evident at the lowest temperature, where the
clusters are smaller and regularly distributed on the moiré template, with a
unitary cell occupancy. In this configuration, the clusters induce a pinning
of the GR interface layer to the substrate, thus inducing a modification of
the core level electronic structure of GR. As the clusters get bigger upon
annealing to higher temperature, their surface density decreases, so that the

1The Wulff construction returns the crystal shape that minimizes the free energy G at
constant volume and yields a constant ratio between the surface energy and the distance
of the corresponding basal plane from the centre of the cluster [41].
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local pinning mechanism is reduced and the associated spectral component
in the C 1s core level spectrum is accordingly reduced.

7.3 Oxygen adsorption on Rh nanoclusters

After the preliminary characterisation of the GR-supported Rh nanoclusters,
which yielded an excellent agreement with the results of previous investiga-
tions by our group, we moved to the study of the nanoparticle reactivity
upon O2 and CO adsorption. From an application–oriented standpoint, it
is well known that Rh nanoparticles exhibit a high chemical activity and
excellent selectivity toward NOx reduction and for this reason are used in
car exhaust gas purification [43]. In the present study, our specific focus was
on the modifications of the core level electronic structure undergone by the
nanoclusters under either an O2 or a CO atmosphere, and in particular on
the role of the differently coordinated Rh atoms in the reaction processes.
In addition, we were interested to test the stability of the epitaxial GR
layer during cluster oxidation/reduction, also in view of a more extensive
employment of GR moiré templates under reaction conditions.

In order to study the dissociative adsorption of oxygen on the GR-
supported clusters, in the first part of our study we exposed the clean clus-
ters (prepared according to the previously described procedure) to an O2
atmosphere at 400 K, gradually increasing the oxygen flux from 1× 10−9 to
1× 10−6 mbar, while simultaneously acquiring the Rh 3d5/2 photoemission
signal, until a saturation exposure of 75 L was reached. The same exper-
iment was later repeated by monitoring the O 1s photoemission signal, in
order to calibrate the relative oxygen coverage. The evolution of the Rh
3d5/2 core level (Fig. 7.6 (a) and (b)) yields direct insight into the modifi-
cations of the nanoparticle core level electronic structure upon O2 exposure
and is a valuable source of information on the reactivity of the nanoclus-
ters. With reference to Fig. 7.6 (a), which shows a time lapsed series of Rh
3d5/2 spectra acquired during the experiment, we see how the initial stage
of the exposure is characterised by a significant intensity reduction of the
RhE component, due to Rh atoms at the edges. This is a direct indication
that, at the beginning, the oxygen atoms preferentially adsorb at the low–
coordinated edge sites, and only once the latter have been filled, they start
adsorbing on the cluster nanofacets. This picture is, again, consistent with
the general observation that a lower coordination leads to an enhancement
of the chemical reactivity, and is also indirectly supported by the theoretical
calculations performed for Rh nanoparticles by Mittendorfer et al. [42], who
proposed that, as the partial pressure increases, oxygen adsorption proceeds
through the decoration of step edges, more specifically through the occupa-
tion of the upper step edge in the threefold hollow site.

Above a certain oxygen coverage, besides the gradual disappearance of
the RhE component, oxygen adsorption causes an intensity reduction of
the core level component due to ‘clean’, uncoordinated Rh atoms on the
facets (RhS), along with the appearance of new features on the high BE
side of the spectrum (Fig. 7.6 (a)). This stage actually corresponds to the
filling of the adsorption sites at the edges, which in turn forces the oxygen
atoms to adsorb also on the nanofacets. A tentative, qualitative model of
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Figure 7.6: (a) Time lapsed series of Rh 3d5/2 core level spectra acquired during
O2 exposure of the Rh nanoclusters at 400 K. The high energy resolution Rh
3d5/2 spectra acquired at the beginning and at the end of the experiment are also
shown, along with their decomposition into individual core level components. (b)
2D waterfall plot of the time resolved spectra shown in (a) as a function of the O2

exposure.

oxygen adsorption on the Rh clusters is shown in Fig. 7.7. The decrease of

Figure 7.7: Qualitative model of the oxygen adsorption process on GR–supported
Rh nanoclusters.

RhS and the parallel appearance of new components at higher BE, named
RhS1 and RhS2 (Fig. 7.6 (a)), is in fact indicative of the appearance of new
populations of surface Rh atoms characterised by a different coordination
with the adsorbate atoms. A similar trend has actually been observed for
oxygen adsorption on a variety of transition metal substrates [44–47], and
has also been analysed in detail in chap. 3 for the case of Re(0001).

In principle, one would also expect to observe the appearance of one or
more core level components due to Rh atoms at the step edges coordinated
with one or more oxygen atoms. As a general rule, in the case of oxygen
adsorption at threefold sites (as for Rh(111) [48,49]), for each bond formed
by a substrate atom with an O atom, the BE of the corresponding core
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level component shifts by about 350 eV to higher values. For adsorption at
fourfold sites, on the other hand, the shift amounts to about 220 meV [49,
50]. Following these trends, the oxygen–coordinated step edge components
should appear at higher BEs than RhE , in the region between RhB and RhS .
However, the clean nanofacet component (RhS), whose intensity also evolves
in time during the exposure, is evidently too close in BE to the oxygen–
induced edge components to enable a reliable spectroscopic identification of
the latter. In addition, the intensity of these components would be, in any
case, significantly lower compared to RhS , and might be further reduced
by photoelectron diffraction effects. For these reasons, in order to avoid
overfitting the data, we decided to limit the number of degrees of freedom in
our analysis and to neglect the possible presence of oxygen–induced edge–
related spectral components.

A quantitative analysis of the high resolution Rh 3d5/2 core level spec-
trum acquired at the end of the experiment (Fig. 7.8) enabled us to deter-
mine the SCLSs of the new components, which amount to −120 ± 20 meV
(RhS1) and 320±20 meV (RhS2), respectively. In order to avoid fitting arte-

Figure 7.8: High energy resolution Rh 3d5/2 core level spectrum acquired at 80 K
at the end of the O2 uptake experiment. The deconvolution into bulk and surface
components is shown superimposed.

facts due to the large number of degrees of freedom, we fixed the line shape
parameters (Lorentzian and asymmetry) of the RhS1 and RhS2 components
to the same values found for RhS , leaving only the Gaussian width as a free
parameter. It is instructive to compare these values with the SCLSs of the
oxygen–induced components observed on Rh(111) [9, 48] and Rh(100) [50].
In that case, an accurate SCL analysis of the clean Rh(111) surface and of
the p(2 × 1) and p(2 × 2) structures formed upon oxygen exposure of the
substrate returned a SCLS of −485±20, −140±20, and +295±20 meV for
uncoordinated, onefold- and twofold-coordinated surface Rh atoms, respec-
tively. The BE shifts of the adsorbate–related peaks with respect to the clean
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surface component (+340 and +780 meV for singly and doubly coordinated
atoms, respectively) are therefore approximately proportional to the number
of O−metal bonds formed by the corresponding population of Rh atoms, as
predicted by the additivity rule for adsorbate–induced SCLSs [49]2.

By comparison, analogous photoelectron spectroscopy measurements car-
ried out on the (100) Rh termination yielded a SCLS of −680± 20 meV for
the ‘clean’ surface component (Rh0), while for the Rh atoms coordinated
with one (RhO1) and two (RhO2) O atoms the estimated shifts were, re-
spectively, −420±20(RhO1) and −200±20(RhO2) for the c(2×2) structure
and −195± 20(RhO1) and +115± 20(RhO2) for the reconstructed (2× 2)pg
phase [9, 49, 50]. Also in this case we observe that, for both structures, the
BE separations between RhO2 and the uncoordinated surface component
(480 meV for the c(2 × 2) and 795 meV for the (2 × 2)pg structure) are
about twice as large as the RhO1−Rh0 separation (260 meV for the c(2×2)
and 485 meV for the (2 × 2)pg structure), hence proving the applicability
of the SCLS additivity rule also to oxygen adsorption on the more open
Rh(100) surface.

In the case of Rh nanoclusters, the components we assigned to singly and
doubly coordinated Rh atoms are found at +300 and +740 meV with re-
spect to the clean surface component, hence in excellent agreement with the
values found for oxygen adsorption on Rh(111). Actually, previous exper-
imental [26] and theoretical [42] studies on Rh nanoclusters had evidenced
a predominance of (111)– over (100)–terminated nanofacets, so our results
basically reflect the larger number of oxygen atoms adsorbed at threefold
sites on the (111) terraces with respect to the atoms adsorbed at fourfold
sites on the (100) facets. Assuming, by analogy with oxygen adsorption on
Rh(100), that oxygen forms a c(2 × 2) or (2 × 2)pg structure also on the
(100) nanofacets of Rh clusters, the SCLSs of the new oxygen-induced com-
ponents should be about −160/+65 meV for singly coordinated Rh atoms
(in the c(2 × 2) and (2 × 2)pg phase, respectively) and +60/+375 meV for
doubly coordinated Rh atoms (in each of the two structures.) Therefore,
in principle, we cannot exclude a contribution from surface Rh atoms coor-
dinated with O atoms adsorbed at four–fold sites on the (100) facets, but
the photoemission signal originating from these populations is evidently too
small and energetically too close to the components due to oxygen adsorp-
tion at threefold sites to be experimentally detectable. In order to avoid
overfitting the data, we therefore limited our analysis to a total of five core
level components (notice that RhE is absent from Fig. 7.8). In order to fur-
ther investigate this topic, a series of DFT simulations are currently being
performed to calculate the oxygen adsorption energies on Rh clusters and
the core level BEs of the oxygen–coordinated Rh atoms on the (111) and
(100) nanofacets.

The picture we have so far proposed for oxygen adsorption is, in any
case, in qualitatively good agreement with the theoretical calculations of
Mittendorfer et al. [42], who predicted that, after the initial occupation of
the step edges, oxygen adsorbs on the upper terraces (behind the step edges)
until the (2×1) structure typically observed on Rh(111) single crystals [48] is
formed. At the same time, according to their simulations, oxygen adsorption

2We have already come across this topic in chap. 3, in the section about oxygen ad-
sorption on the Re(0001) surface.
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sets in on the lower step edges, leading to a zigzag decoration of all the edges
and thus originating a mutual repulsion between neighbouring step edges.
At higher coverage, on the other hand, two oxygen atoms decorate each step
atom symmetrically.

Fig.7.9 reports the photoemission intensity curves of the different Rh
3d5/2 core level components, as obtained from the analysis of the time-lapsed
series of spectra shown in Fig. 7.6 (a), as a function of the total oxygen
coverage. It is important to notice that, although the spectral weight is

Figure 7.9: Photoemission intensity evolution of the different Rh 3d5/2 core level
components during O2 exposure at 400 K. The intensity of the bulk component,
RhB (not shown), was held fixed to a constant value during the analysis to reduce
the number of free parameters and avoid fitting artefacts.

seen to shift from RhS to the oxygen-induced surface components during
the uptake, even at the highest oxygen exposure RhS does not completely
vanish. Since RhS also includes the contribution of the Rh atoms on the base
facet of each cluster, which are more directly exposed to the C layer, this
observation could suggest that oxygen does not migrate to the GR-cluster
interface, so that the nanoparticles are not lifted and decoupled from the C
layer upon oxygen adsorption.

In order to make our SCL analysis more complete, we repeated the same
experiment by monitoring the evolution of the O 1s during the exposure. As
shown in Fig. 7.10, the spectrum can be fitted using a single component over
the whole exposure range, which basically suggests the presence of a single
surface adsorption configuration; however, we observe an overall BE shift of
the single O 1s component of about 0.4 eV, from −529.6 to −529.2 eV. This
relatively large shift can be interpreted as due to repulsive O−O interatomic
interactions building up at increasing coverage or to a variation of the oxygen
adsorption site. The same experiment was also used to estimate the oxygen
coverage corresponding to each stage of the exposure. It should be noticed
that, since a calibration of the absolute O coverage was not possible on the
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Figure 7.10: (a) 2D waterfall plot showing the evolution of the O 1s core level
during O2 exposure of the Rh nanoclusters. (b) High energy resolution O 1s core
level (hν = 650 eV) acquired at 80 K at the end of the experiment; a one-component
fit is shown superimposed.

basis of our data, the coverages in the plots are expressed as a fraction of
the maximum intensity of the O 1s core level signal at saturation.

7.4 Carbon monoxide adsorption on the Rh nano-
clusters

Once we had completed the analysis of oxygen adsorption on GR–supported
Rh nanoclusters, we focussed on the interaction of these nanoparticles with
carbon monoxide. To this purpose, the clusters were exposed to an increas-
ing CO pressure, between 1× 10−9 mbar and 1× 10−8 mbar, at 80 K, while
alternatively monitoring the evolution of the C 1s and Rh 3d5/2 core level3.

The adsorption of CO on Rh single crystals has already been widely
investigated in literature using a variety of experimental techniques, along
with theoretical calculations. Accurate core level photoemission studies have
been carried out, in particular, for the Rh(111) [51–53] and Rh(100) [54,55]
surfaces, where CO adsorbs non–dissociatively. Since GR–supported Rh
nanoclusters, as we have seen, mainly exhibit (111)- and (100)-terminated
nanofacets, it is instructive to compare our findings with the results reported
in literature for the corresponding single crystal surfaces.

At low temperature, molecular CO adsorption on Rh(111) results in
the sequential formation of different ordered surface phases at increasing
CO concentration, namely a p(2 × 2), a (

√
3 ×
√

3)R30◦, a (4 × 4), and a
(2×2)−3 CO structure (corresponding to a saturation coverage of 0.75 ML).
The detailed spectroscopic analysis of Beutler et al. [51,52] revealed that CO
molecules occupy two different sites: at coverages up to 0.5 ML, in fact, the

3To achieve that, the experiment was repeated twice under the same conditions.
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majority of the molecules are found to adsorb in on-top sites, whereas at
higher coverages three-fold hollow sites become increasingly populated.

On Rh(100), on the other hand, low temperature CO adsorption pro-
ceeds through the sequential formation of structures with c(2 × 2) and
p(4
√

2 × 4
√

2)R45◦ periodicity [55, 56], associated with the adsorption of
CO molecules in on-top and, at higher coverages (up to 0.75 ML), bridge
site adsorption.

The analysis of the C 1s core level spectrum provides an immediate
source of information on the evolution of the adsorption phases associated
with each coverage. Both on Rh(111) and Rh(100), the initial adsorption of
CO at the energetically more favourable on-top sites leads to the appearance
of a single component at −286.07 eV and −285.85 eV (on Rh(111) [51, 52]
and Rh(100) [55], respectively). This component shifts by about 100 meV
to smaller BEs at increasing CO exposure, while new peaks associated with
different adsorption configurations are seen to grow at lower BE: more pre-
cisely, on Rh(111) a component due to CO molecules adsorbed at threefold
sites appears at −285.38 eV, while, on Rh(100), CO adsorption in bridge
sites results in the appearance of a peak at −285.45 eV.

Also in our case, the initial stage of CO exposure is accompanied by the
appearance of a single core level component at about −286.02 eV, which
we can reasonably attribute to CO adsorption in on-top sites, based on
the very good agreement with literature data (Fig. 7.11). Above 0.3 ML,

Figure 7.11: (a) 2D waterfall plot showing the evolution of the C 1s core level
spectrum during CO exposure at 80 K; (b) High energy resolution C 1s core level
spectra acquired after dosing CO on the Rh nanoclusters up to selected exposures.

we observe the appearance of a second component at about −285.48 eV,
which is evidently associated with a different CO phase. A comparison with
literature data for CO adsorption on Rh(111) [51,52] and Rh(100) [55] shows
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a very good agreement between the core level BE of this component and the
values reported for bridge–bonded CO on Rh(100) (−285.45 eV) and for
threefold–bonded CO on Rh(111) (−285.38).

Since our previous experiments on oxygen adsorption (sec. 7.3) had evi-
denced a predominant presence of (111)–oriented nanofacets (as also pointed
out by previous studies [26, 42]), assuming CO adsorption does not involve
a structural modification of the clusters, we believe that the component at
−285.48 eV is mostly due to threefold–bonded CO on the (111) facets. How-
ever, since that component most likely incorporates also a contribution from
bridge–bonded CO molecules on the (100) facets, the peak has been indi-
cated as CO3FB in Fig. 7.11. The BE separation, if any, between threefold-
and bridge –bonded CO components, is in any case too small to make the
two peaks experimentally distinguishable.

Finally, it is important to notice that the spectral component due to GR
(the large single C 1s peak at −284.08 ± 0.04) is largely unaffected by CO
adsorption on the supported Rh nanoclusters. This finding implies that CO
does not bind to GR, so that the whole measured C 1s signal due to CO
originates exclusively from CO adsorbed on the Rh nanoclusters.

The analysis of the Rh 3d5/2 spectra also yields important insight into
the mechanisms of CO adsorption on Rh nanoclusters, although the inter-
pretation of the data is not as straightforward as in the case of Rh single
crystal surfaces - as one could reasonably expect for a system with a higher
degree of structural complexity like nanoclusters.

On both the Rh(111) and Rh(100) surfaces, CO adsorption first causes
a suppression of the photoemission signal from clean surface atoms (i.e. Rh
atoms that are not coordinated to adsorbates), followed by the appearance of
new CO–related components due to surface Rh atoms coordinated with one
or more CO molecules. Notably, for both orientations, the CO-induced shifts
are to higher binding energy with respect to the clean surface components.
CO adsorption in on-top sites results in SCLSs of +270 and about +50 meV
for the (111) and (100) surfaces, meaning a shift from the ‘clean’ surface
component or +770 and +650 meV, respectively [51, 52, 55]. The SCLS
induced by CO in bridge sites on Rh(100) is −300 meV (+350 meV relative
to the clean surface component), while the SCLS associated with threefold–
coordinated CO on the Rh(111) surface is −220 meV (+280 meV relative
to the clean surface). The higher the CO coordination, the lower is the
CO-induced shift of the affected substrate atoms.

In the case of CO adsorption on Rh nanoclusters, the situation is more
complex, although it is still possible to identify some semi-quantitative
trends and relate them with what previously known in literature for Rh(100)
and Rh(111). The time lapsed series of spectra reported in Fig. 7.12 (a)
shows the evolution of the Rh 3d5/2 core level during CO exposure. Similarly
to what observed for oxygen adsorption, also CO adsorption is initially ac-
companied by the progressive disappearance of the core level component,
RhE , due to Rh atoms at the edges. At the same time, the region at higher
BE than the bulk peak and between the bulk and surface component starts
getting populated.

While the initial stage of CO adsorption on Rh single crystals [51, 52,
55] is accompanied by the decrease of the clean surface component and
the simultaneous appearance of a single new component, originated by CO
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Figure 7.12: (a) Time lapsed series of Rh 3d5/2 core level spectra acquired dur-
ing CO exposure at 80 K; (b) High energy resolution Rh 3d5/2 core level spectra
acquired after dosing CO on the Rh nanoclusters up to selected exposures.

adsorption in on-top sites, more complicated trends emerge in the case of
the Rh clusters. Besides a core level component at +320 meV with respect
to the bulk, in fact, we observe the appearance of a new peak with a SCLS
of −200 meV, although in principle also a contribution from edge–related
components should be expected. However, a satisfactory description of the
Rh 3d5/2 spectrum can already be obtained using only these two components
up to the saturation exposure (Fig.7.13). In order to reduce the number of
fitting parameters, we fixed the line shape parameters of these components
to those found for the clean surface peak (RhS), except for the Gaussian
width. Fig. 7.14 reports the exposure–dependent photoemission intensities
of the different Rh 3d5/2 core level components. While the component at
+300 meV BE (S1) can be confidently assigned to CO adsorption in on-top
sites, based on the similar SCLS found for the corresponding component
on Rh(111), the assignment of S2 (the component at −200 meV) is less
straightforward, also because this peak could overshadow the presence of
a manifold of unresolved components in the BE region between the bulk
and RS . This component, however, can be tentatively interpreted as due
to the contribution of Rh atoms bonded to CO in threefold and possibly
bridge sites. In addition, both S1 and S2 must incorporate, in the initial
stage of the exposure, also the photoemission signal due to edge Rh atoms
which bind to CO. In analogy with what observed for oxygen adsorption
on the Rh nanoclusters, also in this case it is interesting to observe how
the clean surface component, S0, although significantly reduced upon CO
exposure, does not completely vanish at saturation, thus suggesting that
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Figure 7.13: High energy resolution Rh 3d5/2 core level spectrum following CO
exposure at 80 K. The deconvolution into the individual spectral components is
shown superimposed.

Figure 7.14: Photoemission intensity evolution of the different Rh 3d5/2 core level
components during CO exposure at 80 K. To reduce fitting artefacts, the intensity
of the bulk component, RhB , was held fixed to a constant value during the whole
exposure.

also CO does not dissociate and/or induce oxygen penetration to the GR-
cluster interface. In order to clarify these issues and to get an atomistic
insight into the mechanisms of CO adsorption on the Rh nanoclusters, a
series of ongoing DFT calculations are currently being carried out by our
theoretician colleagues at the UCL.
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7.4.1 CO thermal desorption from Rh nanoclusters

In order to gain some complementary information about the adsorption
configurations of CO on the nanoclusters, we also performed a series of
thermally programmed desorption experiments, in which the evolution of
either the C 1s or Rh 3d5/2 core level was monitored while annealing the
sample up to 600 K to desorb CO from the surface.

Also in this case, an overview of the results previously reported in lit-
erature for the Rh(111) and Rh(100) surfaces provided a useful starting
point for our analysis. Earlier TPD data collected for Rh(100) [57] showed
that, up to 0.5 ML, in the coverage range where CO forms a stable c(2× 2)
phase with the molecules in on-top bonding configuration, CO generates a
single desorption state around 500 K, which shifts to lower temperatures at
increasing coverage. Above 0.5 ML, a lower temperature shoulder is also
observed, indicating the occupation of bridge sites and the subsequent CO
destabilisation in the compressed p(4

√
2× 4

√
2)R45◦ overlayer structure.

Similarly to Rh(100), earlier thermal desorption experiments on Rh(111)
[58,59] had also reported the presence of a main desorption state associated
with on top-bonded CO at about 500 K. As for CO/Rh(100), this peak is
seen to shift to lower temperatures with increasing coverage, a behaviour
which has been interpreted in terms of repulsive interactions building up
between neighbouring CO molecules on the surface [60]. At the same time,
a new desorption signal, associated with CO molecules in threefold sites,
with a maximum between 400 K and 350 K, is seen to appear at coverages
above ∼ 0.3 ML.

In Fig. 7.15 the intensity curves of the two C 1s components originated
by CO desorption on Rh nanoclusters, Ctop and C3FB, are reported as a
function of the temperature, for an initial coverage corresponding to the
saturation exposure (just above 3 L). The low BE component, associated

Figure 7.15: Photoemission intensity evolution of the C 1s core level components
due to on-top (Ctop) and threefold/bridge (C3FB) bonded CO molecules as a func-
tion of the temperature during CO thermal programmed desorption (heating rate:
0.5 K s−1).
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with the energetically less favourable threefold/bridge bonding configuration
(C3FB), has a desorption temperature of about 400 K -corresponding to the
inflection point in the intensity curve-. On the other hand, the component
associated with the more stable adsorption state, Ctop, is thermally more
resistant, up to nearly 500 K.

In order to investigate the effect of the initial CO coverage on the des-
orption temperature of the two phases, we carried out a series of TPD ex-
periments in which we monitored the thermal evolution of the two C 1s
components after exposing the clusters to different CO doses (Fig. 7.16).
The heating rate was 0.5 K s−1 in all experiments. In line with previous lit-
erature findings for CO on Rh(111) [58,59] and Rh(100) [57], the desorption
temperature of the CO–related on-top component is seen to shift to slightly
lower values with increasing coverage (Fig. 7.16 (a)): more specifically, we
report a variation of about 20 K, from 460 to 440 K, upon increasing the
initial CO exposure from 0.35 to ∼ 3 L (corresponding to the saturation
dose). Concerning the threefold/bridge–bonded CO phase, although in this
case the experimental data are more noisy (Fig. 7.16 (a)), we clearly observe
a significant reduction of the desorption temperature (nearly 70 K, from 450
to 380 K) as the CO precoverage is increased from 0.35 to ∼ 3 L.

Figure 7.16: Photoemission intensity evolution of the C 1s core level components
due to (a) on-top and (b) threefold/bridge bonded CO on the Rh nanoclusters as a
function of the temperature, for different CO precoverages. The curves have been
offset vertically for clarity; the end point of each curve corresponds to zero intensity.
Heating rate: 0.5 K s−1 in all experiments.

These observations can be interpreted in terms of the build–up of repul-
sive forces between CO molecules as the surface coverage increases, resulting
in a weakening of the CO–metal bonds for both species and in a subsequent
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reduction of the desorption temperature. Another important conclusion,
specifically regarding the on–top phase, is that the bonding is, on average,
stronger (the desorption temperature is higher) at lower coverages, when
the molecules are mainly adsorbed at the step edges, and gets weaker at
higher coverages, when the molecules start populating the (111) and (100)
nanofacets, on which they adsorb both in on-top and in threefold/bridge
configuration.

7.5 Synthesis of highly oxidised Rh nanoclusters

In the final part of our study, we focussed on the development of an efficient
strategy to synthesise in situ highly oxidised Rh nanoclusters.

Our effort was partly motivated by the fact the transition from chemi-
sorbed oxygen to surface and bulk oxides, which has been the subject of
a number of studies, is a very complex phenomenon. To date, the knowl-
edge of the nature of the oxygen-metal interaction spanning the range from
low to high temperatures and pressures is still incomplete, and it would be
therefore very important to identify and characterise the similarities and
differences of the O-metal bonding configurations in different chemical envi-
ronments. In this respect, Rh nanoparticles represent an ideal ‘test bench’
to investigate the mechanisms of oxygen bonding and subsurface penetra-
tion, due to the presence of undercoordinated, highly reactive edge atoms
and differently terminated nanofacets.

Another key reason of interest in the synthesis of highly oxidised Rh
nanoparticles is the high catalytic efficiency exhibited by transition metal
oxides phases towards CO reduction. Studies carried out in recent years, in
fact, have pointed out that the rate of CO2 production on Rh is enhanced
upon formation of an oxide film, hence suggesting that the active phase is
the surface oxide [61, 62]. More generally, also on metal single crystals like
Pd, Ru, Pt, Rh, and alloys like PtRh, CO conversion to CO2 turns out to
be promoted by an oxide structure. Previous oxidation studies on Rh single
crystals showed that a RhO2 surface oxide with a trilayer stacking is ba-
sically formed on all Rh surfaces (Rh(111) [63] Rh(100) [64] Rh(110) [65])
independently of their specific orientation. This is true also for Rh nanopar-
ticles [42], vicinal surfaces [66] and PtRh alloys [67]. Although earlier CO
oxidation studies over Rh and other transition metal single-crystals appar-
ently suggested that the reaction is structure-insensitive and that oxide for-
mation decreases the reaction rate [68, 69], more recent investigations have
revealed that the oxidation state and stoichiometry of the surface oxide sig-
nificantly affect the CO oxidation rates [61, 62, 70, 71]. As an example, it
has been observed that, while the RhO2 surface oxide is active in CO oxi-
dation, the Rh2O3 bulk oxide, despite its structural similarity, poisons the
reaction. The reasons for the difference in catalytic activity between the
RhO2 surface oxide and the trilayer–terminated Rh2O3(0001) surface have
been thoroughly investigated in a study by Blomberg et al. [62].

Concerning the role of the nanoclusters’ size in their catalytic reactivity,
it has been proven that small Pd nanoparticles are more active towards CO
oxidation than larger particles and single crystals [72], whereas the oppo-
site is reported for platinum [73]. For Rh nanoclusters, in particular, Grass
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et al. [61] reported a strong dependence of the CO conversion rate on the
particle size and interpreted it in therms of the more favourable oxide for-
mation over small particles (about 2 nm in size, which is comparable with
the dimensions of our clusters).

The highly oxidised Rh nanoclusters were prepared by evaporating Rh
under an O2 partial pressure of 1× 10−7 mbar at low temperature for about
2.5 minutes (the same evaporation time used in the previously described
experiments), up to a total exposure of ∼ 15 L. The so–obtained clusters
were then exposed to a flux of O2 molecules while linearly increasing the
temperature from 80 K to 400 K and finally annealed up to 600 K with no
oxygen flux. The high resolution Rh 3d5/2 and O 1s core level spectra of

Figure 7.17: Left: high energy resolution O 1s core level spectra (hv = 650
eV) acquired after low temperature cluster synthesis, after annealing under O2

atmosphere at 400 K and after annealing in vacuum up to 600 K, respectively. Right:
corresponding high resolution Rh 3d5/2 core level spectra, acquired at hv = 400 eV
(after cluster synthesis, after O2 exposure at 400 K and after annealing to 600 K).

the clusters acquired at 80 K after each stage (low temperature synthesis,
annealing under O2 atmosphere, final annealing in vacuum) are reported
in Fig. 7.17. The two annealing cycles (with and without O2 supply) were
meant to stabilise and improve the morphology and crystallinity of the clus-
ters, as evident from the comparison of the Rh 3d5/2 and O 1s spectra
acquired after these thermal treatments with the ones acquired immediately
after low temperature synthesis. The reduced broadening of the spectra, in
fact, is a clear sign of higher structural order. During the annealing treat-
ment under O2 atmosphere, we took care of not exceeding 400 K in order to
prevent oxygen intercalation to the GR/Ir interface, which would decouple
the GR layer from the substrate and significantly alter its morphology.

The Rh 3d5/2 spectrum acquired afterwards (Fig. 7.18) can be fitted
with two core level components, indicated as Rh1 and Rh2, at a BE of
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−308.25 and −307.95 eV, respectively. Rh1 is actually found at a similar

Figure 7.18: High energy resolution Rh 3d5/2 core level spectrum (hv = 400 eV)
acquired after annealing at 400 K, under an O2 atmosphere.

BE to the component attributed to Rh bulk oxide in previous photoemis-
sion studies on Rh nanoparticles [61] and single crystals [74–76] and also
observed by Blomberg et al. [62] upon the formation of a trilayer-terminated
Rh2O3(0001) bulk-like structure on Rh(111) following high–temperature O2
exposure. In the same study, the authors reported an additional component
at 307.85 eV, which had also been observed in the spectrum of the ultra-thin
trilayer surface oxide (RhO2), where it had been assigned to the Rh inter-
face layer within the oxide film. A similar interpretation could be valid also
in our case, since the component at −307.95 eV could reasonably originate
from the Rh atoms in the outermost surface oxide trilayer.

The corresponding O 1s spectrum shows a broad double–peak structure
(Fig. 7.19), with two components at −528.85 and −530 eV, plus a broad
shoulder at about 533 eV. Also these data are in good agreement with the
core level analysis of Blomberg et al. [62] for the Rh2O3 structure formed on
Rh(111) by high temperature O2 exposure. Following the same assignment
proposed by the authors, we attributed the component at −530 eV to oxygen
atoms in the bulk Rh2O3 phase and the peak at −528.85 to the surface
oxide, while the broad shoulder on the high BE side may originate from the
adsorption of residual H contaminants, forming OH or H2O groups on the
surface.

The final annealing treatment to 600 K causes a shift of the whole Rh
3d5/2 spectrum to lower BEs and an increase of the low BE component.
The spectrum, shown in Fig. 7.20 (a), exhibits two components at BEs of
−307.87 and −307.37 eV. At the same time, the O 1s core level spectrum
(Fig. 7.20 (b)) appears sharper and can be fitted with a main component at
−528.9 eV and a broader peak at about −529.6 eV.

During this annealing cycle, the temperature was kept within 600 K be-
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Figure 7.19: High energy resolution O 1s core level spectrum (hv = 650 eV)
acquired after annealing at 400 K, under an O2 atmosphere. The deconvolution
into the individual spectral components is shown superimposed.

Figure 7.20: High energy resolution spectra of the (a) Rh 3d5/2 and (b) O 1s core
level acquired after the final annealing at 400 K, under an O2 atmosphere. The
deconvolution into the individual spectral components is shown superimposed.

cause preliminary experiments had shown that above 700 K the shape of the
Rh 3d5/2 changes dramatically, indicating an irreversible structural transi-
tion of the clusters.
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7.6 CO+O reactivity on clean and highly oxidised
Rh nanoclusters

The final part of our study was devoted to a preliminary investigation of the
CO + O reactivity mechanisms on Rh nanoclusters. To this purpose, two
separate sets of experiments were carried out starting from particles in their
metallic and bulk–oxidised state.

In order to first test the reversibility of the oxygen adsorption process
discussed in sec. 7.3, we exposed the oxygen-covered particles (as obtained
in sec. 7.3) to a CO atmosphere. The experiment was carried out at 300 K
by monitoring the Rh 3d5/2 core level under an increasing CO flux, from

1× 10−9 to 1× 10−7 mbar. The evolution of the substrate spectrum (shown
in Fig. 7.21 (a) as a time–lapsed series) basically reproduces the trends
observed during O2 exposure (see sec. 7.3), just time–reversed. This is
better seen by looking at the evolution of the photoemission intensity curves
of the different core level components during CO reduction (Fig. 7.21 (b)).
The high energy resolution Rh 3d5/2 core level spectrum acquired at the

Figure 7.21: (a) Time lapsed series of Rh 3d5/2 core level spectra acquired during
Rh reduction in CO atmosphere following oxygen adsorption. (b) Corresponding
photoemission intensity evolution of the bulk, edge and surface Rh 3d5/2 core level
components as a function of the CO exposure. Also in this case, the intensity of
the bulk component, RhB (not shown) was held fixed to a constant value during
the analysis to reduce the number of free parameters and avoid fitting artefacts

end of the experiment is comparable with the spectrum acquired before O2
adsorption, meaning that CO has efficiently reacted out with oxygen and
reduced the clusters to their metallic state. This step was fundamental to
check the reversibility of O2 adsorption, in order to exclude the formation
of highly oxidised bulk phases in the nanoclusters in the low O2 pressure
regime.
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In the second part of the measurements, we qualitatively investigated the
reactivity of the highly oxidised Rh nanoparticles, by studying the Rh 3d5/2
core level evolution upon CO exposure at T=600 K. While no appreciable
change is observed up to a partial pressure of 2× 10−8 mbar (corresponding
to a CO exposure of 5 L), stepwise increasing the CO flux, up to a maximum
of 5× 10−7 mbar leads to an efficient reduction of the Rh nanoclusters via
a CO + O −−→ CO2 reaction which, once completed, leaves the clusters in
their metallic state (Fig. 7.22).

Figure 7.22: (a) Time lapsed series of Rh 3d5/2 spectra acquired during CO expo-
sure of the highly oxidised Rh clusters. The high energy resolution spectra at the
beginning and at the end of the experiment are also shown. (b) Corresponding wa-
terfall plot showing the evolution of the Rh 3d5/2 spectrum upon reduction under
CO atmosphere.

At the moment our analysis is only at a preliminary stage. Further
experiments will be needed to address the reactivity and selectivity of bulk–
oxidised clusters towards CO oxidation, and to compare the CO+O −−→ CO2
reaction rate with the values measured both for oxygen–covered Rh clusters
and for the surface oxides formed by differently terminated Rh single crys-
tals. These measurement will yield insight into the catalytic role of the
surface oxide phases in GR–supported Rh nanoparticles. As usual, it will
be essential to complement our experimental measurements with DFT sim-
ulations, in order to get a more complete and atomistic insight into the
structure and reactivity of oxygen–coordinated and highly oxidised Rh na-
noclusters.
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Chapter 8

Setup of a size-selected
nanocluster source

As we have already seen in chap. 1 and 2, a key target of modern nanoclus-
ter science is the controllable and reproducible synthesis of metal nanopar-
ticles whose structural, physical and chemical properties can be precisely
selected by controlling their size [1–5]. Only in this way, in fact, it is pos-
sible to investigate the size–dependent structural, electronic and magnetic
properties of small nanoclusters also using space–averaging techniques like
XPS, which provides an extremely powerful investigation tool but lacks the
atomic sensitivity typical of local probes like STM. Also photoemission–
based photoelectron techniques (e.g. x–ray photoelectron microscopy) do
not have a high enough spatial resolution to detect clusters formed by only
few atoms [6]. Not surprisingly, a key limitation often encountered in these
studies is actually related to the use of conventional nanocluster synthesis
methods, typically atomic vapour deposition, which preclude size selection
and thus do not enable a direct comparison between experiment and the-
ory [2]. Another drawback is that such methods do not enable to separately
control the cluster coverage and size, thus posing a further limitation to the
systematic investigation of cluster properties (structure, isomerism, mobil-
ity and chemical reactivity) as a function of the particle size and adsorption
environment. By contrast, if all the nanoscale units are formed by an equal
number of atoms, they will also assume the same local configurations (ne-
glecting possible polimorphism effects) and exhibit collective behaviours,
meaning a uniform response to external stimulations, which could be widely
exploited for heterogeneous catalysis, sensing devices, magnetic memories
and many other applications [7, 8].

For this reason, besides traditional cluster synthesis methods, like sput-
tering and evaporation, which offer the advantage of a high particle through-
put but do not enable an accurate control on the size distribution, in the
last decades several new techniques have been introduced and refined for
the production of size–selected nanoclusters. One of the best examples in
this sense are laser–vaporisation nanocluster sources, which are especially
designed for the production of nano-aggregates of well-defined dimensions
and their soft-landing on a substrate [2, 9].

These machines, whose original design mainly owes to the groups of
Smalley [9] and Maruyama [10], and whose recent development has received
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8.Setup of a size-selected nanocluster source

a fundamental contribution from Ulrich Heiz and coworkers [11, 12], make
use of a high–power laser source to ablate a metal target and produce TM
nanoclusters formed by exactly the same number of atoms. The particles can
be either characterised in gas phase or –as it is usually the case– deposited
on a solid support under soft-landing conditions, in order to prevent their
fragmentation upon impact with the surface. For this reason, this type of
cluster sources are best suited for surface science studies; in fact, they have
already found application in a number of cluster deposition experiments on
TM oxides, epitaxial GR and other nanoscale templated materials [13–18].

A machine of this type is currently under construction at the Surface
Science Laboratory at Elettra, and, as part of my PhD activity, I have
given an important contribution to the initial setup of the system and to
the commissioning of its individual components. The design of our source
is based on the scheme developed by Heiz and coworkers [11, 12, 14] and
currently implemented in most cluster sources at the Department of Physical
Chemistry of the Technical University of Munich (Technische Universität
München (TUM), Germany). An example is shown in Fig. 8.1.

Figure 8.1: Overview of the size–selected cluster source in one of the laboratories
of the Department of Physical Chemistry of the TUM.

Once operational, this machine will be the first size–selected cluster
source for surface science studies in Italy and will provide the Elettra interna-
tional research centre with a unique tool for nanofabrication and materials
science investigations. In this way, the scientific community will be able,
for the first time, to employ this technology in combination with advanced
synchrotron radiation–based experimental techniques, which will open up
unprecedented opportunities to understand and exploit quantum size effects
in nanoscale objects.
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8.1 Cluster synthesis methods

Prior and parallel to the advent of laser–vaporisation cluster sources, several
methods have been developed for cluster synthesis. Before describing in de-
tail the technical setup and operation principles of laser vaporisation sources,
like the one currently under construction at the Surface Science Laboratory,
it is useful to provide an overview of the main conventional methods used
to synthesise clusters. In general, five main experimental designs can be
distinguished [2]:

1. Seeded supersonic expansion of evaporated metal clusters in a noz-
zle [19]. This method is a standard choice for low–boiling point metals.
The metal is first evaporated under a carrier gas atmosphere inside a
hot oven. The metal vapour/carrier gas mixture is then transported
into the vacuum through a nozzle, where the beam, due to the pres-
sure gradient, undergoes a supersonic expansion. This induces a rapid
cool down of the vapour and creates supersaturation conditions, which
enable atomic cluster condensation. The process continues until the
pressure drops below the threshold at which the beam enters a molec-
ular flow regime.

2. Gas–aggregation cluster sources. In this design, the thermally vapor-
ized metal is incorporated into a carrier gas flux, where it quickly
reaches supersaturation conditions and starts condensing, resulting in
the formation of a continuous cluster beam. The cluster flux is rela-
tively low, with a broad size distribution. For this reason, this type
of sources is better suited to produce large clusters, with a size up to
1× 104 atoms [20].

3. Sputter sources. Here, the collision of highly energetic, heavy inert
gas atoms with the target metal surface generates small, singly ionised
clusters [5]. This leads to the formation of a continuous beam of na-
noclusters with a kinetic energy Ekin ≥ 10 eV.

4. Liquid-metal ion sources. In these systems, a high voltage is applied
to a needle which has been previously spread with a liquid droplet of
the target metal. This creates a spray of droplets, which subsequently
cools down by evaporation and splits into smaller clusters. This design
is generally indicated for low–boiling point metals and leads to the
generation of multiply ionised clusters.

5. Laser evaporation sources. These systems can produce both positively
and negatively charged metal clusters of up to several hundreds of
atoms [9–11]. Differently from the previously described techniques,
this method generates a pulsed cluster beam. A focussed pulsed laser
beam ablates a metal target, thus producing a hot ion plasma, which
is dragged off by a flux of inert gas molecules. The adiabatic expansion
of the latter through a nozzle results in a cooling of the gas and creates
the supersaturation conditions required for cluster nucleation.

The cluster source we are currently setting up in the Surface Science
Laboratory will make use of a high frequency (120 Hz) laser source to ablate
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a rotating metal target. Besides its superior mass selectivity, such a system
will enable the production of clusters of materials that usually cannot be
thermally evaporated. In Fig. 8.2 and 8.3 a diagram and an AUTOCAD
drawing of the experimental setup are shown.

Figure 8.2: Schematic overview of the experimental design of the cluster source
currently under construction at the Surface Science Laboratory.

The machine can be schematically divided into the following parts, ac-
cording to their function: (1) the source chamber where clusters are gener-
ated; (2) the RF octupole chamber where the cluster beam is collimated and
a preliminary rough mass selection is performed; (3) the bending chamber
where the neutral, positive, and negative clusters are separated from each
other; (4) the high resolution quadrupole mass spectrometer, where the par-
ticles are selected according to their mass–to–charge ratio; (5) the deposition
chamber, where the clusters are soft–landed onto a substrate; and (7) the
control electronics and data acquisition systems.

8.1.1 Cluster nucleation and growth

Cluster generation starts when the second–harmonic pulse of a high-power
Nd:YAG laser (an Innolas Spitlight laser with a fundamental wavelength
of 1064 nm and a repetition rate of 120 Hz, see Fig. 8.4) impinges onto a
focussed spot on the metal target disk (45 mm in diameter; an example is
shown in Fig. 8.6 (b)).

In the particular design chosen for our cluster source –the same as the one
implemented by Heiz and coworkers at the TUM–, the laser beam reaches
the target from the opposite side of the system (i.e. from the bender stage);
in this way, both the cluster and the laser beam travel along the same path,
but in opposite directions. This setup allows reducing cluster losses caused
by particle deposition on the walls; in addition, the absence of a separate
laser channel reduces the He leakage rate from the source assembly.
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Figure 8.3: AUTOCAD drawing of the size–selected nanocluster source currently
under construction at the Surface Science Laboratory.

Figure 8.4: The high power Innolas Spitlight laser source which will be used to
generate 532 nm wavelength pulses to ablate the metal target in our nanocluster
source.

The physical principles of laser ablation sources have been described
in detail in a series of works [9, 21–23]. Basically, the interaction of the
laser pulse with the target generates a hot ion plasma that expands into a
reaction channel (Fig. 8.5). These atoms collide with each other forming
highly energetic aggregates that are subsequently stabilised upon collision
with a third body, in this case buffer gas molecules. To this purpose, a
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Figure 8.5: Schematic cross section of the first stage of the size–selected cluster,
corresponding to the source chamber, where the clusters are formed by laser ablation
and undergo an adiabatic supersonic beam expansion.

high–pressure (between 3 and 10 bar) He jet1 is released into the source
chamber in such a way to induce a supersonic beam expansion and cool the
clusters. The He inlet is regulated by a pulsed piezoelectric valve (described
in the following), whose trigger is synchronised with that of the laser2: in
this way, every time a laser pulse is emitted, a He jet is released immediately
afterwards, in order to ensure a maximum He pressure in correspondence of
plasma formation.

To ensure the optimum operation of a laser vaporisation source, three
key technical aspects should be generally taken care of: (a) the motion of
the target during laser ablation, in order to prevent the beam from burning
holes and grooves into the target, which would not only lead to a premature
sample wear-out, but would also affect the cluster beam stability; (b) the
geometry of the source cavity and expansion zone, which determine the
cluster distribution, temperature and flux; (c) the pulsed inert gas assembly
and the tightness of the source, in order to get reproducible He pulses and
thus ensure more stable cluster beams.

In order to satisfy the first requirement, the target metal disk is inte-
grated in a motor-driven hypocycloidal gear assembly (Fig. 8.6 (a)), ex-
ploiting a solution first introduced by Gangopadhyay and Lisy [24]. In this
design, the target disk is glued on an inner gear of 50 mm in diameter, which
rotates at a speed of 10 Hz inside an outer gear screwed on a stainless steel
disk, which also serves as the ground plate. In this way, the laser pulses will
hit the target off-axis, drawing a hypocycloid on the surface (as visible from
Fig. 8.6 (b)), which will cover more than 90% of the target area. This solu-
tion maximises the usable surface of the target, thus extending the sample

1Alternatively, also other noble gases like Ar can be used.
2The laser and the piezo trigger are not actually synchronous, but are shifted by a

delay time of about 10 ms.
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lifetime and ensuring a better stability of the cluster current over time. The
sample holder is pressed against the ground plate by a spring mechanism,
with a sealing teflon ring in between.

Figure 8.6: (a) Source head, including the motorised rotating gear assembly and
the pulsed piezoelectric valve. (b) Detail of an Au metal target disk used at the
TUM, where the hypocycloidal pattern burnt by the laser beam is clearly visible.

Besides the rotating gear assembly, the other main components of the
cluster cavity are the pulsed piezoelectric valve, the expansion nozzle block,
and the skimmer. In this design, the processes of cluster formation and
cluster thermalisation are physically separated.

The piezoelectric valve (Fig. 8.7 (a)-(c)) consists of a plunger screw with a
viton gasket on the top covering the hole which opens and closes the valve, so
that the He flux is alternatively let in or blocked. The screw presses against
a piezoelectric ceramic element glued on a stainless steel disc (Fig. 8.7 (d)
to which a bias voltage is applied (the higher is the voltage, the wider the
valve opens).

In our specific case, the ceramic element was fixed to the metal disk using
a two–component conductive epoxy glue, which has a curing time of about
one day at room temperature. A thin kapton wire carrying the bias voltage
generated by the power supply was subsequently soldered on the upper side
of the ceramic disk. At the moment, the piezoelectric valve assembly has
been successfully tested as a standalone unit in air, by applying a maximum
voltage of 200 V; the next step will be testing the valve under a He flux and
in UHV conditions.

The nozzle block consists of the reaction channel and the expansion
nozzle (2 mm in diameter) (Fig. 8.8). The skimmer (Fig. 8.9), which puts
into communication the source cavity, where the supersonic expansion takes
place, with the subsequent stages of the cluster source, consists of a stainless
steel cone terminating in a tiny orifice (5 mm in diameter). The pressure
difference between the chambers of the source is maintained by a differential
pumping system (described in more detail in sec. 8.3). The skimmer cone
skims the expanding beam, collecting only a collimated portion of the latter
with a narrow kinetic energy distribution.
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Figure 8.7: AUTOCAD drawing (a), photo (b) and mounting scheme (c) of the
piezoelectric valve which regulates the He inlet into the chamber. Inset (d) shows
the piezoelectric ceramic disc (glued on a stainless steel support) to which a high
voltage is applied during machine operation.

Figure 8.8: Cross sectional view of the supersonic expansion zone of the cluster
source. The nozzle is clearly visible in the middle.

In our system, an improvement to the original design due to Heiz’s group
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has been introduced by using a whole cylindrical support (with no slits on
the sides, as in the original design) which can slide on an internal teflon
hose and can be fixed in the desired position by means of three tiny screws.
This scheme guarantees a tighter seal and, at the same time, a greater ease
of adjustment for the skimmer position (see Fig. 8.9 (b)). The tip of the
skimmer should be typically positioned between 10 to 20 mm distance from
the nozzle, in such a way to collect a large enough section of the ion beam
(which comes out of the nozzle with a certain angular spread) while keeping
the He pressure at the entrance of the skimmer sufficiently low.

Figure 8.9: (a) AUTOCAD drawing and (b) photo of the skimmer, which collects
and skims the beam coming out of the expansion nozzle. The improved skimmer
assembly developed by our group is also visible in the picture.

Homogeneous nucleation theory has traditionally been used to provide
a theoretical description of cluster formation. The cooling–off of the laser–
ablated ion plasma following its adiabatic expansion through the nozzle
creates the supersaturation conditions required for nucleation. The parti-
cles in vapour phase subsequently grow in size by addition of new atoms to
the seed clusters. The interaction between colliding atoms and seed clus-
ters can be described as a two–body collision; a third body (the He gas,
in this case) is needed to release the excess condensation energy. Since the
latent heat of condensation provides enough energy to re–evaporate the al-
ready condensed material, an equilibrium between growth and breakdown
is eventually established.

8.1.2 Cluster guidance

The cluster beam guidance includes all the elements that guide and focus
the ion beam after the supersonic expansion stage (Fig. 8.10).

It basically consists of a series of optical lenses and an octupole which col-
limate the beam and transport it to the bender stage (described in sec. 8.15)
by applying suitable electrostatic potentials.
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Figure 8.10: Perspective view of the end stage of the supersonic expansion zone
and the first section of the octupole stage.

Ion optics

The ion optics are designed to guide the clusters through the differentially
pumped vacuum system. They focus the cluster beam and reduce possible
current losses caused by collisions with the chamber walls.

The electrical field to which the cluster beam is subjected is cylindrically
symmetric about the z axis, since the field E(x, y, z) only depends on z and

on the distance r =
√
x2 + y2 from the z axis.

An einzellens (or zoom-lens) (Fig. 8.11 (b)) is a three-element electro-
static lens in which the first and the third electrode are grounded (or, more
generally, biased to the same potential), while the central one is held at
an appropriate voltage in such a way to focus the particle beam. In this
particular configuration, the outcoming focussed electrons have the same
kinetic energy as the incoming electrons at the entrance lens. The radially
symmetric electric field E(r, z) in the gap between two plates changes the
velocity of the particles by the amount:

∆v =

∫ zf

zi

dz′
qE(r, z′)

m0v

where z is the symmetry axis, zi and zf are the plates’ positions (along the
z axis), m0 is the rest mass and q the charge of the cluster. As a result, the
particles are focussed on the z axis.

A pinhole is a single electrode designed to collimate the cluster beam;
it is generally placed after an einzellens in order to collect the ions and
collimate them on the axis.

The octupole (Fig. 8.12), which serves as an ion guide, consists of eight
stainless steel rods of the same diameter which are mounted in an equidistant
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Figure 8.11: (a) Technical drawing of a generic electrostatic lens and (b) photo of
an einzellens.

Figure 8.12: (a) Schematic cross-sectional view of the octupole ion guide inside
the cluster source; (b) photo of the octupole we assembled and installed in our
cluster source.

circular arrangement. To a first approximation, if the octupole diameter is
much smaller than its length, the device can be modelled as eight infinitely
long rods.

The octupole ion guide is driven by a superimposed DC and RF voltage.
The RF voltage in our case will be generated by an Kenwood TS140 radio
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transceiver (Fig. 8.13) connected to both the metal collars of the octupole.

Figure 8.13: The Kenwood TS140 radio transceiver (with its power supply under-
neath) that will be used to generate the RF signal to be applied to the octupole.

In order to increase the RF signal and modulate it by an independent
DC voltage, both potentials will be applied to the ion guide via an inter-
posed homemade amplifier-transformer circuit, i.e. an LC resonator (or
transducer) which basically converts a low voltage into a high one. The fre-
quency of the applied voltage will be tuned via the radio transceiver in such
a way to match the resonance frequency of the entire octupole–amplifier
circuit system. In all the nanocluster sources at the TUM, where also our
radio transceiver has been preliminarily tested, the resonance frequency is
typically about 20 MHz. In the design implemented by the group of Heiz,
the transducer basically consists of a transformer coil around a magnetic
ferrite and a series of inductances and capacitors. The periodic energy ex-
changes between the elements in the transducer result into an alternating
high current and high voltage. The resonance frequency f0 is given by:

f0 =
1

2π
√
LC

where L and C represent the total inductance and capacitance of the
coupled octupole-transducer system.

Making the assumptions that the electrical field in the RF device changes
only slightly with the charged particle position, and that the RF field is
is high enough to keep the oscillating amplitude small, the time-dependent
potential inside the octupole can be approximated by a DC pseudo–potential
(adiabatic approximation [25]) given by:

Vpseudo =
n2qV 2

0 r
6
0

4mω2r8
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where V0 is the voltage amplitude, r0 is the radial displacement of the
clusters, r is the octupole radius, and ω is given by 2πν, with ν the RF
frequency. This equation contains the relevant parameters to determine the
stability conditions for a given ion trajectory, and to define a mass range for
the particles which are transmitted through the octupole [26].

Basically, in order to ensure a high enough ion current at the exit of
the octupole, it is essential to find suitable parameter settings (besides the
transceiver RF frequency, also the capacitance and inductance of the ele-
ments in the transducer) to bring the octupole-transducer system as close
to resonance conditions as possible. This does not only ensure a higher
ion throughput, but also prevents power dissipations inside the LC ampli-
fier, which would cause the electronic components to overheat and possibly
melt.

8.2 Charge separation and mass selection

In the final stage of the cluster source, the positively charged clusters are sep-
arated from the neutral and negatively charged ones, in such a way to enable
the final mass selection on the basis of the mass-to-charge ratio (m/z), which
is performed by a high resolution quadrupole mass spectrometer (QMS).

8.2.1 Bender

The clusters leaving the octupole section enter the bending chamber, shown
in Fig. 8.14. The main elements of this stage are the zoom lens, the electro-
static bending quadrupole, and the exit lens.

Although, in principle, several designs can be used as mass, velocity, or
energy filters to handle ion beams, pure magnetic systems, for example, are
not suited for low velocity cluster beams –as it is the case in a conventional
cluster source–. On the other hand, an electrostatic quadrupole deflector
combines ease of operation, high selectivity, and good transmission. The
bending quadrupole (Fig. 8.15) consists of four quarter cylindrical electrodes,
alternatively polarised with positive and negative static voltages (±U). The
electrodes are parallel to the z axis and perpendicular to the cluster beam.
The bender separates the charged clusters from the neutral ones, allowing
the neutral particles (which can be highly energetic) to propagate along
a straight line parallel to the laser path, while the ions with the selected
polarity are deflected towards the quadrupole mass spectrometer, where the
final mass selection takes place.

Zeman and coworkers [27, 28] proved that, in the case of a perfect hy-
perbolic field and of an infinitely thin beam propagating along the z axis,
particles with charge e and kinetic energy Ekin = eU are exactly deviated
by 90◦ in opposite directions, depending on the sign of their charge.

We can approximate a hyperbolic field using cylindrical electrodes, pro-
vided the rod radius, r, and the distance from the center of the bender to
the nearest point of any rod, r0, satisfy the relation r = 1.15r0. For this
reason, the cylindrical electrodes in our design are tangential to an ideal
inscribed cylinder of radius 0.87 times the radius of the rods [29]. Trajec-
tory calculations, in addition, indicate that typical end effects present in

198



8.Setup of a size-selected nanocluster source

Figure 8.14: Cross sectional drawing of the end stage of the cluster source, where
the ion beam is deflected before the final mass selection. This stage includes the
zoom lens, the electrostatic bender and the exit lens (not visible from this perspec-
tive).

real systems can be minimised if the length of the rods is at least five times
the rod separation.

Since the beam divergence is mostly determined by initial effects, each
ion entering the bender at a specific point is deflected onto a different trajec-
tory. As a consequence, the beam loses its cylindrical symmetry and has to
be refocussed afterwards [28,30]. This beam deflection is actually exploited
as a first mass selection tool.

In our setup, the design of the bender assembly has been partly re-
designed to allow for a higher flexibility and more freedom to rotate the
electrodes (see Fig. 8.15). In order to ensure that the electrostatic lenses
at the entrance and exit of the bender are aligned with the axis of the
corresponding flange, we have introduced some home–made teflon centring
devices, which keep the lenses on the axis during their installation.

8.2.2 The quadrupole mass spectrometer

The quadrupole mass spectrometer, which will collect the particles coming
out of the exit lens of the bender stage, will serve as the actual mass filter,
enabling only particles with the desired mass-to-charge (m/z) ratio to pass.
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Figure 8.15: (a) Photo and (b) mounting scheme of the bender assembly.

In a typical QMS, the potential on the rods is the superposition of a DC
potential U and an RF potential V cos(ωt) [31].

To better understand the working principles of a QMS, it is instructive
to consider the Mathieau diagram of the stable ion trajectories (shown in
Fig. 8.16), which are solutions of the Mathieau’s equations [32]. Each closed

Figure 8.16: Mathieu stability diagram for ions with an m/z ratio of 28, 69, and
219. Two scan lines are shown, (a dotted and a solid one), corresponding to different
values of ∆m/m (the mass resolution).

curve corresponds to a specific ion mass and is associated with a stable
combination of the DC and RF field parameters. The resolution slope is
the slope of the scan lines shown in Fig. 8.16, which is directly related to
the mass resolution ∆m/m: the larger the slope, the higher the resolution.
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However, pushing the resolution to its upper limit results in a significant
signal loss and, consequently, in a reduced ion yield. During mass acquisi-
tion, the amplitude of U and V is scanned along the line. When the mass
spectrometer operates in constant ∆m mode (the standard operation mode,
in which only one mass at a time is selected), the larger the selected mass
m is, the higher the resolution (∆m/m) needs to be. Therefore a higher
resolution is required when passing from a smaller to a larger mass; in the
small mass range, by contrast, the peaks are better separated and a lower
resolution is sufficient. When instead working at fixed resolution (∆m/m),
in order to resolve the signal produced by larger masses, one has to increase
the resolution.

In summary, as long as the ion distance from the central axis is smaller
than r (the QMS radius), the ion will not touch the rods and will be guided
through the quadrupole. The alternation of a positive and negative RF
potential on the rods is used to direct the ion on the axis of the instrument.

8.3 The differential pumping system

In order to overcome a pressure difference of more than 10 orders of mag-
nitudes between the expansion zone of the cluster source and the bender
stage, a differential pumping system will be used.

The first stage (source chamber) will be pumped by an Alcatel Roots
pump backed by a roughing rotary pump; with this combination a pressure
of the order of 1× 10−5 mbar can be reached in the source cavity. Dur-
ing operation, however, when the laser is switched on and the He flux is
injected through the piezoelectric valve, we expect the pressure to rise up
to 1× 10−2÷1× 10−1 mbar. The second stage (octupole chamber), will be
pumped by a Pfeiffer turbomolecular pump backed by a membrane pump.
The base pressure should be 1× 10−7 mbar, which will approximately in-
crease to 1× 10−3÷1× 10−4 mbar during cluster formation. Finally, the
third stage (bender section), which can be separated from the octupole
chamber by a vacuum–proof manual gate valve, will be pumped by a smaller
turbomolecular pump backed by a membrane pump. The base pressure in
this stage will be of the order of 1× 10−8÷1× 10−7 mbar, while it should
normally increase to nearly 1× 10−5 mbar during operation.

8.4 The laser source. Technical challenges and so-
lutions

As already illustrated in sec. 8.1.1, our cluster source will make use of the
second harmonic of a high–frequency pulsed Nd:YAG laser to ablate the
metal target. This source delivers highly energetic pulses of about 140 mJ
with a repetition rate of 120 Hz, so that the overall emitted power is nearly
17 W. This type of laser uses Nd:YAG rods to produce infrared laser light
at a wavelength of 1064 nm. The radiation is then converted into its second
harmonic (with a wavelength of 532 nm) via a harmonic generating assembly
(HGA) containing a non–linear KDP crystal, which acts as a frequency dou-
bler. The optical oscillator, which essentially consists of an optical resonator
and a non–linear crystal, converts the input laser wave (called ‘pump’) into
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two lower frequency waves and, by linearly recombining the three signals,
amplifies the incoming wave. This device is pumped by a single Xe-filled
flashlamp driven by a high-efficiency electronic power supply. In general,
the use of flashlamps (which have been replaced by diodes in more advanced
laser setups) is typically accompanied by the release of a significant thermal
load. A regular exchange of demineralised water with an external cooling
circuit maintains the temperature of the electronic components within a
controlled level. Inside the cooling unit, the internal water circuit exchanges
heat with an external circuit, which should be supplied with tap water at
a temperature of 15 ◦C (18 ◦C as an upper limit). Unfortunately, the wa-
ter in the cooling circuit of our laboratory has an average temperature of
about 22 ◦C, which does not allow using the laser (an interlock automatically
turns off the laser head if the components are overheating). A key prelimi-
nary problem we therefore had to solve was cooling the inlet water for the
laser cooling unit. Based on our estimates, the thermal load that should
be removed from the laser under operating conditions -or more precisely
from its cooling unit- , is about 7 kW. Several solutions to this problem
have been considered and, in the end, we have decided to install an external
KKT water-to-air chiller which pre–cools to 15 ◦C the water before admit-
ting it into the laser cooler, and releases the excess heat in the atmosphere.
Before setting the laser source into operation, some additional work has been
needed to install the chiller -in particular to realise the electrical connection-
and to setup the software interface needed to control the laser switching and
its operative settings from remote. The use of the high–power laser source
in combination with the external water–to–air chiller has successfully solved
the previous overheating problems and enabled us to commission the laser.

8.5 Outlook and future plans

At the moment there are a series of works that need to be completed before
commissioning the size–selected cluster source (a recent picture is shown in
Fig. 8.17) and starting the production of the first metal clusters. The main
targets of our laboratory for the near future are the following:

• Completing the setup of the pumping system, in particular for the
first stage. At present, the pumping systems of both the second and
third stage of the cluster source at the Surface Science Laboratory have
been separately tested and commissioned. The pumping system of the
first stage, instead, is still being assembled at the moment; before its
commissioning, more work will be required to (i) design and fabricate
a suitable supporting frame for the Roots pump; (ii) install the pump
and connect it to the source chamber by means of a bellow and a gate
air valve; (iii) connect the Roots pump to the prepumping stage (the
rotary roughing pump); (iv) create an external water cooling circuit
for the Roots pump; (v) connect the latter to the roughing rotary
pump (which has already been commissioned) and test both of them
in combination.

• Testing the pulsed piezoelectric valve in vacuum (so far it has only been
tested in air) under a high–pressure He flow, in order to reproduce the
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Figure 8.17: Recent picture of the cluster source currently under construction at
the Surface Science Laboratory. The latest work advancements and targets for the
near future are described in the text.

real operating conditions and check for possible leaks or malfunctions
in the assembly.

• Building an LC transducer to be used in connection with the octupole
ion guide. An accurate calibration procedure will then be required to
identify the optimum values of the electrical components (condensers
and inductances) that maximise the ion current transmission through
the octupole. At the same time, the frequency of the RF field gener-
ated by the radio transceiver will have to be tuned in such a way to
match the resonance frequency of the entire octupole-amplifier-circuit
system and thus optimise the ion transmittance.

• Purchasing and installing a high mass resolution quadrupole mass
spectrometer. This device should have a resolution of at least 12 000
a.m.u. ( possibly 16 000). For 3d transition metals like Ru and Rh,
with an atomic mass of about 100 a.m.u., a QMS with a resolution of
12 000 a.m.u. would enable selecting particles formed by up to 120
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atoms (which means clusters in the size range of about 1 nm). In order
to mount the QMS, an appropriate supporting frame will have to be
designed and assembled. This part of the experimental system will be
equipped with a separate pumping stage.

• Starting the first laser ablation experiments, using relatively cheap
target materials (e.g. a Ni target with 98% purity grade), in order to
find a suitable laser alignment and check the correct synchronisation
of the piezoelectric valve with the laser trigger.

• Identifying suitable potential settings for each optical guide element
(octupole, lenses, pinholes), as well as for the cylindrical electrodes in
the bender stage. This process, which may require up to several weeks
of work, will be carried out in steps by measuring the ion current
(which is still unselected before the bender stage) after each section of
the source and adjusting the electrostatic potentials of the electrodes
and optical elements accordingly. The non–linear effects arising from
the superposition of the electrostatic and alternating fields generated
by each element, as well as the interaction of the charged particles
with the total field, in fact, do not allow to analytically predict the
ion trajectories and develop a general algorithm for the automatic
optimisation of the potentials applied to each electrode.
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[11] M.A. Röttgen, K. Judai, J.-M. Antonietti, U. Heiz, S. Rauschenbach,
and K. Kern. Conical octopole ion guide: Design, focusing, and its ap-
plication to the deposition of low energetic clusters. Rev. Sci. Instrum.,
77:013302, 2006.

[12] U. Heiz, F. Vanolli, L. Trento, and W.-D. Schneider. Chemical reac-
tivity of size-selected supported clusters: An experimental setup. Rev.
Sci. Instrum., 68:1986, 1997.

[13] U. Heiz, A. Sanchez, S. Abbet, and W.-D. Schneider. Catalytic oxi-
dation of carbon monoxide on monodispersed platinum clusters: each
atom counts. J. Am. Chem. Soc., 121:3214, 1999.
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Onur Menteş for their support in the experiments at the Nanospectroscopy
beam line and for the time spent together discussing the data. All the results
I have achieved during my PhD would have never been possible without the
experience and generous support of these four scientists.

In addition, I would like to acknowledge the contribution of Dario Alfè
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