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Resumé

La réalisation de structures hybrides à base de graphène, dans lesquelles le graphène est associé à d’autres
matériaux, constitue une piste prometteuse pour l’étude de nombreux phénomènes. En particulier, il
est possible de cette façon d’induire des propriétés dans le graphène via des effets de proximité. Ici,
le système cible que nous avons considéré consiste en une plateforme de graphène quasi-flottant, au
caractère supraconducteur induit, et qui est placée à proximité d’impuretés magnétiques. A la lecture
d’articles théoriques parus récemment, il semble qu’un tel échantillon pourrait présenter des états de
Yu-Shiba-Rusinov (YSR) non conventionnels.

Bien que le système cible n’ait pas encore été fabriqué, les trois ingrédients nécessaires à sa réalisation
(graphène quasi-flottant, caractère supraconducteur induit et proximité à des impuretés magnétiques) ont
été abordés, et ce à l’aide d’outils de la science des surfaces.

Comme cela a pu être démontré précédemment, le graphène peut être rendu supraconducteur lorsqu’il
est crû directement sur un matériau supraconducteur tel que le rhénium. Des aspects structuraux liés au
graphène crû sur Re(0001) ont été explorés. En particulier, nous avons montré qu’augmenter le nombre
de cycles de recuit contribue positivement à la croissance de domaines de graphène étendus et de bonne
qualité. La structure d’un carbure de surface du rhénium, habituellement mal comprise, a également fait
l’objet d’une étude.

De plus, nous avons examiné un défaut présent dans le graphène crû sur des métaux interagissant
fortement, tels que le Re(0001) et le Ru(0001). Dans la structure ondulée à l’échelle nanométrique du
graphène, ce défaut apparaît sous la forme d’une dépression. Sa présence a été attribuée à des défauts
d’empilement se trouvant soit dans le graphène, soit dans le substrat métallique.

En prenant le graphène supraconducteur crû sur Re(0001) comme point de départ pour la fabrication
de notre système cible, nous avons recouvré le caractère quasi-flottant du graphène (perdu à cause de sa
forte interaction avec le substrat de rhénium) via l’intercalation d’une sub-monocouche ou de quelques
couches d’atomes d’or. La présence d’une forte densité de défauts, observée dans le graphène sur Re(0001)
intercalé à l’or, a été attribuée au processus d’intercalation lui-même. Par ailleurs, nous avons démontré
que le caractère supraconducteur du graphène, induit par le rhénium, n’est pas affecté par l’intercalation
d’or. A ce stade, deux des trois conditions prévues pour la réalisation du système cible étaient remplies.

A condition d’amener des impuretés magnétiques à proximité immédiate d’un tel échantillon, des
états de YSR étendus sur plusieurs nanomètres devraient être observables. Des résultats préliminaires
impliquant deux composés magnétiques de type verdazyl ont été présentés. L’un de ces deux composés
fut déposé sur un système modèle : le Cu(111). Avant de considérer l’usage du graphène quasi-flottant et
supraconducteur comme substrat-hôte de ces composés magnétiques, des études complémentaires sur des
systèmes modèles sont nécessaires. Et pour cause, nous n’avons pas encore réussi à résoudre la structure
exacte des assemblées moléculaires observées sur la surface de Cu(111) ; la stabilité thermique de ces
composés a été mise en cause.
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Abstract

The realization of graphene-based hybrid structures, where graphene is associated with other materials,
offers a promising avenue for testing a variety of phenomena. In particular, one can induce properties in
graphene by proximity effects. Here, the targeted graphene-based system consists of a quasi free-standing
graphene platform with induced superconducting character and in close vicinity to magnetic impurities.
According to recent theoretical articles, such a sample could exhibit unconventional Yu-Shiba-Rusinov
(YSR) states.

Although the targeted graphene-based system was not fabricated yet, we have addressed, with the
help of surface science tools, all three ingredients required for its realization (quasi-free standing graphene,
induced superconducting character and proximity to magnetic impurities).

As previously demonstrated, graphene can be rendered superconducting by growing it directly on top
of a superconducting material such as rhenium. Structural aspects related to graphene grown on Re(0001)
were investigated. In particular, we showed that increasing the number of annealing cycles positively
contributes to growing high-quality extended graphene domains. The structure of a surface rhenium
carbide, which constitutes a usually ill-characterized object, was studied as well.

Additionnally, a defect appearing as a depression in the nanorippled structure of graphene on strongly
interacting metals such as Re(0001) and Ru(0001) was investigated and ascribed to stacking faults either
in graphene or in the metal substrate.

Using superconducting graphene grown on Re(0001) as a starting point for the fabrication of the
targeted graphene-based system, we recovered the quasi free-standing character of graphene (lost due
to its strong interaction with the rhenium substrate) via intercalation of sub-monolayer to few layers of
gold atoms. A high density of defects observed in gold-intercalated graphene on Re(0001) was attributed
to the intercalation process itself. Besides, we demonstrated that the rhenium-induced superconducting
character in graphene was not affected by gold intercalation. At this point, two of the three requirements
for realizing the targeted graphene-based system were fulfilled.

Provided that we bring magnetic impurities in close proximity to such a sample, few-nanometers
extended YSR states could be observed. Preliminary results involving two original magnetic verdazyl
compounds were presented, one of which was deposited on a model system, namely Cu(111). Before turning
to quasi-free standing superconducting graphene as a hosting material for these magnetic compounds,
further investigations on model systems are needed. Indeed, we could not resolve the precise structure of
the molecular assemblies covering the Cu(111) surface yet, and the thermal stability of the compounds
was discussed.
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Introduction

Graphene, an atomically thin layer of carbon atoms arranged in a honeycomb lattice, has been under
the spotlight for over 15 years now, and keeps revealing its peculiar properties. The initial interest for
graphene was motivated by two of its unique features: its two-dimensional character and its electronic
properties. The latter derive from its peculiar band structure, which can be described in an analogy with
relativistic massless particles.

In parallel to the investigation of the properties of isolated (pristine) graphene, numerous works have
been devoted to the examination of graphene-based hybrid structures, where graphene is associated with
other materials. Such structures can consist, for instance, in layered heterostructures where graphene is
supported on a stack of different materials or sandwiched between different materials. They can also rely
on the deposition of atoms or molecules on top of graphene. The use of such hybrid structures allows
to tune the properties of the whole system. In particular, one can induce properties in graphene via
proximity effects (e.g. the superconducting proximity effect).

The work presented in this thesis was carried out in the context of an ongoing collaboration between
two laboratories located in Grenoble, CEA/IRIG (Claude Chapelier) and CNRS/Institut Néel (Johann
Coraux), and is the continuation of the PhD works of Charlène Tonnoir [1] and Alexandre Artaud
[2]. Within this collaboration, the focus of research has progressively shifted from relatively simple
graphene-based systems to more complex structures.

When supported on a metal, graphene’s interaction with its substrate can have a large impact on
graphene’s properties. Although there is a continuum of possibilities from low to strong interaction
between graphene and its metal substrate, two (extreme) cases of graphene-substrate binding are usually
acknowledged, associated with so-called weakly and strongly interacting substrates.

The influence of the substrate, and the differences observed with respect to isolated graphene will be
presented in Chapter I, followed by the description of the structural, electronic and vibrational properties
of intercalated graphene. Intercalation of thin films between graphene and its metal substrate will be
presented as a way to (partly) recover the properties of isolated graphene, and as a way to tune its
properties. Although it is a widely used technique, there are still aspects related to intercalation that
remain unclear: What are the spurious effects of intercalation? In particular, are defects created upon
intercalation and in which amounts? Do proximity effects stemming from the initial hosting material
survive graphene intercalation? Tuning graphene’s properties in hybrid systems will be covered as well
by considering functionalization from on top via deposition of adatoms and molecules. At the end of
Chapter I, the targeted graphene-based system and the motivation for realizing such a system will be
presented: it consists of a quasi free-standing graphene platform with induced superconducting character
and in close vicinity to magnetic impurities. It was previously shown that growing graphene on Re(0001)
results in induced superconductivity in graphene [3]. This method has therefore been used for the works
presented in this thesis.

Shifting from relatively simple graphene-based systems (graphene grown on Re(0001) [3]) to more
complex ones consisting of intercalated graphene, on the one hand, and with molecules deposited on top,
on the other hand, has required a significant effort. In particular, molecular depositions on surfaces had
never been carried out before in the ultra-high vacuum system used for this PhD work.

An introduction to the experimental techniques and numerical tools used in this thesis will be given
in Chapter II. The working principle of scanning tunneling microscopy and spectroscopy (STM/STS),

5



reflection high energy electron diffraction (RHEED), angle-resolved photoemission spectroscopy (ARPES)
and Raman spectroscopy will be presented. The two numerical methods that supported the works
presented in this thesis will be introduced as well, namely density functional theory (DFT) and bond-order
potential (BOP) simulations.

The first two chapters presenting experimental results (Chapters III and IV) will be mainly focused
on structural aspects related to graphene grown on Re(0001). In Chapter III we address the following
questions: What is the influence of the number of annealing cycles when growing graphene on Re(0001)?
In particular, how are the quality of graphene and the size of graphene domains affected by it? Can we
provide structural models for rhenium surface carbide?

In Chapters III and IV the structure of a surface rhenium carbide and a certain type of defect have
been investigated. What is the nature of the latter? There is an obvious motivation for eliminating these
objects in the prospect of growing high-quality graphene, but these objects could actually also display
exciting properties. They are nonetheless detrimental in view of realizing the targeted graphene-based
system.

To be more specific, Chapter III will present a study of the structure of graphene and a surface carbide
grown on Re(0001), completed by means of RHEED and STM. Three atomic models proposed for the
surface carbide phase will contribute to the description of a usually ill-characterized structure and a
semi-quantitative RHEED analysis will demonstrate the positive influence of the number of annealing
cycles for growing high-quality extended graphene domains.

In Chapter IV, we investigated a defect in graphene’s structure that has been repeatedly observed on
metal surfaces such as Re(0001) and Ru(0001), and which appears as a depression in the nanorippled
topography of graphene. The nature of this defect was studied by means of STM/STS, BOP simulations
and DFT calculations, and was attributed to stacking faults either in graphene or in the metal substrate.

Now turning to the actual fabrication of the targeted graphene-based system, we present in Chapter V
an extensive study of graphene on Re(0001) intercalated with sub-monolayer to few-layers of a weakly
interacting metal, namely gold. Our data consistently show that graphene recovers a quasi free-standing
character upon gold intercalation. We also demonstrate that a high density of defects is created during
the process of intercalation, an issue often overlooked in works relying on intercalated graphene. Finally,
we establish that the rhenium-induced superconducting properties of graphene are not altered by gold
intercalation. As a result, two of the three requirements for realizing the targeted graphene-based system
are fulfilled: graphene is quasi free-standing and superconducting.

Chapter VI presents preliminary results obtained with two original magnetic molecules which were
never investigated on surfaces before. With these molecules, we wish to address several questions: Can
we induce magnetic properties in graphene? How strong is the interaction with the substrate? What is
the contribution of intermolecular interactions? Finally, in the light of recent theoretical articles [4, 5],
what behaviour can we expect when depositing these molecules on superconducting graphene? Their
sublimation temperature in vacuum and ultra-high vacuum environments was studied. Although we did
not deposit these compounds on quasi-free standing superconducting graphene yet, we present preliminary
results obtained on a model system, namely the (111) surface of copper. The precise structure of the
molecular assemblies observed with STM could not be determined and requires further investigations.
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I. Isolated graphene, graphene on metals and functionalization

Abstract

In this Chapter, we present the structural, electronic and vibrational properties of isolated graphene. In
particular, we discuss the influence of doping, defects and strain on the Raman signature of graphene. After
briefly introducing graphene growth on metals in UHV conditions, we present the structural and electronic
modifications of graphene supported on different metallic substrates with respect to isolated graphene.
An overview of graphite and graphene intercalation compounds is given, followed by the description of the
structural, electronic and vibrational properties of intercalated graphene. Functionalization of graphene
from below (with use of intercalants) and using adatoms and molecules deposited on top are reviewed. At
the end of the Chapter, the targeted graphene-based system is presented.

1 Isolated graphene

1.a Crystallographic structure

The hexagonal (honeycomb) lattice of graphene consists in a triangular Bravais lattice with two atoms (A
and B) per unit cell. The term sublattice is usually used to refer to the triangular A and B lattices which
constitute the Bravais lattice of graphene. The unit cell of graphene’s lattice is defined by the vectors
(a1,a2). When expressed in the (ex,ey) basis, these vectors write as:

a1 = a
√

3 (
√

3
2 ,

1
2), a2 = a

√
3 (

√
3

2 ,
−1
2 ) (I.1)

where a = 1.42 Å is the interatomic distance. The lattice parameter of graphene, denoted as agr, is
related to the interatomic distance through agr = a

√
3.

The first Brillouin zone of graphene is hexagonal (Figure I.1, right). The reciprocal lattice vectors
(b1,b2) satisfy the relationship ai · bj = 2πδij, where δij is the Kronecker delta. (b1,b2) given in the
(kx,ky) basis write as:

b1 = 4π

3
1
a

(1
2 ,

−
√

3
2 ), b2 = 4π

3
1
a

(1
2 ,

√
3

2 ) (I.2)

The highest-symmetry points of graphene (Γ, K, K’ and M) are represented in Figure I.1. K and K’
are non-equivalent consecutive corners of the first Brillouin zone. As we will show in Section 1.c, the
low-energy physics of graphene occurs at K and K’. Their coordinates (in the (kx,ky) basis) are given
hereafter:

K = (2π

3a
,

2π

3
√

3a
), K′ = (2π

3a
, − 2π

3
√

3a
) (I.3)
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Figure I.1: Crystallographic structure of graphene. Left: Direct lattice of graphene, made of two triangular sublattices
with A- and B-type atoms. The unit cell (dashed lines) in direct space is defined by the vectors a1 and a2. Right: Reciprocal
lattice of graphene. The first Brillouin zone of graphene and the reciprocal unit cell (dashed lines) defined by the vectors b1
and b2 are shown. The highest-symmetry points (Γ, K, K’ and M) are indicated. Figure reproduced and adapted from
Ref. [6].
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I.1. Isolated graphene

1.b Electronic structure

We remind the electronic configuration of an isolated carbon atom: 1s22s22p2. The two 1s electrons are
core electrons. They are bound to the nucleus and do not play any role in the electronic properties of
graphene. The 2s and 2p electrons (four electrons, in total) are valence electrons and their atomic orbitals
undergo what is called an sp2 hybridization: 2s, 2px and 2py orbitals hybridize and give rise to three sp2

orbitals. These sp2 orbitals are linear combinations of 2s, 2px and 2py orbitals and are contained in the
xy plane (Figure I.2, top part).

sp2 orbitals strongly overlap between neighbouring carbon atoms and give rise to molecular orbitals,
called bonding σ and anti-bonding σ∗ orbitals. These orbitals are associated to covalent bonds which are
responsible for the in-plane mechanical strength of graphene.

The remaining fourth electron of each carbon atom, which belongs to the unchanged 2pz orbital, is
oriented along the z axis (axis orthogonal to the crystal plane). The small overlap of 2pz orbitals between
carbon atoms results in the formation of π and π∗ molecular orbitals, of energies close to the Fermi energy.
These orbitals are associated with the formation of delocalized bonds, which play a major role in the
electronic properties of graphene.

+

2pz

sp2

sp2

sp2
+

2px

2py

2pz 2pz

sp2

sp2

sp2

2pz

sp2

sp2

sp2

π

σ

2s

Figure I.2: sp2 hybridization and formation of σ and π bonds in graphene. Top: The 2s, 2px and 2py orbitals
of carbon hybridize and give rise to three sp2 orbitals, contained in the xy plane. The unchanged 2pz orbital is oriented
along the z axis. Bottom: sp2 orbitals of neighbouring carbon atoms strongly overlap and form σ bonds. 2pz orbitals of
neighbouring carbon atoms slightly overlap and give rise to π bonds.

1.c Band structure

As recalled in the previous subsection, graphene has eight energy bands to fill (six σ/σ∗ and two π/π∗).
For pristine graphene, only the bottom four bands (the bonding bands) are filled since there are four
valence electrons available.

The electronic band structure of graphene can be derived using the tight-binding model. This approach
consists in considering only the most important orbitals for the study and is valid only when the overlap
between neighbouring orbitals is low, i.e. when we can “attach” an electron to a specific atom. Here, the
low-energy π and π∗ orbitals are the ones which play the most important role in the electronic properties
of graphene. The overlap between neighbouring atoms is small, hence the tight binding model can be
applied and gives a satisfying description of the system.
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I. Isolated graphene, graphene on metals and functionalization

The Hilbert basis of the system is defined as: {|φ(r − Ri)⟩}∞
i=1, where r is the position of the electron

of the 2pz orbital and Ri is the position of the atom at site i. The i,j component of the Hamiltonian of
the system, which describes the interaction between the sites i and j, is defined as follows:

Hij = ⟨φ(r − Ri)|H|φ(r − Rj)⟩ =
∫

dr φ∗(r − Ri) H φ(r − Rj), (I.4)

Using the first nearest-neighbour approximation, the i,j component of the Hamiltonian rewrites as:

Hij =
{

−t if i,j are first nearest-neighbours

0 otherwise
(I.5)

where −t is the hopping amplitude between first nearest-neighbours (t ≃ 2.7 eV), i.e.:

− t = (
∫

drφ∗(r − Ri) H φ(r − Rj))i,j first nearest-neighbours (I.6)

The total Hamiltonian of the system is computed applying the Bloch theorem for each sublattice A
and B.

H =
( • •

• ϵ• −t − t exp(ik · a1) − t exp(ik · a2)
• −t − t exp(−ik · a1) − t exp(−ik · a2))) ϵ•

)
(I.7)

The blue and red bullets illustrate the basis used to express the total Hamiltonian, which consists
in Bloch waves associated to sublattices A and B. ϵ• and ϵ• are the onsite interaction energies of the
sublattices A and B, respectively. These energies are equal since the atoms of the two sublattices are of
the same nature (they are C atoms). The reference in energy is fixed so that ϵ• = ϵ• = 0.

The other two components of this Hamiltonian can easily be understood with the following reasoning.
Let us consider the atom A (blue) which belongs to the unit cell depicted in Figure I.1. It has three first
nearest-neighbour atoms, which are all type-B atoms (red). One of these atoms is part of the same unit
cell as the atom A (atom immediately on its right). Therefore, it only brings a “−t” term to the associated
Hamiltonian component. The other two first nearest-neighbour atoms belong to two distinct unit cells,
which both differ from the (main) unit cell of the atom A. The bottom left atom B brings a “−t” term,
multiplied by a phase term. This phase term is related to the vector that relates the main unit cell to
the unit cell of the bottom left atom B, i.e. −a1. Therefore, the term brought by this second neighbour
writes as −t exp(−ik · (−a1)) = −t exp(ik · a1). By applying the same reasoning to the top left B atom,
we find that the associated term is −t exp(ik · a2). Overall, H•• = −t − t exp(ik · a1) − t exp(ik · a2). The
total Hamiltonian rewrites as:

H =
(

0 f(k)
f∗(k) 0

)
where f(k) = −t(1 + exp(ik · a1) + exp(ik · a2)). (I.8)

The eigenvalues of this Hamiltonian satisfy: E(k⃗)2 − |f(k⃗)|2 = (E(k⃗) − |f(k⃗)|)(E(k⃗) + |f(k⃗)|), i.e.
E(k⃗) = ±|f(k⃗)|. They write more explicitly under the following form:

E±(kx, ky) = ±t

√
3 + 2 cos(

√
3kya) + 4 cos(

√
3kya

2 ) cos(
√

3kxa

2 ) (I.9)

The + and − signs refer to the bands lying, respectively, above and below the Fermi level. In other
words, they refer to the anti-bonding π∗ and bonding π bands, respectively.

In the absence of doping, the anti-bonding π∗ band, which constitues the valence band (represented in
blue in Figure I.3, left) and the bonding π band, which corresponds to the conduction band of graphene
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I.1. Isolated graphene

(in orange) touch exactly at the Fermi energy at the K and K’ points. For this reason, graphene is often
said to be a zero band gap semiconductor. The dispersion relation E(k) of graphene is linear around the K
and K’ points (Figure I.3, right). In the energy range where the linear dispersion is a good approximation,
a Dirac Hamiltonian can in fact be used to describe the properties of the electrons. Consequently, the K
and K’ points are called the Dirac points and the linear behaviour of the energy for small wave vectors
is referred to as the Dirac cones. In this linear regime, charge carriers in graphene behave as chiral
massless quasi-particles whose velocity is the Fermi velocity vF. This Fermi velocity is approximately
300 times less than the speed of light. This description helps explaining many of the peculiar prop-
erties of graphene. The description of some of these properties will be addressed in the following subsection.
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Figure I.3: Band structure of graphene derived from the tight-binding model in the first nearest-neighbour
approximation. Left: The π (blue) and π∗ (orange) bands of graphene touch at the Fermi energy at the K and K’ points.
The K and K’ points lay at the corners of the first Brillouin zone of graphene. Right: Linear dispersion around the K (and
K’) points for small wave vectors.

1.d Electronic transport properties

Ever since the works of Geim and Novoselov, which were published from 2005 [7] and awarded with
the Nobel Prize in Physics in 2010, graphene has revealed unique thermal, mechanical and electronic
properties (the latter having spurred the initial interest devoted to graphene).

Fascinating electronic transport properties have been addressed in graphene when sufficiently high
quality samples could be prepared, in which mesoscopic ballistic transport occurs. Ballistic transport (as
opposed to diffusive transport) refers to the electronic conduction regime where charge carriers move in
quasi-classical straight trajectories, only limited by the borders of the sample. In the ballistic regime, the
mean free path of electrons is such that electrons do not experience collisions in the channel length L of
the considered device (where L varies between the nanometer and the micron). At low temperature, the
ballistic mean free path of electrons in graphene heterostructures can reach up to 15 µm [8], whereas it
reaches “only” 10 to 100 nm in doped silicon.

Graphene also holds the record of the highest intrinsic mobility at room temperature: it amounts to
15 000 cm2.V−1.s−1 [9], versus 1 400 cm2.V−1.s−1 for silicon, and can go as high as 106 cm2.V−1.s−1 at low
temperature [10]. In fact, it was shown that at a technologically relevant carrier density of 1 · 1012 cm−2,
the intrinsic mobility of graphene at room termperature could reach 2 · 105 cm2.V−1.s−1 [11]. We remind
that the mobility characterizes the aptitude of charge carriers to be displaced under an electric field.

Other remarkable electronic phenomena were observed in graphene, such as the abnormal integer
quantum Hall effect (abnormal IQHE) and Klein tunneling. The abnormal IQHE, also known as the
half-integer quantum Hall effect, is a relativistic analogue of the IQHE [7, 12]. We remind the reader
that the IQHE relies on the quantization of the energy of charged particles in a uniform magnetic field,
in so-called Landau levels. In graphene, the abnormal IQHE shows up as an uninterrupted ladder of
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I. Isolated graphene, graphene on metals and functionalization

equidistant steps in the Hall conductivity σxy, shifted by one-half with respect to the standard IQHE
sequence, so that σxy = 4 e2

h (N + 1
2 ) where N is the index of the Landau level. The abnormal behaviour

observed in graphene is related to subtle properties of massless Dirac fermions, in particular to the
existence of both electron-like and hole-like Landau states at exactly zero energy [7].

As for Klein tunneling - predicted in high-energy physics and experimentally observed for the first
time in graphene - it corresponds to the unimpeded penetration of charge carriers through high and wide
potential barriers. In particular, in n-p-n and p-n-p junctions, the transmission is 1 for angles close to the
normal incidence. This phenomenon is related to the peculiar (relativistic) nature of charge carriers in
graphene [13, 14]. Although the conical electronic band structure of graphene is important, the relativistic
nature of charge carriers in graphene is rather related to the honeycomb structure, and more precisely to
the relative contributions of the sublattices A and B. The electronic band structure of graphene actually
results from the intersection of two branches originating from sublattices A and B. For this reason, an
electron with energy E propagating in the positive direction and a hole with energy −E propagating in
the opposite direction lie on the same branch. The interconnection of electrons and holes constitutes
the crucial element for Klein tunneling. In condensed matter, electrons and holes are usually described
by separate Schrödinger equations. In graphene, the description of charge carriers is made by using
two-component wavefunctions. In an analogy with relativistic particles, a so-called pseudospin is defined,
in relation to the sublattices A and B. In the absence of pseudospin-flip processes (such processes are
rare as they require a short-range potential, which would act differently on A and B sublattices), an
electron moving to the right which comes across a potential barrier can only be scattered to a right-moving
electron state or to a left-moving hole state. If the barrier is such that graphene is for instance, n-doped,
then p-doped, then n-doped again, the incoming electron will be scattered to a hole and then back to an
electron with transmission 1.

1.e Raman signature of graphene

Raman spectroscopy is a non destructive technique which relies on the study of inelastically scattered
light. For the non-specialist reader, we recommend reading the brief presentation of the technique given
in Section 3 before proceeding to the present section.

As recalled in Section 1.a, graphene presents two atoms per unit cell. For this reason, it exhibits six
vibrational modes: three acoustic modes, ZA, TA and LA, and three optical modes ZO, TO and LO. The
letters Z, L and T refer to out-of-plane, longitudinal and transverse modes, respectively.

The dispersion relation of phonons in isolated graphene can be derived from DFT calculations [15].
The calculated dispersion relation is very close to the one observed experimentally using high resolution
electron energy loss spectroscopy (HREELS), as can be seen in Figure I.4.
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Figure I.4: Phonon dispersion and Raman signature of graphene. Left: Phonon dispersion of isolated graphene.
Black lines: phonon dispersion calculated with DFT. Green and blue circles: HREELS data of Refs. [16] and [17], respectively.
The red lines represent the Kohn anomalies. Figure adapted from Ref. [15]. Right: Raman spectra of pristine (top) and
defected (bottom) graphene. The main peaks are labelled. Figure adapted from Ref. [18].
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I.1. Isolated graphene

In Raman spectroscopy, graphene exhibits a specific signature and is hence easily identified. The most
prominent modes of isolated graphene give rise to intense peaks in Raman spectroscopy, the so-called G
and 2D bands (Figure I.4, top right).

The various Raman-active vibrational modes of graphene are sketched in Figure I.5.
The G band, observed around 1580 cm−1, is associated with a one-phonon first-order Raman process

which originates from Γ, the center of the first Brillouin zone of graphene. It involves LO and TO phonons.
The 2D band is related to a two-phonon second-order Raman process involving TO phonons at K and

K’. It is observed around 2660 cm−1. Two equivalent forms of the Raman process related to the 2D band
exist: the double resonance and the triple resonance. In direct space, the process at the origin of the 2D
band corresponds to the breathing mode of a six-atom carbon ring. In bilayer graphene, the 2D band
splits into four bands, reflecting the evolution of the band structure [19].
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Figure I.5: Raman processes in graphene. Left: One-phonon first-order G band process. Center: Two-phonon
second-order 2D band processes: the double resonance (top), and the triple resonance (bottom). Right: One-phonon
second-order doubly resonant process for the D band (intervalley process) (top) and for the D’ band (intravalley process)
(bottom). For one-phonon second-order transitions, one of the two scattering events is an elastic scattering event. Resonance
points are shown as open circles near the K and K’ points. Figure reproduced and adapted from Ref. [22].

In a material with metallic behaviour, an abrupt change in the screening of a lattice vibration associated
with a specific wavenumber by conduction electrons gives rise to an anomalous behavior in the phonon
dispersion, known as a Kohn anomaly. The Kohn anomalies of the phonon dispersion of isolated graphene,
appearing as kinks in the phonon dispersion of the LO mode at Γ and of the TO mode at K (Figure I.4,
left), are intimately related to the dispersion of the π bands around the high-symmetry point K. In fact,
the slope of these branches (LO mode at Γ and TO mode at K, also referred to as the highest optical
branch) provides a direct measurement of the electron-phonon coupling between these modes and the π

bands [20]. This coupling is responsible for the strong signals observed in Raman spectroscopy. The effect
of graphene’s substrate on the Kohn anomalies of graphene has been investigated in Ref. [15]. Strongly
interacting metallic substrates are responsible for the vanishing of the Kohn anomalies in graphene, which
results in the absence of the characteristic graphene bands in Raman spectroscopy.

Other modes can be observed in the presence of structural disorder (Figure I.4, bottom right). In
particular, the D band, which stems from a one-phonon second-order doubly resonant scattering process
in the presence of defects, appears around 1330 cm−1. It involves the same phonons as the 2D band, i.e.
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TO phonons at K and K’. An elastic scattering event, due to the presence of a defect, replaces one of the
two phononic inelastic scattering events. Similarly to the D band, the D’ band (which is significantly less
intense than the D band) originates from a one-phonon second-order doubly resonant Raman process in
the presence of defects. It involves LO phonons around Γ and is observed around 1620 cm−1. While the
D band process is an intervalley scattering process, the D’ band process is an intravalley process i.e. it
connects two points belonging to same Dirac cone at K or K’. The overtone of the D’ band is called the 2D’
band, and similarly to the 2D band does not require a defect for its activation. Another defect-activated
(weak) feature corresponding to the combination of the D and D’ modes, and known as the D+D’ peak,
is observed at about 3000 cm−1. Finally, the band observed in defected samples at about 2450 cm−1

is assigned to a combination of the D mode with a phonon mode belonging to the LA branch (seen at
≃ 1100 cm−1 when measured with visible light) and called the D" mode. It is therefore referred to as the
D+D" mode.

The D mode, its overtone, and the combination modes involving it are strongly dispersive with the
excitation (laser) energy due to the Kohn anomaly at K and the resonant scattering mechanism at the
origin of such peaks [20, 21]. In fact, the D peak dispersion can be used as a way to probe the Kohn
anomaly i.e. as a way to measure the electron-phonon coupling. By contrast, the G peak is insensitive to
the excitation energy.

Influence of defects

The effect of structural disorder on the Raman spectrum of graphene has been extensively studied
[23, 24, 25, 21]. In particular, the G, 2D and D band widths increase as the density of defects increases,
i.e. as the inter-defect distance LD decreases [25]. Such broadening is associated with the defect-induced
shortening of the Raman phonon lifetimes.

Besides, it was shown that the D to G intensity ratio, ID/IG, has a non-monotonic dependence with LD:
it increases with increasing LD, reaches a maximum at LD = 3-4 nm, and then decreases for LD > 3-4 nm
(Figure I.6, left). Lucchese et al. proposed a phenomenological model to account for such behaviour, which
they attribute to competing mechanisms contributing to the Raman D band [24]. The authors defined
two length scales, denoted by rA and rS, with rA > rS. Within the area defined by the shorter radius rS,
structural disorder occurs and the concerned region is called the structurally-disordered region or S-region.
For distances larger than rS but shorter than rA, which define the so-called activated-region or A-region,
the structure of the graphene lattice is preserved but the close-by defect causes an enhancement of the
D band. S-regions contribute less to the D band than A-regions, as the graphene lattice is damaged in
the former regions. The LD dependence of the ID/IG ratio can be understood from the evolution, with
increasing defect density, of the fraction areas corresponding to S- and A-regions. Indeed, for low defect
density (large LD), the area contributing to the D band scattering process is proportional to the number
of defects. As the defect density increases, the A-regions start to overlap and eventually saturate, hence
the D band intensity reaches a maximum. As the defect density further increases, the S-regions dominate
and the D band intensity decreases. The phenomenological model proposed by Lucchese et al. writes as:

ID

IG
(LD) = CAfA(LD) + CSfS(LD) (I.10)

where fA and fS are the fractions of the A- and S-regions, respectively, and CA and CS are the parameters
of the model. The phenomenological model developed by Lucchese et al. was implemented using stochastic
simulations. Although it can be generalized to any source of point defects, the measurements presented
in Ref. [24] were performed on graphene subjected to Ar+ ion bombardment. For this reason, the
simulations used to track the evolution of a graphene sheet under an increasing defect density considered
ion bombardment as the source of defects, where the impact positions of Ar+ ions followed a random
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sequence. Snapshots of the evolution of the graphene sheet for different defect concentrations are shown
in Figure I.6 (right).

1011 Ar+/cm 2

1013 Ar+/cm 2 1014 Ar+/cm 2

1012 Ar+/cm 2

Figure I.6: LD dependence of the ID/IG ratio. Left: ID/IG as a function of LD, measured on graphene subjected to
Ar+ ion bombardment (black circles), and phenomenological model (solid line). Inset: Definition of the activated A- (green)
and structurally-disordered S- (red) regions. Right: Snapshots of (a portion of) the graphene simulation cell, showing the
structural evolution of the graphene sheet for different defect concentrations. Figure adapted from Ref. [24].

Finally, the D’ band intensity and width increase as the inter-defect distance decreases. Actually, when
LD reaches ≃ 2 nm or less, the G and D’ bands become hardly discernable from one another (the D’ band
appears at the right shoulder of the G band) [24]. For this reason, the position of the G band can be
slighty overestimated. Other than this, the positions of graphene bands are not altered by the presence of
defects.

Influence of doping

The effect of doping on the Raman spectrum of graphene has been thoroughly investigated [26, 27, 28, 29,
30, 31]. It was shown to mainly influence the G band. In doped graphene, the Fermi energy shift induced
doping has two major effects, which differently affect the position of the G band. Firstly, it changes
the equilibrium lattice parameter with a consequent stiffening/softening of the phonons. This effect was
extensively studied in the case of graphite intercalation compounds: electron doping (n-doping) results in
an expansion of the crystal lattice, while hole doping (p-doping) results in a contraction of the crystal
lattice [32]. Consequently, n-doping is responsible for a downshift of the G band while p-doping results in
an upshift. Secondly, various (dynamical) effects beyond the adiabatic Born-Oppenheimer approximation
modify the phonon dispersion close to the Kohn anomalies of graphene [26, 27, 29, 30]. The latter effects
result in the removal of the Kohn anomaly at Γ, which causes a G band wavenumber increase with the
doping level, regardless of the type of doping. Overall, for low doping levels (< 3·1013cm−2), both n- and
p-doping result in an upshift of the G peak [27, 29], while for high doping levels (> 3·1013cm−2), the
n-doped case reverses [26] (Figure I.7, top left).

As for the 2D band, its position increases for hole doping, and decreases for high electron doping
[29] (Figure I.7, top left). Besides, the 2D band intensity exhibits a strong dependence with the doping
level [29, 30], which was assigned in Ref. [30] to a combination of electron-phonon and electron-electron
scattering. The 2D band intensity, normalized with the G band intensity, is shown as a function of the
electron concentration in Figure I.7 (bottom left).
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Influence of strain

Finally, strain also influences the Raman signature of graphene [18]. In the case of uniaxial tensile strain,
it was shown that the G band splits into two bands called G− and G+, one polarized along the strain,
the other perpendicular to it [33, 34]. Such splitting occurs due to the crystal symmetry breaking. The
splitting increases and the G− and G+ band wavenumbers decrease linearly as the uniaxial tensile strain
increases (Figure I.7, top right). The 2D and 2D’ band wavenumbers decrease linearly as well but do not
split for small strains (Figure I.7, top right). It is important to note that the linear shifts measured for
G−, G+ and 2D modes are different in Refs. [33] and [34] (the shift of the 2D’ mode is not reported in
Ref. [33]). Still, the 2D peak position is found to be the most sensitive to uniaxial tensile strain: it shifts
by -21 cm−1 per percent of strain in Ref. [33] and -64 cm−1 per percent of strain in Ref. [34]. Indeed,
uniaxial strain moves the relative positions of the Dirac cones, hence it has a significant influence on the
position of the 2D mode, which originates from an intervalley (double/triple) resonance process.

In the case of biaxial (i.e isotropic) strain, no G-peak splitting occurs (the crystal symmetry is
preserved). For tensile biaxial strain, the D, G, 2D and 2D’ bands shift to lower wavenumbers [35, 36],
while they shift to higher wavenumbers for compressive biaxial strain [35] (Figure I.7, bottom right).
Linear fits to the data (under compressive and tensile biaxial strain) indicate that, similarly to the case of
uniaxial strain, the 2D band position is the most sensitive to biaxial strain [35, 36].
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Figure I.7: Effect of doping and strain on the Raman spectrum of graphene. Left: (Top) Positions of the G and
2D bands as a function of the electron concentration, adapted from Ref. [29]. The red solid line is the calculated non-adiabatic
trend reported in Ref. [26]. (Bottom) I2D/IG as a function of the electron concentration, adapted from Ref. [29]. Right:
(Top) Positions of the G−, G+ and 2D bands as a function of the applied uniaxial (tensile) strain ϵ, adapted from Ref. [34].
The solid lines are linear fits to the data. (Bottom) Positions of the D, G, 2D and 2D’ modes as a function of the applied
biaxial strain ϵ, adapted from Ref. [35]. The solid lines are linear fits to the data.

2 Graphene on metals

2.a Graphene growth on metals

Graphene growth on metals has been known for decades, with first reports dating back to the 60s
addressing the pollution of catalyst surfaces by graphene or thin graphite films. Since then the viewpoint
has changed, as metal substrates are well-suited to the growth of high-quality large-area graphene in
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well-chosen conditions, for instance in UHV (we refer the reader to a few recent specialized reviews that
address growth on these substrates [37, 38, 39]). In addition, the metal may be used as both a substrate
and a material hosting properties that could influence those of graphene, via a proximity effect.

Graphene growth in UHV consists in exposing a clean metallic surface to a carbon-containing species
at sufficiently high temperature. Different growth mechanisms have been identified: after the cracking
of the carbon precursor species, carbon atoms can either remain on the surface of the metal as it is the
case for low carbon solubility metals like Ir, Cu, Pt and Au, dissolve inside the metal bulk such as with
high carbon solubility metals like Ru, Re, Rh and Ni or form surface carbides [40], whose structure is
sometimes complex and ill-characterized.

The thermally activated decomposition of the carbon precursor onto the metal, followed by the carbon
adatoms diffusion on the metal surface and the formation of graphene is referred to as surface growth via
chemical vapour deposition (CVD). In metals like Ru, Re, Rh and Ni, the high solubility of carbon in the
temperature ranges of interest (≃ 700 K) [41] is such that carbon atoms preferentially dissolve into the
metal bulk. Surface segregation upon cool down of carbon atoms stored inside the bulk metal can result
in the formation of graphene [42].

One CVD approach consists in growing graphene on Cu foils, using quartz tubes as growth chambers.
This method, which takes advantage of the etching nature of hydrogen, has allowed growing large-area
high-quality graphene sheets with temperature- and pressure-controlled introduction of a mixture of
methane and hydrogen [43].

Graphene growth on single-crystal Re(0001) and the competing formation of a surface carbide have
been investigated in Refs. [44, 45] and will be discussed in further details in Chapter III. Rhenium is a
substrate of choice in view of inducing superconductivity in graphene via the proximity effect [3], and
superconductivity is a crucial ingredient for realizing the targeted graphene-based system which will be
presented at the end of this Chapter. For this reason, in the following sections, we will illustrate as much
as possible the introduced concepts with graphene on Re(0001).

2.b Moiré superlattices

Nanorippling and relationship with atomic stacking

When supported on a metallic substrate, the lattice mismatch and/or the disorientation between graphene
and the substrate result in a periodic undulation of graphene on top of its substrate. This undulation
translates into a moiré superlattice, associated with a periodicity (the moiré superperiodicity) of the order
of the nanometer [46]. The moiré superlattice exhibits a hill-and-valley topography: hills correspond to
regions where the graphene-substrate distance is larger, and valleys refer to the graphene regions closest
to the substrate.

We briefly remind elementary geometrical features of the moiré pattern between graphene and its
metallic substrate (detailed descriptions can be found in focused reports [47, 48, 49, 50]). Disregarding
first the nanorippling of graphene, the relative in-plane stacking of C atoms on the metal lattice varies
from site to site in the moiré pattern. Three high-symmetry stacking types are usually considered, namely
fcc-hcp, where the two C sublattices of graphene each sit on different hollow binding sites (usually called
hcp and fcc) of the substrate, top-hcp and top-fcc, where one of the C sublattices sits directly atop a
metal atom and the other on a hollow site (hcp or fcc). At the location of the fcc-hcp stacking, i.e. the
location of a moiré hill, we only see through the graphene lattice the Re atoms of the topmost layer. At
the location of the top-hcp and top-fcc stackings (which are two inequivalent moiré valleys), respectively
no Re atom and the atoms from the second Re plane are seen through. Figure I.8 shows the converged
structure of graphene/Re(0001) calculated via DFT, assuming a coincidence of (8×8) graphene unit cells
on top of (7×7) Re(0001) unit cells. The fcc-hcp, top-hcp and top-fcc regions are indicated. For these
three kinds of stacking the interaction between graphene and the substrate is different as well [51, 44, 52],
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thus the graphene-metal distance is different: this is what drives the nanorippling of graphene.

fcc-hcp

top-hcp

top-fcc

Figure I.8: Varying atomic stacking within the moiré unit cell. Left: Top view of the converged structure of the
(7×8) graphene/Re(0001) system, adapted from Ref. [3]. Grey rhombi indicate the moiré unit cell. Right: Atomic stacking
in fcc-hcp, top-hcp and top-fcc regions, from top and side views.

The relative height of the hills and valleys depends on several factors. Especially, a stronger interaction
(we will later precise the nature of this interaction) between graphene and its substrate imposes lower
valleys. Two extreme cases of graphene-substrate binding are commonly acknowledged: weakly interacting
metallic substrates such as Ir(111) [53, 52], Pt(111) [54, 46, 55], Cu(111) [56], Al(111) [57], Ag(111) [58]
and Au(111) [59]; and strongly interacting metallic substrates such as Re(0001) [3, 60, 61], Ru(0001)
[51, 62, 63, 64], Rh(111) [65] and Ni(111) [66]. The latter category is characterized by a strong nanorippling
of the graphene sheet [3, 63, 64] and short graphene-substrate distances [65]. For instance, when graphene
is supported on Re(0001), graphene’s corrugation (taken as the maximum value of vertical separation
between C atoms) amounts to 1.70 Å. The average C-Re distance is ≃ 2.60 Å (taken as the vertical
separation between graphene and Re layers, whose heights are averaged over all atoms in the graphene
layer and in the Re layer, respectively). The minimum C-Re distance (at the location of moiré valleys) is
2.10 Å and the maximum C-Re distance (at the location of moiré hills) is 3.80 Å.

Contrary to strongly interacting substrates, weakly interacting metals are associated with a
smaller graphene nanorippling and larger graphene-substrate distances [52, 55]. For instance,
graphene corrugation for graphene supported on Ir(111) (Ref. [52]) amounts to ≃ 0.30 Å and the
average C-Ir distance is ≃ 3.40 Å. The minimum and maximum C-Ir distances are 3.30 Å and 3.60 Å,
respectively. The term “strong” and “weak” interaction will be further explained in the coming subsections.
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Figure I.9: Distribution of C 1s core-level binding energies and relationship with the nanorippling of graphene
grown on Re(0001). (a) C 1s core-level spectrum of graphene/Re(0001) (empty circles) together with the simulated
spectrum (solid blue line) and the calculated spectral distribution corresponding to the 200 C atoms that constitute the
simulation supercell. (b) Binding energy of non-equivalent C atoms as a function of the C-Re distance. The color scale
reflects the continuum in binding energies of the C 1s components. Figure adapted from Ref. [44]

The C 1s core-level spectrum of graphene/Re(0001), shown in Figure I.9(a), exhibits two main
components separated by ≃ 700 meV. The low binding energy component can be naively assigned to
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the weakly interacting regions (i.e. the moiré hills) while the higher binding energy component would
correspond to the strongly interacting regions (i.e. the moiré valleys). Actually, rather than a net
distinction between “weakly” and “strongly” interacting regions, the results reported in Ref. [44] point to
a continuous distribution of core level binding energies in the range [284.3,285.8] eV. The C 1s core-level
binding energies of the 200 C atoms present in the moiré unit cell were computed and the total C 1s

spectrum was calculated, in very good agreement with the experimental data. Moreover, Miniussi et al.
found a clear correlation between the binding energy and the C-Re distance (a smaller C-Re distance is
associated with a higher binding energy), as can be seen in Figure I.9(b).

Influence of the interfacial interaction

The structure of a graphene-substrate system is actually closely tied to its electronic properties. Gao et al.
investigated the influence of the interfacial interaction (charge transfer) on the moiré superstructures of
graphene on transition metal substrates [61]. More specifically, they studied the interplay between the
strain energy and the interfacial interaction for two model systems, namely graphene/Re(0001) (Re(0001)
is a “strongly” interacting metallic substrate) and graphene/Ir(111) (Ir(111) is a “weakly” interacting
metallic substrate), by means of DFT calculations. They established which of the two (the strain energy
or the interfacial interaction) dominates the moiré superstructure, i.e. determines the morphology and
stability of graphene. They showed that the strong interfacial interaction in graphene/Re(0001) causes
a deviation of C–C bond lengths with respect to free-standing graphene. This in turn introduces a
large strain in graphene which facilitates the interaction between graphene and the Re(0001) substrate.
Overall, the interfacial interaction dominates the moiré superstructure in the case of graphene/Re(0001).
This behaviour is in constrast with the strain-driven moiré superstructure of graphene on Ir(111). The
interaction between graphene and the metal substrate, considered as “strong” for graphene/Re(0001) and
“weak” for graphene/Ir(111) will be addressed in the following subsection.

2.c Hybridization between graphene π and metal d states
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Figure I.10: Hybridization between graphene and metal d states. (a,d) Interfacial charge-transfer distribution
between graphene and Re(0001) (a), and between graphene and Ir(111) (b). (b-f) Partial density of states (PDOS) for the C
atoms (2pz orbital), Re atoms (5dz2 orbital) and Ir atoms (5dz2 orbital) labelled in (a,d). Figure adapted from Ref. [61].
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Several works illustrated that the interfacial interaction between graphene and transition metal
substrates is closely related to the hybridization between the C π orbitals and the metal d orbitals,
especially between the C 2pz orbital and the metal dz2 orbital [67, 51, 68, 69, 70, 38]. In 2017, Gao et
al. confirmed it, by means of DFT calculations [61]. Figure I.10 shows the charge transfer distributions
between graphene and Re(0001) (Figure I.10(a)), and between graphene and Ir(111) (Figure I.10(d)). The
charger transfer intensities are strong in the valley region of graphene/Re(0001), which indicates a strong
interaction. On the contrary, they are rather weak in the hill region of graphene/Re(0001), and in both
valley and hill regions of graphene/Ir(111). The hybridization between the C 2pz orbital and the Re(0001)
dz2 orbital in the hill regions is reflected by the correspondence of the partial density of states curves
(peak positions) between the two orbitals (Figure I.10(b)). Such correspondence is not observed in the
valley region of graphene/Re(0001), and in both valley and hill regions of graphene/Ir(111), indicating
that hybridization did not occur there.

2.d Consequences on the electronic properties

Band gap opening

The chemical nature of the bonds established between graphene and its metallic substrate due to the
hybridization between graphene π and metal d states varies from one substrate to another. Strongly
interacting metallic substrates are associated with a tendency to form covalent bonds with graphene,
whereas the bonding between graphene and weakly interacting metallic substrates is of van der Waals-type
[65, 61]. For the former category, hybridization between the metal d states and the π band of graphene
results in a loss of graphene’s electronic linear dispersion [60], as is illustrated in Figure I.11.
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Figure I.11: Band gap opening in graphene on Re(0001). Left: Photoemission intensity plot along the Γ-K direction
of Re(0001). Right: Photoemission intensity plot along the Γ-K direction of graphene/Re(0001). The highest-symmetry
points Γ, KRe, MRe, KGr and MGr are indicated. Figure adapted from Ref. [60].

Figure I.11 shows ARPES data measured on a clean Re(0001) surface (Figure I.11, left) and on
graphene-covered Re(0001) (Figure I.11, right), along the Γ-K direction. The metal d states of Re
extend mainly from 2.5 eV below the Fermi level to the Fermi level (Figure I.11, left). Consequently, the
hybridization gap which opens where the metal d states and graphene π band intersect, lies close to the
Fermi level. For this reason, the Dirac cones of graphene are disrupted. The data shows the presence of
the π and σ electronic states of graphene. Rather than exhibiting a linear dispersion, the π band displays
a parabolic dispersion with a maximum at the K point 3.90 eV below the Fermi level: the hybridization
between the metal d states and graphene π band has opened a large band gap.
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Contrary to strongly interacting substrates, weakly interacting metals preserve the Dirac cones of
graphene. The reason is that the hybridization energies associated with the overlap of the metal d orbitals
with the π orbitals of graphene are much higher (in absolute values) than in the case of strongly interacting
metallic substrates [65, 61]. In other words, hybridization occurs in regions far from the Dirac point.

Charge transfer

We now introduce the phenomenological capacitor model proposed in Refs. [71, 69]. This very simple
model allows discussing the type (n-type or p-type doping) and amount of charge transfer in graphene
on weakly interacting metals. It relies, for some part, on the work function difference between graphene
and the metal substrate. Graphene and the metal substrate work functions, denoted by WG and WM

respectively, correspond to the energy required to extract an electron from the surface of the said material
and bring it to a vacuum state at rest. In other words, the higher the work function, the harder it is to
extract an electron, hence the more likely it is that the material is populated with electrons.

Naively, one would assume that graphene is doped with electrons when WG > WM, and doped with
holes when WG < WM. The crossover point from n-doping to p-doping would then lie at WM = WG. Yet,
this is not what is observed experimentally. Numerically, the crossover point (calculated by means of
DFT calculations) is found at WM − WG = 0.9 eV when the distance d between graphene and the metal
substrate is close to the equilibrium distance (i.e. d ≃ 3.3 Å for weakly interacting metallic substrates)
[71]. Interestingly, the crossover point reduces when the distance is increased (it reaches WM − WG ≃ 0 eV
when d equals 5 Å). In other words, the naive model holds only when there is no overlap between the
graphene and metal wavefunctions. Such a behaviour points to a contribution from the graphene-metal
chemical interaction.

The model proposed in Refs. [71, 69] is introduced hereafter. The work function of the graphene-
covered metal is given by W (d) = WM − ∆V (d), where ∆V is the interface voltage drop generated by the
graphene-metal interaction. ∆V translates the fact that graphene’s work function is renormalized when
graphene is supported on a metal, due to charge reordering. This voltage drop has two contributions, it
writes as ∆V = ∆Vtr(d) + ∆Vc(d), where ∆Vtr is the charge transfer contribution and ∆Vc is the chemical
interaction contribution.
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Figure I.12: Schematic illustration of the parameters used in modeling the interface dipole and potential step formation at
the graphene-metal interface. Figure adapted from Ref. [71].

The charge transfer contribution ∆Vtr stems from the spatial separation of positive and negative
charges. Graphene and the metal substrate are modeled as a plane capacitor, i.e. they are viewed as
charged electrodes creating a dipole electric field. This electric field results in a voltage drop Vtr at the
interface. ∆Vtr is positive when electrons are transferred from graphene to the metal, and negative when
they are transferred from the metal to graphene. This model introduces an effective distance zd, which
corresponds to the distance between the charge sheets on graphene and the metal (zd < d). This distance
is indicated in Figure I.12.

The chemical interaction contribution to the interface voltage drop, ∆Vc, does not depend on the
metal substrate but strongly depends on the graphene-metal distance. It is deduced from DFT results
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on Cu(111). At an equilibrium separation of 3.3 Å, ∆Vc ≃ 0.9 eV, and becomes negligible when the
graphene-metal distance is large.

The Fermi level shift, from which the amount of transferred charges can be deduced, is modeled as
∆EF(d) = W (d) − WG. The type (n-type or p-type) of the charge transfer between graphene and the
metal substrate depends on the sign of ∆EF. Three cases are possible:

• WM > WG + ∆V (case depicted in Figure I.12): the work function of the metal is so large that it
compensates the voltage drop at the interface, resulting in p-doped graphene.

• WG < WM < WG +∆V : the work function of the metal is larger than the work function of graphene,
yet not large enough to compensate the voltage drop at the interface, resulting in n-doped graphene.

• WM < WG < WG + ∆V : the work function of the metal is smaller than the work function of
graphene. n-doping is favoured by such configuration and is further favoured by the interface voltage
drop.

We remind the reader that this model only holds for graphene on weakly interacting metallic substrates.
In that case, graphene’s band structure still exhibits a linear dispersion and is mainly affected by the
charge transfer (rigid shift of the Dirac cones).

Superpotential effect

When graphene is supported on a weakly interacting metal substrate, the moiré superlattice imposes a
smooth periodic superpotential. As a result, the electronic band structure of graphene develops replicas
of Dirac cones and mini-bandgaps. These features were observed, for instance, in graphene/Ir(111)
[53, 72, 73, 74], graphene/h-BN [75] and twisted bilayer graphene [76].
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Figure I.13: (a) BZ of the Ir(111) surface and graphene lattices drawn to scale. The mini–Brillouin zone (mBZ) is indicated
around the K point of graphene. Open dots denote the vertices of Dirac cones replicated by moiré reciprocal vectors, Gm.
(b) Blowup of the mBZ. Central dot denotes the center of the primary Dirac cone, while 1–6 are replicas. (c) ARPES
experimental plane (shaded) along the Γ-K-M direction cuts the primary and replica cones (only partially shown). (c)
ARPES spectrum of graphene-covered Ir(111). The K points of iridium and graphene are marked as KIr and Kg, respectively.
Horizontal arrows denote the mini band-gaps in the primary Dirac cone. A visible replica band is labeled as R. Figure
adapted from Ref. [53].

Some of the results reported in Ref. [53] on graphene-covered Ir(111) are shown in Figure I.13. A
sketch of the Brillouin zones of graphene and Ir(111) is displayed in Figure I.13(a). GIr and Gg denote the
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I.3. Intercalation of thin films below graphene

reciprocal lattice vectors of the Ir surface and graphene, respectively. The moiré superpotential, associated
with the reciprocal vectors Gm = Gg - GIr is responsible for the replica bands centered at the points
labeled 1–6 in Figure I.13(b) and opens a bandgap in the Dirac cone along the mini-BZ (mBZ) boundary.
Experimentally, the ARPES plane along the Γ-K-M direction cuts the primary and replica cones and
gives rise to a hyperbolic band whose maximum is centered at the center of the mBZ (Figure I.13(c)).
This helps understanding the experimental ARPES spectrum given in Figure I.13(d): the primary cone
centered around Kg displays a faint additional band labeled R for replica band, and mini band-gaps
indicated with arrows.

3 Intercalation of thin films below graphene

Intercalation consists in the insertion of atomic or molecular layers, referred to as the intercalant, between
layers of a host material. This host material can be a layered material where all layers are made of the
same material, such as in the case of graphite or a heterostructure, where one or few layers of a material
are adsorbed on another material, such as in the case of graphene on metals.

In order to recover the intrinsic structural, electronic and vibrational properties of isolated graphene,
one method consists in intercalating a buffer layer in between graphene and its initial substrate. Before
turning to that discussion, we give an overview of graphite and graphene intercalation compounds.

3.a Intercalation compounds

Graphite intercalation compounds have been extensively studied for more than fifty years now [77, 78, 40].
Alkali metals (such as K, Rb, Cs and Li) used as intercalants have provided numerous graphite intercalation
compounds. They have been considered, from the very beginning, as prototype materials as they are
easily prepared and well known from a structural point of view [78, 40]. Nowadays, alkali metals are still
often used as intercalants for graphene on metals.

Several intercalation methods have been used throughout the years, including vapor-phase reactions,
liquid intercalation methods [79] and electrochemical reactions. Among these methods, the two-zone
vapour transport method (which consists in a vapor-phase reaction) has remained the most popular one for
intercalating graphite [78, 40]. As illustrated in Figure I.14, it consists in the following: graphite and the
intercalant are kept in a bulb, with some distance separating the two, and are heated to some temperature
Ti and Tg (>Ti), respectively. The intercalation rate is controlled by the temperature difference Tg − Ti

(the smaller the difference, the smaller the intercalation rate) and depends on the intercalant.

Tg Ti

graphite intercalant

Figure I.14: Schematic diagram of the two-zone vapour transport method where Tg and Ti indicate the temperatures of the
graphite and intercalant, respectively. Figure reproduced and adapted from Ref. [78].

Several interesting phenomena related to intercalation have been described. For instance, it was
shown that an unstable intercalant can be stabilized via intercalation. This is true for TlBr3-intercalated
graphite: in principle, TlBr3 must be kept in liquid TlBr3 and does not exist by itself, but stable graphite
intercalation compounds can be formed with TlBr3 [80].

Chemical reactions can also occur after intercalation is completed, below the intercalated material.
Soon after the fabrication of the first graphite intercalation compounds, it was shown that when graphite
is intercalated with FeCl3, FeCl3 can be reduced to FeCl2 using a stream of H2 at 650 K [81]. More
recently, it was shown that a graphene layer adsorbed on a metal can exhibit a strong confinement effect
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I. Isolated graphene, graphene on metals and functionalization

on the chemistry of the molecules underneath: the reaction of confined CO molecules, forming 1D rows
intercalated between graphene and Pt(111), with O2 molecules was visualized by means of low energy
electron microscopy [82]. It was shown that intercalated CO molecules remain trapped close to the
step-edges thanks to the C-Pt interaction in these locations, which acts as a barrier for outward diffusion
of CO. Under O2 atmosphere, wrinkles function as nanosized inlets for O2 to react with the trapped CO
molecules close to the step-edges (Figure I.15).

inle
t fo
r O

2 trapped 1D CO rows

O atom on Pt

Figure I.15: Schematic showing a reaction under the graphene cover with a wrinkle structure. The wrinkle
functions as a nanosized inlet/outlet for molecules such as O2. Pt and O atoms are represented as blue and red balls,
respectively. The graphene sheet is represented in yellow.

In relation with chemistry occuring under graphene cover, the terms “superefficient diffusion” (SED)
have been employed to describe the very efficient diffusion of certain intercalated atoms (such as Cs atoms)
below graphene and into the bulk of the metal substrate [83]. It was proposed in Ref. [83] that SED
could serve as a novel efficient source of Cs atoms. Indeed, after an exposure to the atmosphere, the
Cs-saturated metal substrate continued to emit Cs in UHV conditions.

Other potential applications of intercalation compounds include rechargeable batteries [84].

3.b Intercalation process

Regarding the microscopic origin of the intercalation process, we now focus on graphene intercalation
compounds only, as it will be the subject of Chapter V. Pre-existing defects such as point defects in
graphene [85, 86, 87, 88, 89] and graphene edges [89, 90, 91, 92] have been proposed to be potential
intercalation pathways. For instance, it was shown in Ref. [89] that Co intercalates between graphene
and Ir(111) at different pre-existing defect locations: while Co preferentially intercalates at the substrate
step-edges below certain rotational domains of graphene on Ir(111), it is mostly found close to wrinkles
below other domains.

Another mechanism, based on the material diffusion via metal-generated defects, followed by the
subsequent healing of the graphene lattice, has been suggested [93, 87]. This mechanism is illustrated in
Figure I.16 in the case of Pd intercalation of graphene grown on Ru(0001).

Pd atom

C atom

1 2 3 4

Figure I.16: Sketch of the intercalation process of a Pd atom. (1) The Pd atom rests on perfect graphene. (2) At
high temperature (800 K), the Pd atom bonds with carbon atoms and induces an atomic defect in graphene. (3) The Pd
atom passes through the defect and bonds with the substrate lattice (not drawn here). (4) The carbon atoms re-bond and
graphene heals itself. Figure adapted from Ref. [93].
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Finally, a Cu penetration path beneath graphene was proposed to occur via metal-aided defect
formation with no or poor self-healing of the graphene sheet for the Cu intercalation of graphene on
Ir(111) [94]. In other words, it was shown that Cu intercalation is harmful for graphene grown in Ir(111).
An intercalated island surrounded with non-intercalated graphene on Ir(111) is shown in Figure I.17(a).
Atomic defects are indicated with arrows. Close-up views centered on a carbon mono- and on a carbon
di-vacancy defect are shown in Figure I.17(b,d), respectively, alongside the corresponding ball-and-stick
models displayed in Figure I.17(c,e). Such atomic defects were not observed prior to Cu intercalation. To
rule out any interaction with foreign species naturally present in the preparation chamber (such as H2O,
H2, O2 or CO) as a possible origin of point defects formation, a pristine graphene/Ir(111) sample was
annealed for one hour at the temperature used for intercalating Cu (775 K). No such point defect was
observed afterwards, hence supporting a metal-aided defect formation occurring during Cu intercalation.

a
b c

d e

Figure I.17: Atomic defects formed upon Cu intercalation of graphene on Ir(111). (a) STM image of graphene
on Ir(111) intercalated with 0.2 ML of Cu. The central part of the image shows an intercalated island, while the rest of
the image exhibits non-intercalated graphene on Ir(111). Arrows point to atomic defects on both types of regions. (b,d)
Close-up views centered on a carbon mono- (b) and di-vacancy (d) defect. (c,e) Ball-and-stick models of a reconstructed
carbon mono- (c) and di-vacancy (e). Figure adapted from Ref. [94].

3.c Restoring the properties of isolated graphene via intercalation

Intercalation has been proven to decouple graphene from metal substrates, provided that the in-
tercalated species is weakly coupled to graphene. In particular, graphene is quasi free-standing in
the following systems: graphene/Ag/Re(0001) [60], graphene/Pb/Re(0001) [95], graphene/Au/Ni(111)
[107, 97, 98], graphene/Al/Ni(111) [99], graphene/Cu/Ni(111) [96, 98], graphene/Ag/Ni(111) [96,
98], graphene/Bi/Ni(111) [98], graphene/Au/SiC(0001) [100, 101, 233], graphene/Au/Ru(0001)
[102, 93], graphene/In/Ru(0001) [93], graphene/Pb/Ru(0001) [103], graphene/Au/Ir(111) [104],
graphene/Pb/Ir(111) [105] and graphene/Pb/Pt(111) [106].

The quasi free-standing character of intercalated graphene is visible in the flattening of graphene, in its
electronic band structure and in vibrational spectra: intercalation restores (at least partly) the structural,
electronic and vibrational properties of isolated graphene.

Structural properties of intercalated graphene

Figure I.18 shows STM images taken on graphene on Ru(0001) intercalated with Au and In films [93]
(Au and In are part of the weakly interacting metals). Intercalation was performed by depositing the
equivalent of one or few layers of Au or In on graphene-covered Ru(0001), followed by an annealing at
500 K. Figure I.18(b,c) demonstrates that the graphene lattice is undisturbed and extends continuously
across the intercalated and non-intercalated areas. Intercalated areas are flatter than non-intercalated
areas which present the typical moiré pattern of graphene on Ru(0001). In intercalated areas, the
honeycomb lattice of graphene is visible, as seen in atomic resolution images (Figure I.18(b,d)). In the
case of graphene on Ru(0001) intercalated with Au, a shallow moiré pattern is still visible in intercalated
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regions (Figure I.18(b)), indicating a residual (weak) graphene-Au interaction.

20 nm 2 nm

1 nm2 nm

Au

In

Figure I.18: Flattening of graphene on Ru(0001) via intercalation of Au and In films. Top: Structure of Au-
intercalated graphene on Ru(0001). (a) Scanning tunneling topograph of partially Au-intercalated graphene on Ru(0001). The
left part of the STM image corresponds to graphene/Ru(0001), while the right part corresponds to graphene/Au/Ru(0001).
(b) Atomic resolution image across an edge of Au-intercalated graphene. Graphene on top of the intercalated film exhibits the
typical honeycomb lattice of isolated graphene. Bottom: Structure of In-intercalated graphene on Ru(0001). (c) Scanning
tunneling topograph of partially In-intercalated graphene on Ru(0001). The left part of the STM image corresponds to
graphene/Ru(0001), while the right part corresponds to graphene/In/Ru(0001). (d) Atomic resolution image on In-intercalated
graphene. Figure adapted from [93].

Electronic properties of intercalated graphene

The electronic band structure of graphene supported on Re(0001) before and after the intercalation of one
monolayer of Ag was measured by means of ARPES [60] (Figure I.19). The intercalation of Ag (which is
a weakly interacting metal) reduces the graphene-Re interaction: the π state is shifted by about 1.60 eV
towards the Fermi level at the Γ point and recovers a linear dispersion in the proximity of the Fermi level.
The electron charge transfer from Ag to graphene shifts the Dirac point to an energy of 0.4 eV below the
Fermi level, allowing for the observation of the π∗ band.
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Figure I.19: Restoring graphene’s electronic properties via intercalation of a Ag layer. Left: Photoemission
intensity plot along the Γ-K direction of graphene/Re(0001). Right: Photoemission intensity plot along the Γ-K direction
of graphene/Ag/Re(0001). The highest-symmetry points Γ, KGr and MGr are indicated. Figure adapted from Ref. [60].
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A residual small (less than 0.5 eV) band gap is observed after Ag intercalation and is attributed to
hybridization between graphene and a Ag d state, indicating that graphene on the intercalated Ag layer is
still not completely decoupled, electronically speaking.

Actually, in several graphene intercalation compounds, the dispersion relation close to the Dirac point
was found to be strongly perturbed. In particular, a renormalization of the elctronic band structure was
observed in graphene/Au/Ni(111) [107] and graphene/Au/SiC(0001) [108], despite Au being a weakly
interacting metal. This renormalization appears in ARPES measurements as a kink in the slope of
graphene’s Dirac cone, as shown in Figure I.20.

In the case of graphene on Ni(111), intercalated Au forms a continuous layer and the kink in the
electronic band structure of graphene appears at -0.95 eV [107]. This kink was assigned to a substrate
effect. More specifically, it was ascribed to a residual interaction with the gold monolayer, but a clear
explanation is still pending. In the case of graphene on SiC(0001), gold intercalates in the form of
small aggregates, in between the top graphene layer and the buffer layer, and the kink was found to
appear at -0.33 eV [108] (Figure I.20). Similarly to the case of graphene/Au/Ni(111), the origin of the
(stronger) renormalization observed for graphene/Au/SiC(0001) remains an open question to our knowledge.

0.0

-0.2

-0.4

-0.6

-0.8

E
-E
F
(e
V
)

K K

ED ED

-0.33 eV

renormalization

0.0

-0.2

-0.4

-0.6

-0.8

E
-E
F
(e
V
)

kx (Å
-1) kx (Å

-1)

-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4

graphene/SiC(0001) graphene/Au/SiC(0001)

Figure I.20: Renormalization of graphene’s linear dispersion. Top: ARPES intensity measured around the Dirac
point for (left) graphene/SiC(0001) and (right) graphene/Au/SiC(0001). Bottom: A renormalization is observed around
-0.33 eV for graphene/Au/SiC(0001). Figure adapted from Ref. [108].

Vibrational properties of intercalated graphene

The phonon dispersion curve of graphene on Ni(111) intercalated with Au, measured by means of HREELS,
exhibits a stiffening of graphene’s phonon modes with respect to graphene on Ni(111) (i.e. a shift in the
energies of these modes towards higher energies) [109], as evident in Figure I.21(a). More specificially, we
observe a stiffening of the ZO, LO and LA modes. The phonon dispersion curve of intercalated graphene
is in turn closer to the one of isolated graphene or graphite.

Such a behaviour derives from the weakened graphene-substrate interaction by means of Au intercalation:
the hybridization between the C π and Ni d states is significantly reduced, hence we observe a reversal of
the energetic shift of graphene modes towards the positions observed for pristine graphene.

In Raman spectroscopy, hybridization between the d states of a strongly interacting metal
substrate such as Ni(111) and graphene π states results in the absence of the characteristic modes
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of graphene [15]. For this reason, the Raman spectrum of graphene-covered Ru(0001) is essentially
featureless (Figure I.21(b)). In particular, the characteristic G and 2D peaks of graphene are absent.
Decoupling graphene from Ni(111) by means of Pb intercalation restores graphene’s vibrational modes,
hence the G and 2D modes are visible (Figure I.21(b)). The defect-activated D mode is present
as well and is ascribed to graphene edges. The authors claim that it could be due to a Pb cover-
age of less than 1 ML. Similar observations were made on graphene on SiC(0001) intercalated with Au [101].
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Figure I.21: Stiffening of graphene’s phonon modes via intercalation and restoring of Raman modes. (a)
Dispersion curves of phonon vibrational modes in the ΓM direction for graphene/Ni(111) (open symbols) and graphene/Ni(111)
after deposition of 6 Å of Au and subsequent annealing at 670 K (closed symbols). (b) Raman spectra of graphene/Ru(0001)
before (red) and after (black) Pb intercalation. Figure adapted from [109, 101].

3.d Tuning graphene properties from below

Control of the doping level and bandgap

Beyond quenching the graphene-metal interaction, intercalation also offers a way to tune graphene’s
properties via, for instance, the control of the doping level. In particular, graphene is n-doped in the
following compounds: graphene/Ag/Re(0001) [60], graphene/Pb/Re(0001) [95], graphene/Al/Ni(111)
[99], graphene/Cu/Ni(111) [96, 98], graphene/Ag/Ni(111) [96, 98], graphene/Bi/Ni(111) [98],
graphene/Pb/Ir(111) [105] and graphene/Pb/Pt(111) [106]; and p-doped in graphene/Au/Ni(111)
[107, 97, 98], graphene/Au/Ru(0001) [102] and graphene/Au/Ir(111) [104].

Intercalation can also open bandgaps in graphene: hybridization between metal d and graphene π

states is much less with weakly interacting metals but can still occur, as it was shown for Ag-intercalated
graphene on Re(0001) [60]. Figure I.22 shows photoemission plots around the K point of graphene on
Ni(111) intercalated with 1 ML of Cu, Ag and Au [96]. Graphene intercalated with Cu and Ag is n-doped
(the Dirac point lies below the Fermi level) (Figure I.22(a,b)) and opens a bandgap of 180 meV and
320 meV, respectively (Figure I.22(d,e)). More precisely, the Dirac point is shifted by ∆EF = -310 meV in
graphene/Cu/Ni(111) and by ∆EF = -560 meV in graphene/Ag/Ni(111), where ∆EF is defined as the
difference between the Fermi energy and the middle of the gap. By contrast, Au intercalation results in
slightly p-doped graphene (∆EF = 100 ± 20 meV). The Dirac point (not seen in Figure I.22(c,f)) lies
above the Fermi level, where the π bands cross.
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I.3. Intercalation of thin films below graphene

To determine whether Au intercalation opens a bandgap, the authors of Ref. [96] deposited Gd atoms
on top of Au-intercalated graphene on Ni(111). Gd deposition results in n-doping, hence the Dirac point
is shifted below the Fermi level and becomes visible in ARPES. As evident in Figure I.22, the linear
dispersion around the K point of graphene is preserved and no bandgap is visible. Actually, a quantitative
analysis revealed that, if a bandgap has opened, it must be less than 20 meV. In other words, one can
consider that graphene’s electronic properties are restored.
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Figure I.22: Effect of intercalation on the doping level and bandgap of graphene. Left: Photoemission plots
around the K point of graphene on Ni(111) intercalated with 1 ML of (a,d) Cu, (b,e) Ag and (c,f) Au. Cu and Ag
intercalations result in n-doped graphene and open substantial bandgaps (180 meV and 320 meV, respectively), while
Au intercalation results in slightly p-doped graphene. Right: Photoemission plots around the K point of graphene on
Ni(111) intercalated with 1 ML of Au, before (g) and after (h) deposition of Gd. Gd n-doping reveals the gaplessness of
Au-intercalated graphene on Ni(111). Figure adapted from Ref. [96].

A similar methodology was employed in Ref. [102] to determine whether Au-intercalated graphene on
Ru(0001) presents a bandgap. The authors showed that, similarly to Au-intercalated graphene on Ni(111),
the intercalation of 1 ML of Au results in a slight p-doping of graphene (the Dirac point is ≃ 150 meV
above the Fermi level). Upon deposition of potassium atoms, the Dirac point is shifted below the Fermi
level and a large bandgap (≃ 200 meV) is visible. The opening of a bandgap is ascribed to Au and not
K, on the ground that the bandgap does not increase with higher K coverage. Hybridization between
graphene and Au states is excluded as there are no gold states near the Dirac point. Instead, the authors
claim that the appearance of the bandgap is related to the broken symmetry of the two carbon sublattices,
induced by the lattice mismatch between graphene and Au. It should be noted that K deposition on
Au-intercalated graphene on Ni(111) opens a bandgap while Gd deposition (discussed before) does not, as
reported in Ref. [96]. This was attributed to different adsorption geometries [96]. Whether the bandgap
observed for Au-intercalated graphene on Ni(111) with K adatoms increases with increasing K coverage
was not discussed in Ref. [96], hence the argument proposed in Ref. [102] to exclude a K-related bandgap
cannot be confirmed or infirmed. Still, the opening of a bandgap in Au-intercalated graphene on Ru(0001)
is surprising, as pointed out in Ref. [102].

Inducing spin-orbit coupling in graphene

In recent years, the possibility to induce spin-orbit (SO) coupling in graphene via an intercalated species
has attracted much attention. Indeed, the intrinsic spin-orbit coupling in graphene is rather weak, hence
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externally inducing spin-orbit coupling in graphene would allow to use graphene in active elements of
spintronics, such as the Das-Datta spin field effect transistor [110]. Yet, despite the recent efforts in
tackling spin-orbit coupling in intercalated graphene, some questions are still under debate.

Calleja et al. investigated Pb-intercalated graphene on Ir(111) islands through STM/STS measurements
[105]. Their spectroscopy measurements show regularly spaced sharp resonances, similar to Landau levels,
continuously shifted in energy as the tip moves away from the intercalated regions. These spatially
dependent resonances were ascribed to a strong and spatially modulated SO coupling induced in graphene
by the intercalated Pb monolayer. Large spin-orbit coupling effects were later detected in the same system
through spin-resolved photoemission spectroscopy [111]. What remains pending is an explanation for the
energy dependence of the resonance peaks observed by Calleja et al. with the index level n. Their data
clearly show a linear dependence En ∝ n whereas, unlike the conventional two-dimensional electron gas,
the Landau level energies of massless Dirac fermions are expected to display a square-root dependence
with the index level n.

In a recent paper, Klimovskikh et al. studied Pb-intercalated graphene on Pt(111) by means of low
energy electron diffraction, angle- and spin-resolved photoelectron spectroscopy [106]. They claimed that
an energy gap of 200 meV has opened in the band structure of graphene at the Dirac point and that a
spin-splitting of 100 meV is detected in the conduction band. The opening of these gaps was ascribed to SO
effects. Dedkov and Voloshina strongly criticized the treatment and analysis of spin-resolved photoelectron
spectroscopy data in a comment to the authors [112]. They firmly questioned the interpretations and
conclusions reported in Ref. [106]. Klimovskikh et al. replied and provided further statistical analysis to
support the main conclusion of their article [113].

Finally, Marchenko et al. reported a giant Rashba splitting (≃ 100 meV) in Au-intercalated graphene
on Ni(111) detected by angle- and spin-resolved photoelectron spectroscopy [97]. Based on ab initio
calculations, they attributed the giant SO splitting to dilute Au atoms in hollow sites that are in
closer vicinity to the graphene sheet compared to a continuous intercalated Au monolayer. The authors
reconciled previous measurements showing a smaller SO splitting (≃ 13 meV) [107] with the more recent
ones by remarking that coexisting intercalated areas with and without extra individual Au atoms result
in the simultaneous presence of high- and low-splitting phases. Finally, Krivenkov et al. released a
paper attributing the giant SO splitting previously detected in Au-intercalated graphene on Ni(111) to
intercalated Au nanoclusters [114]. By deriving the band structure of graphene in the case of a single
intercalated Au atom (the relaxed structure was determined by means of DFT calculations), they found
a giant Rashba-type SO splitting (≃ 60 meV) and a gap opening (≃ 60 meV). They concluded that
structures very similar to that obtained for the single Au atom case develop upon intercalation of graphene
on Ni(111). Finally, recent DFT calculations [115] could not explain the giant Rashba splitting reported
in Ref. [97].

4 Functionalization of graphene from on top

4.a Adatoms and molecules as dopants

It has been demonstrated that one can dope graphene with adatoms rather than from below (intercalation).
For instance, hole doping is possible by depositing Au, Sb or Bi atoms on graphene supported on SiC(0001)
[116]. While Bi and Sb deposition only reduces the natural n-type doping induced by the SiC(0001)
substrate by shifting the Dirac point in the direction of the Fermi level, Au shifts the Dirac point into the
unoccupied states therethore inducing p-type doping. ARPES measurements showed that the conical shape
of the electronic band structure remains unperturbed (in particular, no bandgap opens upon adsorption
of Au, Sb and Bi atoms) [116].

Small gas molecules and hydrocarbons have also been used to dope graphene, with both n-type
(NH3 [117], polyethyleneimine [118], dimethylanthracene [119]) and p-type dopants (H20 [120], O2 [121],
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diazonium salts [118], dibromoanthracene [119]).

Figure I.23: Schematic depiction of the reversible photoisomerization process of DR1P on graphene by UV
and white light illuminations. Oxygen, carbon and nitrogen atoms are represented in red, white and purple, respectively.
Figure adapted from Ref. [122].

Charge transfer by use of an adsorbed species plus an external stimulation has been demonstrated
as well. For instance, light-driven reversible modulation of doping in graphene has been realized with
azobenzene chromophores [122]. The molecule used to functionalize graphene was the photochromic
molecule Disperse red 1 (DR1). This particular dipolar chromophore contains donor and acceptor groups
connected by π-conjugation with an azobenzene group. Kim et al. synthesized a pyrene-tethered DR1,
denoted as DR1P. DR1P (shown in Figure I.23) is tethered to the surface of graphene via π-π interactions
between pyrene and graphene. As the trans state of azobenzene converts to the cis state under UV light,
significant geometrical changes occur (Figure I.23). The reversible process is performed with white light
illumation. Going from cis to trans or from trans to cis changes the dipole moment of the molecule, which
in turn changes the extent of doping. By means of Raman spectroscopy and electrical measurements, Kim
et al. demonstrated that the charge carrier concentration can be modulated by ≃ ±1 · 1012 cm−2 (up to
≃ 18% of carrier concentration in DR1P/graphene) while preserving the high mobility of graphene.

4.b Spin systems on graphene

Different approaches for inducing magnetic properties in graphene from on top have been proposed: for
instance, one relies on the deposition of hydrogen adatoms [123] and another on the formation of carbon
vacancies in the graphene lattice [124].

By means of STM/STS measurements, González-Herrero et al. showed that the adsorption of a single
hydrogen atom on graphene induces a magnetic moment characterized by a spin-split state at the Fermi
energy [123]. This spin-split state lies essentially on the carbon sublattice lacking the deposited hydrogen
atom. The spatial extension of the spin-polarized state is shown in Figure I.24(c), and reaches several
nanometers. This suggests that long-range magnetic interactions mediated by direct exchange should take
place. By manipulating the deposited hydrogen atoms with the STM tip (not shown here), the authors
showed that one can tailor the magnetism of selected graphene regions.

5 Towards probing Yu-Shiba-Rusinov states in graphene

5.a Yu-Shiba-Rusinov states

The presence of a magnetic impurity on top of a superconducting material can give rise to so-called
Yu-Shiba-Rusinov (YSR) states [125]. YSR physics can be viewed as the analogue of the Kondo effect
for a superconducting material. The Kondo effect, which manifests itself as an increase of resistance at
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Figure I.24: Spatial extension of the spin-polarized electronic state induced by H atoms in graphene. (a) STM
topograph of a single H atom on graphene. (b) Calculated magnetic moments induced by H chemisorption (the length of the
arrows codes the relative magnitudes of the magnetic moments). (c) Top: Schematic of the graphene structure along the
dashed line indicated in (a). Green (purple) balls indicate the positions of carbon atoms belonging to the same (opposite)
sublattice with respect to the locus of H chemisorption. The dotted line shows the evolution of the height of the measured
occupied peak, and the arrows show the relative magnetic moment contribution of each carbon atom. Bottom: Conductance
map [dI/dV(x,E)] along the dashed line indicated in (a). All experimental data were acquired at 5 K. Figure adapted from
Ref. [123].

low temperature, was first reported in 1934 [126]. It was only in 1964 that this anomalous behaviour
(we normally expect a decrease in resistance at low temperature) was explained and attributed to
magnetic impurities [127]. The screening of magnetic impurities by conduction electrons of the metal
- which can be described by a local antiferromagnetic exchange coupling - is responsible for spin-flip
contributions to the resistance, accounting for the increase of resistance below a certain temperature
called the Kondo temperature. In a superconducting material, no quasiparticle is avalaible in the
superconducting gap to screen the magnetic impurity. Indeed, the superconducting character is carried by
pairs of electrons of opposite wavevectors and spins known as Cooper pairs [128]. The local competition
between superconductivity and magnetism results in a pair-breaking effect: the exchange interaction
between the magnetic impurity and the surrounding Cooper pairs tends to align the spins of the electrons
forming the Cooper pairs, hence it tends to break the Cooper pairs.

Because of this pair-breaking effect, the energy associated with a quasiparticle excitation is lowered by
a quantity

Eb = ∆1 − (πJSρ0)2

1 + (πJSρ0)2 (I.11)

where ∆, J , S and ρ0 correspond to the superconducting gap, the exchange coupling constant, the
spin (S ≫ 1) and the normal-state density of states at EF, respectively. For intermediate coupling
(JS ≤ 1/πρ0), Eb falls in the superconducting gap. In STS measurements, this translates in a pair
of peaks observed inside the superconducting gap. Although predicted in 1968, the first experimental
observation of YSR states dates from 1997: pairs of weak peaks appearing inside the superconducting gap
of Nb were observed when the STM tip was placed on top of Mn and Gd adatoms [129].

5.b Effect of dimensionality

In 2015, the (significant) influence of dimensionality on the extension of YSR states was investigated
by means of STM/STS measurements [130]. Ménard et al. experimentally evidenced YSR states with
spatially oscillating particle–hole asymmetry extending tens of nanometers away from individual Fe atoms
embedded in a 2H-NbSe2 crystal. 2H-NbSe2 is a layered superconductor with two-dimensional character.
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The enhanced spatial extension with respect to the one observed, for instance, by Yazdani et al. (of the
order of the Å) [129], was attributed to the two-dimensional character of the superconducting material
[130].

5.c Targeted graphene-based system

YSR states in graphene have been theoretically investigated, assuming a superconducting proximity effect
[4, 5]. It seems that depending on the type of impurity we expect or not in-gap states. For a single
magnetic impurity in the honeycomb, Lado and Fernández-Rossier showed that no in-gap state is expected
unless the exchange coupling constant J takes unrealistically large values [5]. This result is a direct
consequence of the vanishing density of states of graphene at the Fermi energy. For a hydrogenated
graphene, the situation is strikingly different: in-gap states appear at weak coupling and their positions (in
energy) follow a linear evolution with J (rather than the quadratic dependence followed by conventional
YSR states) [5]. Finally, the parity switching point of YSR states arising from hydrogenated graphene
displays another unconventional property. The parity switching point is the point at which J is large
enough so that the YSR states appearing on both sides of the Fermi energy join and cross the Fermi
energy (in conventional YSR states, the critical exchange coupling constant Jc equals 1/πSρ0 (Eb = 0 in
Equation I.11). In hydrogenated graphene, Lado and Fernández-Rossier showed that Jc depends on the
superconducting gap ∆ [5]. In practice, one could tune the parity switching point with temperature (∆
depends on the temperature).

These theoretical predictions rise several questions: what behaviour can we expect for molecules
holding a spin deposited on graphene, or for spin impurities embedded in the substrate in close vicinity to
graphene? We believe that it would be interesting to probe the unusual properties of YSR states with
various types of magnetic impurities.

Provided that the two-dimensional character still has the same significant influence on the spatial
extension of YSR states in graphene as for conventional YSR states [130], three ingredients are necessary
to observe few nanometers-extended YSR states in graphene:

• a superconducting material (such as rhenium) in close proximity to graphene, that will induce
superconductivity in graphene via proximity effect,

• graphene with two-dimensional character, i.e. quasi-free standing graphene,

• and magnetic impurities deposited in the vicinity of graphene, for instance a molecular magnet, a
magnetic defect in graphene, or magnetic impurities embedded in the substrate.

As previously demonstrated in Ref. [3], growing graphene on a Re(0001) substrate results in induced
superconductivity in graphene. However, this comes with a major drawback: Re(0001) being a strongly
interacting metal, the two-dimensional character of pristine graphene is lost. Although the targeted
graphene-based system was not fabricated yet, results related to all three ingredients will be addressed in
this thesis.
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1 Ultra-high vacuum (UHV) techniques

1.a Multi-purpose UHV system

The samples presented in this thesis were mainly prepared in a multi-purpose UHV system located in
Néel Institute (Grenoble) encompassing four chambers connected to one another via a tunnel also held
under UHV (Figure II.1). The base pressure in the system is ≈ 10−10 mbar. On one side of the tunnel,
a fast load-lock chamber kept with limit pressure at 10−8 mbar is used to introduce new samples and
probes used for scanning tunneling microscopy (STM). The samples are mounted onto either Mo plates or
Zr-Ta-Mo alloy plates which are adapted to either single crystals or thin films. The plates are jacketed
onto 1-inch-large molybdenum blocks (so-called molyblocks). The transfer of the samples (i.e. the transfer
of the molyblocks) from one chamber to another is performed using magnetic and mechanical transfer
rods. The temperature of the surfaces is monitored with a Keller infra-red pyrometer.

Au evaporation chamber

Load-lock

Growth chamber

STM chamber

Analysis chamber

Figure II.1: Multi-purpose UHV system. The UHV system encompasses four chambers: the STM chamber, the analysis
chamber, the growth chamber and the Au evaporation chamber. The chambers are connected via a tunnel. The samples are
introduced using a fast load-lock chamber and transferred from one chamber to another using transfer rods.

One of the UHV chambers, called the growth chamber, was extensively used for the preparation of the
samples. This chamber is equipped with a valve and a gas line that are used for graphene growth via
decomposition of C2H4 and for high temperature O2 cleaning. This chamber is also equipped with Ar+

ion sputtering. Argon is introduced in the chamber with a separated valve and gas line, and bombardment
is performed using a Gen 2 (Tectra GmbH) plasma source. The purity of the introduced gases can be
checked with a quadrupole mass spectrometer. In the growth chamber, the sample plates (without the
molyblocks) are transferred onto a heating stage using a magnetic wobblestick. The temperature of the
surface is monitored both with a thermocouple located close to the plate, and with the pyrometer. The
molecular evaporator is also located in this chamber. Finally, an electron gun facing a phosphor screen is
used to perform reflection high-energy electron diffraction (RHEED) measurements.

A second UHV chamber, also equipped with RHEED, includes two electron-beam evaporators, one of
which was used for gold evaporation. The deposition rates are monitored using a quartz microbalance
which can be positioned at the sample location. In this chamber, the annealing of the samples is performed
using a resistivity-heated Ta filament. The third chamber, called analysis chamber, was mainly used for
the annealing of Re(0001) single crystals since its heating furnace allows to reach the highest temperatures
in the system, up to ≈ 1570 K. The fourth chamber hosts the STM. Similarly to the growth chamber, the
sample plates are positioned in the STM using a wobblestick.
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II.1. Ultra-high vacuum (UHV) techniques

1.b Reflection high energy electron diffraction

RHEED is a surface science technique that relies on the diffraction of high-energy electrons in grazing
incidence. It provides information on the structure of a solid sample surface. Figure II.2 sketches a typical
RHEED set-up.

electron gun

phosphor screen
CCD camera

sample

view-port

Figure II.2: Sketch of a typical RHEED set-up. High-energy electrons hit the sample in grazing incidence and are
scattered at the sample surface. The impact positions of the diffracted electrons on a phosphor screen are recorded using a
CCD camera. They provide insight on the lattice parameters of the surface species.

An electron gun provides high-energy electrons (typically a few 10 keV). These high voltage-accelerated
electrons are focused using electrostatic lenses on the sample under a 1° to 4° incidence. The
grazing incidence ensures a low penetration of the electrons in the solid i.e. only a region very
close to the surface is probed: electrons are diffracted along a few atomic layers by the atoms of
the probed lattice. Then, the orientation of the diffracted beams is determined via their trace on a
phosphor screen. A CCD camera, mounted on the view-port of the chamber records the diffraction patterns.

The study of the reciprocal lattice (by RHEED or any other diffraction technique) allows retrieving
meaningful information on the direct lattice. RHEED being a surface-sensitive technique, it provides
information on 2D direct lattices. The reciprocal lattice of a 3D crystal is a 3D lattice made of points. In
the limit of an infinite c lattice parameter perpendicular to the surface (Figure II.3), the 3D crystal becomes
a set of (infinitely-separated) 2D crystals. Conversely, the distance between lattice points in reciprocal
space, 2π/c, vanishes. The reciprocal lattice points hence effectively form rods perpendicular to the surface.

3D

2D

Direct lattice Reciprocal lattice

c

2π/aa

a

2π/c

2π/a

Figure II.3: Examples of direct lattices and corresponding reciprocal lattices. For a cubic 3D crystal, the reciprocal
lattice is made of points. For a 2D crystal it is made of rods perpendicular to the surface. Figure reproduced from Ref. [131].

The construction of diffraction patterns in RHEED relies on two simple conditions:

1. The diffraction is elastic, i.e. the scattered wave vector −→
kf has the same norm as the incident wave

vector −→
kf : ||

−→
kf || = ||

−→
ki || = ki. As a result, the possible wave vectors −→

kf have their extremity on a
sphere of radius ki, called the Ewald’s sphere.

2. For the interference with the probed lattice to be constructive, the difference −→q = −→
kf −

−→
ki must be

a vector of the reciprocal lattice (Bragg’s law).
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These two conditions having to be simultaneously complied with, the geometric locus of solutions
corresponds to the intersection between the Ewald’s sphere and the reciprocal lattice rods (see Figure II.4).

phosphor screen

Ewald's sphere

crystal truncation rods

Figure II.4: Construction of a diffraction pattern in RHEED. The apparatus is assumed to be perfect (Ewald’s
sphere infinitely thin), and so is the probed surface (crystal truncation rods infinitely thin). The dark spots indicate the
intersection points between the rods and the sphere, and give rise to the associated diffraction spots on the phosphor screen.
Figure reproduced and adapted from Ref. [131].

In the ideal case, a diffraction pattern should be made of points (intersection between a sphere
and rods). Nevertheless this is not what is observed and for several reasons. On the one hand, the
electron beam is not perfectly collimated and electrons are not perfectly monokinetic. Instead they
distribute along a certain energy range, centered around a mean value Ei. This energy inhomogeneity
translates into a certain thickness of the Ewald’s sphere. On the other hand, the surface is not perfect:
it presents terraces and steps and the crystal lattice comprises defects. The reciprocal lattice of the
probed surface is therefore not made of infinitely thin rods. The Ewald’s sphere and the rods of the recip-
rocal lattice having finite thicknesses, a RHEED pattern is not made of points but is rather made of streaks.

When the electron beam’s axis is aligned to well-defined crystal atomic directions, which defines an
azimuth, the central so-called specular streak (corresponding to the rod passing through the center of
reciprocal space) is surrounded by symmetric streaks (corresponding to the +1/-1, +2/-2, etc, -order rods
of the reciprocal lattice). Lattice parameters in direct and reciprocal spaces being inversely proportional,
the further (closer) from the central streak a given streak is, the smaller (larger) the lattice parameter
associated to it in direct space.

For further information on the analysis of RHEED patterns, the reader is invited to refer to the PhD
thesis of Alexandre Artaud [2] who developed a dedicated Python program used in the present thesis.

1.c Surface preparations

Single crystal surface preparations were mainly performed in the growth and analysis chambers. The
surface state was checked using both RHEED and STM measurements. More specifically, the preparation
recipes were optimized in order to obtain RHEED patterns free of any sign of surface reconstruction
and STM images showing ≥ 100 nm-wide terraces, with no or few surface pollutions. Finally, high
sputtering ion energies can lead to sub-surface Ar implantation during the sputtering step, and result in
the observation in STM of few tens of nm-large protrusions, called “Ar bubbles”. The ion energies used
for the preparations of the single crystals were adjusted so that no Ar bubble is found. The preparation
recipes of Re(0001), Pt(111) and Cu(111) single crystals, which were extensively used during this thesis,
are presented hereafter.
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Re(0001) single crystals

The monitoring of the surface temperature of Re(0001) single crystals is performed with the emissivity of
the pyrometer set to 0.3.

• The surface is bombarded with Ar+ with 2 keV ion energy for 45 min, then 1.5 keV for 30 min, then
1 keV for another 30 min.

• A flash annealing of the surface up to ≈ 1570 K is performed. This first sputtering-annealing cycle
cleans the surface quite effectively but it leads to the implantation of Ar+ ions below the surface.
As a result, the next cycles are performed with lower ion energies.

• The surface is bombarded with Ar+ with 1.5 keV ion energy for 30 min, then 0.5 keV for 30 min.

• A flash annealing of the surface up to ≈ 1570 K is performed.

The two last steps are repeated as many times as required.

Pt(111) single crystal

The monitoring of the surface temperature of Pt(111) single crystal is performed with the emissivity of
the pyrometer set to 0.15.

• The surface is bombarded with Ar+ with 1 keV ion energy for 20 min.

• The surface is annealed up to 1070 K for 2 min.

• The temperature is decreased down to 770 K. As the temperature decreases, the oxygen valve is
opened in order to reach PO2 ≈ 10−7 mbar and to stay 3 min at 770 K under this oxygen pressure.

• The oxygen valve is closed and a flash desorption of the excess oxygen up to 1070 K is performed.

Cu(111) single crystal

The monitoring of the surface temperature of Cu(111) single crystal is performed with the emissivity of
the pyrometer set to 0.1.

1. The surface is bombarded with Ar+ with 0.8 keV ion energy for 30 min.

2. The surface is annealed up to 620 K-670 K for 10 min.

1.d Graphene growth on Re(0001) thin films

The preparation of rhenium thin films and graphene growth on rhenium thin films are presented hereafter.
For further details on this topic, we refer the reader to the PhD theses of Amina Kimouche [132] and
Charlène Tonnoir [1].

Rhenium films with 40 nm- to 50 nm-thickness were used as substrates. Following a change of oven
in the laboratory where the films were grown (SIMAP Grenoble, Bruno Gilles), the Re deposit recipe
was slightly adapted compared to that used in earlier works involving Néel Institute and CEA-IRIG [3].
In this paragraph, parameters used in previous Re deposits (i.e. before the oven was changed, at the
time when Amina Kimouche and Charlène Tonnoir were doing their PhDs) are indicated in parentheses.
Rhenium films were grown by Bruno Gilles in a dedicated UHV system using an electron-beam evaporator
at a rate of 15 Å/min (8 Å/min) at 1200 K (1050 K). Pieces of α-Al2O3(0001) wafers, annealed under
UHV at 650 K (570 K) for 5 h (4 h) beforehand, were used as growth substrates. Then, the thin film
samples were transported in atmospheric conditions into the UHV system presented in Section 1.a, where
they were first annealed to 1070 K for 30 min. To grow graphene, the sample surface was exposed to
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10−7 mbar of ethylene at 1260 K for a few minutes, and subsequently cooled down to 970 K within few
tens of minutes. This procedure yielded single-layer graphene covering the whole sample surface [3].

The graphene-on-Re 40 nm-thick film sample presented in Chapter V (Raman spectrum on Gr/Re)
was prepared with the “old” Re deposit parameters, and corresponds to the “AK49” sample prepared
by Amina Kimouche. Scanning tunneling microscopy and spectroscopy measurements obtained on this
sample are presented in Ref. [3].

1.e Molecular evaporator

The molecular evaporator - the mounting and calibrating of which is detailed later - used for the
depositions of molecules on surfaces presented in this thesis is a Kentax two-cell evaporator designed
especially for materials with a low sublimation temperature. This evaporator was purchased and installed
during summer 2017 by myself, another PhD student (Ana Cristina Goméz Herrero), and two engineers
(Philippe David, Valérie Guisset).

Figure II.5: Kentax two-cell molecular evaporator. The crucible is filled with molecules and inserted in the molecular
evaporator. Left and right images were taken from the user manual provided by Kentax [133].

The molecule-containing quartz crucibles are placed in the molecular evaporator as seen in Figure II.5
and are resistively heated with tungsten coils. Even though the two cells of the evaporator have independent
tungsten coils, both crucibles are cooled down using water during operation, so that the unusued cell is
not heated by the neighboring coils.

A shutter (not visible in Figure II.5) allows to control the opening and closing of the crucibles outlets.
The initial geometry of the shutter (provided by Kentax) was not ideal. Indeed, it comprised three holes
allowing the individual opening of the two crucibles outlets (one crucible outlet is opened while the other
one remains closed) and the opening/closing of both crucible outlets – the opening of both crucibles outlets
allowing co-deposition of the two molecule-containing crucibles. This configuration was not satisfying, as
it implied crossing the position of the other crucible outlet when opening/closing the crucible outlet of
interest. It eventually led to the crossed contamination of the crucibles: the shutter is usually rotated
during operation, allowing for the molecules adsorbed on the shutter surface facing the heated crucible
(when the heated crucible is closed) to contaminate the other crucible when the shutter is rotated. For
this reason, we replaced the initial shutter and opted for a two-hole geometry.

1.f Angle-resolved photoemission spectroscopy

Before describing the experimental set-up which was used for measuring the photoemission maps shown
in Chapter V, we briefly remind the working principle of angle-resolved photoemission spectroscopy
(ARPES).

Working principle

ARPES is a technique based on the photoelectric effect, which allows mapping the occupied electronic
states of solid samples in reciprocal space. The idea is the following: an electron sitting on an energy

40



II.1. Ultra-high vacuum (UHV) techniques

level absorbs energy from an incoming photon and is ejected in vacuum. The detection of the outcoming
photoemitted electron (also called “photoelectron”) allows retrieving information on its initial state.

The energy conservation writes as follows:

hν = Ekin − Eb + Φ (II.1)

where hν, Ekin, Eb and Φ are the energy of the incoming photon, the kinetic energy of the photoemitted
electron, the binding energy (Eb < 0) of the electron sitting on its initial state, and the electron work
function (i.e. the energy required to remove an electron from sample to vacuum), respectively.

The component parallel to the surface of the crystal wave-vector is conserved and is related to the
kinetic energy of the photoemitted electron through the following formula:

k∥ =
√

2m

~2 Ekin sin(Θ) (II.2)

where m is the electron free mass and Θ the emission angle of the photoelectron.

The three step model, a simple phenomenological model introduced by Berglund and Spicer [134],
is the most commonly used model to describe the photoemission process. As one would guess, in this
model, the photoemission process is decomposed into three steps: 1. the optical excitation of an electron
in the bulk, 2. the travel of this excited electron to the surface and 3. its escape into vacuum. The
optical excitation is related to the photoelectric effect: an electron in the bulk of the probed material
absorbs energy of an incoming photon. During its travel towards the surface, the excited electron can
experience inelastic collisions, in which case it will eventually contribute to the diffuse background of
the photoemission spectrum. On the contrary, if the excited electron travels a distance less than the
electron mean free path (of the order of a few Å), the information on its initial state will be preserved and
eventually contribute to the useful part of the signal. Finally, to escape into vacuum, the excited electron
must overcome the surface potential.

Measuring the kinetic energy Ekin and emission angle Θ of photoemitted electrons, and combining
Equations II.1 and II.2 allows accessing the dispersion relation Eb(k∥). Note that the perpendicular
component of the wave-vector k⊥ is not conserved across the sample surface due to the lack of translational
symmetry along the surface normal. In general, this means that ARPES experiments do not allow
a complete determination of the total crystal wave-vector k. Nonetheless, two-dimensional materials
are characterized by a negligible dispersion along the z axis (i.e. along the surface normal), hence the
dispersion relation is almost exclusively determined by k∥.

The expression of the photoemission intensity within the three step model involves matrix elements
which depend on several parameters, including the energy and polarization of the photon source, and falls
out of the scope of this work.

In practice, to explore the electronic valence band (binding energies of the order of 1-10 eV), ultra-violet
(UV) light is used as a photon source. UV light emission is provided using either rare gas-discharge lamps
or synchrotron beamlines. The sample position and tilt angle are precisely adjusted so that the beam
is well focused on the sample. The azimuthal angle of the sample is fixed in order to select the desired
direction in reciprocal space. ARPES measurements are collected at different polar angles over an angular
range set by the energy and wave-vector range that needs to be explored. Photoelectrons are emitted from
the surface and collected by an electron analyzer. The latter captures an image recording the electron
kinetic energy Ekin as function of the emission angle Θ of the collected photoelectrons. The coordinates
of the image are then converted into binding energy Eb and wave-vector k∥.
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Experimental set-up

ARPES experiments were performed in LPEM, ESPCI (Paris) with the help of Sergio Vlaic. I was
welcomed within his group for a one-month measurements campaign. A sketch of the UHV system
encompassing the ARPES chamber and a preparation chamber is shown in Figure II.6. Samples were
prepared and characterized in situ with ARPES, prior to any exposure to air.

Cryostat with home-made manipulator

Preparation chamber

Helium discharge lamp

Hemispherical analyzer

Translation rod

ARPES chamber

Figure II.6: ARPES experimental set-up. The UHV system encompasses two chambers: the ARPES chamber and the
preparation chamber.

Surface preparation and graphene growth were performed in the preparation chamber. The sample
was placed onto a heating stage whose position was precisely controlled using a four-axis manipulator.
The preparation chamber is equipped with a valve and a gas line that were used for graphene growth via
decomposition of C2H4. This chamber is also equipped with Ar+ ion sputtering. Argon was introduced in
the chamber with a separated valve and gas line, and bombardment was performed using an ion gun. The
temperature of the surface was monitored with a pyrometer. A LEED-Auger apparatus was used to check
the structural and chemical state of the surface at different stages of the sample’s preparation. LEED was
also used as a way to retrieve the orientation of the high symmetry directions of the sample with respect
to a known direction. Such information was of interest to later align the sample in the ARPES chamber.

The ARPES chamber is equipped with HeI and HeII lamps as sources (spectral lines at 21.22 eV and
40.81 eV photon energies). The sample was placed on a six-axis home-made manipulator mounted on a
liquid helium flow cryostat. Photoemitted electrons were detected using a hemispherical analyser. The
measurements presented in Chapter V were performed using p-polarized (90% degree of polarization)
photons, at an estimated sample temperature of 100 K. The electronic band structure and high-symmetry
points of the sample’s surface were identified by collecting ARPES measurements at different polar angles
over an angular range of more than 60°.
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2 Scanning tunneling microscopy and spectroscopy

2.a Working principle

Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is a scanning probe microscopy technique with which atomic
resolution can be reached. STM relies on a purely quantum phenomenon which gave it its name: the
tunnel effect. This effect is observed when one considers two conductors separated by a very thin insulator.
Classically, electrons cannot jump from one conductor to the other by applying a difference of potential
because the circuit is open. However, when adopting a quantum point of view and considering the
wave functions that describe the electrons of both conductors, one can show that provided that the
two conductors are close enough (typically, 1 nm apart), there is a non-zero probability for electrons
to jump from one conductor to the other. In scanning tunneling microscopy, the idea is to reproduce
such metal-insulator-metal junction using the tip of a metal probe (hereafter called the STM tip) and a
conducting sample separated by vacuum. When the distance between the tip and the sample is small
enough, the wave functions on either side of the insulator overlap. The current stemming from quantum
tunneling depends exponentially on the tip-sample distance d:

It ∝ exp(−2κd), with κ =
√

2mφ

~2 (II.3)

with m the electron free mass, and φ the work function of the tip and sample (for simplicity the work
functions of the tip and of the sample are assumed to be equal). For a metal, φ ∼ 5 eV, so κ ∼ 1 Å−1. As
as result, a variation of d of only 1 Å leads to an order of magnitude variation of It. This exponential
dependence explains the very high vertical resolution of scanning tunneling microscopes.
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Figure II.7: Basic principle of a scanning tunneling microscope: a tip is scanned using three piezoelectric actuators
(x,y, z) above a sample positioned by inertial motors (X, Y , Z). During the scan, a voltage bias Vb is set between the sample
and tip, so a tunnel current It can be measured. A feedback loop compares the measured current to a setpoint value, so
their difference drives the z piezoelectric actuator to maintain a constant tip-sample distance. The imposed z displacement
is displayed as a topograph on the control computer. Figure adapted with permission from Ref. [2].

The constant-current imaging mode (Figure II.7) consists in scanning the surface along the x and y

directions while maintaining - using a feedback loop - a constant tunnel current Iset called the current
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set-point. The adjustements of the vertical position z during scanning allow retrieving the (apparent)
topography of the probed surface z(x, y), which is assumed to be chemically uniform so far. One can also
use a constant-height imaging mode: the tip scans the surface maintaining a constant tip position z. In
this case, the feedback loop is open (or slowed down) and the variations of the tunnel current It(x, y) are
acquired. The images presented in this thesis are acquired using the constant-current imaging mode.

Scanning tunneling spectroscopy

In addition to their remarkable spatial resolution, scanning tunneling microscopes give access to the local
electronic density of states of the probed sample.

The tunneling current flowing between the tip and the sample, derived from the Fermi golden rule,
writes as [135, 136]:

I(Vb) = 2πe

~
|M |2

∫ +∞

−∞
dϵ Nt(ϵ) Ns(ϵ + eVb) [ft(ϵ) − fs(ϵ + eVb)] (II.4)

where |M |2 is the mean value of |M(ϵt, ϵs)|2. The indices t and s stand for tip and sample, respectively.
The matrix element M(ϵt, ϵs) corresponds to the coupling (i.e. the overlap) between the electronic
wavefunctions of the tip and of the sample at the energies ϵt,s. It is usually assumed to be independent
in energy when the applied voltage Vb is small compared to the Fermi energy EF . This explains why
|M(ϵt, ϵs)|2 is usually replaced by |M |2. Nt,s(ϵ) is the density of states and ft,s(ϵ) the Fermi-Dirac
distributions of the electrons, in the tip and sample.

In the low temperature limit and considering an applied voltage Vb small compared to the Fermi
energy, the Fermi-Dirac distributions become step functions with f(ϵ) = 1 for ϵ < EF , and 0 otherwise.
As a result, ft(ϵ) = 1 for ϵ < EF , and 0 otherwise, and fs(ϵ + eVb) = 1 for ϵ < EF − eVb, and 0 otherwise.
Assuming EF = 0 and assuming that the tip has an energy-independent density of states (which is
reasonable considering that we use metallic tips), Equation II.4 simplifies as:

I(Vb) = 2πe

~
|M |2Nt

∫ 0

−eVb

dϵNs(ϵ + eVb) (II.5)

Finally, deriving Equation II.6 leads to:

dI

dV
(Vb) = 2πe

~
|M |2NtNs(eVb) (II.6)

Topographic and electronic contributions

In topographic measurements, when using the constant-current imaging mode, It(Vb) is acquired and
the adjustements of the vertical position z during the scanning relate to the topography of the probed
surface z(x, y). However, electronic contributions can never be discarded. As seen in Equation II.5, the
tunnel current is directly proportional to the integrated density of states of the sample. When Vb is raised,
the integration runs on some additional states that contribute to the tunnel current. As a result, It is
increased and it will result in the STM image in a higher apparent height. This is commonly referred
to as an electronic density of states effect, and it should always be taken into account when deriving
topographic figures from STM images.

2.b Experimental set-ups

The STM and STS measurements presented in this thesis were performed using three different set-ups:
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• A commercial room-temperature STM working in UHV: Omicron UHV-STM 1, with chemically
etched W tips.

• A home-made STM/STS set-up installed in an inverted dilution refrigerator (sionludi) working with
a 3He/4He mixture at temperatures down to 50 mK, with Pt-Ir tips.

• A home-made STM/STS set-up implemented inside a 4He refrigerator that can operate down to
1.5 K if we pump on it.

Thermal drift and miscalibrations are corrected. The differential conductance spectra were obtained using
a standard lock-in technique. The modulation amplitude and frequency will be given in the concerned
sections. Representative spectra of regions of interest are obtained averaging a few 10 to 100 spectra in
the said regions.

3 Raman spectroscopy

3.a Working principle

The Raman effect relates to inelastic light scattering. Inelastic scattering may occur, for instance, in the
presence of lattice vibrations. These vibrations are sensitive to various effects, which make them a very
insightful probe for various physical properties. For instance, lattice defects activate otherwise forbidden
vibration modes and strain is readily detected as it alters the vibration energies (via the anharmonicity
of the interatomic potentials). Changes in the electronic properties also modify the vibration energies
(via the electron-phonon interaction). In this regard, the study of graphene has greatly benefited from
Raman spectroscopy investigations [18]. In practice, the incident light in a Raman spectroscopy set-up is
nowadays provided by a laser source. It interacts with the sample and the inelastically scattered light is
collected. Raman processes, illustrated in Figure II.8, can be described as follows:

1. An incident photon of pulsation ωi disturbs the system.

2. It creates an electron-hole (e-h) pair, i.e. it excites an electron up to a virtual or real electronic state.

3. This electron-hole pair absorbs (anti-Stokes) or emits (Stokes) a phonon of pulsation Ω: the crystal
lattice vibrates.

4. The absorption or emission of a phonon modifies the energy of the electron-hole pair (e’-h’).

5. The electron e’ decays by emitting a photon of pulsation ωd.

If the energy of the incident photon (~ωi) corresponds to a real electronic state, the process is said to
be resonant because it is much more efficient. If not, the state is virtual and the process is non-resonant.
The possible configurations are summed up in Figure II.8.

Resonant Raman scattering should not be confused with fluorescence. When the incident photon
energy is higher than one of the electronic states of the system, the electron can decay non-radiatively
down to this electronic state, and fluoresce (decay down to the fundamental state) from it. This
phenomenon is different from Raman scattering because the electron transits via a real intermediate state
whereas Raman process is a scattering process. Fluorescence is responsible for broad peaks and makes
difficult the assigning of the peaks associated to Raman processes (Raman peaks can be “buried” within
the fluorescence signal and/or appear shifted if the fluorescence-related background is not well taken
into account, hence not well substracted). In practice, the incident laser wavelength is chosen so that
fluorescence is minimal.

In a Raman spectrum, the intensity of the scattered light is plotted as a function of a quantity
called the Raman shift δ. The Raman shift corresponds to the wave number associated to the difference
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Figure II.8: Sketches of the Raman process and of the phenomena at play in Raman spectroscopy. Left:
Sketch of the Raman process. The electron-hole pair emits (Stokes) or absorbs (anti-Stokes) a phonon. Right: Rayleigh
scattering corresponds to elastic scattering. The green and red arrows correspond to the incident and scattered light,
respectively. Figure reproduced and adapted from Ref. [137].

of energy between the incident photon and the scattered one, i.e. ~ωi − ~ωd. Said differently, the
Raman shift is proportional to the energy of the exchanged phonon. The peak corresponding to
elastic scattering (Rayleigh scattering) is the central peak. The peaks corresponding to Raman
scattering (Stokes and anti-Stokes) are located on either side of this peak. In practice, the Rayleigh
peak is filtered with a high-pass optical filter, because its high intensity is too high (several orders
of magnitude higher) with respect to that corresponding to Raman scattering, and the dynamical
range of the detector would not allow to detect the latter. In our case, we disregarded the anti-Stokes peaks.

The fundamental selection rule in Raman spectroscopy states that the total phononic wave vector
exchanged during a Raman process is zero: −→qtot = −→0 . It is important to note that this does not mean that
all the phonons exchanged during a Raman process have a zero wave vector. One can imagine two-phonon
processes with opposite wave vectors, so that −→qtot = −→q + (−−→q ) = −→0 . For one-phonon processes, this
selection rule imposes that only the phonons around the Γ point are to be probed. For acoustic branches,
having energies close to zero near the Γ point, the Raman shift is inappreciable (the difference of energy
is zero). As a result, only optical phonons are probed.

3.b Experimental set-up

Raman spectroscopy measurements were acquired with a 532 nm Nd:YAG laser using a commercial
confocal WITEC spectrometer at room temperature under ambient conditions. The signal is collected
through 50× or 100× objectives, dispersed by either a 600 lines/mm or a 1800 lines/mm grating and
integrated for a certain amount of time. The acquisition details of each acquired spectrum will be given in
the concerned sections.

4 Simulations

4.a Density functional theory calculations

Calculations performed in the framework of density functional theory (DFT) are shown in Chapters IV
and V. In this section, we recall the basic principle of DFT, how it is used in practice and its limitations.

Nowadays, DFT is the computational method most used to perform ground-state electronic structure
calculations of atoms, molecules and solid state materials. Instead of expressing solutions of the Schrödinger
equation in terms of wave-functions, the properties of a particular system are determined using functionals
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(i.e. functions of another function) of the (spatially-dependent) charge density ρ, hence the name
density functional theory. The motivation for finding methods, such as DFT, which do not consist in
determining the wave-functions of the system of interest stems from the very high computational cost of
wave-function-based methods, such as the Hartree-Fock method.

We now discuss in more details what terms are involved in the Schrödinger equation and how DFT
tackles them. The Hamiltonian operator of a quantum system consists of a sum of three terms: the
kinetic energy operator, the external potential energy operator (related to the interaction of the electrons
with an external potential) and the electron-electron interaction energy operator. The kinetic energy
operator includes a kinetic energy operator related to the ions and a kinetic energy operator related to the
electrons. These two contributions are separated using the Born-Oppenheimer approximation, assuming
that, because the mass of an electron is much lower than the mass of an ion, electrons react instantly
to any ion displacement. The movement of the ions is treated separately and classically, and its effect
on the movement of electrons is re-introduced in the Hamiltonian of the system as a Coulomb potential
(interaction between the electrons and the nuclei). In materials simulation the external potential includes
the Coulomb potential and any additional external potential applied to the system. Hohenberg and Kohn
showed that every term of the Schrödinger equation can be written as a unique functional of the charge
density and that solving the Schrödinger equation consists in minimizing the energy with respect to the
charge density functional [138].

At this point, the energy functional E[ρ] writes as:

E[ρ] = T [ρ] + Vext[ρ] + Vee[ρ] (II.7)

where T [ρ] is the kinetic energy functional, Vext[ρ] is the external potential functional (which usually simply
includes the electron-ion Coulomb interaction), and Vee[ρ] is the electron-electron potential functional.

Kohn and Sham proposed the following approach to approximate the kinetic energy and the electron-
electron potential functionals. They introduced a fictitious system of N non-interacting electrons, described
by a single determinant wavefunction of N one-electron orbitals. In this approach, the Schrödinger equation
rewrites as a set of one-electron Schrödinger-like equations, known as the Kohn-Sham equations [139] and
the energy functional E[ρ] rearranges as:

E[ρ] = TS [ρ] + Vext[ρ] + VH [ρ] + Exc[ρ] (II.8)

where TS [ρ] is the Kohn-Sham kinetic energy functional, VH [ρ] is the classical Coulomb potential (or
Hartree energy) functional and Exc[ρ] is the exchange-correlation functional. Both TS [ρ] and VH [ρ] are
written as functions of the auxiliary orbitals associated with the (fictitious) system of non-interacting
electrons. The exchange-correlation functional can be viewed as a correction which includes all the
many-particle interactions which are omitted in TS [ρ] and VH [ρ].

One major difficulty in DFT lies in the choice of the exchange-correlation functional (the exact exchange-
correlation functional is only known for the free electron gas case). One of the simplest approximations
of the exchange-correlation functional is the local-density approximation (LDA), where the functional
depends only on the density at the coordinate where the functional is evaluated [139]. This crude
approximation provides very good results. However, because it is based on a homogeneous electron gas,
LDA tends to simulate the system more homogeneous than it really is, underestimating interatomic
distances and overestimating binding energies. Corrections have been proposed, such as the generalized
gradient approximation (GGA), which takes into account both the density and its gradient [140].

In practice, DFT calculations are performed as follows. The total energy of the system is calculated
using Equation II.8, assuming an initial atomic structure. Variations of the total energy upon atomic
displacements are calculated, which provides access to the forces applied to the atoms. The equilibrium
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atomic structure is determined by minimizing the total energy and cancelling out the forces applied on
atoms.

One of DFT limitations lies in its inability to produce accurate excited-states properties. Although the
bandgap is a ground-state property, in DFT, it is determined from the band structure hence it is usually
inaccurate.

The DFT calculations presented in this thesis were performed by Laurence Magaud (Institut Néel,
Grenoble) using the Vienna Ab initio Simulation Package (VASP) code [141]. VASP is developed in the
Technical University of Vienna, in Austria, and relies on a basis of plane waves. The electron-ion interaction
is described using the projected augmented wave (PAW) formalism [142]. This formalism enables handling
relatively large systems such as surfaces or interfaces. Several ways of expressing the exchange and
correlation term within the GGA framework are possible. In this thesis, the PBE functional (named after
its authors: Perdew, Burke and Ernzerhof) was used [143]. Since the van der Waals interaction plays an
important role in the sytems we studied, Grimme corrections were introduced [144]. Finally, because
VASP only deals with periodic systems, simulating surfaces implies periodic boundary conditions in the
vertical direction of space. These boundary conditions require the use of vacuum slabs in between units of
interest in the vertical direction of space, to ensure that no spurious interaction between neighbouring
units occurs.

4.b Bond-order potential calculations

When very large supercells must be tackled, as it will be the case in Chapter IV, DFT becomes too
expensive in terms of computational time. A different approach, which allows tackling thousands of atoms,
consists in using parametrized interatomic potentials such as bond-order potentials (BOP), to describe
the system of interest and solve the classical equations of atomic motion. The framework for this type of
approach is molecular dynamics: atoms and molecules are allowed to interact for a fixed period of time.
The forces exerted on atoms and their potential energies are calculated using parametrized atomistic
potentials (in the present case, BOP).

BOP are pair potentials (i.e. they describe interactions between pairs of atoms), and describe
analytically the strength of the interatomic bonds in function of their environment. For this reason, BOP
can describe several different bonding states of an atom. In chemistry, a higher bond order generally
means a shorter bond length and a stronger bond, whereas a lower bond order means a longer bond length
and a weaker bond. For instance, the triple bond C ≡ O has a bond order of 3 and is stronger and shorter
than the double bond C = O, which has a bond order of 2.

The Morse potential inspired the form of BOP: in the original paper of Brenner [145], the binding
energy Eb for the hydrocarbon potential is given as a sum of bonds with repulsive VR and attractive VA

pair terms.
Eb =

∑
i

∑
j(>i)

[VR(rij) − Bij VA(rij)] (II.9)

where Bij is the bond order. It represents the many-body coupling between the bond from atom i to atom
j and the local environment of atom i. To a first approximation, Bij can be expressed as a function of
the local coordination Z as Bij ∝ Z−δ, where δ depends on the particular system. The repulsive and
attractive terms have a form which resembles the Morse potential:

VR(rij) = fij(rij)D(e)
ij /(Sij − 1)e−

√
2Sijβij(r−R

(e)
ij ) (II.10)

and VA(rij) = fij(rij)D(e)
ij /(Sij − 1)e−

√
2/Sijβij(r−R

(e)
ij ) (II.11)

where the function fij restricts the pair potential to nearest neighbours. When the Sij parameter equals 2,
the pair terms reduce to the usual Morse potential, where the adjustable parameters D

(e)
ij , R

(e)
ij and βij
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correspond to the equilibrium well depth, the equilibrium bond distance and the width potential. BOP
are empirically parametrized for the system of interest, usually against DFT results.

A BOP parametrized for graphene on Ru(0001) will be introduced in Chapter IV. The BOP simulations
presented in Chapter IV were performed by Georg Daniel Förster (LEM, Châtillon) and Florent Calvo
(LIPhy, Grenoble).
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III. Structure of graphene and a surface carbide grown on Re(0001)

Abstract
We scrutinize the structure of graphene and a surface carbide grown on the (0001) surface of Re(0001), by
means of RHEED and STM. We demonstrate with a semi-quantitative RHEED analysis that increasing
the number of annealing cycles during graphene growth on Re(0001) contributes positively to growing
high-quality extended graphene domains. This finding is consistent with STM images taken after different
numbers of annealing cycles. The observation by STM of coexisting graphene and (7×

√
19) surface carbide

is reported for the first time. The numerous surface carbide domains, with well-defined crystallographic
orientations, are examined and grouped in six-fold families of equivalent domains. Possible atomic
arrangements for one of these families are proposed. The atomic models are constructed using trimers of
carbon atoms adsorbed in a specific stacking sequence, in agreement with previous XPS measurements.

Introduction

Graphene growth on strongly interacting metallic substrates such as Re(0001) [44, 45, 3, 60, 61], Ru(0001)
[51, 62, 63, 64], Rh(111) [65] and Ni(111) [66] has the advantage of selecting one crystallographic orientation
of graphene with respect to its substrate. This is related with a tendency to form covalent bonds between
graphene and the substrate [65, 61], as opposed to graphene grown on weakly interacting metallic substrates
such as Ir(111) [53, 52], Pt(111) [54, 46, 55], Cu(111) [56], Ag(111) [58] and Au(111) [59], where van
der Waals bonding is dominant [52, 65, 61]. Graphene growth on the latter kind of substrates results
in domains with a large number of possible crystallographic orientations with respect to the substrate
[54, 46, 56, 146, 147, 148, 55, 49].

Yet, growing graphene on strongly interacting substrates is not an easy task. On Rh(111), Ru(0001)
and Re(0001), there is a subtle competition between the formation of different carbon phases, graphene and
metal carbides [45, 149, 150, 151]. The relative stability of the two differs according to the temperature.
In some cases, even in temperature ranges where graphene is more stable, graphene nucleation requires a
high carbon chemical potential (a high carbon adatom concentration) [149]. In the case of a Re(0001)
substrate that we address here, the growth conditions favouring the growth of graphene correspond to
rather narrow windows of growth parameters (substrate temperature, hydrocarbon gas pressure and
exposure time) [45].

Although obviously considered as detrimental in the context of graphene growth, surface metal carbides
are important ingredients in a number of catalysis processes, as it was shown in the case of ammonia
synthesis and decomposition, hydrogenolysis, isomerization, methanation, and hydroprocessing [152, 153].
Besides, they often consist of well-ordered surface structures with crystallographic unit cells at the scale
of nanometers, which makes them efficient nanopatterns driving the self-organization of metallic clusters
of interest for nanomagnetic or nanocatalysis applications [154, 155, 107].

Only few works devoted to surface carbides formed on the (0001) surface of rhenium have been reported
so far [156, 45, 150]. The (7×

√
19) carbide overlayer was previously identified in LEED measurements

[156, 45], but never observed directly with a local probe method.
In this study, we investigate the structure of graphene and the (7×

√
19) surface carbide grown on

Re(0001) by means of RHEED and STM. We find that increasing the number of annealing cycles during
graphene growth contributes positively to growing high-quality extended graphene domains. The coexisting
graphene and (7×

√
19) surface carbide are observed for the first time by STM. The various orientations

of the surface carbide domains are addressed and grouped in six-fold families of equivalent domains, each
family having a specific atomic arrangement. Three atomic models are proposed for the carbide structure
of one of these families, in agreement with previous XPS measurements [45].
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1 Graphene growth on Re(0001)

A rhenium single-crystal cut with a (0001) surface was used as substrate and prepared following the recipe
given in Chapter II. Graphene growth was performed using the hybrid temperature-programmed growth-
chemical vapour deposition (TPG-CVD) method described in Ref. [45], which consists in a succession of
rapid annealing cycles under C2H4 atmosphere. Here, the Re(0001) surface was exposed to an ethylene
pressure of PC2H4 = 5·10−7 mbar, at room temperature. The temperature of the surface was increased
within 2 min up to 970 K, followed by a cooling down to 520 K within 10 min. This step is called a TPG
cycle and was repeated ten times. Then, a final (eleventh) annealing cycle was performed in absence of
C2H4. Figure III.1 shows the evolution of the temperature (measured with a pyrometer set on the sample)
as a function of time.
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Figure III.1: Sample temperature as a function of time, during graphene TPG cycles. The RHEED patterns
falling during the last TPG cycle (green rectangle), the TPG-fast annealings (red rectangles), the Ti sublimation cycle (blue
rectangle) and the first TPG cycle (yellow rectangle) were excluded from the analysis.

1.a RHEED monitoring

During graphene growth, a movie of RHEED patterns was recorded using a CCD camera. The RHEED
movie was acquired with an electron beam energy of 10 keV. Only the first ten TPG cycles (out of a
total of eleven TPG cycles) were recorded. As a result, the last TPG cycle, which occurred after the
C2H4 valve was closed, is absent from the data set (see green rectangle in Figure III.1). The RHEED
patterns of the first ten cycles which fall during TPG annealings (indicated with rectangles in red in
Figure III.1) are systematically discarded from the analysis as they cannot be properly fitted. Indeed, the
TPG annealings blind the CCD camera (the sample heating filament becomes very intense and saturates
the CCD camera). During the third TPG cycle, a Ti sublimation cycle (indicated with a blue rectangle in
Figure III.1) occurred and caused the deflection of the electron beam. All the RHEED patterns taken
during Ti sublimation are excluded from the analysis. Finally, cycle 1 (indicated with a yellow rectangle in
Figure III.1) is excluded from the analysis, as it will be explained later on. In the end, only the RHEED
patterns which do not fall in a coloured rectangle are used to extract structural information on the sample.
These RHEED patterns fall in the TPG cycles 2 to 10 (numbered in Figure III.1).

Figure III.2(a) shows a typical graphene-covered Re(0001) RHEED pattern along the [011̄0] incident
azimuth, taken during the movie. The lattice mismatch and the strong electronic coupling between
graphene and rhenium result in a periodic undulation of graphene on top of rhenium. This long
wavelength beating (in real space) is known as a moiré superlattice [44, 3]. Streaks associated with the
moiré superlattice are indicated in blue in Figure III.2(a). The positions and full widths at half maximum
(FWHM) of graphene, Re and moiré streaks during the RHEED movie (i.e during the TPG cycles) are
extracted using the lorentzian fittings sketched in Figure III.2. Rectangular regions of interest are selected
on the RHEED patterns, represented with white rectangles in Figure III.2(a). The intensity is integrated
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over about 100 pixels (height of the rectangles) along the direction parallel to the diffraction streaks, in
order to improve the signal-to-noise ratio. During the first cycle, no satisfying fit can be obtained in
rectangle d. As a result, cycle 1 is excluded from the analysis. The left-hand part of the RHEED pattern
is not used for the analysis, as it requires, in order to have satisfying fits, a change of the fit function in
between cycle 4 and cycle 5. This change results in artificial shifts in the extracted data. Anyway, it
was checked that the evolution of lattice parameters and FWHM is qualitatively the same whether we
use the left-hand and right-hand parts of the RHEED pattern, or the right-hand part and the specular part.
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Figure III.2: Periodic features observed in RHEED on graphene-covered Re(0001). (a) RHEED pattern of
graphene-covered Re(0001) along the [011̄0] incident azimuth. Coloured lines indicate the specular (black), Re (pink),
graphene (grey) and moiré (blue) streaks. Regions of interest are indicated with white rectangles. Inset shows a schematic
top view of the reciprocal space with all observed rods and a cut of the Ewald’s sphere (black line). (b-d) Line profiles
(green) are extracted from the rectangular cuts by line averaging along the vertical direction and are fitted with lorentzian
peaks on a constant (b) or linear (c,d) background.

The specular streak position is extracted from the fit of the three central streaks (white rectangle c).
The fit is performed using three equally spaced lorentzians (Figure III.2(c)). The moiré streak position and
moiré FWHM are extracted from the fit of the central moiré streaks (white rectangle b) in the top part
of the RHEED pattern. The fit is performed using six equally spaced lorentzians with a single FWHM
(Figure III.2(b)). The fits in b and c regions are very good: the curves corresponding to the sum of all
lorentzians (red) match well the experimental points (green). The graphene and Re streaks positions and
graphene and Re FWHM are extracted from the fit of the group of streaks observed in the right-hand part
of the RHEED pattern (white rectangle d). The fit is performed using three equally spaced lorentzians
(Figure III.2(d)). Individual bad fits were discarded. This only applied for the region d of the RHEED
pattern. The regions b and c were sufficiently low-noise not to require removing individual bad fits.

1.b Evolution of graphene and moiré lattice parameters

The Re lattice parameter was assumed constant and equal to aRe = 2.76 Å. This assumption is reasonable
both at the scale of a single TPG cycle and at the scale of all the TPG cycles. For the former, since
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the linear thermal expansion coefficient of bulk Re is 6.2.10−6 K−1 [157], and the temperature difference
within a single TPG cycle is ∆T = 970 - 520 = 450 K, one can show that lattice expansion/compression
amounts to 0.3%. Given that our fit procedure has a precision of ≃ 1%, set by the signal-to-noise ratio,
this effect can be neglected. For the latter, we assume that any local change in Re lattice parameter will
be compensated elsewhere in the lattice and the average value of Re lattice parameter will remain the
same.

The graphene lattice parameter was computed as aGr = (dRe/dGr)×aRe, where dGr (dRe) is the distance
between the graphene (rhenium) streak and the specular (central) streak. As seen in Figure III.3(a), no
significant change in graphene lattice parameter is found during graphene growth and its average value,
2.46 Å, is close to the values found in the literature.

The moiré superlattice parameter, shown in Figure III.3(b) as a function of time, was computed
similarly to what was presented for graphene. The moiré superlattice parameter seems to decrease
from cycle 2 to cycle 4 but the data dispersion is important, preventing to make a definitive statement.
It otherwise seems constant from cycle 5 to 10. If true, the small decrease of moiré superlattice
parameter from cycle 2 to 4 could for instance mean that the lattice parameter mismatch between
graphene and Re increases, i.e. that the graphene lattice parameter decreases. It was proposed that
the progressive filling of vacancies during graphene growth and the thermally activated diffusion of
small vacancies to the edges of graphene islands where they are annihilated, reduce the tensile strains,
which results in a decrease of graphene lattice parameter. Such a mechanism was originally described
in Ref. [158], where large strains were observed during graphene growth on Ir(111). It was later
attributed to the contraction (observed in LEED) of the moiré supercell during graphene growth, in
the graphene/Re(0001) sample presented in Ref. [45]. In our case, if the contraction of the moiré
superlattice parameter from cycles 2 to 4 were true, it would still be much less than the 3% contraction
observed in Ref. [45]. This could indicate that the size of graphene islands is higher in our sample, which
makes them less sensitive to deformations effects at their edges. Overall, the moiré superlattice pa-
rameter is, in our study, approximately equal to 2.14 nm, which is close to the values found in the literature.
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Figure III.3: Evolution of graphene and moiré lattice parameters and domain sizes. (a) Graphene lattice
parameter and size of structurally coherent graphene domains, as a function of time. (b) Moiré superlattice parameter and
size of structurally coherent moiré domains, as a function of time.

1.c Extension of graphene domains and increasing ordering

We now turn to a discussion on the size of graphene islands. Within the kinematic theory of diffraction
and in the case of crystalline domains without strain fields, the FWHM of the scattering rods of a certain
species is inversely proportional to the domain size of the said species. Strictly speaking, this theory only
gives a qualitative description of RHEED measurements, but for the sake of simplicity we will restrain
from invoking complex effects accounted for by a dynamical diffraction theory.
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III. Structure of graphene and a surface carbide grown on Re(0001)

The FWHM of the Re streak (not shown) is unchanged from cycle 2 to cycle 10 and amounts to ≃
0.40 Å−1. In principle, assuming that Re domains extend over ≃ 100 nm, we would expect a FWHM
around 0.006 Å−1 (as a first approximation, we can consider that the size of structurally coherent domains
equals 2π/FWHM). The observed broadening is in fact also attributed to other effects, the coherence
length of the electron beam and instrumental effects. More specifically, we consider that every observed
streak (associated with a FWHM W ) is the convolution of a streak whose FWHM is related to the domain
size of the material (and limited by the coherence length of the electron beam) w with a contribution
of instrumental origin (ω FWHM). We assume the following relationship: W 2 = w2 + ω2 (1), where
ω = α × w. The α parameter is set by the coherence length lc of the electron beam [131], which amounts
to approximately 20 nm. Precisely, we assume that the FWHM w related to Re domain sizes equals 2π/lc

(i.e. 0.03 Å−1), as the ≃ 100 nm size of the structurally-coherent Re(0001) domains is larger than the
coherence length of the electron beam. It comes α ≃ 13 (0.40 Å−1/0.03 Å−1). From w determined using
relationship (1), we assess the size of graphene and moiré structurally coherent domains as 2π/w (this
estimate of the size only applies when the size is smaller than lc). Moiré domain sizes are shown in relative
units. Indeed, the moiré streaks used for the analysis correspond to the intersection of the Ewald’s sphere
with moiré truncation rods in the second Laue zone. There, the coherence length of the electron beam is
different from the one in the first Laue zone. Consequently we cannot rely, for moiré streaks, on the width
of the first Laue zone Re streaks as a reference.

As seen in Figure III.3(a), the size of graphene domains increases from cycle 2 to 4 and is then constant
until cycle 10. It goes from 19 nm on average during the second TPG cycle to 22 nm during cycles 4 to
10, which corresponds to a 20% increase. In fact, above cycle 4, we may consider that the graphene size
exceeds the coherence length of the electron beam, and cannot be assessed – we hence provide here a
lower limit estimate of the domain size. The increasing size of graphene domains is in agreement with the
commonly accepted growth scenario. At the beginning of graphene growth, graphene forms small islands.
Then, graphene islands progressively increase in size and no additional graphene island is formed – the
nucleation regime is over, presumably because the distance between graphene islands becomes lower than
the surface diffusion length of the carbon adspecies serving as building blocks during growth.
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Figure III.4: Increasing ordering among graphene domains revealing by STM. Scanning tunneling topographs of
graphene-covered Re(0001) after (a) one TPG cycle, and (b) two TPG cycles. (a) It = 4 nA, Vt = 0.01 V, T = 300 K. (b) It
= 2 nA, Vt = 1 V, T = 300 K.

As for the size of moiré domains, the increase is clear and runs from cycle 2 to cycle 10, with an overall
increase amounting to 15% (Figure III.3(b)). The increasing size of moiré domains is consistent with
the increasing size of graphene domains although it does not saturate i.e. it does not increase beyond
the coherence length of the electron beam. Structurally coherent moiré domains are therefore smaller
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III.2. Coexistence of graphene and rhenium carbide

than structurally coherent graphene domains. In other words, graphene domains present distinct moiré
structures separated by domain walls across which the structural coherence of graphene is preserved.
An increasing ordering among graphene domains occurring during the TPG cycles is evident when
comparing Figure III.4(a) and Figure III.4(b) which show STM images taken after one and two TPG
cycles, respectively. Graphene is less defective and exhibits a lower variety of moiré superlattice orientations
after two TPG cycles (Figure III.4(b)) than after one TPG cycle (Figure III.4(a)). The re-organization of
the graphene lattice, which may include the incorporation of small size-selective carbon clusters within
graphene and the healing of point defects such as C monovacancies probably contributes to the increasing
size of moiré domains observed in RHEED, together with the contribution stemming from the overall
increasing size of graphene domains. Our measurements are consistent with LEED measurements reported
in Ref. [45], where the diffraction spots associated with the moiré periodicity were found to increase in
intensity at each TPG cycle. Here we provide a semi-quantitative analysis of the increased ordering in
graphene.

Overall, graphene domain sizes extracted with RHEED measurements seem consistent with the STM
observations: structurally coherent graphene domains cover 15-20 nm in the early stages of graphene
growth. In conclusion, we have shown that increasing the number of TPG cycles contributes positively to
growing high-quality extended graphene domains.

2 Coexistence of graphene and rhenium carbide

A second sample was prepared as follows. First, a TPG-CVD method was performed, consisting of five
cycles between 520 K and 870 K (four cycles under an ethylene pressure of PC2H4 = 1·10−7 mbar and one
in absence of C2H4). Then, the sample was annealed for 1 h at 870 K.

2.a STM observations
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Figure III.5: Direct imaging of coexisting graphene and surface carbide domains. (a) Scanning tunneling topograph
of a Re(0001) surface with coexisting graphene and surface carbide phases. It = 2 nA, Vt = 1 V, T = 300 K. Solid red
and white lines indicate graphene grain boundaries and the parallel atomic rows of the rhenium carbide phase, respectively.
Blue dashed lines highlight the modulation of apparent height observed for one specific variant of the carbide phase. (b-k)
Close-up views (scale bars = 1 nm) of the ten carbide phase variants identified in (a), where (b-e) are the variants identified
in the lower terrace, and (f-k) are the variants identified in the upper terrace. Black lines hightlight the atomic rows. Variants
are grouped together in families of specific atomic arrangements, with matching frames’ colors.
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III. Structure of graphene and a surface carbide grown on Re(0001)

Figure III.5(a) shows an STM image with coexisting graphene patches (easily recognizable from their
moiré patterns) and another surface structure, appearing as domains of parallel rows separated by about
0.5 nm. As we will see, the latter structure is assigned to a rhenium carbide.

Graphene domains extend over a few nanometers to few tens of nanometers and cover ≃ 40% of the
surface. They exhibit local variations in the moiré superlattice parameter (≃ 1.7-2.5 nm) and orientation.
Grain boundaries between graphene crystallites and their edges are indicated as red lines in Figure III.5(a).
The disorder observed in the graphene lattice can be explained by the formation under kinetic control of
small size-selective carbon clusters, which act as obstacles to graphene growth [159]. Small-size rounded
shapes are visible across the surface and in particular at the edges of graphene domains, supporting the
claim that carbon clusters have confined the extension of graphene domains and locally strained and
disrupted the graphene lattice.

The observed disorder could also be related to the competitive formation of rhenium carbide. The
carbide forms domains (highlighted with solid white lines in Figure III.5(a)), with different well-defined
crystallographic orientations, and sizes that are generally smaller than those of the graphene domains.
The carbide surface coverage, 30% in the preparation conditions we have chosen, is only slightly lower than
the graphene coverage. We thus expect a strong contribution to the diffraction patterns measured with
RHEED, which indeed exhibit other streaks than those of graphene and its moiré pattern (Figure III.6,
see next subsection).

Disordered structures corresponding neither to graphene nor to the ordered rhenium carbide phase
are observed across the surface. They are attributed to a disordered rhenium carbide phase. Finally,
structures of intermediate order, such as merging atomic rows with different orientations (see bottom right
corner of Figure III.5(a)), are visible.

2.b RHEED patterns

Figure III.6(a,b) shows RHEED patterns taken along the [112̄0] and [011̄0] incident azimuths, respectively.
These RHEED patterns were acquired with an electron beam energy of 17 keV (Figure III.6(a)) and
19 keV (Figure III.6(b)). Both RHEED patterns exhibit other streaks than graphene, rhenium and moiré
streaks, which are expected for graphene-covered Re(0001). The additional streaks (purple, light blue and
yellow streaks) are assigned to the (7×

√
19) surface carbide phase. We make use of LEED measurements

performed on the (7×
√

19) rhenium carbide phase [45] for the assignment of the latter streaks. The LEED
patterns shown in Figure III.6 were adapted from Ref. [45]: the bottom left distorsion-free region of the
LEED pattern measured by Miniussi et al. was used to reconstruct a full distorsion-free LEED pattern.
The RHEED pattern shown in Figure III.6(b) was taken slightly out of the highest-symmetry azimuth.
As a result, we observe different contributions from two streaks assigned to surface carbide (light blue and
yellow streaks) in the left- and right-hand parts of the RHEED pattern. The RHEED pattern presented
in Figure III.6(a) does not show such asymmetry.

3 Structural variants of the ordered rhenium carbide phase

3.a (7 ×
√

19) unit cell of rhenium carbide

We address the various orientations of the ordered rhenium carbide phase. Ten variants were identified in
Figure III.5(a) and close-up views are shown in Figures III.5(b-k). The rhenium carbide phase is described,
using the Park-Madden notation, by the following matrix:(

b⃗1

b⃗2

)
=
(

7 0
2 5

)(
a⃗1

a⃗2

)
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III.3. Structural variants of the ordered rhenium carbide phase
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Figure III.6: Periodic features observed in RHEED on coexisting graphene-covered Re(0001) and surface
carbide. RHEED patterns of coexisting graphene and surface carbide phases along the (a) [112̄0] and (b) [011̄0] incident
azimuths. Vertical coloured lines indicate the specular (black), Re (pink), graphene (grey), moiré (dark blue) and surface
carbide (purple, light blue and yellow) streaks. LEED measurements performed on surface carbide [45] and Re and graphene
reciprocal space are represented above the RHEED patterns. For both highest-symmetry directions, a cut of the Ewald’s
sphere is indicated with a black horizontal line. The streaks observed in RHEED are assigned in correspondence with LEED
measurements and graphene and Re reciprocal space. LEED measurements are reproduced and adapted from Ref. [45].

where b⃗1, b⃗2 are the unit cell vectors of the overlayer, and a⃗1, a⃗2 are the unit cell vectors of the Re(0001)
lattice. The matrix relating rhenium carbide to the Re(0001) lattice was initially reported in Ref. [156],
although there was no mention of a carbide phase yet. The structure, observed in LEED, was attributed
to carbon. It was later assigned to a surface carbide by Miniussi et al., in Ref. [45], and similar LEED
measurements were presented. The overlayer forms a (7 ×

√
19) structure. A ball-and-stick model of all

possible configurations of the (7 ×
√

19) unit cell of rhenium carbide, is depicted in Figure III.7. Both sides
of a Re(0001) step-edge are presented, as the “type” of terrace (type A or B, see below) is of importance
when determining the equivalence of unit cells. Re is a hcp crystal, i.e. a stacking of close-packed atomic
planes along the [0001] direction, labelled as ABABAB... On both sides of an atomic step-edge are found
an A plane and a B plane. This different labelling accounts for the two-fold symmetry relating an A
plane to a B plane. It essentially consists in a 180°-rotation applied to the substrate that inverts the hcp
and fcc hollow sites, as seen in Figure III.7. Within a terrace, equivalent configurations are constructed
using 120°-rotations. Through a step-edge, the equivalence is preserved via mirror symmetry along a
highest-symmetry direction of the Re(0001) lattice. We find that each terrace presents two sets of three
equivalent configurations, whose unit cells are drawn in Figure III.7 with, respectively, thick and thin
white lines (thin lines are only partially visible as they are partially covered with thick lines). Each set
has an equivalent set in the other terrace (there is a two-by-two correspondence). In total, two groups of
six equivalent domains (three domains per terrace) are found. These two groups “superimpose” perfectly
when the second topmost plane of Re is disregarded. In other words, they form the same reconstructions,
although they are not equivalent in terms of binding sites.

This pair of seemingly identical six-domain groups results in a six-domain LEED pattern, as reported
in Refs. [45, 156]. It was described in Ref. [45] as the superposition of three domains rotated by 120° from
each other, each having two subdomains related by an in-plane rotation of ≃ 12°. The observation of
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Figure III.7: Ball-and-stick model of all possible configurations of the (7 ×
√

19) unit cell of rhenium carbide,
on both sides of a Re(0001) step-edge. For each terrace, there are two sets of three equivalent configurations. The
equivalence of configurations is indicated by the thickness of the unit cells. The periodicities associated with the (7 ×

√
19)

unit cell are indicated. a⃗1 and a⃗2 are the unit cell vectors of the Re(0001) lattice.

so-called LEED subdomains is related to the mirror symmetry along the highest-symmetry directions of
the Re(0001) lattice.

3.b Grouping variants in six-fold families of equivalent domains

With all the possible configurations of the unit cell in mind, we can now group the ten variants identified in
Figure III.5(a) in six-fold families of equivalent domains, each family having a specific atomic arrangement.
To do so, we must first find a clear indication of the Re(0001) substrate orientation, as the mirror operation
should only be performed along one of the two highest-symmetry directions of the Re(0001) lattice,
namely the [112̄0] and [011̄0] directions (which will be referred to, from now on, as the Re “dense” and
“not-so-dense” directions, respectively). The substrate atomic step-edge observed in Figure III.5(a) could
be a low energy one, aligned along one of the two highest-symmetry directions of the Re(0001) lattice. This
would implicitly tell the in-plane orientation of the surface. However, we cannot exclude that impurities
attached to the step-edges or a too low preparation temperature (1570 K here) prevent the substrate from
adopting exclusively lowest-energy configuration step-edges. We prefer to make use of another information
that will lift this ambiguity: the modulation in apparent height along the atomic rows of one variant of
the carbide phase forms lines with a well-defined orientation (blue dashed lines in Figure III.5(a)) and is,
as we will see, insightful in this respect.

We assign this modulation in apparent height to the rhenium carbide unit cell itself. Indeed, the
blue dashed lines are separated by 1.8 nm in the STM image, close to the 1.89 nm periodicity associated
with the large dimension of the (7 ×

√
19) unit cell (Figure III.7) – an explanation for the origin of the

lower apparent height along the blue dashed lines will be provided later in the text. Assuming that the
carbide unit cell in this particular region is oriented along the blue dashed lines, the Re(0001) lattice
oriented such as in Figure III.7 is 6.6°-rotated (13.2°/2) with respect to the blue dashed lines (see the
13.2°-angle in Figure III.7). It is rotated either clock-wise or anti clock-wise, both cases being considered
in Figures III.8(a) and III.8(b), respectively. The resulting (different) orientations of the Re(0001) lattice
are represented in Figures III.8(a,b). Green and red lines represent the highest-symmetry directions of
the resulting Re(0001) lattice, closest to the step-edge orientation. If the case depicted in Figure III.8(a)
(configuration 1) is the right configuration, then the step-edge is not well-oriented along any of the
highest-symmetry directions, neither a dense direction (red line) nor a not-so-dense direction (green line).
Conversely, the case depicted in Figure III.8(b) (configuration 2) is consistent with a step-edge oriented
along the dense direction (the red line is oriented along the step-edge).
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III.3. Structural variants of the ordered rhenium carbide phase

To determine which of the two configurations (1 or 2) is the right configuration we make use of a large
scale image that presents the upper terrace already shown in Figure III.5(a) and another terrace covered
with rhenium carbide and showing, locally, a similar modulation in apparent height as the one observed
for the variant “f” in Figure III.5(a). These two regions are shown in Figure III.8(d,e). We find that
only the configuration 2 (Figure III.8(b)) is consistent with the observation of both these two regions. It
appears that these regions are equivalent upon a combination of 120°-rotation and mirror symmetry
along the dense direction of the Re(0001) lattice. It was not possible to find a similar set of geometrical
transformations that would relate the two regions with the configuration 1. In other words, the configu-
ration 2 is the right configuration, hence the step-edge is oriented along the dense direction of the Re lattice.

5 nm

a

5 nm

b

c

5 nm

5 nm

120°-rotation
anti clock-wise

mirror symmetry along
the Re dense direction
of configuration 2

d

e

Configuration 1 Configuration 2

0.5 nm-1

Figure III.8: Comparison of the two possible unit cell configurations for the variant presented in Fig-
ure III.5(f). (a,b) Close-up views of the scanning tunneling topograph shown in Figure III.5(a). The Re(0001) lattice is
either 6.6°-rotated (a) clock-wise or (b) anti clock-wise with respect to the unit cells orientation (blue dashed lines). For
each configuration (1 and 2), unit cells are represented with solid white lines and are rotated to match the direction of
lower apparent height (blue dashed line). The resulting (different) orientations of the Re(0001) lattice are represented, at
scale, close to the unit cells, and in closer views in the top left corners of (a) and (b). Green and red lines represent the
highest-symmetry directions of the resulting Re(0001) lattices. (c) Fast Fourier transform of the larger-scale image shown in
Figure III.5(a), revealing the first moiré harmonics and the step-edge-related harmonic (line pointed with an arrow). Bottom
part: (d,e) Scanning tunneling topographs of the two regions showing carbide atomic rows associated with a modulation of
apparent height. A sketch of the operations relating the two regions and obtained using the configuration 2 is shown.

As a side note, we would like to point out that the highest-symmetry directions of the moiré and
Re(0001) lattices do not align. The fast Fourier transform shown in Figure III.8(c) reveals the first moiré
harmonics and an oblique line (pointed with an arrow) related to the step-edge direction. We know from
the previous argument that the step-edge is oriented along the dense direction of the Re(0001) lattice.
Since the moiré lattice is misaligned with respect to the step-edge, the moiré and Re(0001) lattices do not
align. The misalignement of the moiré lattice with respect to the Re(0001) lattice amounts to 12° (the
coincidence with the 12°-angle mentioned earlier and measured by Miniussi et al. is fortuitous). This
misalignement is not a surprise, since a variety of orientations and strains were already found in this
system [44, 3, 49] and is in fact related to the small energy difference between distinct coincidence (moiré)
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III. Structure of graphene and a surface carbide grown on Re(0001)

structures of graphene on the metal surface. Kinetic hindrance to the alignment of a given graphene
domain towards the lowest-energy coincidence structure is a possible interpretation too. With STM we
hence expect to image graphene domains with different kinds of orientations/strains across the surface.

Now that the Re lattice crystallographic directions are unambiguously identified, families of specific
atomic arrangements are constructed as follows. Variants are grouped via 120°-rotations within a terrace,
and via mirror symmetries along the highest-symmetry directions of the Re(0001) lattice between terraces.
Overall, we find six families of equivalent atomic arrangements, each associated with a different color
matching the frames’ color of the variants depicted in Figure III.5(b-k).

4 Possible atomic structures of the ordered rhenium carbide
phase

We now turn to the possible atomic structures of rhenium carbide. We focus on the family of variants
comprising the variant that exhibits a modulation of apparent height (referred to as family 1 from now
on, and indicated with light blue frames in Figure III.5), as it is the only family for which the atomic
rows’ orientation with respect to the unit cell is known.
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Figure III.9: Possible atomic structures associated with family 1 of rhenium carbide, assuming that the upper
terrace is an A plane. (a) Ball-model on the upper terrace (A plane). (b) Close-up view at the rectangle shown in (a).
(c,d) Close-up views with carbon trimers individually rotated to match the two other possible hcp-fcc-hcp sequences. (e)
Ball-model on the lower terrace (B plane). (f) Close-up view at the rectangle shown in (e). (g,h) Close-up views with carbon
trimers individually rotated to match the two other possible hcp-fcc-hcp sequences. (a,e) The solid black lines and the
blue dashed lines indicate the atomic rows of family 1 and the associated modulation of apparent height observed in STM,
respectively.

Although the STM image presented in Figure III.5(a) reveals an atomic-scale contrast, it does not
directly unveil the atomic arrangement of rhenium carbide. Figures III.9 and III.10 present possible
atomic arrangements for family 1. Atomic arrangements were constructed using trimers of carbon atoms
adsorbed in adjacent sites in an hcp-fcc-hcp sequence. This choice is driven by the finding of a specific
core level shift observed in the Re 4f7/2 spectra, that could only be rationalised by invoking carbon trimers
arranged in this precise sequence [45].

Figure III.9(a) shows a ball-model for family 1 assuming that the upper terrace (which features the
observed modulation in apparent height) is an A plane (orange plane). Carbon trimers arranged in an
hcp-fcc-hcp sequence form parallel rows, aligned along the direction indicated with solid black lines. These
rows are presumably responsible for the atomic-scale contrast observed in Figure III.5(a) (parallel rows
highlighted with solid white lines, separated by ≃ 0.5 nm). The trimer rows present a “lack” of trimers
along the direction indicated with a blue dashed line. This “lack” of trimers is due to the orientation’s
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III.4. Possible atomic structures of the ordered rhenium carbide phase

breaking of trimer rows, which is necessary to comply with the unit cell of rhenium carbide. It presumably
accounts for the lower apparent height along the blue dashed lines indicated in Figure III.5(a). The
absence of a modulation in apparent height for the variant “d” observed in the lower terrace (which is the
other variant belonging to family 1) is attributed to the lower spatial extension of the said variant, in the
three locations where it is visible (see Figure III.5(a)).

Figures III.9(c,d) present similar ball models for family 1 as the one presented in Figure III.9(a) but
with carbon trimers individually rotated to match the two other possible hcp-fcc-hcp sequences. We
emphasize that in figures III.9(c,d), carbon trimers are individually rotated. The unit cell is not rotated,
hence the rows of carbon trimers are still oriented along the solid black lines indicated in Figure III.9(a).
Still, the ball-model presented in Figure III.9(a) (and in the close-up view shown in Figure III.9(b)) is
more likely to be responsible for our observations, as carbon trimers are individually aligned along the
orientation of the rows.

Figures III.10(a-d) depict ball-models for family 1 assuming that the upper terrace is now a B plane
(brown plane). Similar observations can be made.
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Figure III.10: Possible atomic structures associated with family 1 of rhenium carbide, assuming that the
upper terrace is a B plane. (a) Ball-model on the upper terrace (B plane). (b) Close-up view at the rectangle shown in
(a). (c,d) Close-up views with carbon trimers individually rotated to match the two other possible hcp-fcc-hcp sequences.
(e) Ball-model on the lower terrace (A plane). (f) Close-up view at the rectangle shown in (e). (g,h) Close-up views with
carbon trimers individually rotated to match the two other possible hcp-fcc-hcp sequences. (a,e) The solid black lines and
the blue dashed lines indicate the atomic rows of family 1 and the associated modulation of apparent height observed in
STM, respectively.

The ratio of the numbers of carbon atoms lying on a fcc site with respect to carbon atoms lying on an
hcp site (within a unit cell) amounts to 0.5, in good agreement with the intensity ratio between the two C
1s core level components measured for rhenium carbide (0.57) in Ref. [45].

Conclusions

We have investigated the structure of graphene and a surface carbide grown on the (0001) surface of
Re(0001), using RHEED and STM. The number of TPG annealing cycles is found to positively contribute
to growing high-quality extended graphene domains. STM images of coexisting graphene domains and
surface carbide domains attributed to the (7×

√
19) overlayer are reported for the first time. The various

orientations of the surface carbide domains are addressed, and variants are grouped in six-fold families
of equivalent domains, each family having a specific atomic arrangement. Three atomic models are
constructed for one of these families, with structural constraints based on previous XPS measurements [45].
These models account for the STM and electron diffraction measurements. In particular, they reproduce
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III. Structure of graphene and a surface carbide grown on Re(0001)

the atomic-scale contrast in the form of parallel atomic rows, and the modulation in apparent height at
the scale of the (7×

√
19) unit cell observed in STM images. We plan on verifying the stability of the

three atomic models proposed for surface carbide via DFT calculations. DFT should also inform us on a
possible hierarchy (in energy) among the models.
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IV. Depressions by stacking faults in nanorippled graphene on metals

Abstract
A broad variety of defects has been observed in two-dimensional materials. Many of these defects
can be created by top-down methods such as electron irradiation or chemical etching, while a few of
them are created along bottom-up processes, in particular during the growth of the material, in which
case avoiding their formation can be challenging. This occurs e.g. with dislocations, Stone-Wales
defects, or atomic vacancies in graphene. Here we address a defect that has been observed repeatedly
since 2007 in epitaxial graphene on metal surfaces like Ru(0001) and Re(0001), but whose nature has
remained elusive thus far. This defect has the appearance of a vacant hill in the periodically nanorippled
topography of graphene, which comes together with a moiré pattern. Based on atomistic simulations
and STM/STS, we argue that such defects are topological in nature and that their core is a stacking
fault patch, either in graphene, surrounded by loops of non-hexagonal carbon rings, or in the underlying
metal. We discuss the possible origin of these defects in relation with recent reports of metastable
polycyclic carbon molecules forming upon graphene growth. Like other defects, the vacant hills may be
considered as deleterious in the perspective of producing high quality graphene. However, provided they
can be organized in graphene, they might allow novel optical, spin, or electronic properties to be engineered.

The study presented in this Chapter is the result of a collaborative work initiated and led by Alexandre
Artaud (CEA/Institut Néel, Grenoble), with Georg Daniel Förster (LEM, Grenoble), Florent Calvo
(LIPhy, Grenoble) and Laurence Magaud (Institut Néel, Grenoble) [160]. My contribution consisted
mainly in sample preparation and low temperature STM/STS measurements (Figure IV.10), as well as
the corresponding data analysis and taking part in discussing the outcomes of DFT calculations.

Introduction

As recalled in Chapter I, epitaxial ultrathin films often form superstructures due to the lattice mismatch
or disorientation with their substrate. Two-dimensional (2D) materials like graphene [161, 162, 54, 46],
boron nitride [163, 164], or transition metal dichalcogenides [165, 166] are no exception. Some of these
superstructures are called moiré patterns, in an analogy with optics. In the case of 2D materials, the
strong internal bonds together with low bending rigidity are responsible for a natural rippling, whose
in-plane period is the moiré pattern lattice parameter, i.e. a few nanometers given the typical lattice
mismatch with the substrate. Borrowing now the language of geology, the moiré patterns of 2D materials
are associated with a hill-and-valley topography.

The relative height of the hills and valleys depends on several factors. Especially, a stronger interaction
between the 2D material and the substrate imposes lower valleys, as extensively discussed in the case
of graphene on metals [51, 52]. The distinctive bending and binding at hills and valleys have numerous
consequences on the properties of graphene (and, presumably, of other epitaxial 2D materials, too). For
instance, the electronic band structure of graphene develops replicas of Dirac cones and mini-bandgaps
[53], its work function is larger at the location of the hills [167], its chemical reactivity is different at
hills and valleys [168, 169, 170]. Disorder in the hill-and-valley topography may thus have important
consequences on these properties.

One specific kind of disorder is often encountered in graphene on metals, namely a depression
in the pattern of hills spawned by the moiré (Figure IV.1). This defect, which we call a “va-
cant hill”, is seen in most scanning tunneling micrographs, whatever the measurement conditions
[62, 171, 172, 173, 174, 175, 176, 177, 178, 179], of graphene grown on one of the prominent metal surfaces
used to produce large-area high quality graphene, Ru(0001) [63, 174]. The same defect is observed in
graphene grown on Re(0001) [3, 150], and possibly as well on Rh(111) [180, 87], two similar systems in
terms of graphene-metal interaction strength [44]. However, to the best of our knowledge, it has not been

66



seen on other metal surfaces.
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Figure IV.1: Depressions in the pattern of hills, in graphene/Ru(0001) and graphene/Re(0001). Scanning
tunneling topographs of graphene prepared on (a) Ru(0001) and (b) Re(0001), revealing a significant density of defects
(circled in red) in the moiré lattice. (c) Three-dimensional view of (b), highlighting the hill-and-valley nanorippled surface
associated with the moiré lattice, and the defects appearing as vacant hills. (b,c) Graphene growth was performed on
a rhenium thin film, following the procedure described in Section 1.c. A closed-path ‘1-2-3-4’ around one vacant hill is
schematized in the inset. (a) is reproduced from Ref. [179].

Much like with any other defect, reducing the density of vacant hills is desirable for many applica-
tions. This is presumably needed to achieve pure band-like electronic and phononic properties, or to
increase the degree of ordering in 2D lattices of nanoparticles self-organized on the graphene/Ru(0001) or
graphene/Rh(111) moirés [175, 181, 182, 183, 184, 185, 186, 187, 188]. Additionally, vacant hills seem
also to be entry points for the intercalation of oxygen between graphene and Ru(0001) [179]. This is
obviously a shortcoming in the prospect of fully impermeable membranes or protective coatings. Yet
such pathways have already been exploited to decouple graphene from its substrate and to create highly
stretched graphene nanobubbles with strong, Landau-level-like intrinsic electronic resonances [179].

The question that we focus on here has remained open since the first STM images of graphene/Ru(0001)
were published in 2007 [62, 171], and a few years later in graphene/Rh(111) [180] and graphene/Re(0001)
[3]: What is the nature of the vacant hill? The answer to this question is missing because the available
observations are unable to reveal the atomic structure. Our strategy is to consider different classes of
atomic structures involving deviations to the perfect atomic lattices of the metal surface or graphene.
Such a survey has been so far out of reach of DFT calculations in reason of the prohibitive computing
time required to address already a few of the candidate structures. Instead, we use molecular dynamics
simulations based on a parametrized BOP to explore a variety of structures, and DFT calculations too in
the case of simple structures. The confrontation of the simulation results to high resolution STM/STS
data leads to the conclusion that at the center of the vacant hills, the stacking of carbon atoms on the
substrate differs from that found at a regular hill. The vacant hill may then be seen as a stacking fault
where bonding to the substrate is stronger. Possible structures feature a stacking fault either in the metal
surface or in the graphene lattice. In the latter case, loops of defects stitch the stacking fault to the
surrounding graphene, and these loops comprise non-hexagonal carbon rings. In this sense, the vacant
hills are topological defects and their electronic properties naturally differ from those of regular hills.
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IV. Depressions by stacking faults in nanorippled graphene on metals

1 Moiré superlattice, vacant hills and relationship with atomic
stacking

1.a Geometrical features of the moiré superlattice

Before addressing the vacant hill defect in itself, we briefly remind elementary geometrical features of
the moiré pattern between graphene and a metal surface (for further details, we refer the reader to
Section 2.b and to focused reports [47, 48, 49, 50]). Three high-symmetry stacking types are usually
considered, namely fcc-hcp (location of a moiré hill), top-hcp and top-fcc (location of two inequivalent
moiré valleys). For these three kinds of stacking the interaction between graphene and the substrate is
different [51, 44, 52], thus the graphene-metal distance is different: this is what drives the nanorippling of
graphene. The fcc-hcp, top-hcp and top-fcc regions are illustrated in Figure IV.2(c).

top-hcp

top-fcc

fcc-hcp

1 nm

a c

b d

Figure IV.2: Atomic-resolution of the moiré superlattice and the vacant hill defect, and relationship with
atomic stacking. (a,c) Atomic-resolution scanning tunneling topographs of graphene on Re(0001), revealing the moiré
pattern (a) and a vacant hill defect (c). Part of (a) is overlaid with a grid whose vertices match the positions of C atoms of
one of the two graphene sublattices. (b,d) Positions of the C atoms (grey balls) extracted from (a,c). In (d), the white balls
with grey contour are the positions of C atoms extrapolated from the surrounding graphene lattice, i.e. in the absence of the
vacant hill defect. The atomic positions in the two topmost Re layers have been refined to match the moiré pattern in (a,c)
(hills appear in blue). The C/Re stackings for the three characteristic sites of the moiré, the two valleys (top-hcp, top-fcc)
and the hill (fcc-hcp), are sketched with three side views.

These considerations help to rationalize the atomic resolution STM observations (Figure IV.2(a)) of
the moiré pattern for graphene on Re(0001). Graphene growth was prepared on a Re(0001) single crystal.
Re(0001) single crystal preparation and graphene growth procedures are described in Section 1.c and
Section 1, respectively. For graphene growth, only two temperature-programmed growth-chemical vapour
deposition (TPG-CVD) cycles were performed.

On top of the STM image shown in Figure IV.2(a), a grid whose vertices mark the positions of C
atoms belonging to one of the two sublattices of graphene was overlaid [189, 49, 190]. To produce a
geometrical construction of the moiré matching Figure IV.2(a), the two C sublattices were displayed
and the periodicity and rotation of the two topmost planes of metal atoms were adjusted, both planes
being simply in-plane shifted according to the hexagonal compact stacking in Re(0001). The result is
shown in Figure IV.2(b). At the location of the fcc-hcp stacking, i.e. the location of a moiré hill, we only
see through the graphene lattice the Re atoms of the topmost layer. At the location of the top-hcp and
top-fcc stackings (which are two inequivalent moiré valleys), respectively no Re atom and the atoms from
the second Re plane are seen through. Note that the present discussion can be directly transposed to the
case of graphene on Ru(0001).
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IV.2. BOP simulations and comparison with STM observations

1.b Atomic resolution of the vacant hill defect

We now turn to atomic resolution imaging at the location of a vacant hill. A typical image is shown in
Figure IV.2(c). It resembles the one published in Ref. [150]. Here we attempt to determine the positions
of C atoms, just like what was achieved for graphene on Re(0001) in the absence of defects. Away from
the defect site this task is rather straightforward. In contrast, at the defect location we are faced with the
usual shortcomings of STM imaging: the details that we observe are both of topographic and electronic
nature, and without a priori knowledge on the structure of the defect, determining the atomic positions
is ambiguous. We therefore temporarily refrain to devise on the detailed nature of the defect. This is
why in Figure IV.2(d), the carbon atoms are represented as open symbols at the location of the defect:
these symbols correspond to an extrapolation of the perfect graphene lattice. We note, once more, that if
graphene were perfect and the Re unperturbed there, then the C/Re stacking would be of fcc-hcp type
(Re atoms of the topmost substrate plane seen through).

2 BOP simulations and comparison with STM observations

2.a BOP simulations

Using numerical simulations to model defects in the metal and graphene substrates, where the atomic
structure of the regular lattice is altered over typically 1 nm, requires large calculation supercells (several
thousands of atoms) without which spurious boundary effects would be likely present and difficult to
evaluate. This is prohibitive for most DFT approaches. We use instead BOP calculations that allow
thousands of atoms to be treated. A BOP potential has in fact been carefully parametrized for the Ru-C
system [188] against the results of DFT calculations [65], and it was found to satisfyingly reproduce the
structural parameters of the nanorippled graphene/Ru(0001) moiré. Interestingly, (0001)-terminated Ru
and Re have strong electronic similarities, with in both cases d bands in the 2–4 eV range below the Fermi
level [195, 60, 95]. This is possibly a reason why sp2-hybridized carbon behaves very similarly on Ru(0001)
and Re(0001): on both surfaces, similar small size-selective polycyclic clusters tend to form [196, 197, 159]
and graphene is nanorippled with almost identical minimum and maximum graphene-metal distances
[51, 44, 3, 61]. Hence, while an optimized BOP potential is not yet available for Re-C, we expect it to be
very similar to the one presently used for Ru-C.

The bond-order potential parametrized for graphene on Ru(0001) combines the original BOP of Brenner
for carbon [145] and the embedded-atom model of Li et al. [212] for ruthenium. Two versions of the BOP
were originally designed, with and without dispersion corrections. Geometric properties predicted by DFT
being in slightly better agreement with the latter, this version was chosen in the present work.

Lateral periodic boundary conditions were applied with a box dimension chosen such that the lateral
graphene lattice constant is imposed at 2.497 Å [65]. The simulations were then conducted on the 12 on 11
moiré commensurability, where 12 graphene unit cells match 11 unit cells of the Ru(0001) surface lattice,
thus setting the hcp lattice constant a of the metal to be 2.724 Å, letting the other lateral constant as free
to accomodate better upon geometry optimization. Only three layers of ruthenium in ABA stacking were
explicitly considered in all calculations.

The systems considered were vacant hills with different structure (1 × 1 supercell) possibly surrounded
by regular hills (up to 4 × 4 supercells in total), or a maximum number of 10 416 atoms. After a short
molecular dynamics trajectory at 300 K, the geometry of the entire system was locally minimized, and its
structural details scrutinized.

2.b Comparison with STM observations

For all the structures simulated with a bond-order potential, the height of graphene with respect to the
average height of the uppermost Ru(0001) metal plane (averaged away from the defect location) was
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IV. Depressions by stacking faults in nanorippled graphene on metals

calculated both at the location of the defect and at the location of the neighbor hills. This allows a
comparison with the apparent topography observed in STM images – the contribution from the electronic
density of states to the apparent topography will be addressed later in the Chapter. Figure IV.3 shows a
summary of the obtained results, with close-up views of the considered structures. We will often refer to
this figure in the following sections.
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Figure IV.3: Summary of the results obtained using BOP simulations. Height of graphene with respect to the
average height of the uppermost Ru(0001) metal plane (averaged away from the defect location) at the location of a defect
(open symbols) and of the neighbor hills (filled symbols), as function of the relative number of C or substrate atoms compared
to the defect-free graphene or substrate. Two structures (top-hcp, top-fcc) have been considered for four of the defects in
graphene (-10, -8, -6, -4 C atoms), rotated by 180° with one another.

supercell size ×1 ×2 ×3 ×4
location ∆N stacking hd Eads hd hn Eads hd hn Eads hd hn Eads

none 0 3.84 12.5 3.84 12.5 3.84 12.5 3.84 12.5
graphene -4 top-fcc 2.59 20.3 2.59 3.81 13.4 2.59 3.83 11.9 2.59 3.83 11.4

top-hcp 2.65 20.9 2.65 3.80 13.5 2.65 3.82 12.1 2.65 3.83 11.5
graphene -10 top-fcc 2.66 29.4 2.71 3.77 15.5 2.71 3.81 13.0 2.71 3.82 12.0

top-hcp 2.71 29.3 2.70 3.79 15.3 2.70 3.82 12.8 2.70 3.83 12.0
graphene -8 top-fcc 2.62 26.8 2.62 3.78 14.7 2.62 3.81 12.6 2.62 3.82 12.0

top-hcp 2.57 26.2 2.57 3.78 14.6 2.57 3.81 12.6 2.57 3.82 12.0
graphene -6 top-fcc 2.45 22.3 2.45 3.83 13.8 2.45 3.83 12.2 2.45 3.83 11.6

top-hcp 2.60 21.6 2.60 3.82 13.7 2.60 3.83 12.1 2.60 3.83 11.6
graphene +8 top-hcp 4.40 24.9 3.91 2.87 12.3 3.61 3.00 11.8 2.44 3.84 10.4
graphene +14 top-hcp 3.89 16.9 3.85 3.19 15.4 3.11 2.91 12.8 2.30 3.84 9.0

metal -3 top-fcc 3.62 12.2 3.62 3.83 11.5 3.62 3.84 11.1 3.62 3.84 11.0
metal -6 top-fcc 3.37 11.3 3.32 3.85 11.3 3.32 3.84 11.1 3.32 3.84 10.9
metal -5 top-fcc 2.65 13.2 2.65 3.85 11.7 2.65 3.84 11.3 2.65 3.84 11.1

Table IV.1: Hill height hd (in Å) at the location of a defect on a fcc-hcp region of the moiré, and at the location of the
neighbor (regular) hill (hn), together with adsorption energy Eads (in meV). For each defect, the number of C or metal atoms
relative to the defect-free structure (∆N) is given. Different supercell sizes have been considered, whose size is expressed as
multiples of a (11×11)-on-(12×12) moiré unit cell corresponding to graphene/Ru(0001).
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IV.3. Discarded defect structures

The structures optimized via BOP simulations consist in defective graphene/Ru(0001) structures,
with defects such as vacancies in the carbon/metal lattice and stacking faults in the carbon/metal lattice.
Structures involving stacking faults in the carbon lattice comprise closed loops of non-hexagonal carbon
rings surrounding the stacking fault.

Table IV.1 lists several quantities extracted from the BOP simulations for the defects considered in
Figure IV.3.: the heights of graphene with respect to the average height of the topmost metal plane, at
the location of the defect and at the location of the neighbor moiré hill, and the adsorption energy (energy
difference between the potential energy of the system with graphene in interaction with the metal surface,
and the energies of graphene and the metal optimized at a finite distance for which they do not interact),
as a function of the size of the supercell used for the calculations.

Changing the size of the supercell puts in evidence that defects interact when they are close from one
another, especially when they are first neighbors. The interactions translate in height variations from 1%
to several 10% depending on the kind of defect, being especially large in the case of defects with an excess
of C atoms.

3 Discarded defect structures

3.a Rotated nano-grains

One important observation can be made to get further insight into the nature of the vacant hill. Within
the circle drawn in Figure IV.2(c), we discern three to four hollow spots. These spots may correspond
to the centers of carbon rings or to one of the two carbon sublattices, which can appear as hollow sites
depending on the local graphene/metal stacking [51, 49]. Within the resolution of our image, the spacing
between these spots is compatible with the graphene lattice parameter, and the spots seem to align along
directions parallel to zigzag C rows in the surrounding graphene. Whether these spots lay or not on the
vertices of the network of highest-symmetry lines of the surrounding graphene cannot be determined given
the resolution of our STM image. For these few defect-related spots the triangulation procedure that we
used to extract the position of C atoms of the defect-free graphene lattice [190] becomes unreliable.

This observation suggests that at the center of the defect, the carbon lattice is unrotated with respect
to the surrounding graphene, although it is possibly in-plane shifted. This rules out an interpretation
of the defect as a rotated nano-grain such as the ones observed in epitaxial graphene grown on silicon
carbide [191].

3.b Vacancies in the carbon lattice

Vacancies in the carbon or metal lattices could be another interpretation. Atomic vacancies in the carbon
lattice are for instance known to increase graphene’s reactivity, leading to the formation of carbon-metal
bonds and a decreased distance between graphene and the metal [192, 193, 158]. This behavior however
depends on the region (e.g. top-hcp, top-fcc, fcc-hcp) where the carbon vacancy is located: on a fcc-hcp

(hill) region, there is no metal atom directly underneath the defect, and our first principle simulations
(DFT) reveal that the graphene height is not significantly altered there (Figure IV.4).

The atomic structure of a supercell made of (7×7) Re(0001) unit cells in coincidence with (8×8)
graphene unit cells was relaxed, with and without a single C atom vacancy at the center of the moiré
hill where the stacking is fcc-hcp. More precisely, a single C atom sitting on a hcp site was removed.
The vacancy structure has a strong energy cost of 15.5 eV. The optimized structures are shown in
Figure IV.4(a,b). In the presence of the vacancy, the fcc-hcp remains a hill, with height variations between
atoms surrounding the defect of the order of 1 Å.

In Figure IV.4(c,d), we show cross-sections, taken just above the highest C atom, of the square modulus
of the wave function integrated between 0.25 eV below the Fermi level (EF) and EF.
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Figure IV.4: Vacancies in the carbon lattice, tackled by DFT simulations. (a,b) Top view of the optimized
structures of a graphene/Re(0001) moiré unit cell with and without a single C atom vacancy located at the moiré hill. Two
zooms on a fcc-hcp site are shown (left: defect-free, right: with C vacancy). (c,d) Cross-sections of the square modulus of
the wave function integrated between EF − 0.25 eV and EF, with and without the vacancy.

These cross sections are known to qualitatively reproduce the STM observations [3]. Cross-sections
are strikingly different from the STM images of the vacant hill. We conclude that the presence of a C
vacancy does not generate a vacant hill.

3.c Vacancies in the metal lattice

Vacancies in the metal lattice have been invoked in another epitaxial 2D material with vacant hills, namely
MoS2 grown on Au(111) [194]. In these vacant hills no atomic defect was found in the 2D material,
and their measured low electronic density of states was ascribed to the presence of a nanometer-scale
atomically-deep vacancy island in the Au(111) substrate.

We consider two possible vacancy islands in the metal surface, triple- and sextuple-vacancies with
triangular shape. Figure IV.5 displays top-views of the carbon topography optimized via BOP simulations,
for triple- (Figure IV.5(a)) and sextuple- (Figure IV.5(b)) vacancies in the metal substrate.

15
9
pm

a b

Figure IV.5: Vacancies in the metal lattice, tackled by BOP simulations. Top-views of the carbon topography,
with C atoms shown as balls whose grey shade codes the height of the C atoms above 2.3472 Å from the average height of
the topmost metal plane, for triple- (a) and sextuple- (b) vacancies in the metal substrate.
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IV.4. Possible defect candidates

Simulations reveal no vacant hill at the location of the vacancies. We note that the local graphene/metal
stacking corresponds to top-fcc at the location of the vacancy, but with a much larger distance than in
the valley with the same stacking in defect-free graphene. The distance is close to 3.5 Å, very close to the
height of regular moiré hills. At the moiré hills, where graphene is expected to be decoupled from the
substrate [51, 3], the local density of states is enhanced (see corresponding discussion at the end of this
Chapter), implying that the apparent height as assessed with STM may be an over-estimation of the true
height. In the case of the metal vacancies discussed in the present paragraph (for which the distance is
also large), one would thus expect a protrusion in the STM image, and not a depression (“vacant hill”) as
we observe.

The triple- and sextuple-vacancies structures are presented in Figure IV.3 without displaying the top
graphene layer, with the corresponding graphene heights at the location of the defects and at the location
of the neighbor hills. Vacancies in the metal substrate do not constitute possible candidates for the vacant
hill defect.

4 Possible defect candidates

We now turn to the description of the structures identified as possible candidates of the vacant hill defect,
namely stacking faults in the metal and carbon lattices, and moiré dislocations. The latter kind of defect
could be at the origin of (at least some of) the vacant hills reported in Ref. [179].

4.a Stacking faults in the metal lattice

A straightforward configuration with the same stacking (top-fcc), but with the metal surface closer to
graphene, is a stacking fault nanoisland in the metal uppermost layer. In this defect (points with -5
substrate atoms in Figure IV.3), the metal atoms (shown as green balls in Figure IV.6) are positioned
on fcc hollow sites of the metal, i.e. they are laterally shifted by as/

√
3 (as being the substrate’s

lattice parameter) along a
〈
11̄00

〉
direction. The optimized structure of such a defect is represented in

Figure IV.6(a-c) from different viewpoints. Closer views on the optimized structure, with and without
displaying the top graphene layer are shown in Figure IV.6(e,f). The simulations find a clear local energy
minimum for a vacant hill (Figure IV.6), which appears deeper by about 1.2 Å compared to regular hills.
There we expect a similar conductance as in the moiré valleys. This configuration is the first possible
structure that we propose for the vacant hill, and we anticipate that stacking fault islands with slightly
different shapes or sizes are also potential candidates.

The effects of such defect configurations can now be discussed in relation with STM observations of
vacant hills in graphene on Ru(0001). These observations found no defect in the carbon lattice, implying
that the vacant hill corresponds to a defect in the Ru(0001) substrate [179]. It was suggested that these
defects are metal vacancies, for instance induced by ion beam bombardment during the preparation of the
sample surface [179]. We however expect that at the temperature used to grow graphene, the metal surface
reconstructs in a vacancy-free, staircase of atomically-flat terraces. Besides, we have just discussed that
our simulations do not support a scenario with vacancies, and rather point to stacking faults. Interestingly,
stacking fault formation has been reported previously in Ru(0001) upon graphene growth, in this case in
the form of a lattice of stacking faults [198].

4.b Moiré dislocations

It should be noted that graphene as studied in Ref. [179] has rotational disorder, while we have carefully
selected highly-ordered graphene samples in the present work. To prove this, closed Burgers circuits
like the ‘1-2-3-4’ circuit in the inset of Figure IV.1(c) can be drawn around any vacant hill observed in
Figure IV.1(a,b), ruling out the presence of dislocations in the moiré lattice. Moiré dislocations would
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Figure IV.6: Stacking faults in the metal lattice, tackled by BOP simulations. Vacant hill model with a stacking
fault in the metallic substrate. (a) Side-view ball model of the optimized nanorippled topography of graphene on Ru(0001),
with two hills and one vacant hill. The amplitude of the out-of-plane displacement of C atoms has been multiplied by two. (b)
Three-dimensional view corresponding to (a). Two arrows mark the cut used in (a). (c) Top-view of the carbon topography,
with C atoms shown as balls whose grey shade codes the height of the C atoms above 2.347 Å from the average height of
the topmost metal plane. (d) Honeycomb graphene lattice exclusively composed of hexagonal rings at the location of the
vacant hill. (e,f) Closer view (yellow dotted circle in (b,c)) on a vacant hill, with and without displaying the top graphene
layer, showing that carbon atoms atop the faulted substrate atoms (green balls) bring graphene closer to the substrate.

necessarily be observed in the presence of dislocations in the carbon lattice [189], and these atomic-scale
dislocations accompany rotational disorder in a 2D material like graphene [199, 189].

Dislocations are surrounded by mechanical deformations, which alter the regular stacking configuration
between the C and metal substrate atoms at the origin of the hill-and-valley topography of the moiré
pattern. It is then conceivable that some of these deformations cause a vacant hill where the otherwise
expected fcc-hcp stacking is strongly perturbed, even in the absence of a metal stacking fault underneath,
and this could be the origin of (at least some of) the vacant hills reported in Ref. [179]. This is the second
possible structure that we propose for the vacant hill.

4.c Stacking faults in the carbon lattice

We now discuss a third possible kind of structure for the vacant hill, in which the C atoms’ positions are
laterally shifted with respect to the regular lattice. In other terms, this nano-grain is a graphene stacking
fault, with a top-fcc and top-hcp stacking on top of the substrate instead of the regular fcc-hcp stacking,
the substrate being unaltered (to a first approximation) by the presence of the defect. The boundary
between such a stacking fault and the surrounding graphene necessarily consists of non-hexagonal rings,
forming a loop of defects.
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Here again we use BOP calculations to assess the stability and topography of several such candidate
structures. These structures differ by the kind of nano-grain boundaries around the stacking fault at the
center of the vacant hill. The stacking fault is a lateral shift of the graphene lattice by a/

√
3 (a being

graphene’s lattice parameter) along armchair directions, with opposite orientations for the top-fcc and
top-hcp stacking types (see an example in Figure IV.7(d)).
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Figure IV.7: Stacking faults in the carbon lattice, tackled by BOP simulations. Vacant hill model with a stacking
fault in graphene itself. (a) Side-view ball model of the optimized nanorippled topography of graphene on Ru(0001), with
two hills and one vacant hill. The amplitude of the out-of-plane displacement of C atoms has been multiplied by two. (b)
Three-dimensional view corresponding to (a). Two arrows mark the cut used in (a). (c) Top-view of the carbon topography,
with C atoms shown as balls whose grey shade codes the height of the C atoms above 2.347 Å from the average height of
the topmost metal plane. (d) Details of the C structure of the defect, revealing a lateral shift along the armchair direction of
the core of the defect relative to the surrounding defect-free graphene. The grain boundary consists of pentagons, heptagons,
and octagons. (e,f) Closer views of (c) (yellow solid and dotted circles in (b,c)), showing the top-fcc (fcc-hcp) stacking of C
on Ru at the location of a vacant hill (regular hill) where the second (first) Ru plane is seen through the carbon rings, in red
(purple).

Strain (shear, stretch, compression) and non-hexagonal rings can accomodate these lateral shifts. As
discussed below, strain alone is not sufficient, while non-hexagonal rings alone are. The localized nature
of the vacant hill, as opposed to the stiffness of the graphene lattice that a priori favors extended strain
gradients [200, 201], suggests that non-hexagonal rings are likely to play a key role. Noteworthy, chains
of non-hexagonal carbon rings with two pentagons and one octagon as repeating units [202, 203], or
tilted Stone-Wales defects (two pentagons and two heptagons) [204], have already been observed between
two-laterally shifted graphene domains. These chains represent discontinuities in the translational order
parameter field of the graphene lattice and are therefore one-dimensional topological defects. We then
explored the stability of a variety of looped grain boundaries constructed with fragments of these two
kinds of topological defects.
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IV. Depressions by stacking faults in nanorippled graphene on metals

To limit the number of possible configurations we focus on those with the highest symmetry and
a small core made of six or seven hexagonal rings. The optimized structure of such a defect with a
six-hexagon-core and a C density closest (-4 C atoms in Figure IV.7) to the case of defect-free graphene
is represented in Figure IV.7(a-c) from different viewpoints and is sketched without the substrate in
Figure IV.7(d). The graphene nanograin is surrounded by non-hexagonal rings, here pentagons, heptagons,
and octagons. The depression that is observed is a clear energy minimum for the system. This finding
confirms that a stacking fault, here in the graphene lattice, naturally gives rise to a vacant hill in the
moiré pattern (clearly apparent when comparing Figure IV.7(e,f)).

Top-views of the carbon topography for graphene stacking faults with -6, -8 and -10 C atoms are
shown in Figure IV.8. Details of the graphene nanograins, surrounded by loops of non-hexagonal C rings
are shown in Figure IV.3, with the corresponding graphene heights at the location of the defects and at
the location of the neighbor hills.
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Figure IV.8: Stacking faults in the carbon lattice with defect C atoms, tackled by BOP simulations. Top-views
of the carbon topography, with C atoms shown as balls whose grey shade codes the height of the C atoms above 2.347 Å
from the average height of the topmost metal plane, for graphene nanograins surrounded by loops of non-hexagonal C rings,
corresponding to (a) -6, (b) -8, and (c) -10 C atoms compared to defect-free graphene.

In Figure IV.3 we show alternative candidate structures for the vacant hill defect, with two shapes
of nanograins and different kinds of boundaries. Each of these structures can be stacked in a top-hcp or
top-fcc manner on the substrate, i.e. they are related by a 180°-rotation of the metal substrate. These
two alter ego structures differ by a few 100 meV in binding energy, with a hierarchy that depends on the
distance between the defects (Table IV.1). It is then hard to judge whether one or the other configuration
is preferentially expected.

The BOP simulations predict that the vacant hill is deeper than the neighbor regular hill by typically
1 Å, and this holds for a rather broad range of C densities lower than that of defect-free graphene.
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IV.5. On the possible origin of the vacant hill defects

In the case of an excess of C atoms, the graphene topography seems much more complex than
in the experimental observations. Top-views of the carbon topography for graphene stacking faults
with +8 and +14 C atoms are shown in Figure IV.9(a,b), respectively. Graphene topography consists
in strong, localized protrusions and depressions (above 1 Å). This is better visualized in Figure IV.9
than in Figure IV.3, where the height assessment we use, at the very center of the defect, does not
account for the peculiar topography. We conclude that the (strongly) distorted hexagonal rings of
excess-C-structures do not seem relevant ingredients to obtain looped grain boundaries forming vacant hills.
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Figure IV.9: Stacking faults in the carbon lattice with excess C atoms, tackled by BOP simulations. Top-views
of the carbon topography, with C atoms shown as balls whose grey shade codes the height of C atoms above 2.3472 Å from
the average height of the topmost metal plane, for graphene nanograins surrounded by deformed hexagonal C rings plus non
hexagonal rings, corresponding to (a) +8, and (b) +14 C atoms compared to defect-free graphene.

It is tempting to discuss the relative energies of the system with different kinds of defects, to try to
identify the most probable structure for the vacant hill. Unfortunately, comparing the total energies of
systems comprising a different number of atoms is meaningless. In addition, experimental observations of
e.g. Stone-Wales defects indicate that defect formation during graphene growth is not forbidden even
in case of high, few-electron volt formation energies [205]. As we will soon see, there are however other
arguments, related to the origin of the vacant hill defect, that are more insightful in this respect.

Before we turn to this discussion, we would like to mention the observations of related defects in
free-standing single-layer WSe2, that may also be seen as a stacking fault surrounded by loops of non
hexagonal rings [206]. These defects are obtained after electron-beam irradiation, that leads to departure
of Se from the material. It seems that WSe2 is more tolerant than graphene to the presence of dangling
bonds.

5 On the possible origin of the vacant hill defects

Unlike the defects reported in WSe2 [206], the defects of interest here have formed upon epitaxial growth
of graphene. The cores of the vacant hill structures that we discussed above are polycyclic clusters. Alone,
these cores remind the size-selective clusters that are specifically observed on Rh(111), Ru(0001), and
Re(0001) at early stages of graphene growth [180, 197, 196, 207, 159]. In a recent study we established
that these clusters are stacked in a top-fcc configuration on the Re(0001) surface, and that they are
metastable species whose occurence is kinetically controlled [159]. It is then tempting to consider the
clusters as natural sources of stacking faults in the system, and different viewpoints can be considered
whether the stacking fault constituting the vacant hill is in the metal surface or in graphene.

Except where, by chance, a growing graphene patch meets a preformed metastable cluster with locally
the same top-fcc stacking, the cluster and the graphene patch will be faulted with respect to one another.
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IV. Depressions by stacking faults in nanorippled graphene on metals

As we have shown above, this results in the persistence of certain clusters until advanced stages of
graphene growth are reached [159]. The open question at this point is how the cluster is eventually
incorporated in the surrounding graphene lattice. This incorporation could occur by the formation of
loops of non-hexagonal rings surrounding the graphene nanograin, or by a lateral displacement of the
cluster dragging a patch of the topmost metal layer via the strong bonds between the C atoms at the
cluster’s periphery and the metal surface [159], thereby generating a stacking fault in the metal. Note that
the latter process is expected to yield metal adatoms from the surface, which could for instance attach to
the closest metal step edges.

At other sites of the moiré pattern, for instance the top-hcp site, the incorporation of metastable
clusters could be less difficult (no stacking fault is observed in general at these locations). Whether at such
sites the metastable cluster (forming a stacking fault) is dissolved before the graphene patch can cover
this site, or alternatively, loops of non-hexagonal rings allow to stitch the defect and are subsequently
healed, remains unclear at this stage.

Using a lower C adatom concentration during growth or higher temperatures reduces the density of
vacant hills, from several 104 µm−2 to few 103 µm−2 [178]. Note that on Rh(111), Ru(0001), and Re(0001),
too high temperatures that may allow to fully eliminate the vacant hills become problematic due to the
tendency of carbon to dissolve in the bulk [208] or to form a surface carbide [149, 45, 209]. Overall, the
vacant hills seem to be traces of the kinetic limitation towards the disappearance of metastable carbon
clusters.

6 Electronic properties of the vacant hills

6.a Local conductance measurements

With the help of low temperature STS, we now address the electronic properties of graphene/Re(0001)
at different locations in the moiré pattern and at the location of vacant hills. Graphene growth was
performed on a thin Re(0001) film on sapphire, following the procedure described in Section 1.c. The
differential conductance spectra were acquired at 4 K, using a standard lock-in technique with a 5 mV
modulation of the tip-sample bias voltage (Vt) at 480 Hz.

We find a strong correlation between the local (apparent) height and the local tunneling conductance
(Gt) versus tip-sample bias (Vt): the conductance is strongly enhanced 100 meV below the Fermi level,
forming a marked peak at the location of the hills (fcc-hcp) (Figure IV.10(a)). This peak is absent at
the valleys of the moiré (top-hcp and top-fcc), while at these sites a dip is observed at the Fermi level.
The correlation is visualised on Figure IV.10(b), where the apparent topography is overlaid with the
corresponding conductance Gt(Vt = −0.1 eV) map. More specifically, the apparent topography is overlaid
with an interpolated conductance map. Interpolation ensured that the grid of the conductance map
matches the grid of the apparent topography (it artificially decreased the grid spacing of the conductance
map).

The conductance spectra at the location of the vacant hill are very similar to those measured at the
valleys (top-hcp and top-fcc) of the moiré, which themselves are hardly discernable from one another.
This finding is consistent with our interpretation of the defect as a stacking fault corresponding to either
a top-hcp or a top-fcc stacking, where the graphene-metal distance is similar to that in the moiré valleys.

6.b DFT calculations

To rationalize these observations we turn to the results of DFT calculations. We cannot address the
vacant hill itself, since, as mentioned earlier, the supercell that would be required to obtain reliable results
would be too large to be tackled. Instead we discuss the spatial variations, within a defect-free moiré unit
cell, of the local density of states, a quantity that contributes to the experimental tunneling conductance.
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Figure IV.10: Moiré-site and vacant hill dependent variations of the conductance measurements. (a) Conduc-
tance Gt(Vt) spectra measured at the location of a vacant hill, and of the fcc-hcp (hill), top-fcc (valley) and top-hcp (valley)
sites of the moiré. Inset: STM topograph and the four locations where Gt(Vt) spectra have been measured. (b) Apparent
topography measured with STM in a region comprising a vacant hill, represented with a three-dimensional rendering and
overlaid with the corresponding local differential conductance map measured below the Fermi level at Vt = −0.1 eV.

The system is described by a slab that contains five Re layers, one graphene layer, and a 10 Å-thick
empty space on top. Atoms in the third Re plane were fixed while all the other atoms were let free to relax.
The in-plane size of the supercell used for the calculation was set by assuming a coincidence of (8×8)
graphene unit cells on top of (7×7) Re(0001) unit cells, corresponding to the experimental observations.
A single k point, the supercell K point, was used to get a precise description of the graphene low energy
states. After convergence, residual forces were less than 0.025 eV/Å.

Graphene strongly perturbs the charge distribution at the Re(0001) surface, as can be noticed when
comparing the cross sections of the partial charge integrated below the Fermi level, at the graphene/Re(0001)
and Re(0001)/vacuum interfaces (respectively top and bottom atomic layers in Figure IV.11(a)). The
out-of-the-surface extension of the Re wave-functions is indeed strongly reduced at the valleys of the
moiré, due to the hybridization between graphene and Re(0001) orbitals that is the strongest there.

Due to this spatially-varying hybridization, the density of states of the C and Re atoms are themselves
varying. In the case of Re atoms, the variation is essentially related to the position in the moiré, while in
the case of C atoms, it is additionally related to the kind of sub-lattice. Figure IV.12 shows the density of
states of individual C and Re atoms in fcc − hcp, top − fcc and top − hcp regions. Regarding C atoms, the
density of states in the fcc − hcp and top − hcp regions was computed for four C atoms: three equivalent
C atoms forming a triangle pointing downwards for fcc − hcp and upwards for top − hcp, plus one C atom
located exactly at the center of the said regions. Whether the C atom is on a top or hcp or fcc site with
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Figure IV.11: DFT results obtained for (7×8) graphene/Re(0001). (a) Cross-section of the partial charge inte-
grated between the EF and EF − 0.25 eV, along the [11̄00] direction, deduced from the DFT calculations on defect-free
graphene/Re(0001). (b) Electronic density of states (electron energy E) of individual Re atoms (top curves) and averaged
over a few C atoms (four and six respectively, bottom curves) at the hills (fcc-hcp) and valleys (top-fcc, top-hcp) of the
moiré, from DFT calculations.

respect to Re atoms makes a large difference in the density of states. As for the density of states of C
atoms in the top − fcc region, we considered six C atoms: three equivalent C atoms forming a triangle
pointing upwards and three equivalent C atoms forming a triangle pointing downwards. Again, we observe
a significant variation for the two inequivalent sites.

The density of states computed at the hills and valleys of the moiré is shown in Figure IV.11(b).
For C atoms, it is averaged over four atoms in fcc − hcp and top − hcp regions, and over six atoms
in the top − fcc region (the atoms on which the average densities of states are calculated are the ones
shown in Figure IV.12). Assigning one or the other extrema in these spectra to the ones observed in
the experimental conductance is a priori risky, since their energy position depends on the degree of
approximation that is used for the simulations.

The Re density of states (averaged over three atoms in fcc − hcp and top − fcc regions and taken on
one Re atom only in the top − fcc region, see Figure IV.12) is globally larger than the one of C atoms,
but the larger distance to the STM tip is expected to compensate this difference, at least partly. Two
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Figure IV.12: Density of states of individual Re and C atoms at the hills (fcc − hcp) and valleys (top − fcc,
top − hcp) of the moiré. Top: Electronic density of states (electron energy E) of individual Re and C atoms in the
fcc − hcp region. The density of states was calculated on three equivalent Re atoms (left), and on four (three equivalent
+ one) C atoms (right). Middle: Electronic density of states (electron energy E) of individual Re and C atoms in the
top − fcc region. The density of states was calculated on three equivalent Re atoms (left), and on six (three equivalent +
three equivalent) C atoms (right). Bottom: Electronic density of states (electron energy E) of individual Re and C atoms in
the top − hcp region. The density of states was calculated on one Re atom (left), and on four (three equivalent + one) C
atoms (right). Electronic density of states are plotted with solid and dotted lines. The type of line used to circle a specific
atom shown in one of the insets matches the type of line used to plot the density of states on this specific atom. For C
atoms, we also show for each atomic stacking the average density of states with a dash-dotted line.

maxima are observed for Re and C, both at the hills (fcc-hcp region) and the valleys (top-fcc and top-hcp

regions) around the Fermi level and about [-0.2,-0.1] eV below it (and keeping in mind that the absolute
energy values should be taken with caution).

Concerning Re atoms, the lowest-energy maximum is the most intense of the two, and the intensity
difference with the other maximum is more severe in the case of the valleys. Concerning C atoms, the
higher-energy maximum is the most intense, and the intensity difference with the other maximum is more
severe in the case of the hills. Overall, the density of states including the C and Re contributions may
hence exhibit marked maxima at the hills (at the higher-energy value), and on the contrary no marked
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IV. Depressions by stacking faults in nanorippled graphene on metals

maximum at the valleys (the C and Re contributions somewhat averaging out). These simple arguments
elude (possibly important) corrections introduced by the tunneling matrix elements. Yet they suggest
that the marked maxima could correspond to the peak measured in the tunneling conductance at the
location of hills (Figure IV.10(a)), and conversely that no specific feature is observed experimentally at
the valleys or the vacant hills.

Conclusions

Using scanning tunneling microscopy/spectroscopy, parametrized bond-order potential calculations and
density functional theory electronic structure calculations, we have addressed one of the prominent local
defects encountered in epitaxial graphene grown on several metal surfaces such as Re(0001), Ru(0001),
and possibly Rh(111) as well. The nature of this defect, which has been observed ever since 2007, had
not been discussed in details until now. The defect appears as a vacant hill in the nanorippled pattern
that is associated with the moiré pattern of graphene. This locally, lower-than-expected height and the
corresponding lower tunneling conductance both point to a stacking fault, a kind of C-metal stacking that
is otherwise encountered at the valleys of the moiré pattern. Microscopy shows that this vacant hill is
incorporated within the surrounding graphene lattice. We discussed the possible structures of the stacking
fault, either in the metal surface or in graphene itself, in the latter case in relation with closed loops of
non-hexagonal carbon rings surrounding the stacking fault. Our bond-order potential calculations predict
a depression in graphene for both kinds of stacking faults, consistently with our observations. We finally
proposed that the vacant hills are related to the formation of metastable, kinetically blocked polycyclic
clusters forming alongside the growth of graphene.

In the prospect of producing high-quality graphene, there is an obvious motivation to eliminate the
vacant hill defects as much as possible. Ru(0001), Re(0001), and Rh(111) substrates, with which these
defects are formed, actually stand out of the broad library of possible graphene substrates because they
naturally select a single orientation of graphene, virtually free of other kinds of defects like twin boundaries.
Graphene detached from Ru(0001) has already proven high electric transport performance [210], and
we expect that reducing or even eliminating the vacant hills would further improve these performances.
Considering metastable polycyclic carbon clusters as a plausible source for the vacant hills, avoiding their
formation by e.g. the use of ad hoc molecular precursors seems a promising route.

With the predicted electronic properties of graphene anti-dot lattices in mind [211], we may change
our perspective on the vacant hill defects and now also consider them as exciting objects in themselves.
Noting that the moiré pattern also naturally selects the location of the stacking faults (vacant hills),
controlling the number of vacant hills and their 2D organization might allow to engineer unique electronic
states with no equivalent in pristine graphene.
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Defective, hole-doped and
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Defective, hole-doped and superc. quasi free-standing Gr/Au/Re(0001)

Abstract
Graphene grown on Re(0001) is known to be strongly interacting with its substrate. To benefit from the
proximity of the superconducting substrate, while recovering a free-standing character for graphene and
thus two-dimensional properties, we have explored the intercalation of an ultra-thin layer of a weakly
interacting metal, Au, in between graphene and Re(0001). Using RHEED, LEED, STM/STS, AFM,
ARPES, Raman spectroscopy and DFT calculations, we establish that as opposed to the strongly hybridized
graphene-on-Re(0001), gold-intercalated graphene on Re(0001) presents a quasi free-standing character.
The weak graphene-Au interaction is evidenced by a reduced graphene corrugation, an enhanced distance
between graphene and the underlying metal, a linear electronic dispersion and characteristic graphene’s
Raman modes. We demonstrate that gold-intercalated graphene on Re(0001) is slightly p-doped, in
agreement with previous measurements on related systems. The high density of defects in gold-intercalated
graphene on Re(0001) (1014 cm−2) is attributed to the formation of defects upon intercalation. The
observation of two electronic resonances in the conductance spectrum of gold-intercalated graphene on
Re(0001) is rationalized by means of DFT calculations: one resonance is ascribed to the quasi-free standing
character of graphene, and the other to the presence of Au. Finally, we show that gold intercalation does
not alter the rhenium-induced superconductivity in graphene.

Introduction

Epitaxial growth of large-area graphene with low defect density on various metal substrates has been a
very active subject of research in the past few years. Two extreme cases of graphene-substrate binding
are commonly acknowledged: weakly interacting metallic substrates such as Ir(111) [53, 52], Pt(111)
[54, 46, 55], Cu(111) [56], Al(111), Ag(111) [58] and Au(111) [59]; and strongly interacting metallic
substrates such as Re(0001) [3, 60, 61], Ru(0001) [51, 62, 63, 64], Rh(111) [65] and Ni(111) [66]. For the
latter category, hybridization between the metal d states and the π band of graphene results in a loss of
graphene’s electronic linear dispersion [60], associated with a strong nanorippling of the graphene sheet
[3, 63, 64] and short graphene-substrate distances [65]. These features are related with a tendency to form
covalent bonds between graphene and the substrate [65, 61]. Contrary to strongly interacting substrates,
weakly interacting metals preserve the Dirac cones of graphene [53, 55], with larger graphene-substrate
distances [61] and a smaller graphene nanorippling [52]. The bonding between graphene and the substrate
is of van der Waals-type [52, 65, 61]. The reason is that the hybridization energies associated with the
overlap of the metal d orbitals with the π orbitals of graphene are much higher (in absolute values) than
in the case of strongly interacting metallic substrates [65, 61]. In other words, hybridization occurs in
regions far from the Dirac point.

Intercalation of a buffer atomic layer of certain elements in between graphene and its substrate is an
efficient way to recover the intrinsic structural and electronic properties expected for isolated graphene.
Obviously, the intercalated species should passivate the metallic substrate. In particular, graphene shows
structural and electronic properties that are strongly reminiscent of isolated graphene (hence it is coined
“quasi free-standing”) when the metallic intercalant has full higher-energy d sub-shell, as shown with
graphene/Ag/Re(0001) [60], graphene/Pb/Re(0001) [95], graphene/Au/Ni(111) [97, 98], graphene/Cu/
Ni(111) [98], graphene/Ag/Ni(111) [98], graphene/Al/Ni(111) [99], graphene/Au/SiC(0001) [100, 101]
and graphene/Pb/Ru(0001) [103].

Intercalation is however not neutral, and may have desired or spurious effects on graphene. The
possibility to adjust the electronic doping of graphene from “under the carpet” has been widely explored,
and both p and n doping were demonstrated accordingly [105, 104, 213, 96, 97, 102, 106, 60, 95]. The
magnitude and sign of the doping is expected to depend on the work function of the metal, on the
graphene-metal distance, and on the interfacial potential change resulting from the graphene-metal
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interaction [71]. Consistent with this picture, using metal intercalants both electron and hole doping
was demonstrated for graphene on various metal substrates including Ir(111) [105, 104, 213] and Ni(111)
[96, 97], while only hole doping was reported on Ru(0001) [102] and only electron doping was reported on
Pt(111) [106] and Re(0001) [60, 95].

Another effect of intercalation, when the metal intercalant is a heavy element, is a spin-orbit effect.
Electronic bands with spin-splitting due to this proximity effect, amounting to 10-100 meV, have been
reported with Au [107] and Pb [106, 111] intercalants. Strong spatial variations of proximity spin-orbit
effects at the edge of intercalated islands were proposed to generate sharp Landau levels in graphene [105].
The origin of these effects is not fully clarified, and may relate to the structure of the intercalated layer
[114, 115].

More deleterious is the possible creation of defects upon intercalation [93, 87, 94]. The energy barriers
for defect creation seem a priori too high to be generated at room temperature, thus intercalation is at
first thought rather expected to occur via graphene edges [91, 92] or pre-existing defects [85, 87]. Yet,
predictions that metal atoms or clusters (naturally present in an intercalation experiment) can strongly
reduce energy barriers for defect creation in graphene [214], prompt whether new defects could be created
alongside intercalation.

Here, we investigate the intercalation of Au sub-monolayers and few layers in between graphene and
Re(0001), a substrate of choice in view of inducing superconductivity in graphene [3]. Using electron
diffraction (RHEED and LEED), STM/STS, AFM, ARPES, Raman spectroscopy, and DFT calculations,
we find that graphene becomes quasi free-standing thanks to Au intercalation, reducing its corrugation,
increasing its distance with the metal surface, recovering a conical electronic dispersion, an electronic
resonance, and Raman-active vibration modes. We also establish that graphene becomes hole-doped,
in contrast to other graphene-on-Re(0001) systems studied so far [60, 95], and we demonstrate that
intercalation induces a significant density of point defects in graphene, amounting to 1014 cm−2. Finally,
we show that the rhenium-induced superconducting gap is not altered by gold intercalation.

1 Graphene-covered Re(0001)

Before addressing the intercalation of gold between graphene and Re(0001), we briefly describe graphene-
covered Re(0001). Two separate UHV systems were used for sample preparation: one was equipped
with a room-temperature UHV-STM and the other was used for ARPES experiments. Temperatures
were measured with pyrometers assuming an emissivity of 0.3. The deviation from the actual sample
temperature may vary with the transmission coefficient of the UHV viewport and the measurement angle
for instance, and these parameters were different in the two UHV systems. We estimate an uncertainty on
temperature measurements of ± 50 K.

Graphene growth on Re(0001) single-crystal was performed using the TPG-CVD method described
in Chapter III. Graphene growth consisted of eleven TPG cycles, between 520 K and 970 K for the
STM-equipped UHV system and between 520 K and 1100 K for the ARPES-equipped UHV system,
followed by a cooling down to 520 K within 10 min for both systems. The ten first TPG cycles were
performed under ethylene atmosphere, with PC2H4 = 5·10−7 mbar, and the last one was performed with
the C2H4 valve closed.

1.a Structural properties

In Figure V.1(a), the typical hill-and-valley topography of graphene/Re(0001) moiré is visualized with
STM. The moiré signature appears also in the planar cut of reciprocal space measured with LEED, as
satellite spots around the Re(0001) and graphene first order spots (Figure V.1(b)). When grown on a
Re(0001) single-crystal, graphene consists of domains of typically few tens of nanometers in size, overall
covering 70% of the surface. A small fraction of the surface (15%) is covered by a rhenium carbide (for
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Figure V.1: Graphene-covered Re(0001). (a) Scanning tunneling topograph of graphene/Re(0001), revealing the moiré
with atomic resolution. It = 5 nA, Vt = 20 mV, T = 300 K. (b) LEED pattern of graphene/Re(0001), measured with 80 eV
electrons. (c) Reciprocal space sketch showing the Γ-K-M-Γ direction (in red). The highest-symmetry points of graphene
(KGr, MGr) and Re(0001) (KRe, MRe) are indicated. (d) Photoemission intensity plot along the Γ-K-M-Γ direction of
graphene/Re(0001), with an HeII source (40.8 eV photon energy). The highest-symmetry points of graphene (KGr, MGr)
and Re(0001) (KRe, MRe) are marked on the map.

further details on the ordered rhenium carbide phase we refer the reader to Chapter III). When grown on
rhenium thin films, graphene coverage reaches 90% of the surface.

We turn to the diffraction data obtained with RHEED, which is well-suited to address structural
changes, in our case those occurring upon intercalation, in real-time. A typical graphene-covered Re(0001)
RHEED pattern taken with [011̄0] incident azimuth is shown in Figure V.2(a). The diffraction signals from
Re, graphene, and the moiré appear as streaks, which are marked with different colours in Figure V.2(a’).
Assuming that the lattice parameter of Re is equal to its bulk value i.e. aRe = 2.76 Å, the graphene
lattice parameter, aGr = (dRe/dGr) × aRe, where dGr (dRe) is the distance between the graphene (rhenium)
streak and the specular (central) streak, is 2.47 Å, close to the values found in the literature. Additional
streaks, associated to rhenium carbide, are observed in between graphene streak and the specular streak.

1.b Electronic band structure

Figure V.1(d) shows an ARPES cut of the electronic band structure below the Fermi level along the
Γ-K-M-Γ direction. Our data is consistent with the electronic band structure reported by Papagno et al.
[60], and is coherent with the one reported in Ref. [95]. The observed π and π∗ bands do not correspond
to the case of free-standing graphene. The hybridization of the metal d states with the π state of graphene
is responsible for the shift of the π state below the Fermi level. The shift amounts to 3.3 eV, suggesting
a strong electron donation from the metallic substrate to graphene. The parabolic dispersion of the π

state is less marked in our experimental band structure than in Ref. [60]. This dispersion points to a
strong difference in the C-Re interaction for the two C sub-lattices, in contrast with the linear dispersion
of isolated graphene. In the valleys of the moiré indeed, strong covalent-like bonds are formed between
the Re atoms in the topmost metal plane and C atoms in one of the two C sub-lattices, while the other C
atoms do not form such bonds [61, 3]. These bonds correspond to a strong C-Re hybridization, which
presumably accounts for the electronic states observed in the ARPES map within the graphene bandgap
(Figure V.1(d)).

2 Gold deposition/intercalation process

The deposition rate of Au was estimated using either a quartz microbalance or Auger spectroscopy.
Gold deposition and intercalation were performed as follows. First, gold deposition on graphene-covered
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Re(0001) was performed using either a Au evaporator or via pulsed-laser deposition, at room temperature.
Then, a subsequent annealing at 970 K and 670 K in the two different systems was performed. The
intercalation process occurred during the subsequent annealing and was monitored by either RHEED or
LEED. An alternative method was used and gave similar results: Au deposition was performed with the
sample held at 770 K, and a subsequent annealing at 930 K led to Au intercalation.

a

As-prepared graphene
0.6 MLAu,

sample temperature: 770 K
Post-annealing at 930 K

...

b c

a' b' c'

Figure V.2: Gold deposition/intercalation process monitored by RHEED. Top: Ball model of graphene-covered
Re(0001) along the deposition/intercalation process of Au. Graphene, rhenium and gold atoms are schematically represented
as white, pink and yellow balls, respectively. The moiré superperiodicity is indicated with blue arrows. Bottom: Periodic
features observed with RHEED on (a,a’) graphene-covered Re(0001) surface, (b,b’) after depositing 0.6 ML of Au at 770 K
and (c,c’) after subsequent annealing at 930 K. RHEED patterns were taken along the [011̄0] incident azimuth. Coloured
lines indicate the specular (black), Re (pink), graphene (white), moiré (blue), rhenium carbide (red) and Au (yellow) streaks.
The bulk lattice parameter of Au(111) is indicated with dashed yellow lines. Insets show schematic top views of the reciprocal
space with all observed rods and a cut of the Ewald’s sphere (white line).

Figure V.2 shows the evolution of the RHEED pattern taken along the [011̄0] incident azimuth during
the deposition/intercalation process of 0.6 monolayer (ML) of Au (1 ML denotes a full coverage of the
Re(0001) surface with pseudomorphic single layer of Au). Gold deposition was performed with the
sample held at 770 K, followed by a subsequent annealing at 930 K. After gold deposition at 770 K
(Figure V.2(b-b’)), some of the moiré streaks have disappeared, as well as the carbide streaks. This is an
indication that gold has been deposited onto the surface. Besides, diffraction spots and streaks (yellow)
appear after Au deposition. The spotty diffraction signals, which correspond to a smaller-than-bulk
in-plane Au lattice parameter, are indicative of the presence of three-dimensional objects on the surface
after Au deposition. An obvious reason is that at least part of the deposited Au is in the form of clusters.
This is to be expected given the very different surface energies of Au and graphene, which should promote
Au dewetting on graphene [215]. The small lattice parameter is indicative of a nanoscopic size of the
clusters [216, 217, 218, 219]. The (yellow) streaks rather point to the presence of a two-dimensional layer
of gold. These streaks are much broader than those of graphene and Re(0001) prior to Au deposition,
indicative of a significant structural disorder. They are located in between the rhenium and graphene
streaks, meaning that the gold layer has an intermediate lattice parameter, in between the values of
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graphene and rhenium. This lattice parameter is not only smaller than the Au(111) bulk value (2.88 Å),
but also smaller than rhenium’s lattice parameter (2.76 Å). This suggests that Re has no particular
influence on the structure of Au at this stage. It is likely that Au remains on top of graphene, having
a smaller lattice parameter due to small size effects (low coordination of a large fraction of Au atoms)
[216, 217, 218, 219] or due to the interaction with graphene, whose lattice parameter is typically 14%
smaller than that of Au(111). Overall, the deposition at 770 K seems to mainly promote gold ripening:
dewetted 3D gold clusters form on the graphene and carbide surfaces.

The subsequent annealing at 930 K (Figure V.2(c,c’)) leads to the disappearance of gold spots. In
the meantime, the Au-related streaks narrow, and their positions shift to match that of the Re streaks.
In other words, Au is now pseudomorphic to Re(0001) and structurally less disordered than prior to
annealing. A straightforward interpretation is that Au is intercalated between graphene and Re(0001),
and that the latter imposes its lattice parameter to the Au layer. This is what is also observed in most
metal-intercalated systems studied so far [87, 220]. In the real-time evolution of the RHEED pattern, it is
clear that the Au streak and Au spots eventually shift to match the Re, and not the graphene streak.
Note that the 0.6 ML amount of Au deposited on the surface is not sufficient to fully cover the Re(0001)
surface, hence we expect a coexistence, in the RHEED patterns, of graphene/Re and graphene/Au/Re
contributions. In the case of graphene/Au/Re, the weak interaction (see below) is expected to strongly
weaken the periodic lattice distortions associated with the moiré, so the moiré streaks should vanish. The
fact that we do not observe a total disappearance of these streaks is presumably due to a smaller Au
surface coverage (60%) compared to the graphene coverage (70%), which leaves pristine graphene/Re(0001)
regions even after full intercalation of the deposited Au.

3 Structural and electronic properties of gold-intercalated
graphene on Re(0001)

3.a Atomic force microscopy observations

Atomic force microscopy (AFM) images were taken using a Veeco AFM and an Olympus tip scanned
over the surface in tapping mode with a drive frequency of 274 kHz. An AFM image of the surface is
presented in Figure V.3.

100 nm

6°
0.
86
nm

Figure V.3: Atomic force microscopy image of graphene on Re(0001) interca-
lated with 0.6 ML of Au. The topographic AFM image shows height inhomogeneities.
Inset: Corresponding phase contrast image, putting in evidence two types of regions
(lower and higher phase) of different chemical nature.
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Both topographic and phase contrast images are shown. An underlying staircase of descending,
atomically-high step edges from the substrate is observed. The width of the terraces between step edges is
typically 30 to 100 nm. Superimposed on this staircase, atomically-high or -deep islands are seen. As
we will confirm soon after, the lower islands correspond to graphene/Re(0001) (without intercalated Au)
while the other regions correspond to graphene/Au/Re(0001) (intercalated). The phase contrast image
(inset of Figure V.3) reveals that the lower islands also have a lower phase. The phase difference points to
distinctive dissipative behaviour of the AFM’s tapping tip in relation to a different kind of adsorbed layer
on top of the surface (the microscope is operated at ambient pressure). A similar behaviour has been
observed in the past on a related system, graphene/SiC with inhomogeneities in the number of graphene
layers across the surface [221], and could point to a different interaction between different “kinds” of
graphene (for instance in more or less strong interaction with the substrate) and airborne adsorbates.
This is in agreement with the absence or presence of Au in, respectively, lower and higher regions.

To summarize, (i) the flat areas appearing with a low phase are graphene-covered rhenium regions,
with no gold either on top or below the graphene sheet, (ii) the flat areas appearing with a higher phase
are gold-intercalated graphene on rhenium regions, and (iii) the small spots appearing with a higher phase
are non-intercalated clusters of gold.

3.b Scanning tunneling microscopy and spectroscopy
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Figure V.4: Scanning tunneling microscopy and spectroscopy performed on gold-intercalated graphene on
Re(0001). (a) Scanning tunneling topograph of graphene on Re(0001) after the deposition and intercalation of 0.6 ML
Au, revealing three types of regions: the moiré pattern characteristic of graphene on Re(0001), gold-intercalated graphene
on Re(0001), and regions with gold clusters on top of graphene. It = 5 nA, Vt = -250 mV, T = 100 mK. Insets: (Top
right) Scanning tunneling topograph overlaid with blue and red masks corresponding to graphene/Re and graphene/Au/Re
regions, respectively. (Bottom left) (12 nm−1 × 12 nm−1) Fast Fourier transform of a moiré region elsewhere on the surface,
revealing the first moiré harmonics. (b) Conductance Gt(Vt) spectra measured for graphene/Re and graphene/Au/Re. Inset:
Close-up view of the conductance Gt(Vt) spectrum of graphene/Re. (c) Scanning tunneling topograph with atomic resolution
on gold-intercalated graphene on Re(0001), showing three-fold and six-fold periodicity. It = 5 nA, Vt = -250 mV, T =
100 mK. (d) Conductance Gt(Vt) spectra measured in high and low regions of graphene/Au/Re.
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Figure V.4(a) shows a typical STM image of graphene/Re(0001) partially intercalated with Au. It
exhibits three types of regions: (i) graphene/Re(0001) regions featuring the characteristic moiré superlattice
with a superperiodicity in the nanometer range - here, the moiré supperlattice appears as a pattern
of lines due to the convolution with the shape of the tip; the fast Fourier transform (bottom left inset
of Figure V.4(a)) performed on a moiré region elsewhere on the surface more clearly highlights the
characteristic hexagonal pattern, (ii) gold-intercalated graphene/Re(0001) regions forming 20-40 nm-large
areas which appear much flatter (no visible moiré pattern at this scale) than graphene/Re(0001), and (iii)
gold clusters on top of graphene having a high aspect ratio and presumably imaged multiple times by the
tip for this reason (we will disregard these structures in the following). The first two types of regions,
namely graphene/Re(0001) and graphene/Au/Re(0001), are highlighted in blue and red, respectively, in
the top right inset of Figure V.4(a). Au-intercalated regions are 0.2-0.4 nm higher than non-intercalated
regions, which corresponds to 1-2 intercalated gold monolayers.

A close-up STM view with atomic resolution of a gold-intercalated region is presented in Figure V.4(c).
The top part of the image shows a six-fold periodicity with undiscernable contrast for the two carbon
sub-lattices. The three-fold periodicity observed in the rest of the image can be attributed to a tip change
and/or the sliding [222, 223] or vertical displacement of the top graphene layer [224, 225]. Although no
clear periodic long wavelength pattern is observed in Figure V.4(c) (in other words, no moiré superlattice
is observed), local variations of the apparent height, by as much as 80 pm (i.e. about two times less
than in the graphene/Re(0001) moiré), are visible. The disorder observed in Figure V.4(c) might be due
to stacking faults in the intercalated Au layer (with respect to the Re substrate) or strain in graphene
associated with the intercalation process [92].

Figure V.5 shows a STM topograph with atomic resolution taken in a different intercalated region. A
shallow moiré superlattice with a superlattice parameter of ≃ 2.3 nm and a similar corrugation (80 pm)
as the local variations in apparent height observed in Figure V.4(c), is visible. The observed periodicity is
very close from that of the graphene/Re(0001) moiré, confirming that intercalated Au is pseudomorphic
to Re(0001). The weak graphene corrugation is a signature of the much smaller graphene-Au interaction,
compared to the graphene-Re interaction.

72
pm

1 nm

Figure V.5: Scanning tunneling topograph with atomic resolution of defective
graphene on Re(0001) intercalated with 0.6 ML Au. Defects in the graphene
lattice (C monovacancies) are highlighted with white arrows. It = 10 nA, Vt = -1 V, T
= 100 mK. Inset: Same scanning tunneling topograph. The moiré pattern is better
visualized.

The local conductance was measured at different locations on the STM image shown in Figure V.4(a).
Differential conductance spectra were acquired with a 10.6 mV modulation of the tip-sample bias voltage
(Vt) at 215 Hz. Representative spectra are displayed in Figure V.4(b). A marked conductance peak is
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observed in graphene-covered Re(0001) regions around -0.1 eV. In gold-intercalated regions, a resonance
is also found at -0.1 eV. This resonance is stronger and it is accompanied by a second one, centered
closer to the Fermi level. The -0.1 eV resonance was previously observed in graphene/Re(0001) at the
location of moiré hills (cf Chapter IV) and was attributed to an enhanced density of states in rhenium
and carbon at the location of moiré hills, as evidenced by DFT calculations (DFT results will be briefly
reminded in the next subsection). The enhanced density of states at the location of moiré hills results
in an enhanced conductance in spectroscopy measurements. At the location of moiré valleys, such an
enhanced conductance is not observed, probably due to the hybridization between the graphene and the
metal states.

In the data shown in Figure V.4(a,b), the distance separating two spectroscopy measurements is
1.5 nm, hence we do not resolve the moiré-site dependent variations of the local density of states reported
in Chapter IV. The persistence of the -0.1 eV resonance in gold-intercalated regions seems to indicate that
graphene at the location of moiré hills and gold-intercalated graphene are somehow similar, i.e. they both
exhibit a quasi free-standing character.

3.c DFT calculations

To discuss the possible origin of the extrema observed in the scanning tunneling spectroscopy data we
make first-principles calculations of the local density of states. Four Re layers, one pseudomorphic Au
layer, and a graphene layer were considered. A 10 Å-thick empty space was placed on top of graphene to
avoid cross-talking between neighbour supercells in the periodic-boundary-conditions-simulations. The
positions of the Re atoms in the third layer were fixed, while all other atoms were let free to move. The
in-plane dimensions of the supercell correspond to a coincidence structure with (8×8) graphene unit cells
on top of (7×7) Au/Re(0001). The low-energy states of graphene were simulated using a single k point,
the corner (K) of the supercell. The system was converged until forces were less than 0.025 eV/Å. Match
between the experimental and calculated energy positions is expected within no better than a few 100 meV
given the deviation from the (necessarily) simple and ideal model that we used for the simulations.

Figure V.6 presents side views of the converged structures obtained for graphene/Re(0001) (calculated
in Chapter IV) and graphene/Au/Re(0001). In the latter system, graphene is much flatter than in the
former system: graphene corrugation amounts to 33 pm (versus 170 pm for the former system), consistent
with the STM measurements (80 pm). We extract an average graphene-Au distance of 3.24 Å. This
value is indicative of decoupled graphene. Overall, the intercalation of a Au layer between graphene and
Re(0001) results in the lifting of the moiré valleys (the minimum C-metal distance goes from 2.10 Å to
3.12 Å).

3.24Å

0.33Å

3.45Å 3.12Å
2.63Å

3.80Å
2.10Å

graphene/Au/Re(0001)graphene/Re(0001)

1.70Å

Figure V.6: Side views of the converged structures obtained for graphene/Re(0001) and
graphene/Au/Re(0001). Graphene, rhenium and gold atoms are represented as white, pink and yellow balls,
respectively. Graphene corrugation (taken as the maximum value of vertical separation between C atoms), the average
C-metal distance (taken as the vertical separation between graphene and the topmost metal layer, whose heights are averaged
over all atoms in the graphene layer and in the topmost metal layer, respectively), and the minimum/maximum C-metal
distances (taken as the vertical separation between the lowest/highest C atom and the topmost metal layer) are indicated.

Figure V.7 recalls the DFT results reported in Chapter IV for graphene/Re(0001) (Figure V.7(a,b))
alongside the ones obtained here for graphene/Au/Re(0001) (Figure V.7(c,d)). When comparing the cross

91



Defective, hole-doped and superc. quasi free-standing Gr/Au/Re(0001)

sections of the partial charge integrated below the Fermi level for graphene/Re(0001) (Figure V.7(a)) and
graphene/Au/Re(0001) (Figure V.7(c)), one can notice that, for graphene/Au/Re(0001), the hybridization
between graphene and the orbitals of the terminal metallic layer (Au) does not depend on the local atomic
stacking, as opposed to the spatially-varying hybridization with Re observed for graphene/Re(0001). The
hybridization observed for graphene/Au/Re(0001) (Figure V.7(c)) is weak, similar to the one observed
in hills of the moiré of graphene/Re(0001) (Figure V.7(a)), further indicating a somehow similar quasi
free-standing character of graphene in both systems.
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Figure V.7: DFT results obtained for graphene/Re(0001) and graphene/Au/Re(0001) (a) Cross-section of the
partial charge integrated between the Fermi level (EF) and EF − 0.25 eV, along the [11̄00] direction, deduced from the DFT
calculations on graphene/Re(0001). Graphene and rhenium atoms are schematically represented as white and pink balls,
respectively. (b) Electronic density of states (electron energy E) averaged over a few Re atoms (one and three respectively,
top curves) and averaged over a few C atoms (four and six respectively, bottom curves) at the hills (fcc − hcp) and valleys
(top − fcc, top − hcp) of the moiré, from DFT calculations. (c) Cross-section of the partial charge integrated between EF
and EF − 0.25 eV, along the [11̄00] direction, deduced from the DFT calculations on graphene/Au/Re(0001). Graphene,
rhenium and gold atoms are schematically represented as white, pink and yellow balls, respectively. (d) Electronic density of
states (electron energy E) averaged over a few Au atoms (one and three respectively, top curves) and averaged over a few C
atoms (four and six respectively, bottom curves) at the hills (fcc − hcp) and valleys (top − fcc, top − hcp) of the moiré, from
DFT calculations.
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Figure V.7(b) shows the density of states computed at the hills and valleys of the moiré of
graphene/Re(0001) for Re atoms (top curves) and C atoms (bottom curves). The enhanced conductance
observed in graphene/Re(0001) at -0.1 eV at the location of moiré hills (fcc-hcp region) was previously
assigned to the marked peak in the density of states on C, located around the Fermi level (see Chapter IV,
absolute energy values should be considered with caution). The absence of an enhanced conductance in
the valleys (top-hcp and top-fcc regions) of graphene/Re(0001) despite the presence of a similar peak in
the density of states on C, was attributed to a Re contribution, balancing out the contribution stemming
from C atoms. Such compensation does not occur in hills (fcc-hcp region), hence the -0.1 eV resonance is
observed.

We now turn to the density of states deduced from DFT calculations on graphene/Au/Re(0001).
Similarly to the behaviour observed for the partial charge, the spatial variation of the density of states
on Au atoms (Figure V.7(d), top curves) and C atoms (Figure V.7(d), bottom curves) is negligible. In
particular, we find no significant variation in the energy positions of the observed maxima with respect
to the local atomic stacking. This will be discussed later, in relation with the apparently contradictory
behaviour observed in conductance measurements performed in different locations of gold-intercalated
graphene on Re(0001) (Figure V.4(c,d)).

In fact, the density of states on C atoms, which is averaged over a few non-equivalent C atoms at
the location of moiré hills (fcc-hcp region) and moiré valleys (topc-fcc and topc-hcp regions), shows no
significant variation down to the atomic scale. Figure V.8 shows the density of states on the individual C
and Au atoms considered for the calculation of the density of states in fcc − hcp, top − fcc and top − hcp

regions. Regarding Au atoms, the density of states in the fcc − hcp and top − fcc regions corresponds to
the density of states calculated on three equivalent Au atoms (forming a triangle pointing upwards for
the fcc − hcp region and downwards for the top − fcc region). The density of states on Au atoms in the
top − hcp region corresponds to the density of states on the Au atom located exactly at the center of the
said region. No atomic scale variation is observed for Au atoms. Regarding C atoms, the density of states
in the fcc − hcp and top − hcp regions was computed considering four C atoms: three equivalent C atoms
forming a triangle pointing downwards for fcc − hcp and upwards for top − hcp, plus one C atom located
exactly at the center of the said regions. The density of states on C atoms in the fcc − hcp and top − hcp

regions shown in Figure V.7 consists in the average density of states on all four C atoms. For both regions,
the density of states calculated for the three equivalent atoms and for the fourth atom are very similar. As
for the density of states on C atoms in the top − fcc region, we considered six C atoms: three equivalent
C atoms forming a triangle pointing upwards and three equivalent C atoms forming a triangle pointing
downwards. Again, the density of states in the two inequivalent sites are hardly discernable from one
another. The density of states on C atoms in the top − fcc region shown in Figure V.7 consists in the
average density of states on all six C atoms. This uniform behaviour, down to the atomic scale, further
supports a weak graphene-Au interaction.

We now go back to considering average densities of states (Figure V.7). Regarding the density of states
on C atoms, one marked peak around the Fermi level is found in the calculations (with no additional
feature). In agreement with the conclusion previously drawn for graphene-covered Re(0001), we suggest
that this peak is at the origin of the enhanced conductance observed at -0.1 eV in gold-intercalated
graphene on Re(0001). The lower magnitude of the conductance peak measured in graphene/Re(0001)
regions compared to graphene/Au/Re(0001) (Figure V.4(b)) can be attributed to two effects. Firstly, the
magnitude of the peak around the Fermi level in the C density of states (which is related to the presence
of the -0.1 eV resonance in conductance measurements) is twice smaller for graphene/Re(0001) than for
graphene/Au/Re(0001). Secondly, the spectroscopy measurements presented in Figure V.4(b) do not
resolve the moiré-site dependence of the conductance. Consequently, the averaging of the conductance
across the different (electronically very different) sites of the moiré pattern of graphene/Re(0001) result in
a decreased magnitude of the -0.1 eV resonance, with respect to the one observed for the homogeneously
decoupled graphene/Au/Re(0001).
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Figure V.8: Density of states of individual Au and C atoms at the hills (fcc − hcp) and valleys (top − fcc,
top − hcp) of the moiré. Top: Electronic density of states (electron energy E) of individual Au and C atoms in the
fcc − hcp region. The density of states was calculated on three equivalent Au atoms (left), and on four (three equivalent
+ one) C atoms (right). Middle: Electronic density of states (electron energy E) of individual Au and C atoms in the
top − fcc region. The density of states was calculated on three equivalent Au atoms (left), and on six (three equivalent +
three equivalent) C atoms (right). Bottom: Electronic density of states (electron energy E) of individual Au and C atoms in
the top − hcp region. The density of states was calculated on one Au atom (left), and on four (three equivalent + one) C
atoms (right). Electronic density of states are plotted with solid and dotted lines. The type of line used to circle a specific
atom shown in one of the insets matches the type of line used to plot the density of states on this specific atom.

Regarding the density of states on Au atoms, two marked maxima at about -0.08 eV and 0.15 eV
are observed. We suggest that the higher-energy maximum is responsible for the intense close-to-Fermi
resonance, which is only present in gold-intercalated graphene, as shown in Figure V.4(b). The
lower-energy maximum is absent from conductance measurements. To rationalize the presence of only
one of the two maxima of the Au density of states in conductance measurements, we compare the
electronic isodensity of partial charge integrated in the energy ranges covered by the said maxima
([-0.25,0] eV and [0,0.25] eV, respectively). For both energy ranges, the isodensity related to Au
atoms remains mainly located close to the Au atoms. They extend only marginally above the Au
layer, towards the graphene sheet (Figure V.9). By contrast, we observe a significant difference
between the isodensity related to C atoms in the two energy ranges: the isodensity related to C atoms
forms lobes extending above and below the graphene sheet in the lower-energy range (pz orbital, see
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Figure V.9 left), while in the higher-energy range there is virtually no extension of the C isodensity
beyond the radius of C atoms (Figure V.9, right). We propose that graphene is transparent in
the higher-energy range, which results in making conductance measurements very sensitive to the
underlying Au atoms, similarly to what was observed in Refs. [226, 227, 228, 229, 230, 231]. For this
reason, only the higher-energy feature in the Au density of states is observed in conductance measurements.

Isodensity of the partial charge
within [EF, EF + 0.25 eV]

Isodensity of the partial charge
within [EF - 0.25 eV, EF]

Figure V.9: Electronic isodensity in the energy ranges covered by the lower- and higher-energy maxima of
Au density of states. Graphene, rhenium and gold atoms are schematically represented as white, pink and yellow balls,
respectively. Left: Electronic isodensity integrated between EF − 0.25 eV and EF. Right: Electronic isodensity integrated
between EF and EF + 0.25 eV.

Overall, the two resonances observed in conductance measurements performed on gold-intercalated
graphene on Re(0001) at -0.1 eV and close to the Fermi level are assigned to maxima appearing close to
the Fermi level in the C density of states, and around 0.15 eV in the Au density of states, respectively.

3.d Topography-dependence in conductance measurements

The local conductance was measured in different locations of the gold-intercalated graphene region shown
in Figure V.4(c). Figure V.4(d) shows representative spectra taken in the “high” and “low” regions of
gold-intercalated graphene indicated in Figure V.4(c). They exhibit the two resonances mentioned earlier
(the -0.1 eV resonance and the close-to-Fermi resonance). Both resonances are found at lower energies in
the high regions compared to the low regions: the shift amounts up to 30 meV. At first sight, this seems
in contradiction with the DFT results. Indeed, the density of states on both C and Re atoms for the
graphene/Au/Re(0001) system exhibit a negligible variation of the energy positions of the maxima with
respect to the local atomic stacking.

The shift observed in conductance measurements is ascribed to a spatial variation of the p-doping.
Contrary to what is observed in Figure V.5, the local variations of the apparent height in Figure V.4(c)
do not form a periodic moiré pattern. As mentioned before, the disorder observed in Figure V.4(c) could
be related to stacking faults in the intercalated Au layer (with respect to the Re substrate) or strain in
graphene associated with the intercalation process [92]. For this reason, we do not expect DFT calculations
to reproduce the spatial variations observed in this disordered region.

In any case, graphene is found to be less p-doped in high regions than in low regions. According to
Ref. [71], we expect a higher p-doping when the C-Au distance is higher hence the variations in apparent
height do not directly translate variations in the C-Au distance. We propose two possible explanations for
the observed variations. Firstly, it could be that the high regions correspond to regions with clustered Au
atoms. Indeed, it was shown that in such cases graphene is pulled closer to the Au nanocluster, hence the
C-Au distance is decreased [114]. In that scenario, high regions would correspond to regions where the
C-Au distance is smaller, and low regions would correspond to regions where the C-Au distance is higher.
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Secondly, we propose that spatial variations in the stretching of C atoms could be at the origin of the
spatial variation of the p-doping [232].

4 Quasi free-standing character of gold-intercalated graphene
on Re(0001)

4.a Dirac cone of quasi free-standing graphene
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Figure V.10: ARPES measurements on graphene on Re(0001) intercalated with 1.2 ML of Au. (a) Photoemission
intensity plot along the Γ-K-M-Γ direction of Gr/(1.2 ML Au)/Re(0001). Inset: Reciprocal space sketch showing the
Γ-K-M-Γ direction (in red). (b) Energy slices of the photoemission intensity, evidencing the trigonal warping of graphene π
state. The presence of a parabolic state at Γ with a minimum at about -0.2 eV is indicated with a red arrow. A first-nearest
neighbour tight-binding fit is performed on graphene π state on both (a) and (b) plots (black solid lines) [234]. (a) and (b)
plots were acquired with an HeII source (40.8 eV photon energy). (c) LEED pattern of graphene/Re(0001) intercalated
with 1.2 ML Au, measured with 80 eV electrons. (d) Photoemission intensity plot (zoom around the K points) along the
Γ-K-M direction (neither Γ nor M are reached), with an HeI source (21.2 eV photon energy). A linear fit is performed on the
branches of graphene π state (black dashed lines). The Dirac point is found at the intersection of the black dashed lines.

Photoemission measurements were performed on graphene/Re(0001) intercalated with 1.2 ML of Au,
to maximize the surface fraction of intercalated graphene. No moiré satellite spots are visible in LEED
after intercalation, in contrast to the case of the 0.6 ML of Au deposition addressed previously (compare
Figures V.10(c) and V.2(c,c’)). As we have discussed, intercalation quenches the moiré pattern, so our
observation points to a close-to-total intercalation of graphene/Re(0001) with Au. Figure V.10(a) displays
the electronic band structure along the Γ-K-M-Γ direction of graphene on Re after the intercalation of
Au, with an HeII source. The π band shows a clear linear dispersion, with a crossing (Dirac) point above
the Fermi level. No π∗ band is observed. These observations are reminiscent of others made with related
systems [60, 97, 98, 233, 101, 103], and suggest that graphene recovers (compared to graphene/Re(0001))
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a free-standing character. A first-nearest neighbour tight-binding fit was performed on the π state of
graphene (see Figure V.10(a)), following the model described in Ref. [234]. The refined fit parameters are:
ϵ2p = 65 meV, γ0 = -2.98 eV and s0 = 0.028, where ϵ2p, γ0 and s0 are the on-site energy parameter, the
tight-binding hopping parameter and the overlap parameter, respectively. The fitting procedure shows that
the Dirac point is above the Fermi level, i.e. graphene is slightly p-doped. This finding is consistent with
experimental observations on related systems, namely graphene-on-metal systems intercalated with Au,
graphene with adsorbed Au adatoms and graphene/Au(111), made with ARPES [107, 116, 101, 102, 97],
quasiparticle interferences [104, 235] and STS [236] measurements, as well as theoretical calculations
[71, 237, 232]. In contrast, on graphene/Re(0001), Ag [60] and Pb [95] intercalation resulted in n-doping
of graphene.

Figure V.10(d) shows a close-up view of the electronic band structure around the K point, with an
HeI source. A linear fit was performed on the branches of graphene π state (black dashed lines). The
Dirac point is found at the intersection of the black dashed lines, 66 ± 40 meV above the Fermi level, in
good agreement with the tight-binding fit mentioned before. We observe no sign of moiré replica bands
or minigaps along the π band related to the moiré superpotential which were observed in other systems
[53, 72, 73, 74, 75, 76]. This once more shows that the interaction between graphene and Au is very weak.
Whether a graphene-substrate interaction-related kink is present along the π band, that would arise due to
the Au layer [107], cannot be established. The trigonal warping of the π band is clearly observed starting
from 1 eV below the Fermi level in the (kx, ky) cuts of the band structure shown in Figure V.10(b).

Besides the Dirac cone, the band structure of gold-intercalated graphene on Re(0001) presents a
parabolic state at Γ with a minimum at about -0.2 eV. This state was not observed before Au intercalation.
It can be seen in Figure V.10(b) on the energy slice taken at the Fermi level, indicated with a red arrow.
This state may correspond to an electronic state in Au. The Shockley surface state of Au(111) was shown
to survive underneath graphene in gold-intercalated graphene on Ir(111) [104], shifted by ≃ 100 meV
to lower binding energy compared to the value of -505 meV observed for Au(111) single-crystals [238].
This shift was attributed to the finite intercalated Au film thickness (≃ 20 ML of Au). The presence of
graphene may also have contributed to the energy shift, as it was demonstrated for the Cu(111) Shockley
state [239]. Here, the electronic state measured in ARPES is shifted by ≃ 300 meV with respect to the
Shockley state of Au(111) single-crystals, which can be attributed to the presence of graphene and, more
importantly, to the reduced thickness of the intercalated Au film (1 ML) compared with Ref. [104]. We
propose that the state observed in ARPES corresponds to the maximum appearing at about -0.08 eV
in Au density of states (Figure V.7), for which we previously gave an explanation of its absence from
conductance measurements.

4.b Raman modes of quasi free-standing graphene

The observation of quasi free-standing electronic properties in graphene/Au/Re(0001) suggests that the
characteristic G and 2D vibration bands of graphene could be observable in Raman spectroscopy. Indeed,
unlike in the case of graphene/Re(0001) [60] or graphene/Ru(0001) [62, 63, 64], the π ↔ π∗ electronic
transitions are compatible with the Raman processes. The expected weak interaction between Au and
graphene should not alter the Kohn anomalies of the phonon dispersion of isolated graphene, appearing as
kinks in the phonon dispersion of the LO mode at Γ and of the TO mode at K, which are involved in the
Raman G and 2D modes of graphene, respectively [15].

Figure V.11 shows Raman spectra of graphene on Re(0001) before and after the intercalation of 0.6 ML,
1.2 ML and 2.6 ML of Au. In the explored wavenumber range (800-3200 cm−1), the background related
to luminescence from the substrate is rather high. A quadratic background was substrated from all four
spectra, to recover comparable baselines.

We start with a short discussion on the Raman spectrum measured on graphene/Re(0001) (without
intercalant). For this particular measurement, graphene growth was performed on a rhenium thin film.
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The sample, called “AK49”, was prepared by Amina Kimouche and measured in Raman spectroscopy by
Alexandre Artaud. For information on graphene growth on Re thin films, we refer the reader to Chapter II.
As mentioned before, this procedure yields single-layer graphene covering the whole sample surface. No
specific Raman signal is observed, and in particular no G or 2D band is detected (Figure V.11(a)). This is
consistent with the large electronic bandgap found in the ARPES data (Figure V.1(b)) between the π

and π∗ electronic bands, due to which no electronic transition with sufficiently low energy is available in
graphene to make the Raman processes active [18].
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Figure V.11: Background-substracted Raman spectra of graphene on Re(0001) before and after the interca-
lation of 0.6 ML, 1.2 ML and 2.6 ML of Au. Raman spectroscopy measurements were performed with a 532 nm and
1.2 mW/µm2 laser excitation. Spectra are offset for clarity.

The G and 2D bands are not observed either after the intercalation of 0.6 ML of Au, at odds with
our expectations for graphene decoupled from its substrate (via the Au intercalant). We conclude that
the background level is too high and the graphene vibration modes are too weak for this fraction of
intercalated graphene.

For larger amounts of intercalated Au (1.2 and 2.6 ML), we do observe some of the typical graphene
vibration bands. Graphene vibration bands are fitted with lorentzians in a reduced wavenumber range (1160-
1770 cm−1). A linear and a quadratic background is substracted for graphene on Re(0001) intercalated
with 1.2 and 2.6 ML of Au, respectively (Figure V.12). The G peak appears at 1595 cm−1 in (2.6 ML
Au)-intercalated graphene on Re. It is split into two peaks in (1.2 ML Au)-intercalated graphene on
Re, referred to as G− and G+ in Figure V.11, pointing to a lifting of the degeneracy of the E2g mode
due to uniaxial strain [33, 34]. The splitting is reproducible: it is observed in many different regions of
the sample. The two bands G− and G+ are positioned at 1580 cm−1 and 1589 cm−1 respectively. The
measured positions of the G peaks in (1.2 ML Au)- and (2.6 ML Au)-intercalated graphene on Re are
compatible with the slight p-doping measured in ARPES, as we expect little to no upshift of the G peak
[28, 29] with respect to undoped graphene (1585-1590 cm−1). Besides, the position of the G peak might
be slightly overestimated in (2.6 ML Au)-intercalated graphene on Re, since, as it will be discussed later,
it is likely that the broad feature appearing at 1595 cm−1 is composed of both the G and D’ peaks.

Our measurements reveal no 2D band, the overtone of the D band that is active even without defects.
Indeed, from the D band wavenumber (around 1350 cm−1, see later) the 2D band’s wavenumber would
be 2700 cm−1. We attribute the absence of the 2D band to a broadening and concomitant reduction of
intensity of the 2D peak due to defects [24, 25] (as we will see later, the level of defects is quite high in
our intercalated samples). We expect that these effects lead to a 2D band below the background level,
hence not detected in practice.
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The D peak, which stems from a double-resonance scattering process in the presence of defects,
appears at 1349 cm−1 and 1351 cm−1 for (1.2 ML Au)- and (2.6 ML Au)-intercalated graphene on Re,
respectively. These values are consistent with Refs. [21] and [240], where the D peak was measured
around 1345 cm−1 and 1350 cm−1, respectively, at our excitation energy.
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Figure V.12: Fitting of the Raman spectra of graphene on Re(0001) after the intercalation of 1.2 ML and
2.6 ML of Au. Left: Raman spectrum of graphene on Re(0001) after the intercalation of 1.2 ML of Au. The D, G+

and G− peaks are fitted with lorentzians, on a quadratic background. A fourth lorentzian is used to account for the
specific background at the location of the G+ and G− peaks. Right: Raman spectrum of graphene on Re(0001) after the
intercalation of 2.6 ML of Au. The D and G peaks are fitted with lorentzians, on a linear background.

5 Defects in gold-intercalated graphene on Re(0001)

We now turn to a discussion on the level of defects in intercalated graphene. The width of the Raman
bands informs on the quantity of defects in our samples. We choose to focus on (2.6 ML Au)-intercalated
graphene on Re, as the signal-to-noise ratio is higher and hence allows a quantitative analysis. Cançado
et al. introduced two methods for assessing the inter-defect distance LD based on the analysis of the
D and G peaks [25]. First, we extrapolate the width of the D band we measured with a 532 nm laser
excitation (87 ± 6 cm−1) to the range explored by Cançado et al., assuming a linear dependence with
wavenumber [21]. The G band width (70 ± 7 cm−1) being non-dispersive, does not need to be extrapolated.
These widths are higher than the highest values reported in Ref. [25] for graphene subjected to Ar+ ion
bombardment, suggesting that LD is below 2 nm.

To obtain a better estimate of LD we turn to the second method described by Cançado et al., which
was also proposed by Lucchese et al. in Ref. [24]. The relative intensity of the G and D bands ID/IG can
be used to assess the fraction area around defects where the scattering processes responsible for the D
mode occur [24, 25]. In turn, this provides an estimate of LD. Here again we must extrapolate the ID/IG

value of 1.4 ± 0.1 that we measured with a 532 nm source to the range covered in Ref. [25]. Using the
wavelength-ID/IG linear dependence determined in Refs. [21, 241], we deduce LD ≃ 1 nm.

Finally, using the quadratic form proposed by Ferrari et al. [23, 18], we derive LD ≃ 1.5 ± 0.1 nm.
All three estimates of the distance between defects seem consistent and correspond to a 1014 cm−2

defect density. Obviously, these estimates apply only to Raman-active defects. For such a high level of
defects, one can consider that the broad feature appearing at 1595 cm−1 is actually composed of both the
G and D’ peaks [24, 25]. The D’ peak is a disorder-induced peak located around 1620 cm−1. Interestingly,
our estimate is close to the ones we deduce, using the same three methods, in related systems, namely
graphene/Ru(0001) intercalated with Pb [103] and graphene/SiC(0001) intercalated with Au [101].

What the source and nature of the defects are is a natural question. Graphene on Re(0001) already
contains a certain amount of defects prior to intercalation [159]. These defects are first the boundaries
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that surround single-crystal graphene grains with size of the order of few tens of nanometers. Other kinds
of defects may be point defects, e.g. C vacancies. The intercalation process itself may induce defects
such as monovacancies or divacancies in graphene [94], via for instance a strong interaction between Au
monomers and graphene [214]. A Cu penetration path beneath graphene was proposed to occur via
metal-aided defect formation with no or poor self-healing of the graphene sheet for the Cu intercalation of
graphene/Ir(111) [94]. Point defects in graphene [85, 86, 87, 88, 89] and graphene edges [89, 90, 91, 92]
have also been proposed to be potential intercalation pathways. Another mechanism, based on the material
diffusion via metal-generated defects, followed by the subsequent healing of the graphene lattice, has been
suggested [93, 87].

Figure V.5 shows an atomically-resolved STM image taken on a Au-intercalated graphene region,
revealing a damaged graphene sheet at the atomic scale. Carbon monovacancies are indicated with white
arrows. Other defects similar to the one visible in the center of the STM image are observed in intercalated
regions. They may correspond to defects in the intercalated Au layer. Our STM observations support a
typical distance of the order of 1 nm between point defects in intercalated graphene (see Figure V.5). We
propose that these defects were created upon intercalation.

We observe other Raman bands, at 891, 2825, 2892, 2914 and 2935 cm−1 in graphene/(1.2 ML Au)/Re
(Figure V.11(c)). The phonon dispersion curve of rhenium was calculated in Ref. [242]. The energy of
the highest energy rhenium phonon is ≃ 23 meV, hence a first-order scattering process involving this
phonon would result in a 190 cm−1 Raman shift. It is therefore excluded than any of the five bands
mentioned before corresponds to a first-order or a second-order scattering process involving rhenium
phonons. These peaks could instead relate to the minority rhenium carbide phase coexisting with graphene.
The highest-energy band could also correspond to the D+D’ feature in graphene, that is linked to the
presence of defects [25, 18].

6 Superconducting properties

Figure V.13 shows normalized conductance spectra measured at low bias voltage (with a 10 µV
modulation of the tip-sample bias voltage (Vt) at 220 Hz) and at 65 mK on graphene-covered Re(0001)
and gold-intercalated graphene on Re(0001). The conductance spectra are hardly discernible from one
another and can be well fitted with the standard Bardeen-Cooper-Schrieffer (BCS) model. The same
superconducting gap ∆ = 280 ± 10 µeV is observed uniformly on the surface, on both intercalated and
non-intercalated regions. In other words, intercalation of gold in between graphene and Re(0001) does not
alter the rhenium-induced superconductivity in graphene.
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Figure V.13: Normalized conductance Gt(Vt) spectra measured on
graphene/Re and graphene/Au/Re. T = 65 mK.
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V.6. Superconducting properties

The superconducting gap measured here is slightly different from the one reported in Ref. [3]
(330 ± 10 µeV) on a graphene-covered Re(0001) thin film. The value reported in Ref. [3] is rather
high compared with the superconducting gap measured on bare Re thin films (≃ 255 µeV [243]). It
was attributed to the presence of C atoms dissolved into the bulk of the Re thin film, as a result of the
bulk saturation/segregation process at the origin of graphene growth. For graphene grown on Re(0001)
single-crystal (our sample), the substrate can be viewed as an infinite reservoir of rhenium atoms, hence
we do not expect to saturate the Re bulk with dissolved C atoms. The superconducting gap we measure
is therefore closer to the value measured for bare Re.

Conclusions

We have investigated the structural, electronic and vibrational properties of graphene on Re(0001)
intercalated with Au, by means of RHEED, LEED, AFM, STM/STS, ARPES, Raman spectroscopy
measurements, and DFT calculations. Our data consistently show that graphene recovers a free-standing
character after Au intercalation, in sharp contrast with the strongly hybridized graphene-on-Re(0001).
This is apparent in the electronic band structure, in the flattening of the graphene topography, in the
disappearance of the moiré-related streaks in diffraction measurements, and in the vibrational spectra
of graphene. The weak corrugation observed in STM, as well as the absence of minigaps and replicas
in ARPES indicate a weak graphene-Au interaction. The vibrational spectra allowed us to assess the
density of defects in the systems, which is high, with a typical distance between phonon scattering
centers of the order of 1 nm. This value indicates that a high density of defects is created in graphene
during the process of intercalation. Obviously, this is a serious issue often overlooked in works relying
on intercalated graphene. This is expected to translate in a limitation of the homogeneity of graphene’s
physical (electronic, vibrational) and chemical (reactivity and impermeability) properties. Electronic
features in the conductance spectrum of graphene/Au/Re(0001) are well reproduced by DFT calculations.
The -0.1 eV resonance is related to the quasi free-standing character of graphene/Au/Re(0001). A second
feature, located close to the Fermi level, is related to the presence of Au. Finally, the rhenium-induced
superconducting properties of graphene are not altered by gold intercalation.
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VI. Molecular assemblies of verdazyl radicals on Cu(111)

Abstract
Two verdazyl radical compounds synthesized by chemist colleagues were considered as potential candidates
for realizing spin molecular systems on quasi-free standing superconducting graphene. As these compounds
were never investigated before on surfaces, we undertook a study of their sublimation temperature in
vacuum and ultra-high vacuum environments. Although we did not deposit these compounds on quasi-free
standing superconducting graphene yet, we present in this Chapter preliminary results obtained on a
model system, namely Cu(111). The precise structure of the molecular assemblies observed by means of
STM could not be determined and requires further investigations. The thermal stability of the compounds
of interest is discussed.

Introduction

Stable free radicals have always been of fundamental interest to chemists either as spin probes [244, 245],
as key components of magnetic materials [246] or as polymerization inhibitors or mediators [247]. Here,
the use of stable free radicals was intended, as explained in Chapter I, to build molecular spin systems on
quasi-free standing superconducting graphene. Although we could not succeed in preparing such a sample
- where quasi free-standing superconducting graphene would be, for instance, gold-intercalated graphene
on Re(0001), and magnetic molecules would be deposited on top - in this Chapter we present preliminary
results obtained with stable free radicals deposited on a model system, namely the (111) surface of copper.

A very limited number of stable organic radicals have been reported so far in the literature, among
which one can find triphenylmethyl, nitroxide and various heterocyclic radicals (Figure VI.1). Verdazyl
radicals belong to the latter category. The type of verdazyl and its properties mainly depend on the
nature of the atom introduced in the ring at position 6: type I (saturated carbon atom), type II (carbonyl
or thiocarbonyl function) and type III (phosphorus or boron atom) (Figure VI.1) [248]. In this Chapter
we will present preliminary results involving type II verdazyl radicals deposited on Cu(111).

6a6b

5 5 5
1

2
3

4

5

6

triphenylmethyl nitroxide type I type II [X = O,S]

verdazyl

type III [X = PYOCR4, BYOAcC2;
Y = CR3, PR2]

3

Figure VI.1: Different types of stable organic radicals. The positions 1, 2, 3, 4, 5 and 6 in the ring of verdazyl radicals
are indicated in blue. Courtesy of Shagor Chowdhury.

1 Verdazyl radicals

Oxoverdazyl radicals (type II, X = oxygen) are particularly attractive due to their robustness and relatively
straightforward synthesis. They are known to be stable under ambient conditions due to the delocalization
of the spin density over the four nitrogen atoms (Figure VI.2). Such species are also sterically protected
by the R groups introduced at the positions 1, 3, and 5. Their stability has nevertheless been shown to
depend on the nature of the R group introduced at position 3 [249]. Oxoverdazyl radicals can moreover
be readily identified with different analysis techniques including absorption spectroscopy with signals
observed in the visible range. The resonance forms of oxoverdazyl radicals are shown in Figure VI.2.
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Figure VI.2: Resonance forms of oxoverdazyl radicals. Courtesy of Shagor Chowdhury.

One of the advantages of verdazyl radicals is that they constitute functionalizable compounds. The
substituents can be chosen in order to improve the adhesion of the molecule on a particular surface, to
promote magnetic properties [250] or to promote intermolecular interactions [248] in view of controlling
the assembly of 2D molecular systems.

1.a Magnetic properties

Intramolecular coupling

The linking of radicals via covalent bonds has long been a popular approach to spin coupling in molecular
radical systems [251]. In the case of di- and polyradicals, the intramolecular exchange is generally stronger
when the individual spin centers and the molecular substructure which links them are all π-conjugated
[250]. For instance, the intramolecular interaction is higher when the spin centers are linked through
aromatic groups. In fact, for such molecules, it has been established that the nature of the intramolecular
interaction (ferromagnetic or antiferromagnetic) can be predicted: two radicals linked “meta on a benzene”
generally lead to ferromagnetically coupled radicals (Figure VI.3, left), while para-linked systems lead to
antiferromagnetically coupled systems (Figure VI.3, right) [250] – the terms meta and para are used to
denote the relative locations of the substituents on a di-substituted aromatic ring: in a meta configuration,
the two substituents appear on atoms of the aromatic ring separated by one atom, while in a para
configuration, the two substituents are located on opposite atoms of the aromatic ring (Figure VI.3). This
chief result is also known as the alternation rule: the spin flips everytime the electron jumps from one site
to another.

ferromagnetic antiferromagnetic

Figure VI.3: Spin preferences for diradicals linked “meta on a benzene” and
“para on a benzene”. Figure adapted from Ref. [250].

In the case of verdazyl radicals, several di- and polyradicals were synthesized, with linkers at either
one of the nitrogen atoms of the ring or the C3 carbon atom [250]. When the adjoining atom exhibits
small spin density, the linked radicals are expected to be weakly coupled. Consequently, the respective
small and substantial spin densities at C3 and on the N atoms are expected to result in, respectively,
weak and strong intramolecular interactions [250].

In 2007, Gilroy et al. reported a study of the magnetic properties of two benzene-bridged diradicals,
which will be referred to as compound A1 and compound B, respectively [249]. As can be seen in
Figure VI.4, compound A1 is a para-bridged diradical, while compound B is the meta analogue of
compound A. Gilroy et al. showed that compound A1 is weakly antiferromagnetically coupled while
compound B is weakly ferromagnetically coupled, in agreement with the alternation rule [249]. Compound
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VI. Molecular assemblies of verdazyl radicals on Cu(111)

A2 is, as compound A1, a para-bridged diradical. Its magnetic properties were reported in Ref. [252]:
the two radicals within compound A2 are strongly antiferromagnetically coupled. This behaviour is in
agreement with the alternation rule and shows that changing the N,N’-substituents to a verdazyl diradical
can significantly modify the intramolecular interaction. We will discuss again compounds A1 and A2 later
in the Chapter, since, as we will see, they are very similar to one of the compounds (DOBV) synthesized
by our chemist colleagues.

Compound A1 Compound BCompound A2

Para benzene-bridged diradicals Meta benzene-bridged diradical

Figure VI.4: Benzene-bridged diradicals studied in Refs. [249, 252] and associated intramolecular coupling.
Compounds A1 and A2 (left) are para-bridged diradicals and are, respectively, weakly and strongly antiferromagnetically
coupled, while compound B (right) is the meta analogue of compound A1 and is weakly ferromagnetically coupled. Figure
adapted from Ref. [249].

Intermolecular coupling

We now turn to intermolecular interactions between verdazyls. Although we expect different packing
structures when deposited on surfaces, we describe hereafter some of the verdazyl systems that have
been characterized from a structural point of view at the solid state (powder) and whose intermolecular
magnetic interactions have been investigated. We choose to focus on the verdazyls closest to the verdazyls
synthetized by our chemist colleagues, with help of the review given in Ref. [249]:

• At the solid state, the 1,3,5-triphenylverdazyl compound adopts a layered structure in which
aromatic substituents are pseudo-aligned with verdazyl rings [253] (Figure VI.5(a)). The C3 phenyl
substituents are partially superimposed over/under the central verdazyl ring of adjacent molecules
along the z-axis and the closest intermolecular contacts in these structures are some C–N contacts
between 3.8 and 4.0 Å, i.e. beyond the van der Waals contact distance for these atoms. There
is no N–N contact within 4 Å. The magnetic properties of 1,3,5-triphenylverdazyl were reported
in Refs. [254, 255, 256]. Intermolecular interactions are consistent with one-dimensional (1D)
antiferromagnetic chains parallel to the x-axis. Below ≃ 1.7 K, the measured increased susceptibilty
is ascribed to spin canting: rather than being perfectly co-parallel, the spins of the 1D chains are
tilted by a small angle about their axis.

• The 1,3,5-triphenylverdazyl analogue with an oxygen atom in position 6 (1,3,5-triphenyl-6-
oxoverdazyl) is depicted in Figure VI.5(b). It also adopts a layered structure at the solid state
(a side-view is shown in Figure VI.5(b)) [257]. Similarly to 1,3,5-triphenylverdazyl, the magnetic
properties of 1,3,5-triphenyl-6-oxoverdazyl can be modelled as a Heisenberg antiferromagnetic chain
down to ≃ 5 K [257]. Below this temperature, the ordering is still antiferromagnetic but canted
giving rise to weak ferromagnetism. This compound is similar to one of the compounds (TMOV)
synthesized by our chemist colleagues (see later in the Chapter), hence we can expect similar
properties. The major difference with TMOV lies in the presence of the N-phenyl substituents at
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positions 1 and 5. It was shown that these groups are significantly twisted with respect to the
verdazyl plane, which may explain the rather large interplanar separation of 3.65 Å within the
molecular stacks [257].

• Finally, compound A2 (shown in Figure VI.4 and whose intramolecular coupling has been previously
discussed) adopts a herringbone-type packing pattern in the solid state (Figure VI.5(c)) and exhibits
a strong intermolecular antiferromagnetic exchange coupling [252].

compound A2

x

yz

b
1,3,5-triphenylverdazyl

ca
1,3,5-triphenyl-6-oxoverdazyl

Figure VI.5: Packing patterns of a few verdazyl radicals in the solid state. (a) 1,3,5-triphenylverdazyl packing
pattern. Figure adapted from Ref. [253]. (b) Packing pattern of the 1,3,5-triphenyl-6-oxoverdazyl. Figure taken from
Ref. [249]. (c) Packing pattern of compound 2. Figure taken from Ref. [249].

1.b Verdazyl radicals on surfaces

To our knowledge, there is only one example in the literature where verdazyl radicals have been deposited
on a surface in UHV conditions, namely 1,3,5-triphenyl-6-oxoverdazyl and 1,3,5-triphenyl-6-thioxoverdazyl
on a Au(111) single-crystal [258]. The latter verdazyl compound is the analogue of the former (previously
mentioned and whose packing pattern at the solid state is shown in Figure VI.5(b)) with a sulfur atom
in position 6 instead of an oxygen atom. STM images of both compounds adsorbed on Au(111) are
shown in Figure VI.6. In the large scale image showing 1,3,5-triphenyl-6-oxoverdazyl molecules adsorbed
on Au(111), the herringbone pattern typical of Au(111) surface reconstruction is visible and clearly
influences the adsorption sites of the molecules. In the small scale image, two types of assemblies are
found: circular assemblies correspond to hexamers of the molecules, and dimers of molecules appear as
assemblies of two molecules rotated by 180° with respect to each other. These dimers are composed
of type-A and type-B molecules: the former type exhibits a protrusion in its center, while the latter
does not. Liu et al. assigned type-A molecules to H-attached 1,3,5-triphenyl-6-oxoverdazyl molecules
(an hydrogen atom is attached to the oxygen atom of the molecule), and type-B molecules to pristine
1,3,5-triphenyl-6-oxoverdazyl molecules [258].

For type-B molecules, a zero bias peak was measured by means of low temperature scanning tunneling
spectroscopy and was attributed to a Kondo resonance stemming from the unpaired electron delocalized
over the verdazyl ring. For type-A molecules, no zero bias peak was visible. Liu et al. proposed that
the H-attached atom is responsible for the transfer of an electron to the verdazyl ring, which causes the
disappearance of the delocalized unpaired electron, accounting for the absence of a Kondo resonance.

An STM image of 1,3,5-triphenyl-6-thioxoverdazyl molecules adsorbed on Au(111) is shown in Fig-
ure VI.6. The absence of a zero bias peak in scanning tunneling spectroscopy measurements was attributed
to an electron transfer to the verdazyl ring upon adsorption on Au(111): a Au-S bond forms and is
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1,3,5-triphenyl-6-oxoverdazyl 1,3,5-triphenyl-6-thioxoverdazyl

Figure VI.6: Verdazyl radicals deposited on Au(111). Left: Large and small scale STM images of 1,3,5-triphenyl-6-
oxoverdazyl molecules on Au(111) (scale bars: 200 Å (left) and 20 Å (right)). Hexamers, type-A and -B dimers are indicated
with H, A and B letters, respectively. Right: Small scale STM image of 1,3,5-triphenyl-6-thioxoverdazyl on Au(111) (scale
bar: 20 Å). Figure adapted from Ref. [258].

responsible for the disappearance of the radical character of the molecule, hence no Kondo resonance is to
be expected. DFT calculations are in agreement with the proposed models.

2 Synthesis and characterization

The synthesis and chemical analysis of the verdazyl radicals presented in this Chapter were entirely
performed by our chemist colleagues Christophe Bucher and Shagor Chowdhury (ENS, Lyon).

2.a Synthesis

Over the years, a broad range of synthesis methods have been developed for the synthesis of verdazyl
radicals leading to a wide variety of unique structures [248]. The objective here was to synthesize a
series of novel verdazyl compounds that could be deposited and self-assembled on graphene. Among
the several compounds synthesized by our chemist colleagues, we focus here on the compounds
3-(p-tolyl)-1,5-dimethyl-6-oxoverdazyl and 1,1’-5,5’-tetradodecyl-6,6’-dioxo-3,3’-biverdazyl (Figure VI.7),
as they correspond to the two compounds with which we performed deposition tests on surfaces.

3-(p-tolyl)-1,5-dimethyl-6-oxoverdazyl
(TMOV)

1,1'-5,5'-tetradodecyl-6,6'-dioxo-3,3'-biverdazyl
(DOBV)

tolyl

methylmethyl

dodecyl

Figure VI.7: Targeted coumpounds: 3-(p-tolyl)-1,5-dimethyl-6-oxoverdazyl (TMOV) and 1,1’-5,5’-
tetradodecyl-6,6’-dioxo-3,3’-biverdazyl (DOBV). Oxygen, nitrogen, carbon and hydrogen atoms are sketched as
red, blue, black and grey balls, respectively.

As always with organic chemistry nomenclature, the name of a molecule is constructed so that the
main chemical group of the molecule appears at the end of the name. Here, the main group constituting
both compounds is the verdazyl ring. The substituents linked to that main group are indicated with
their associated positions (the numbering of positions in the verdazyl ring is given in Figure VI.1). The
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compound 3-(p-tolyl)-1,5-dimethyl-6-oxoverdazyl is an oxoverdazyl radical (with the oxygen atom in
position 6 of the verdazyl ring) which presents a tolyl substituent (benzene ring with a methyl group)
in position 3 and two methyl substituents in positions 1 and 5. The tolyl substituent (indicated in
Figure VI.7) is in a para configuration (hence the denomination p-tolyl), meaning that the methyl group
of the tolyl substituent is connected at the atom opposite to the atom connecting the tolyl group to
the rest of the molecule. The compound 1,1’-5,5’-tetradodecyl-6,6’-dioxo-3,3’-biverdazyl is a biverdazyl
i.e. it contains two verdazyl rings (in both cases, oxoverdazyl rings). Each verdazyl ring features long
alkyl chains (dodecyl groups) at positions 1 and 5. These substitution patterns have been considered to
promote their physisorption on graphene and enhance their 2D-organization on the surface.

The TMOV compound has been obtained following the procedure depicted in Figure VI.8
[259]. One major advantage of this specific procedure is that it avoids the use of toxic triphosgene
which is frequently used in the synthesis of verdazyl compounds. As depicted in Figure VI.8, the
synthesis starts with a condensation between the commercially available carbohydrazide (1) with
p-tolualdehyde to obtain the hydrazine (2) in 70% yield. Then the alkylation of both nitrogens was
achieved using dimethylsulfate as a reactant (resulting in the intermediate compund (3)) followed by
a methanolysis and ring closure reaction to produce the tetrazinanone intermediate (4). The last step
consists in the oxidation of the tetrazinanone with benzoquinone to obtain the targeted verdazyl radical (5).

(1) (2)

(3) (4) (5)

MeOH, 65°C,
24 hours, 70%

THF, 55°C, 6 hours, 36%

MeOH, 65°C, 6 hours, 40%
Toluene, 111°C,
8 hours, 30%

1.5 equiv.

, NaH

, TsOH

Figure VI.8: Synthesis of 3-(p-tolyl)-1,5-dimethyl-6-oxoverdazyl (TMOV).

The other targeted radical, the symmetric DOBV coumpound, has been obtained in quite good yield
following a different approach (Figure VI.9) involving N,N’dialkylcarbohydrazide [260] as a key starting
material (1). Condensation of the latter with glyoxal (HCOCOH) led to the intermediate (2) which was
in fine oxidized to obtain the desired bi-verdazyl compound (3).

NaOAc, MeOH,
10 hours, 70%

0.5 equiv.

Toluene, 111°C,
8 hours, 28%

(1) (2) (3)

3 equiv.

Figure VI.9: Synthesis of 1,1’-5,5’-tetradodecyl-6,6’-dioxo-3,3’-biverdazyl (DOBV).

The chemical analysis of the synthesized compounds, performed by Christophe Bucher and Shagor
Chowdhury, included thin-layer chromatography (TLC), mass spectrometry, nuclear magnetic resonance
(NMR), electron spin resonance (ESR) and absorption spectroscopy. Hereafter we present spectra asociated
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with the two latter characterization techniques. TLC and mass spectrometry will be addressed later in
the Chapter.

2.b Electron spin resonance

The presence of an unpaired electron can easily be revealed by electron spin resonance (ESR) measurements.
ESR (also known as electron paramagnetic resonance, EPR) relies on the Zeeman effect. An electron
has a spin quantum number s = 1

2 , with magnetic components ms = + 1
2 or ms = − 1

2 . Under an external
magnetic field with strength B0, the electron’s magnetic moment aligns either antiparallel (ms = − 1

2 ) or
parallel (ms = + 1

2 ) to the field, where each alignment is associated with the energy:

E = ms ge µB B0 (VI.1)

ge and µB are constants: ge is the electron spin g-factor (ge = 2.0023 for a free electron), and µB is the
Bohr magneton (µB = 9.2740 · 10−24 J.T−1).

As a result, the Zeeman splitting ∆E = geµBB0 is proportional to B0 and an unpaired electron can
go from one energy level to the other by either absorbing or emitting a photon of energy hν = ∆E. In
practice, a microwave excitation is provided under an increasing external magnetic field. As the strength
of the external magnetic field increases, the Zeeman splitting increases, until it matches the energy of the
microwave. Since there are typically more electrons in the lower state (due to the Maxwell–Boltzmann
distribution) there is a net absorption of energy. This absorption of energy is monitored and its derivative
is converted into a spectrum.

ESR spectra for the TMOV and DOBV compounds were recorded by our chemist colleagues at
room-temperature in dichloromethane. For TMOV (Figure VI.10), the signal features multiple ESR lines
indicative of a hyperfine structure. The spacing between the ESR spectral lines depends on the degree of
interaction between the unpaired electron and the nearby nuclear spins. The hyperfine structure observed
for the TMOV compound is attributed to the coupling of the spin of the unpaired electron with the
nitrogen and hydrogen atoms associated to the verdazyl ring [261]. The simulated ESR spectrum matches
well the experimental one (Figure VI.10). The hyperfine coupling constants obtained from the simulated
spectrum reveal that the unpaired electron is preferentially localized on N3 and N5.
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Figure VI.10: Simulated (red) and experimental (black) ESR spectra of the TMOV compound. The experi-
mental curve has been recorded in dichloromethane at room temperature. Courtesy of Shagor Chowdhury.

The radical character of the DOBV compound was also revealed by ESR spectroscopy (not shown).
The simulated spectrum suggests that the hyperfine coupling involves only the four N atoms of the
verdazyl ring (and no H atom). It should be mentioned that the ESR spectrum of the DOBV compound
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is similar to that of the compound 1,1’-5,5’-tetramethyl-6,6’-dioxo-3,3’-biverdazyl reported in Ref. [262].
This compound is the analogue of DOBV with methyl- rather than dodecyl-substituted N atoms.

2.c UV-visible spectroscopy

UV-visible spectroscopy (UV-vis) is a technique widely used in chemistry labs. It allows identifying
certain substituents and their associated concentrations, as well as determining the kinetics of a chemical
reaction. UV-vis relies on the excitation of the compound (in diluted solution) via UV-visible light
(≃ 200-800 nm). The intensity of the light before (I0) and after (I) passing through the sample is
measured with a spectrophotometer. The absorbance of a compound is defined as − log(I/I0). For a
compound which presents only one absorbing species, the absorbance is related to the concentration of
the absorbing species through the Beer-Lambert law:

A = ϵ c L (VI.2)

where c is the concentration of the absorbing species, L is the path length through the sample and ϵ is the
molar attenuation coefficient (also known as the molar extinction coefficient or molar absorptivity) of the
absorbing species. The latter is a constant (it is an intrinsic property of the absorbing species) and is a
measure of how strongly a chemical species absorbs light at a given wavelength.

It was previously shown that the substituent introduced at position 3 on the verdazyl ring strongly
affects the absorbance spectrum of verdazyl radicals [263]. The absorbance spectrum of the TMOV
compound diluted in dichloromethane was recorded by Shagor Chowdhury (Figure VI.11, black). It shows
a very intense band centered at 250 nm and a weak band at 413 nm. This data is fully consistent with
the one previously reported by Gilroy et al. for compound A1 (Figure VI.11, orange) [249].
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Figure VI.11: UV-visible absorbance spectra of the TMOV compound (black) and compound A1 (orange)
[249]. Both experimental curves have been recorded in dichloromethane at room temperature using conventional 1 mm-long
quartz cells. Courtesy of Shagor Chowdhury.

The absorption spectrum recorded for DOBV compound (not shown) features three bands at 250 nm,
287 nm and 344 nm.

2.d Raman spectroscopy

Besides the chemical analyses performed in Lyon by our chemist colleagues, we performed in Néel Institute
Raman spectroscopy on as-prepared DOBV molecules (powder). To our knowledge, no Raman spectrum
of a verdazyl radical has been reported so far (in particular, none can be found in the Spectral Database
for Organic Compounds, SDBS).
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Numerous peaks are visible at a laser excitation wavelength of 797 nm (Figure VI.12). An incomplete
Raman peak assignation was made with use of the table provided in Ref. [264]. The N,N’-substituted
dodecyl chains correspond to CC aliphatic chains (an aliphatic compound is a non-aromatic compound)
and give a Raman signal at about 250-400 cm−1. Other Raman peaks, appearing between 600 and
1300 cm−1 are observed and can be ascribed to CC alicyclic or aliphatic chains (an alicyclic compound is
both an aliphatic and a cyclic compound). No CC alicyclic compound is present in the DOBV compound,
so these peaks can be again assigned to the dodecyl chains. The intense Raman peaks observed at 449
and 521 cm−1 cannot be assigned based on the table provided in Ref. [264]. They may correspond to the
vibration modes of the verdazyl rings. A Raman band at ≃ 1586 cm−1 (close to the G band value for
graphene) is observed, and could be assigned to some of the C – C bonds present in the molecule. Finally,
peaks in the 1610-1680 cm−1 range are visible and are attributed to vibration modes of the C = N bonds
in the DOBV compound. Surprisingly, it seems that no peak related to C = O bonds (1680-1820 cm−1

range) is present at our excitation wavelength, although the DOBV compound presents two C = O bonds.
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Figure VI.12: Raman spectrum of the DOBV compound (laser excitation wavelength = 797 nm). The wavenumbers
associated with the most intense Raman peaks are indicated in blue. An incomplete Raman peak assignation is given, based
on the table provided in Ref. [264].

At the moment, the installation of a UHV-Raman spectroscopy apparatus is ongoing. Such set-up will
allow performing Raman spectroscopy on samples kept in UHV. Comparing Raman spectra acquired on
as-prepared molecules (powder) with Raman spectra acquired after deposition would be very insightful. It
would help determining whether the sublimation/deposition process has modified the vibration modes of
the molecules of interest. In particular, one could determine whether the molecule is degraded. As we
will see in the following sections, this is a critical information, as the TMOV and DOBV molecules are
degraded at relatively low temperatures.

3 Sublimation temperature and stability

3.a Protocol

The sublimation temperature of the molecules is expected to strongly depend on the pressure. In order
to estimate the sublimation temperature and to assess the temperature stability of the molecules in a
close-to-UHV environment, two socket ovens were used: one was made available by Gérard Lapertot and
Christophe Marin (IRIG) (see Figure VI.13), the other by Richard Haettel (Institut Néel). The idea
is to determine at which temperature the molecular evaporator has to be heated so that the molecules
sublimate and deposit on surfaces. A socket oven consists of a tubular oven that wraps a tube in which
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the elements to be resistively annealed are contained. In the case of the IRIG system (S1), the oven is
slided around the tube, whereas in the case of the Institut Néel system (S2) the quartz is slided inside the
oven. Both systems are maintained under a secondary vacuum: 10−6 − 10−7 mbar for S1 and 10−8 mbar
for S2, and the temperature of the ovens are regulated with a thermostat. It is important to note that,
for both systems, the thermocouple measures the temperature in the resistance of the oven, not inside the
tube where the sample is placed.

oven quartz tube

Ar

pumping elements

thermocouple

thermostatcrucible containing molecules

ceramic holders

Figure VI.13: General sketch of the socket oven system in IRIG (S1). The temperature of the socket oven is
regulated with a thermostat. Once the desired temperature is reached, the socket oven is slided and wraps the quartz tube
in which the molecule-containing quartz crucible is. The quartz tube is maintained at 10−6 − 10−7 mbar with a turbo pump
and a backing pump.

The preparation of the ovens/cleaning of the elements is made as follows:

1. The quartz tube and the ceramic elements are degassed at high temperature: the temperature
is increased from room temperature up to 1170 K within 4 hours, and it is maintained at this
temperature for 5 hours. Then, the ensemble is cooled down to room temperature within an hour.
After the degassing, the pressure is in the low 10−7 mbar.

2. The system is left under vacuum for a few days. After that, the pressure is around 10−7 mbar down
to 5.10−8 mbar.

3. Ultrasonic cleaning of the quartz crucible is performed using aceton and ethanol, followed by a N2

drying. The system is vented with Ar and the quartz crucible is introduced alongside the ceramic
elements inside the quartz tube. The system is then placed under vacuum again.

4. The empty quartz crucible is degassed at 570 K during 24 hours: the pressure goes approximately
from the low 10−6 mbar down to the high 10−8 mbar.

5. The system is left under vacuum for a few days.

Once this procedure has been followed and the system is clean, the quartz crucible is filled with
molecules using a folded aluminium foil and is positioned in a quasi-vertical configuration (see inset of
Figure VI.13). The ceramic holders containing the quartz crucible are then placed in the quartz tube. The
ensemble is pumped again and left under vaccum for a few days. It is then ready for a thermal treatment.
During the thermal treatment and once the desired temperature is reached, the oven/tube is slided
and positioned so that the sample stands in the middle of the oven. After the thermal treatment, the
product that remains in the quartz crucible is sent to Christophe Bucher and Shagor Chowdhury for
chemical analysis. To determine whether the molecules have been degraded during the thermal treatment,
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they perform EPR, NMR, TLC, mass spectrometry and ultraviolet-visible spectroscopy measurements.
Repeating cycles of thermal treatments and post-treatment chemical analysis allows us to determine (if it
exists!) the range of temperature in which the molecules are sublimated without being degraded. Note
that since the thermocouple measures the temperature at the level of the resistance oven, the range of
temperature that corresponds to a degradation-free sublimation of the molecules is lower than the measured
range by approximately 40 K. Please also note that a comparison between a temperature measured in a
socket oven and a temperature measured in the molecular evaporator described in Section 1.e should be
made with caution. Generally speaking, comparing temperatures should be done with caution, especially
when the temperatures are measured in different systems. The fact that the pressure is not exactly the
same in the socket ovens and in the UHV system makes any comparison even more questionable, since
the evaporation temperature is expected to depend on pressure in a non trivial way. It prevents us from
making straightforward conclusions concerning the temperature at which the molecular evaporator should
be heated in order to sublimate and deposit the molecules of interest. Still, the sublimation tests proved
to be very useful in giving some insight on the relevant temperature ranges for further deposition in UHV,
as is explained in the following.

3.b TMOV molecules

The sublimation tests with the TMOV molecules are summed up in Figure VI.14. Here, the first and
second sublimation tests (TMOV-1 and TMOV-2) were made in S1 whereas the third one was made in the
UHV system using the molecular evaporator. As a result, one must take particular care when comparing
temperatures.

S1 UHVSystem S1

Tmax 563 K 440 K
2 consecutive treatments

T1 = 443 K
T2 = 393 K

TMOV-1 TMOV-2 TMOV-3

Initial pressure ≈ 10-6 mbar 3.0.10-6 mbar 10-9 - 10-10 mbar

S2?Consumed quantity ? ?

black
not a powder

reddish
not a powder

Post-treatment
visual aspect

after T1: reddish
not a powder

Deposition on the
quartz tube ?

433 K: whitish
513 K: rainbow

433 K: whitish

Molecules intact
after the treatment ?

Figure VI.14: Summary of TMOV sublimation tests. TMOV molecules are found to degrade before the temperature
reaches 393 K in the thermocouple.

For the first two sublimation tests, the aspect of the molecules was monitored at several stages: the
temperature was increased up to Tmax in different steps and the aspect of the molecules could be observed
at each step simply by retracting the oven. The molecules are initially in the form of a dark red powder.
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Around 420 K-440 K, this powder turns into a more reddish liquid and starts covering the lateral walls of
the crucible. At 433 K, a whitish deposit is observed on the quartz tube, outside the region that is wrapped
by the oven i.e in a colder part of the tube. This deposition either corresponds to solvents or pollution that
have evaporated and then re-condensed on the colder parts of the quartz tube, or it corresponds to the
molecules of interest (TMOV) that experienced the same process. After such an annealing (TMOV-2), the
product that remains in the crucible exhibits both the signature of the TMOV molecules and the signature
of a different molecule. TMOV molecules are therefore starting to degrade before 433 K. This is confirmed
by the third sublimation test. This last test was performed in two steps: first, the temperature was risen
up to 443 K; then, without cleaning the crucible, new molecules were added. The only thermal treatment
that these second-round molecules experienced is the bake-out of the chamber. During the bake-out, the
temperature of the chamber is increased up to 393 K and the temperature is 20 K to 40 K less in the
molecular evaporator and close to it. Still, such a low temperature treatment was enough to degrade
the second-round molecules since the signature of TMOV was not observed in the remaining product of
TMOV-3. The molecules therefore degrade before or around 350 K-370 K. At higher temperatures, around
450 K, the powder dries and it later becomes darker around 500 K. As is expected from TMOV-3, after
an annealing up to 563 K maximum (TMOV-1), the signature of TMOV is not found in the remaining
product. At 513 K, a deposit having a different aspect from the one obtained at 433 K was observed on
the quartz tube. This deposit presented a color gradient (referred to as "rainbow" in Figure VI.14). This
gradient may be due to differences in thicknesses. Whatever this deposit corresponds to, it for sure cannot
be the initial molecule since TMOV degrades before or around 350 K-370 K.

Considering that TMOV molecules degrade during the bake-out, before or around 350 K-370 K, their
study was discounted.

3.c DOBV molecules

Instead, the rest of the studies was made using DOBV molecules. These molecules being larger than
TMOV molecules, their sublimation temperature is expected to be higher.

The sublimation test results concerning DOBV molecules are shown in Figure VI.15. As one might
expect, the visual aspect of the molecules seems to be correlated with the degraded/preserved character
of the initial molecule. Indeed, the only sublimation test after which the signature of DOBV molecules
- and only DOBV molecules! - is found is the one for which the visual aspect of the powder remains
the same after the thermal treatment (DOBV-2). This sublimation test indicates that the temperature
range in which the molecules experience a degradation-free sublimation is around 395 K. To determine
whether the temperature range extends much higher than 395 K, a third sublimation test (DOBV-3) was
performed: after 40 minutes at 423 K, the DOBV molecules signature was not found in the remaining
product. This means that, if the temperature range of sublimation extends higher than 395 K, it for
sure does not extend up to 423 K. This is supported by the fact that the sublimation rate in the second
sublimation test is quite high. The oven temperature was risen from room temperature up to 393 K
within 12 minutes and maintained at this temperature (up to 395 K max) during 11 minutes. After this
treatment, three quarters of the initial mass was lost. It is therefore very likely that the sublimation
temperature range extends lower than 393 K but not much higher. Taking into account the fact that
the thermocouple temperature is higher by approximately 20 K to 40 K than the temperature in the
vicinity of the molecules, the effective sublimation temperature range is expected to be of the order of
350 K-370 K.
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Initial pressure 6.2.10-8 mbar 6.7.10-7 mbar ≈ 10-8 mbar

S1 S2System S1

63% to 76%
of the initial mass

62% to 72%
of the initial mass

S2≈ 42% of the initial massConsumed quantity

Deposition on the
quartz tube ? No No No

Tmax 443 K 393 K 423 K

reddish
not a powder

black powder,
same as before
the treatment

reddish
not a powder

Post-treatment
visual aspect

Molecules intact
after the treatment ?

DOBV-1 DOBV-2 DOBV-3

Figure VI.15: Summary of DOBV sublimation tests. DOBV molecules sublimate when the temperature is lower or of
the order of 395 K in the thermocouple.

4 DOBV deposition on metals

4.a Experimental adjustments

As seen in the previous section, the degradation-free sublimation range of temperature of DOBV molecules
is of the order of 350 K-370 K. During the bake-out, since the molecular evaporator is not isolated from
the chamber and the temperature can go up to 403 K in the chamber (and slightly less in the vicinity of
the molecular evaporator), ensuring that the molecules do not sublimate during the bake-out required
some adjustements. An axis-translator equipped with a bellow was mounted between the flange of the
molecular evaporator and the flange of the UHV chamber: it authorizes to retract the molecular evaporator
during the bake-out so that the local temperature in the vicinity of the molecular evaporator is lower.
When the temperature of the chamber is around 403 K, the temperature measured by the thermocouple
of the retracted molecular evaporator - which is at the level of the molecule-containing crucibles - is
approximately 335 K to 345 K.

After every new loading of molecules in the dedicated crucible, particular care is given to the
temperature during the bake-out of the chamber. During the bake-out, the molecular evaporator is
completely retracted using the axis translator and the heating tape that covers its exterior parts is
chosen so that it heats at relatively low temperatures, approximately 350 K. The temperature inside
the molecular evaporator is expected to be less, which ensures that DOBV molecules do not sublimate.
Following the bake-out of the chamber, the built-in bake-out of the molecular evaporator is performed:
the temperature of the molecular evaporator inner parts (excluding the crucibles) is risen up to 375 K
within an hour and maintained at this temperature overnight. During this process, the water cooling
system is running. The crucibles are then degassed (with the water cooling system still running): the
temperature is increased up to the sublimation temperature of the molecules and maintained at this
temperature for 30 minutes. Following this procedure ensures recovering a satisfying pressure within 10
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days in the chamber while preserving the integrity of the molecules.

However, the adding of the axis translator comes with a major drawback. During the bake-out, the
bellow is fully extended. After the bake-out, the molecular evaporator is introduced in the chamber (the
bellow is contracted). The problem is that the (contracted) bellow does not allow to recover the initial
configuration: the molecular evaporator is approximately 10 cm further away from the sample holder
than it was before. This far-off configuration was used for some time but it did not provide any signs of
successful deposition on any of the various surfaces that were placed on the sample holder. Since successful
depositions had previously been observed with fullerenes in the initial configuration, it was concluded
that the origin of the unsuccessful depositions was the larger distance between the sample holder and
the molecular evaporator. The working distance specified by the manufacturer (Kentax) ranges from
7 cm to 12 cm. In the far-off configuration, the sample was more than 15 cm away from the sample.
Since the elementary surface of a sphere of radius r increases with r2 and the molecules sublimate along
a sublimation cone, if we assume that the sublimation is isotropic, then the number of molecules at a
distance r of the source decays with r2. As a result, the distance between the sample and the molecular
evaporator is crucial and should not be much larger than the recommended working distance.

In order to solve this issue, the next deposition tests were performed by approaching the plate on
which the sample is fixed close to the molecular evaporator using the wobblestick (see Figure VI.16). This
new configuration is not ideal since the position of the sample is not well controlled. It also prevents us
from either heating or cooling down the sample on which the molecules are deposited as the deposition
occurs. Indeed, the heating and cooling down of the sample take place on the sample holder. Nevertheless
this new configuration rapidly gave hints of successful depositions in both RHEED and STM.

wobblestick

contracted bellow

sample holder

molecular evaporator

plate with sample

Figure VI.16: Sketch of the initial (left) and final (right) deposition configurations. The mounting of the axis
translator has pulled back the molecular evaporator from the sample holder with respect to the initial configuration. In
order to recover a smaller distance between the sample holder and the molecular evaporator, the plate is approached using
the wobblestick. The diagrams are not to scale.

4.b RHEED monitoring

To make sure that the new configuration was indeed a satisfying one for depositing molecules on surfaces,
we monitored the deposition process by means of RHEED measurements. This way, we could check the
metal surface state, and progressively increase the temperature at which the molecular evaporator was
held when there was no evidence that we deposited molecules. The first metal substrate that was used for
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such deposition trials was Pt(111), as it is a quite reactive surface. Using Pt(111) helps being sensitive to
the deposition of any compound on the surface in relatively shorter time scales than for other surfaces.

Figure VI.17 shows RHEED patterns taken along the [011̄0] and [112̄0] incident azimuths, before and
after exposing the Pt(111) surface to the DOBV molecular flux, with the DOBV-containing crucible held
at 388 K. The RHEED patterns of clean Pt(111) in both highest-symmetry directions exhibit intense
streaks. After exposing the surface to the molecular flux for 15 minutes, these streaks are much less
intense, indicating that something has indeed covered the Pt(111) surface.

clean Pt2111)
after exposing Pt2111) during 15z to the molecular flux,
with the DOBV-containing crucible held at 388 K

along the [0110] incident azimuth
-

along the [1120] incident azimuth
-

Figure VI.17: RHEED patterns taken along the [011̄0] and [112̄0] incident azimuths before and after exposing
the Pt(111) surface to the DOBV molecular flux, with the DOBV-containing crucible held at 388 K. The
Pt(111) surface was exposed to the DOBV flux for 15 minutes.

4.c DOBV molecular assemblies on Cu(111)

Before trying to deposit DOBV molecules on quasi-free standing superconducting graphene, we performed
several deposition trials on a more simple system, namely the (111) surface of copper. One STM
measurements campaign (measurements campaign 1) carried out during summer 2018, gave promising
results.

Figure VI.18 shows typical STM images obtained after exposing the clean Cu(111) surface to the
DOBV molecular flux during 10 minutes, with the DOBV-containing crucible held at 353 K. These images
display periodic arrangements ascribed to the molecules. 5-6 nm-wide chains covering almost the whole
Cu(111) surface are visible (these chains were absent from the clean Cu(111) surface). Some of these chains
are indicated with blue lines in Figure VI.18(a). The chains seem to follow Cu(111) step-edges. Features
resolved at the intrachain scale are visible in Figure VI.18(b). Indeed, the molecular chains seem to be
formed by 2.5-3 nm-long and 5-6 nm-wide objects (presumably individual or few molecules), indicated
with blue oval shapes. Individual DOBV molecules are approximately 3.4 nm-wide and 1.2 nm-long, hence
one can assume that each molecular chain comprises, for instance, two chains of interdigitated DOBV
molecules. Unfortunately, no smaller scale STM image with intramolecular resolution could be acquired,
hence the exact structure of the observed molecular assemblies could not be resolved.

Following the measurements campaign 1, chemical analyses performed by our chemist colleagues
on the product remaining in the DOBV-containing crucible indicated that the DOBV molecules were
still present but not pure. Unfortunately, these analyses were not performed immediately after the
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Figure VI.18: Measurements campaign 1: STM images of Cu(111) after exposing the surface to DOBV
molecular flux during 10 minutes, with the DOBV-containing crucible held at 353 K. Both STM images were
taken at 300 K with the following tunneling parameters: It = 1 nA, Vb = -1 V. (a) Large scale STM image. Some of the
5-6 nm-wide molecular chains are indicated with blue lines. (b) Smaller scale STM image. The molecular chains are formed
by 2.5-3 nm-long and 5-6 nm-wide objects, indicated with blue oval shapes.

measurements campaign 1 was over, but after several bake-outs of the UHV chamber. For this reason, we
cannot conclude whether the molecules were already degraded at the time when the STM images shown
in Figure VI.18 were acquired.

An other STM measurements campaign (measurements campaign 2) was carried out during summer
2019. We used the same deposition parameters as the ones used for the measurements campaign 1 but
observed different features from the ones presented in Figure VI.18. Indeed, instead of observing a
relatively homogeneous surface covered with 5-6 nm-wide chains, we observed two types of regions:

• 7 nm- up to 10 nm-wide chains made of filaments (parallel lines) separated by ≃ 0.5 nm.

• few tens of nanometers-large triangular arrangements (with unit cell dimensions of 0.8 × 0.8 nm2),
appearing close to the Cu(111) step-edges.

These observations cannot correspond to pristine DOBV molecules, as the latter are approximately
3.4 nm-wide and 1.2 nm-long.

Filaments belonging to the former type of region are visible in the left part of Figure VI.19(b). A
modulation in apparent topography with associated periodicity of ≃ 3 nm along the chains of filaments is
highlighted with blue dotted lines. Whether this modulation in apparent topography corresponds to the
2.5-3 nm-long and 5-6 nm-wide objects previously observed during the measurements campaign 1 cannot
be decided. The chains observed here seem wider than the ones observed in the measurements campaign 1,
but the poor precision we had before (as we only acquired relatively large scale images) prevents us from
making any definite statement. Within the chains, parallel lines (filaments) that were not observed before
are visible. Again, it is hard to conclude whether these filaments were present before and not resolved.
We propose that the filaments observed here correspond to alkyl chains detached from DOBV molecules.
The length of the filaments (7 nm up to 10 nm) suggests that dodecyl chains have reacted and formed
longer chains (each DOBV molecule contains four 0.6 nm-long dodecyl chains).

Triangular patterns forming few tens of nanometers-large domains whose boundaries are indicated with
green lines are observed in Figure VI.19. They are confined close to Cu(111) step-edges and sometimes
extend on both sides of a Cu(111) step-edge, as seen in Figure VI.19(a). We propose that such regions
correspond to assemblies of 6-oxoverdazyl rings of DOBV molecules. Overall, the thermal treatment (or
the deposition process) could be held responsible for the breaking of the DOBV molecules into smaller
compounds. These compounds would then diffuse and self-assemble in different regions of the Cu(111)
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Figure VI.19: Measurements campaign 2: STM images of Cu(111) after exposing the surface to DOBV
molecular flux during 10 minutes, with the DOBV-containing crucible held at 353 K. Both STM images were
taken at 300 K with the following tunneling parameters: It = 1 nA, Vb = -0.5 V. (a) Large scale STM image. Inset: The
domains displaying triangular arrangements are indicated with green lines. They are confined close to Cu(111) step-edges.
(b) Smaller scale STM image. The filaments (parallel lines) separated by ≃ 0.5 nm, and the associated modulation in
apparent topography are highlighted with solid blue lines and dotted blue lines, respectively. Domains with triangular
arrangements (right part of the image) are indicated with green lines.

surface, forming chains of filaments with dodecyl substituents and triangular patterns with the core of
DOBV molecules.
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Figure VI.20: Measurements campaign 2: STM images of Cu(111) after exposing the surface to DOBV
molecular flux during 10 minutes, with the DOBV-containing crucible held at 353 K. Both STM images were
taken at 300 K with the following tunneling parameters: It = 1.2 nA, Vb = 0.9 V. (a) Large scale STM image. The domains
displaying triangular arrangements are indicated with green lines. Inset: Same STM image with a different contrast. The
triangular pattern in the topmost terrace is better seen. (b) Close-up view at the region framed in the inset of (a). The
triangular arrangement is clearly seen. The modulation in apparent topography is highlighted with a green dashed line
and is attributed to lateral confinement. A region displaying triangular shapes beyond the well-defined embedded region is
pointed with a black arrow.

A closer view at a region exhibiting triangular patterns is shown in Figure VI.20. Figure VI.20(a) shows
Cu(111) terraces partly covered with domains showing triangular arrangements. Similarly to Figure VI.19,
the boundaries of such domains are indicated with green lines. In the topmost terrace (right part of
Figure VI.20(a)), the region covered with a triangular pattern extends over a fews tens of nanometers and
displays a modulation in apparent topography. This modulation is highlighted with a dashed green line
in the close-up view shown in Figure VI.20(b). This kind of modulation was observed in many different
regions of the sample, in triangular domains which were relatively large (few tens of nanometers-large).
When having a look at the boundaries of such domains, one notices that instead of observing filaments,
triangular shapes extending slightly beyond the well-defined triangular domains can be observed (see
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region pointed with a black arrow in Figure VI.20(b)). This observation seems to indicate that the
whole surface of Cu(111) is covered, but that for some reason, most of the surface appears featureless
and only a few regions exhibit well-defined triangular patterns. These well-defined regions appear less
high than the surrounding regions, as if they were somehow embedded. We propose that the regions
displaying well-defined triangular patterns are confined regions, where the positions of the objects forming
the patterns are fixed due to lateral confinement. We speculate that the surrounding regions are covered
with parts broken up from DOBV molecules (including core parts of DOBV molecules). We propose that
such objects are free to diffuse at room temperature, and become observable in confined regions only. We
also attribute the modulation in apparent topography to the lateral confinement. We believe that the
lateral constraints exerted on the molecular assemblies result in the buckling of the assemblies.

Conclusion

Verdazyl radicals are promising candidates for realizing spin molecular systems on quasi-free standing
superconducting graphene. We have determined the sublimation temperature of two verdazyl compounds
synthesized by our chemist colleagues in a close-to-UHV environment. We have shown that 3-(p-tolyl)-
1,5-dimethyl-6-oxoverdazyl (TMOV) molecules degrade before or around 350 K-370 K, and 1,1’-5,5’-
tetradodecyl-6,6’-dioxo-3,3’-biverdazyl (DOBV) molecules degrade at about 350 K-370 K. Only the latter
verdazyl compound was considered for UHV depositions on surfaces as its sublimation temperature is
slightly higher. Experimental adjustements were made to ensure that DOBV molecules do not sublimate
during the bake-out of the UHV chamber containing the molecular evaporator. Preliminary results were
obtained with DOBV molecules on a model system, namely Cu(111). We could not draw any definite
conclusion on the structure of the molecular assemblies observed on Cu(111), but it seems reasonable
that, for the measurements campaign 2, these assemblies do not correspond to pristine DOBV molecules.
Further investigations are needed to conclude on whether it is possible to deposit DOBV molecules in UHV
conditions without degrading them. Other verdazyl compounds such as 1,3,5-triphenyl-6-oxoverdazyl
and 1,3,5-triphenyl-6-thioxoverdazyl radicals could be considered in future works, as it was shown that
they can be deposited on Au(111) [258]. Only after that can we consider depositing verdazyl radicals on
quasi-free standing superconducting graphene.
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Conclusion

In this thesis, we undertook the realization of a graphene-based system consisting of a quasi free-standing
graphene platform with induced superconducting character and in close vicinity to magnetic impurities.
The fabrication of such a sample was motivated by recent theoretical articles predicting unconventional
Yu-Shiba-Rusinov (YSR) states in superconducting graphene [4, 5]. Although the targeted graphene-based
system was not fabricated yet, all three ingredients (quasi-free standing graphene, induced superconducting
character and proximity to magnetic impurities) have been addressed in the manuscript.

As previously demonstrated in Ref. [3], growing graphene on a Re(0001) substrate results in induced
superconductivity in graphene. Structural aspects related to graphene grown on Re(0001) were addressed
in Chapters III and IV. In particular, we showed in Chapter III that increasing the number of annealing
cycles positively contributes to growing high-quality extended graphene domains. The structure of a
surface rhenium carbide was studied as well, and three atomic models were proposed. Density functional
theory calculations should soon inform us on the stability of the proposed models and on a possible
hierarchy (in energy) between them. In Chapter IV a widely observed defect in the nanorippled structure
of graphene on strongly interacting metals such as Re(0001) and Ru(0001) was ascribed to stacking faults
either in graphene or in the metal substrate. These studies (Chapters III and IV) contribute to grasping a
little better the richness of graphene grown on metallic substrates.

Although rhenium provides the required induced superconducting character, growing graphene directly
on top of such a strongly interacting metal results in a major limitation: the two-dimensional character of
pristine graphene is lost. In order to recover a quasi-free standing character (which constitutes one of the
three requirements we have identified), graphene was decoupled from its initial substrate via intercalation
of gold atoms. The results supporting this claim were presented in Chapter V. Our data showed that
besides the recovery of a quasi-free standing character, gold-intercalated graphene on Re(0001) presents
a high density of defects. The latter was attributed to the formation of defects upon intercalation. We
believe that the Raman spectroscopy-based methods used in this study to assess the density of defects
should be routinely used in studies related to intercalated graphene to unveil the often underestimated
impact of intercalation on the quality of graphene. Additionnally, we showed that rhenium-induced
superconductivity in graphene is not altered by gold intercalation, hence the two first requirements for
realizing the targeted system are fulfilled.

The regained two-dimensional character of graphene should allow observing a few nanometers-extended
YSR states [130], provided that we bring magnetic impurities in close proximity to graphene. Preliminary
results involving two original magnetic verdazyl compounds were presented in Chapter VI. The
sublimation temperatures of the two compounds in a close-to-ultra-high vaccum environment were
determined. Although we did not deposit these compounds on quasi-free standing superconducting
graphene yet, preliminary results obtained on a model system, Cu(111), were presented. We could not
resolve the precise structure of the molecular assemblies covering the Cu(111) surface yet, and the thermal
stability of the compounds was discussed. The deposition of other compounds should probably be explored.

Before shifting to quasi-free standing superconducting graphene as a hosting material for magnetic
impurities, further investigations on model systems are needed. One promising perspective could rely
on the use of Au(111). Indeed, it was shown that 1,3,5-triphenyl-6-oxoverdazyl and 1,3,5-triphenyl-
6-thioxoverdazyl can be successfully deposited on Au(111) under ultra-high vaccum conditions [258].
Additionnally, Au(111) presents an opportunity for cross-laboratory measurements, as it less easily oxidizes
than Cu(111). In this prospect, a Au(111) single-crystal with dimensions compatible with both the
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ultra-high vacuum system located in CNRS/Institut Néel and one of the two low temperature scanning
tunneling microscopes of CEA/IRIG was purchased. Observing molecular assemblies on Au(111) at low
temperature should help determining their structure. Besides, observing a Kondo effect could ascertain
the radical character of the deposited molecules, as it was done in Ref. [258]. If the DOBV compound
studied in this manuscript proves to be degraded in the temperature range corresponding to the bake-out
of the ultra-high vaccuum chamber used for molecular depositions, other verdazyl compounds could be
envisaged, such as the ones used in Ref. [258].
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