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Zusammenfassung

Diese Dissertation beschäftigt sich mit der Untersuchung der elek-
tronischen Eigenschaften von sechs verschiedenen Graphen-Metall-
Grenzflächen. Solche Systeme sind hochaktuell, aus fundamentaler
Sicht als auch im Hinblick auf mögliche Anwendungen in elektron-
ischen Bauteilen und anderen Bereichen. Die (111)-Oberfläche von
Iridium wird wegen der schwachen Wechselwirkung zwischen den Part-
nern und der ausgezeichneten strukturellen Qualität als Vorlage für
Graphenwachstum verwendet. Nach einer kurzen Einführung (Kapi-
tel 1) werden die Eigenschaften von Graphen und der Graphen/Ir(111)
Grenzfläche in Kapitel 2 behandelt. Die zugrunde liegende Physik der
hier hauptsächlich genutzten experimentellen Methode, Photoemission
und -Absorption, werden in Kapitel 3 und die Verfahren der Datenanal-
yse in Kapitel 5 beschrieben. Die Messplätze, an denen die Arbeiten
durchgeführt wurden, sind in Kapitel 4 beschrieben, unter anderem
eine „state-of-the-art“ Labor-Station welche von mir im Rahmen dieser
Arbeit aufgebaut wurde. Kapitel 6 bis 10 berichten über Ergebnisse
für Graphen auf Metallen, sowohl auf Volumenkristalloberflächen als
auch auf zwischen Graphen und Ir(111) interkalierten Metallschichten,
ausgehend von Ir(111) in Kapitel 6. Interkalierte Kupferschichten
werden in Kapitel 7 behandelt; dies ist ein besonders wichtiges System,
da der Einfluß der Hybridisierung zwischen Metall d-Zuständen und
dem Graphen π-Band besonders klar zu beobachten ist und DFT-
Rechnungen hier den Mechanismus der Öffnung der Bandlücke im
Detail erklären können. Elektronische und magnetische Strukturun-
tersuchungen für interkalierte Kobaltschichten werden in Kapitel 8
vorgestellt. Der Transfer des magnetischen Moments auf die Graphen
π Zustände wird durch Röntgenabsorptions-Dichroismus-Messungen
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Zusammenfassung

an der Kohlenstoff-K-Kante detektiert. Die Entstehung von ferromag-
netischer Ordnung in den Kobalt-Filmen wird beobachtet und durch
einen Vergleich mit Theorie-Daten quantitativ erklärt. Interkalierte
Ytterbium-Schichten (Kapitel 9) zeigen Ähnlichkeiten mit Kupfer, da
in beiden Metallen die Region in der Nähe des Fermi-Niveaus auss-
chließlich von s-p-Zuständen besetzt ist. Analog zu Kupfer kann die Hy-
bridisierung zwischen Metall und Graphenzustände auch hier deutlich
verfolgt werden. Schließlich zeigt der Fall von interkalierten Mangan-
schichten spezielle Eigenschaften. Einerseits existieren d-Zustände nahe
der Fermi-Energie, welche mit Graphen wechselwirken; andererseits
besteht aber nicht der starke Einfluss auf den sogenannten „Dirac cone“
des Graphen wie im Falle von Nickel und Kobalt (Kapitel 8). Die hier
vorgestellten Ergebnisse zu den sechs Metallen ergeben ein konsistentes
Bild der elektronischen Struktur von Metall-Graphen-Grenzflächen.
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Abstract

This thesis deals with an investigation of the electronic properties
of six examples of graphene-metal interfaces. Such systems are of
great current interest, not only from a fundamental point of view, but
also with respect to possible applications in electronic devices and
other fields. The (111) surface of iridium is used as a template for
graphene growth, in view of the weak interaction between the partners,
and due to the excellent structural quality. After a brief introduction
(chapter 1), the properties of graphene and the graphene/Ir(111) in-
terface are described in chapter 2. My main experimental method
within the thesis is photoemission and -absorption, hence chapter 3
deals with the underlying physics. The data analysis procedures are
explained in chapter 5. The experimental stations on which the work
was performed are described in chapter 4, including a state-of-the-art
laboratory station that was built up within the work on this thesis.
Chapters 6 through 10 then report on my findings for graphene on
bulk and intercalated metals in between graphene and Ir(111), starting
with Ir(111) in chapter 6. Intercalated copper layers are dealt with
in chapter 7, a particularly important example since the signatures
of hybridization between metal states and the graphene π band are
especially clear, and the mechanism of band gap opening can be ex-
plained in detail on the basis of DFT calculations. Electronic and
magnetic structure investigations for intercalated cobalt layers are
covered in chapter 8. The transfer of magnetic moment onto the
formerly paramagnetic graphene π states is evident from x-ray mag-
netic circular dichroism measurements at the carbon K edge. The
emergence of ferromagnetic ordering in the cobalt films is reported
and analyzed by recourse to theory. Intercalated ytterbium (chapter 9)
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Abstract

is found to exhibit similarities with copper, since in both cases the
region near the Fermi level is exclusively occupied by s-p-type states.
Like in copper, hybridization between metal and graphene states can
be clearly observed. Finally, the case of intercalated manganese is a
special one: d-states are found to interact with graphene, but they do
not seem to have the detrimental effect on the Dirac cone as observed
for nickel and cobalt in chapter 8. Altogether, a consistent overview of
metal-graphene interface electronic structure is given.
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Chapter 1

Introduction

It is now about ten years ago that a discovery induced a storm of
activities in the field of solid state physics: a method to prepare
graphene, the single atomic layer of hexagonally coordinated carbon
atoms, and single atomic layers of other layered materials [1], and to
characterize them using electronic transport measurements. Graphene
in particular has been at the focus of attention, since it is related
to 0-dimensional fullerenes, 1-dimensional carbon nanotubes, and 3-
dimensional graphite. The single layer graphene had been studied
by theoretical means for about 60 years, starting with the work of
Wallace in 1947 [2]; however, that this material exhibits very special
properties that are unlike any other material was only realized in
1984 [3, 4] when it became clear that it provides a solid state analogue
of quantum electrodynamics, with its charge carriers behaving as
quasiparticles with zero effective mass. Since the very existence of
a 2 D material was thought to be forbidden by virtue of theorems
formulated by Peierls [5] and Landau [6], these considerations were
thought to be purely Gedanken experiments. All this changed when
single layers of graphene were prepared in what is an extremely simple
method, micromechanical exfoliation, also known as the “scotchtape
method” [1]. These one-atomic layer films, being “all surface and
no bulk” were deposited on an oxidized silicon wafer. Subsequently,
contacts are attached to the layer, and with the use of the silicon

1



1 Introduction

substrate as a gate electrode, a field effect transistor (FET) or Hall
bar could be prepared. This opened the path to unleash the arsenal
of (magneto-) transport experiments. Surprisingly, the mechanically
transferred graphene films turned out to be of extremely high quality,
permitting ballistic transport of their charge carriers over micron-size
distance.

In two back-to-back papers [7, 8] in 2005, the groups of Geim
(Manchester University) and Kim (Columbia University, New York)
showed quantum Hall data that convincingly proved that the charge
carriers indeed behave as though they have zero effective mass; the
integer quantum Hall effect “ladder” is replaced by a half-integer one.
This development culminated with the Nobel Prize in Physics “for
groundbreaking experiments regarding the two-dimensional material
graphene” bestowed on Geim and Novoselov in 2010 [9]. The charge
carriers are Fermions that are thus not described by the Schrödinger
equation, but by the Dirac equation for massless particles. However,
they still interact through their charges. By virtue of its specific band
structure discussed in chapter 2.1, with linearly dispersing bands that
cross at a point on the Brillouin zone boundary where the density of
states vanishes, creating the so-called Dirac “cone”, the carrier type
and concentration can be tuned continuously between electron- and
hole-type by the electric field effect, with carrier concentrations up to
1 × 1013 cm−2 and mobilities reach 100 000 cm2 V−1 s−1 at room and
more than 250 000 cm2 V−1 s−1 at low temperature. These and other
findings, such as the extremely high electrical and thermal conductivi-
ties, impermeability to gases etc. have sparked an enormous interest
and research effort from a fundamental as well as applications-oriented
point of view, with many expectations for this “wonder material” yet
to be demonstrated in practice. The storm of activities has led to
tens of thousands of publications, hundreds (if not more) of scientists
involved in studies of the basic science and possible applications of
graphene, and the funding agencies have launched programmes such as
the “Graphene Flagship” [10] at a level not seen in condensed matter
physics and material science before.

From a fundamental physics point of view, the fact that graphene‘s
charge carriers are quasiparticles that obey the Dirac equation and
thus enable quantum electrodynamics in a table-top experiment is
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the most important aspect. Relativistic massless particles that move
through the 2 D “solid” with a reduced “speed of light”, and an extra
“pseudospin quantum number” that describes the sublattice they are
moving in (chapter 2.1) can be used to study quantum electro dynamics
phenomena such as Klein tunneling where the particles can traverse
high potential barriers. This effect, already predicted in 1929, was
only verified experimentally in 2009 in graphene-based devices. One of
the advantages of graphene is that not only the single atomic layer can
be examined: by stacking two or more layers on top of one another,
the transition from purely 2 D to quasi-2 D to the 3 D bulk can be
investigated. The charge carriers in the bilayer, for example, are
massive Dirac Fermions that are described by a Hamiltonian that
combines aspects of the Dirac and Schrödinger equation, an effect that
can immediately be seen in the difference in the quantum Hall ladder.

The discovery of how to prepare single layers of graphene by means
of micromechanical exfoliation has recently been adapted to the prepa-
ration of other, van-der-Waals binded materials such as hexagonal
boron nitride, transition metal dichalcogenides, for which the expres-
sion “graphene-related materials” (GRM) has been coined. Not only
may these serve to encapsulate graphene and thus preserve its unique
properties in harsh environments, but they can also be used in their
own right, for applications where a specific property, for example fun-
damental band gap, sadly missing in graphene, is important, such as
in digital switching devices. It should also be mentioned that several
of the attractive features such as the extreme strength and Young‘s
modulus of graphene and its very high thermal conductivity do not
arise from the special nature of its charge carriers, but from the strong
in-plane σ-bond.

Given the intriguing properties, what are the applications envisaged?
High frequency transistors and even low level analog integrated circuits
have already been made at the laboratory level. The use of graphene
as a transparent conductive electrode to replace the standard indium
tin oxide has been demonstrated on a laboratory scale in smart phone
displays; here graphene flexibility may come in useful. Graphene
is used as a saturable absorber for the cost-effective production of
ultrafast pulsed laser operation over a wide wavelength range. In
metrology, graphene serves as a transferable resistance standard which
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1 Introduction

can be operated with closed cycle refrigerators. Photodetectors with
a broad wavelength range and very high sensitivity have also been
produced. Clearly, there are many opportunities for applications, and
the question of how many of these will eventually lead to workable
devices will soon be answered, given the intense research effort.

This thesis examines the interaction of graphene with metallic sub-
strates and metallic intercalated layers. One may well ask why such
systems are important, given that the metal by necessity “short-circuits”
all the novel and exciting electronic properties of graphene? There
are several important reasons why the metal-graphene interface is
an important one and needs in-depth studies from an experimen-
tal and theoretical point of view. First, any graphene-based device
needs metallic contacts for its functionality, and issues such as doping
through the contact material, destruction of the Dirac cone, reduc-
tion of mobility etc. are important. Secondly, and equally important
from a fundamental point of view, an interface between graphene and
a ferromagnetic metal may act as a spin filter [11, 12] as discussed
in chapter 2.2, possibly paving the way for the use of graphene in
spintronic devices and quantum computing, or even the investigation
of entangled states [13]. Finally, at present the only viable pathway
towards large scale mass production of graphene appears to be through
chemical vapor deposition of hydrocarbons on metal surfaces, and an
understanding of the process that lead to high quality growth, and
transfer processes to other substrates is very important. Graphene may
be used as protecting layer of reactive surfaces and a kind of surfactant
for intercalated layers, possibly yielding interesting applications in thin
film technology.

The interaction between graphene and a range of metals is studied
in this thesis: iridium, copper, ferromagnetic cobalt, manganese, and
ytterbium. All of these exhibit different aspects of graphene-metal
interaction. The thesis is organized as follows. After a brief survey,
in chapter 2, of the properties of graphene, in particular its electronic
structure both as a free-standing layer and epitaxially grown on a
substrate are discussed. The experimental methods employed in the
thesis, i. e. photoemission, -absorption, and x-ray magnetic circular
dichroism are treated in chapter 3. The experimental details (analyzers,
vacuum chambers, beamlines etc. , and preparation protocols) are
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described in chapter 4, and data analysis procedures in chapter 5.
Chapters 6 through 10 then present the experimental results and
interpretation in the following sequence: as a basis for the intercalation
processes of Cu, Ni, Co, Yb, and Mn in between graphene and the
Ir(111) surface, the properties of graphene/Ir(111) with its specific
moiré structure are treated in chapter 6. The intercalation of Cu (ch. 7)
is a particularly important example, not only because the electronic
structure information is revealed in great clarity experimentally, but
also since density functional calculations reveal the Cu d/graphene
p state hybridization process that induce a band gap opening at the
“Dirac” crossing point of valence and conductions bands; conclusions
drawn from this interpretation can be applied to other metal/graphene
interfaces. For cobalt, electronic structure information is complemented
in chapter 8 by a determination of the magnetic moments present in
a bilayer, and its partial transfer onto the carbon atoms in graphene,
and these are compared to state-of-the-art calculations of magnetic
moments in this system. The intercalation of ytterbium and manganese
is dealt with in chapters 9 and 10; Yb is a case closely related to Cu, in
that the hybridization between metal and graphene states is reflected
in detail in valence level photoemission, while manganese exhibits,
beyond an intercalated layer that adapts to the structure of the Ir
(111) substrate a second phase that consists of a surface alloy which
strongly influences the structure of graphene. On the basis of these
five examples, a comprehensive picture of the general properties of
metal/graphene interfaces emerges.
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Chapter 2
Background – isolated graphene
and graphene on Ir(111)

It is well known that carbon atoms are able to form different allotropes
(Fig. 2.1), due to the different configuration of their valence electrons.

The most common ones are diamond and graphite. Diamond is
formed by sp3− hybridized orbitals leading to the diamond cubic
crystal structure. Graphite, on the other hand, consists of stacked
carbon sheets bonded by weak van der Waals forces. The sheets are
arranged in a honeycomb lattice formed by sp2− hybridized orbitals. In
recent years, graphene – a two dimensional single layer of carbon atoms
arranged in a honeycomb lattice – has attracted much interest [7, 8, 16–
18] as discussed in the introduction.

2.1 Crystallographic structure in real and
reciprocal space

Graphene has been described theoretically by various authors [19–23].
Early theoretical work on graphene by Wallace [2] dates back to 1947,
he studied a one-atom thick sheet of graphite to gain insight into
the electronic properties of the three-dimensional graphite system,
already grasped the electronic behavior of the π band, showing a

7



2 Background – isolated graphene and graphene on Ir(111)

Graphite

Diamond

Figure 2.1: Carbon allotropes, taken from Hirsch [14] and Gross [15]. Apart
from the classic allotropes like graphite and diamond, there are also more ex-
otic ones. These include fullerenes, carbon nanotubes and the two dimensional
material graphene.

linear dispersion near the K point. The aim of this chapter is the
derivation of the electronic structure of graphene in the framework of
the tight-binding approximation, which I outline in a few steps based
on the work of Aoki and Dresselhaus [21] and Atienza [23]. The crystal
structure of graphene has a two-atom basis (A, B) with the following
lattice vectors:

#»a 1 = a(1 , 0) (2.1)

#»a 2 = a(−1
2

,

√
3

2
) (2.2)

with a ≈ 2.46 Å being the graphene lattice constant. The shortest
distance between two carbon atoms – aCC = a/

√
3 ≈ 1.42 Å – is the

carbon-carbon bond length. Each atomic position A and B (Fig. 2.2)
alone form a hexagonal Bravais lattice in the forms of a separate
sublattice A, B. The relation between the trigonal lattice vectors
#»a 1 and #»a 2 in real space and the related reciprocal space with the

8



2.1 Crystallographic structure in real and reciprocal space

corresponding reciprocal lattice vectors
#»

b 1 and
#»

b 2 is given by the
following equation:

#»

b 1 =
2π

a
(1 ,

1√
3

) (2.3)

#»

b 2 =
2π

a
(0 ,

2
3

) (2.4)

The crystal structure and the corresponding Brillouin zone for graph-
ene are shown in Fig. 2.2 (a) and (b). The corners of the hexagonal
Brillouin zone are defined by two inequivalent points – K and K ′

– since they are not connected by a reciprocal lattice vector. The
coordinates in reciprocal space of these points are

#»

K =
2π

a
(
1
3

,
1√
3

) (2.5)

#  »

K ′ =
2π

a
(0 ,

2√
3

) (2.6)

Covalent bonds are formed due to sp2 hybridization, connecting the
carbon atoms in the graphene plane and involving the atomic orbitals
2s, 2px and 2py. The 2pz orbitals can be treated separately since they
are oriented perpendicular to the plane, having zero overlap with the
other orbitals. Hence the 2pz orbitals form the π bonds in graphene,
while the 2s, 2px and 2py form the σ bond. One can formulate a trial
wavefunction Ψ by superposition of Bloch functions [26, 27], taking
into account one 2pz orbital per atomic site, composing the π band of
graphene. Since each graphene unit cell consists of two atoms A and
B, the model uses two Bloch functions ΦA and ΦB:

Ψ( #»r ) =
1√
N

∑

#»

RA

ei
#»

k
#»

RAφ( #»r − #»

RA) +
1√
N

∑

#»

RB

ei
#»

k
#»

RB φ( #»r − #»

RB)

(2.7)

= CAΦA( #»r ) + CBΦB( #»r ) (2.8)

with φ( #»r ) being the wavefunction of the 2pz orbital of the isolated
carbon atom and N being the number of unit cells. The summation
is taken over all vectors of the graphene lattice. Any pair of atoms
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2 Background – isolated graphene and graphene on Ir(111)
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Figure 2.2: Crystallographic structure of graphene in real and reciprocal
space. (a) Crystal structure with two sublattices (red and blue) and two
carbon atoms per unit cell. (b) The corresponding Brillouin zone for graphene.
(c) Band structure of free-standing graphene obtained by means of DFT taken
from Dedkov et al. [24] – π, π⋆, σ bands are indicated (left). Band structure
of the π band solely in the framework of tight-binding calculations [2, 4, 25]
(right).

from a unit cell can be labeled by the vectors:
#»

RA = n1
#»a 1 + n2

#»a 2;
#»

RB = n1
#»a 1 + n2

#»a 2 + #»τ 1 with n1 and n2 being integer values.

The vectors following the path along the carbon-carbon bonds are:
#»τ 1 = a(0 , 1/

√
3); #»τ 2 = a(−1/2 , −1/2

√
3); #»τ 3 = a(1/2 , −1/2

√
3); With

the Schrödinger equation ĤΨ = EΨ, and using the Dirac notation,
one can obtain the transfer integral matrix Hi j = 〈Φi| H |Φj〉 and the
overlap integral matrix Si j = 〈Φi|Φj〉. By solving the secular equation
det[Ĥ −E S] = 0 the dispersion relation E(k) is obtained. Considering
that in graphene the atoms in the A and B sublattice are the same,
the related matrix elements HAA and HBB are also the same, which
implies HAB = H⋆

BA. Using in the following the assumption that the
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2.1 Crystallographic structure in real and reciprocal space

overlap between wave functions centered at different atoms is zero
(SAB = SBA = 0), and the normalization SAA = SBB = N , the secular
equation is given by

E± = HAA ± |HAB| (2.9)

with E+ being the eigenvalue for a symmetric combination of the
wave functions forming the bonding π energy band (valence band)
and E− for the anti-symmetric combination (anti-bonding π⋆ band).
The diagonal elements in the matrix become constant terms since
the atoms A interact only with themselves and the three neighboring
B atoms (nearest neighbor tight-binding approximation). Thus the
diagonal elements represent the energy of the electron on the carbon
2pz orbital HAA = E2p. For the graphene system, solely consisting of
atoms of the same kind, the on-site energy E2p is always the same, thus
making E2p = EF = 0. A different situation occurs for the off-diagonal
elements HAB = 〈ΦA| H |ΦB〉 for which one obtains:

HAB =
∑

#»

RA

∑

#»

RB

ei
#»

k (
#»

RA− #»

RB) 〈φ( #»r − #»

RA)| H |φ( #»r − #»

RB)〉 (2.10)

= γ0

3∑

l=1

ei
#»

k · #»τ l (2.11)

= γ0e
i

#»

k ·( #»a 1−
#»a 2)/3[1 + ei

#»

k #»a 2 + e−i
#»

k #»a 1 ] (2.12)

= γ0

[
exp

(
i
kya√

3

)
+ 2 cos

kxa

2
exp

(
−i

kya

2
√

3

)]
(2.13)

with γ0 being the tight-binding integral. The substitution of the
equation above into the secular equation yields the energy disper-
sion relation of graphene in the tight-binding approximation with
eigenenergies E±

E±(kx, ky) = EF ±γ0

√

1 + 4 cos
akx

2
· cos

√
3aky

2
+ 4 cos2

akx

2
(2.14)

Especially interesting is the region around E± = 0 where valence
and conduction band meet, which happens at the K and K ′ points.
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2 Background – isolated graphene and graphene on Ir(111)

The 2pz orbital forming the π band is half occupied for graphene,
thus the Fermi energy lies in the middle of both bands. The energy
dispersion described above can be approximated by a linear form in
the vicinity of K and K ′.

E± = ±~vF | #»

k | (2.15)

vF =

√
3

2
a · γ0

~
(2.16)

This relation has a conical behavior around EF , forming the so-called
Dirac cone (Fig. 2.2 (c) – right). Furthermore, a constant Fermi velocity
vF of ≈ 1 × 106 m s−1 is found using parameters of a = 2.46 Å and γ0 ≈
3 eV, according to DiVincenzo and Mele [4] and Reich et al. [25]. The
scientific breakthrough happened when experiments on the quantum-
hall effect by two different groups (Novoselov et al. [7] and Zhang et al.
[8]), proved the massless behavior of the charge carriers, hence a linear
energy dispersion around K and K ′. Interestingly, the experimental
results in this work obtained by ARPES on graphene/Ir(111), described
in chapter 6, confirm the value given for the Fermi velocity in agreement
with studies by Kralj et al. [28]. The general Dirac operator of the
free electron has in the limit of vanishing mass (m → 0) the following
structure according to Nolting [29]:

ĤD = c · â · p̂ (2.17)

with the Dirac-matrices â =

(
0 σ
σ 0

)
and the momentum operator

p̂ = (−i~∇). From the eigenenergies in equation (2.15) one can assume
a similar operator describing electrons and holes in graphene near the K
point as relativistic massless particles. Hence the physical system can
be understood as a Dirac equation in the limit of vanishing mass [21],

ĤD = ±~vF σ · (−i~∇) (2.18)

with σ = (σx, σy) being the vector of the two-dimensional Pauli
matrices. The electrons near the K point move with the constant
Fermi velocity vF ≈ c/300 replacing the speed of light. As described by
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2.2 Classification of graphene/metal systems; possible graphene
applications

Ohlsson [30], this operator leads to two two-dimensional Weyl equations
showing the same structure in the energy-momentum relation as derived
in equation (2.15). According to the above described similarity to
the Dirac equation, the zone corners of graphene in reciprocal space
are called Dirac points (K, K ′ point) with the dispersion of electrons
showing a linear behavior near these Dirac cone, and the charge carriers
in graphene are called Dirac Fermions.

Using the framework of the tight-binding approximation above, the
findings of equation(2.14) are implemented and calculated using the
software Igor Pro [31]. With the parameters mentioned above one can
derive the band structure for the π band (Fig. 2.2 (c) – right). The
band structure of so-called free-standing graphene – thus including
the σ bands – can be obtained by means of DFT, taken from Dedkov
et al. [24] – π, π⋆ and σ bands are indicated (Fig. 2.2 (c) – left).

2.2 Classification of graphene/metal systems;
possible graphene applications

Graphene itself has many possible applications. Due to its high
charge carrier mobility [32] electronic based applications were pro-
posed [17, 33], potentially replacing silicon in electronic components.
Other possible applications, e. g. spintronics, use the electron spin
degree of freedom in graphene [34] and exploit the spin transport at
room temperature and the long spin diffusion lengths of several µm as
reported by Tombros et al. [35]. The mechanical properties of graphene
with its high Young’s modulus [36] could be exploited e. g. for applica-
tions in flexible electronics [37, 38]. In order to actually use graphene
in devices, the material needs to get, at some point, in contact with
metals. A main challenge is to understand how the electronic structure
of graphene is influenced by the metal. Graphene-metal interfaces are
of special importance to possible applications in devices which could
relate to the transport of charge or spin. For graphene/metal systems
a classification is used, as discussed by Voloshina and Dedkov [39], dis-
tinguishing into two cases – “weakly” and “strongly” bonding graphene
to the underlying metal substrate. These two cases show a different
behavior concerning their electronic band structure. On the one hand,
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2 Background – isolated graphene and graphene on Ir(111)

it has been shown that in the case of a “strong” bonding situation,
the Dirac cone is modified by low lying metal valence band states and
basically not preserved, as in the case of graphene/Ni(111) [12, 40–42].
On the other hand, “weakly” interacting systems as graphene/Ir(111)
show an intact Dirac cone with a linearly dispersing π band [43–45].
Other properties could affect the electronic structure like doping of π
band effectively shifting the Dirac cone; opening of band gaps between
π and π⋆ states; hybridization between the π states of graphene and
low lying transition metal 3d states. These effects can be generated
by specific modification of graphene/Ir(111) using intercalation of
metal thin films (chapter 7 – 10). Following the work of Voloshina
and Dedkov [39], graphene placed on the (111)-surface of (sp)-metals,
leads to a shift of the Dirac cone below the Fermi energy (n-doping).
The Dirac cone is preserved and no band gap opening is observed. A
possible explanation for the shift of the π band is that the sp-metal
acts as electron donor subsequently occupying the π⋆ states. This
behavior is depicted in Fig. 2.3 (a), suggesting a “weak” interaction
between graphene and the sp metal. A different situation occurs if
graphene is placed on d-metals with an partially open d shell as in the
case of Ni or Co (ch. 8). Additional effects of π − d band hybridization
emerge beyond the initial doping effects. This hybridization leads to
the formation of so-called interface- or hybrid-states [40], effectively
destroying the Dirac cone (Fig. 2.3 (b) and chapter 8.2). This case
would suggest a rather “strong” interaction between graphene and
open d shell metals.

However, there is an interesting intermediate case, as for graphene
on d-metals with a closed shell (Cu). Again the graphene π band is
n-doped, shifting the Dirac cone towards lower binding energy. From
Fig. 2.3 (c) it is apparent that a band gap is opened directly at the K
point. This behavior was experimentally verified using ARPES, XPS
and LEED (ch. 7). Voloshina and Dedkov [39] draw the conclusion
that this is due to hybrid states, which emerge from the 2pz orbitals of
graphene from the two different sublattices, interacting with the Cu 3d
states, thus forming an symmetry-induced band gap. Hybridization
affects also the π band dispersing through the lower lying Cu 3d states.
At the intersections, additional hybridization gaps are induced. A
detailed discussion on graphene/Cu(111) is found in chapter 7.
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Figure 2.3: Schematic band structure for graphene on different metal sub-
strates, with kind permission from Voloshina and Dedkov [39]. (a) Free-
standing graphene exhibits a linear dispersion near the Dirac point. (b)
Graphene/sp-metal: n-doped graphene, with preserved linear dispersion near
the Dirac point. (c) Graphene/open-d-shell-metal: initial n-doped graphene;
subsequently π − d hybrid states emerge which affect the band structure
by a massive rearrangement of bands. (c) Graphene/closed-d-shell-metal:
initial n-doped graphene; hybrid states emerge at energies far below ED

accompanied by the opening of a band gap at ED.
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2 Background – isolated graphene and graphene on Ir(111)

Spintronic applications

Spin polarized electron physics and spin electronics, summarized
under the term “spintronics”, refers to the manipulation of the electron
spin degree of freedom instead, or in addition to the electron charge,
which I outline in the following section. In order to exploit spin
properties, effects like spin relaxation time and spin transport in
metals and semiconductors needs to be considered. A device that
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Figure 2.4: Effect of spin-filtering via graphene layers separating two fer-
romagnetic materials, taken from Karpan et al. [11]. (a) Schematic rep-
resentation of parallel and anti-parallel orientations of magnetizations of
ferromagnetic electrodes in a junction – spin-filter in CPP and CIP geometry.
(b) Conductance as a function of number of graphene layers for minority
and majority electrons for parallel and anti-parallel configurations of a ideal
Ni/graphene/Ni junction, measured in CPP geometry. (Inset) The respec-
tively calculated magnetoresistance, indicating effective spin filtering by four
orders of magnitude for 3 monolayers of graphene and beyond. (circles) ideal
junctions; (diamonds) junctions where the surface layer is a disordered NiCu
alloy; (squares) junctions where the top layer of one of the electrodes is rough
with only half of the top layer sites occupied (sketch on the right).

is already in use in industry is the spin valve GMR-sensor which is
a sandwich based structure exploiting the “giant-magnetoresistance
effect” (GMR) in an current-perpendicular-to-plane (CPP) or current-
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2.2 Classification of graphene/metal systems; possible graphene
applications

in-plane (CIP) structure (Fig. 2.4 (a)). The GMR effect, discovered
independently by Fert et al. [46] and Grünberg et al. [47] which led to
the award of the Nobel Prize in Physics in 2007 [48], is observed for
sandwich-based structures of two ferromagnetic layers separated by a
non-magnetic spacer layer (e. g. Cu). The observed effect is apparent,
according to Stöhr [49], when electrons in the “sensor” layer travel
with spin orientation anti-parallel or parallel relative to the spin in
the underlying “reference” layer, and a drop in the electric resistivity
on the order of 10 % is observed in such a device. Fast changing small
external magnetic fields cause the magnetization in the sensor layer to
switch. This structure is used as read head for data stored on magnetic
media. The written bit pattern on the hard disk rotates under a read
head while the sudden change in the GMR signal is used to read the
pattern.

According to Karpan et al. [11] it is possible to further enhance
this effect by using a certain number of graphene layers as spacer
layer in a spin-filter device. The authors predict perfect spin filtering
for interfaces between graphite and (111) fcc or (0001) hcp Ni or
Co surfaces. They calculate a distinct difference in the drop in the
conductance of minority and majority carriers resulting in effective
spin-filtering of the junction for 3 monolayers of graphene and beyond.
Hence perfect spin filtering is presumed for interfaces between graphite
and (111) fcc Ni, or (0001) hcp Co surfaces. Further arguments
concerning the functionality of such a device are that the in-plane
lattice constants of graphene (2.46 Å) and (0001) Co (2.506 Å); or
(111) Ni (2.492 Å) [11] match almost completely, with only a small
lattice mismatch of 1.3 % in the case of Ni. The electronic states of
graphene are, in the vicinity of the Fermi level, solely found around
the K-point. Co and Ni have in this region only electronic states of
minority spin character; majority spin states are largely absent. This
behavior is shown in Fig. 2.5, where the Fermi surface projections for
majority and minority spin states are depicted for Co and Ni with
respect to Cu and graphene. The authors conclude that perfect spin
filtering is expected for several layers of graphene on top of a flat Ni
or Co (111) surface. However, the major drawback up to now is that
a single graphene sheet adsorbed on open 3d-shell transition-metals
like Ni and Co undergoes chemical bonding to the metal [40], and its
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2 Background – isolated graphene and graphene on Ir(111)
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Figure 2.5: Fcc Fermi surface projections onto a plane perpendicular to
the (111) direction for Co, Ni, Cu, and graphene, taken from Karpan et al.
[11]. The color bar indicates the number of Fermi surface sheets. Only the
minority electrons take part in electron transport, since majority electrons
are largely absent.

characteristic electronic structure, the Dirac cone at the K points, is
destroyed (ch. 8). A possible route towards avoiding this detrimental
effect may involve intercalation of Cu or Au, which is known to restore
the Dirac cone [41, 50, 51].
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Chapter 3
Photoelectron and x-ray
absorption spectroscopy

3.1 Fundamentals of photoelectron spectroscopy

For the description of photoemission spectroscopy (PES), I follow the
comprehensive literature sources [52–56]. Photoemission spectroscopy
utilizes the photoelectric effect which was discovered already in 1887
by Hertz [57]. For the first photoemission experiments, monochromatic
light was used, which was focused on a sample of alkali metal. In
order to determine the maximum kinetic energy of the photoelectrons,
Lenard [58] applied a counter potential until the current was fully
suppressed. The theoretical explanation for this effect was given in
1905 by Einstein [59], who explained the photoelectric effect as an
expression of the quantum nature of light, with electrons being able
to absorb photons and using the gained energy to be ejected from the
bulk material.

e U = Ekin,max = hν − Φ (3.1)

According to equation (3.1), the energy of the photons hν is related
to the kinetic energy of the photoelectrons in vacuum Ekin and a
material-dependent constant Φ. By varying the excitation frequency ν
one obtains a linear relationship between voltage and frequency, making
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3 Photoelectron and x-ray absorption spectroscopy

it possible to extract Planck’s constant h. For current experiments
gas discharge lamps and x-ray sources are used on a laboratory scale
as a source of photons. Complementary, on a larger scale synchrotron
radiation produced by particle accelerators is used. Photoemission
spectroscopy may be divided into different regimes: “valence level”
PES which is also known as ultraviolet photoemission spectroscopy
(UPS) in the regime 5 − 100 eV [52]. “Core level” PES, which may
be also called x-ray photoemission spectroscopy (XPS), uses higher
photon energies in order to obtain information from core level electrons.
The “Fermi energy”, abbreviated EF is used as a reference in solid

state physics, hence the energetically lower lying occupied states with
the binding energy EB are referred to EF . The electrons escaping into
the vacuum need to overcome the energy difference between EF and
the vacuum level, which is called “work function” Φ, which is the same
as in equation (3.1).

Ekin = hν − Φsample− | EB | (3.2)

The experimental setup, which is in contact with the sample, must
be considered in this equation. The alignment of the Fermi energies
between sample and detector leads to an energy shift in the detected
spectra, by the difference of the work functions ∆Φ = Φ − ΦDet [60].
The measured energy of the electron corresponds to:

Ekin,Det = hν − ΦDet− | EB | (3.3)

This process is shown in Fig. 3.1. Equation (3.3) plays an important
role in the determination of the Fermi edge by reference measurements,
for example on noble metal surfaces, and to gain information about
the energy resolution of the experiment. By utilizing photoemission
spectroscopy it is not only possible to determine electron energies, but
also electron emission angles can be measured. This expansion leads to
“angular resolved photoemission spectroscopy”, abbreviated ARPES.
The angular dependent detection of photoelectrons is shown in Fig. 3.2.
For a fixed known photon energy hν and detected kinetic energy
of the photoelectrons, one can gain information about the binding
energy. With the determination of the polar angle ϑ under which the
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Figure 3.1: The Photoemission process for Φsample > Φdet, after [55, 56, 61].
The energy scale of the free electron above the sample surface in vacuum is
related to the energy scale of the detector by ∆Φ = Φ − ΦDet. The maximum
energy of the electrons in the spectrum is determined by hν and ΦDet, using
equation (3.3). The minimum energy in the spectrum is set by ΦDet. For
this case there is a cut off in the spectrum, since Φ > ΦDet.

electrons leave the solid, the crystal momentum of the electrons can
be determined.

3.1.1 Theoretical description of ARPES and
three-step-model

In the following part the theoretical aspects of ARPES are described
relying on [52] and [54]. One approach to describe the photoemission
process is by using the three-step-model, proposed by Berglund and
Spicer [62]. Following this model, the photoemission process is rather
artificially split up into three single steps:
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exiting photons:

hν, A

photoelectrons:  E
kin

exit angles:    φ; 

e-

Figure 3.2: Schematic description of the angular resolved photoemission
spectroscopy (ARPES), inspired by [52]. The incoming electromagnetic wave
causes the emission of electrons from the sample with kinetic energy Ekin

and angles ϑ, ϕ, detected by the analyzer.

I. Excitation of electrons in the solid by photons with energy hν.
The electrons pass from the initial state | #»

ki〉 to the final state
| # »

kf 〉.

II. Transfer of the excited electrons to the surface of the crystal.

III. Transmission of the excited electrons through the crystal surface
into the vacuum.

The separate steps of the three-step-model are described in Fig. 3.3.
In order to apply this model one needs to use approximations, such
as negligence of many-body-effects (“independent particle picture”)
and the relaxation of the system during the photoemission process
(“sudden approximation”). Because of these simplifications, the three-
step-model represents more of a descriptive form of the photoemission
process and is not exact.
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3.1 Fundamentals of photoelectron spectroscopy

First step: photoabsorption

The incoming photons can be described as electromagnetic radiation
field with vector potential

#»

A, which interacts with the electrons in
the crystal. Energy and momentum need to be conserved during this
process:

Ef = Ei + hν
# »

kf =
#»

ki +
#»

k P hoton + n
#»

G
(3.4)

with Ei being the initial state energy of an electron in an occupied state
and Ef the final state energy of the unoccupied state. Photoemission
becomes possible if the final state of the electron lies above the vacuum
level (Fig. 3.3 (a)). To obtain momentum conservation in this process,

Figure 3.3: The photoemission process depicting the separate steps of the
three-step-model, taken from [54]. a) Electrons are excited by photons with
energy hν with regard to energy and momentum conservation. Subsequently
transport of the electrons to the surface. b) Transition of the electron through
the surface with the repulsive potential V0 into the vacuum with description
as free-electron state. c) Measured photoelectron spectrum by the analyser.

an additional reciprocal lattice vector
#»

G becomes necessary, because
comparing the momentum of non-relativistic electrons to the photon
momentum shows that in the range of low photon energies (UPS) the
photon momentum

#»

k P hoton is insignificantly small – exiting electrons
with a photon energy of 21.21 eV by He-Iα radiation one obtains for
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3 Photoelectron and x-ray absorption spectroscopy

the light a negligible photon-momentum of:

k =
2π

λ
≈ 8 × 10−5 Å−1 (3.5)

Hence, this excitation process represents a direct transition in the
reduced zone scheme. The process of photoabsorption can be treated
by perturbation theory. A one-particle-Hamiltonian is used as ansatz,
which represents the ground state of the system.

Ĥ0 = − ~
2

2m
∆ + V (3.6)

An electron in a electromagnetic field is described as

Ĥ =
1

2me
(−i~∇ − e

#»

A)2 − eφ (3.7)

with me the electron rest mass, considering the interaction of the
electron (momentum #̂»p = −i~∇) with the field of the electromagnetic
radiation

#»

A as perturbative term. Using the following approximations
according to Hüfner [52] and Damascelli [54]: the gauge φ = 0 of the
scalar potential is chosen; terms of higher order are neglected; the
dipole approximation is used, with the vector field

#»

A being constant
over atomic distances (hence ∇ · #»

A = 0), one obtains the following
relation:

Ĥint = − e

2me
(

#»

A · #̂»p + #̂»p · #»

A) − eφ +
e2

2me
(

#»

A · #»

A) ≈ e

me
(

#»

A · #̂»p ) (3.8)

According to Fermi’s golden rule [29] and Dirac’s notation the transition
probability wf→i from a ground state | #»

ki〉 into an excited state | # »

kf 〉 is
defined as:

wf→i =
2π

~

∣∣∣
〈

# »

kf

∣∣∣
#»

A · #̂»p
∣∣∣

#»

ki

〉 ∣∣∣
2
δ(Ef − Ei − hν) (3.9)

The conservation of energy in equation (3.8) is guaranteed by the
Dirac delta function. Using the sum of possible states | #»

ki〉 and | # »

kf 〉,
the current of excited electrons is derived from the following relation:
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3.1 Fundamentals of photoelectron spectroscopy

I ∝
∑

#»

ki;
# »

kf

∣∣∣
〈

# »

kf

∣∣∣
#»

A · #̂»p
∣∣∣

#»

ki

〉 ∣∣∣
2
δ(Ef − Ei − hν) (3.10)

where the transition-matrix-element between ground state and ex-

cited state is represented by the term
∣∣∣
〈

# »

kf

∣∣∣
#»

A · #̂»p
∣∣∣

#»

ki

〉 ∣∣∣
2

=
∣∣Mi,f

∣∣2.

Second step: transfer of the electron to the surface
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Figure 3.4: Relation of the inelastic mean free path of photoelectrons versus
the kinetic energy, taken from [63].

The electron is affected by several scattering mechanisms before it
reaches the surface of the crystal. The main scattering mechanism is
inelastic electron-electron scattering inside the solid. Due to the loss
of energy of these electrons, a so-called inelastic background emerges
at higher binding energy in the measured spectra. The incoming
photons penetrate the crystal up to a depth of several 100 Å, exciting
photoelectrons along the path. Due to the scattering processes and
the related energy loss, the free path of the electrons measures only
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3 Photoelectron and x-ray absorption spectroscopy

several monolayers. The behavior of the “inelastic mean free path” of
the electrons, abbreviated IMFP, as a function of their kinetic energy
can be determined empirically [63] and gives rise to the so called
“universal curve” (Fig. 3.4). The described behavior holds for most
of the common materials. Moreover, the high surface sensitivity of
photoemission spectroscopy as a scientific technique, is based on the
broad minimum over the range of 5 − 100 eV, where the IMFP is a few
nm and less.

Third step: transmission through the surface into vacuum

vacuum

crystalk
||

k

K

K
||

k

K
θ

Figure 3.5: Schematic drawing of the refraction of electrons at the solid–
vacuum interface. The momentum vector inside the crystal is described by
#»

k and in the vacuum by
#»

K.

Consider now the electrons inside the crystal which behave as free
particles in a potential box of depth E0 (free-electron model). The
corresponding dispersion relation yields

Ef (
#»

k ) =
~

2

2m

#»

k 2 + |E0| (3.11)

The excited electron can leave the crystal structure if the kinetic energy
of the electron is larger than the potential barrier. The same holds
for the momentum vector

#»

k , which will be separated in the following
into a perpendicular

#  »

k⊥ and parallel component
#»

k‖ of the sample
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3.1 Fundamentals of photoelectron spectroscopy

surface. The criterion for transmission of the electron through the
surface depends on the valence band minimum E0 and the vacuum
level EV (Fig. 3.3 (a)).

~
2

2m

#»

k 2
⊥ ≥ EV − E0 (3.12)

The transmission process can be understood as refraction of the elec-
trons at the crystal surface. This behavior is described in Fig. 3.5,
showing the change in the components of the momentum vector. On
the one hand, overcoming the potential barrier leads to a reduction of
the perpendicular component

#»

k ⊥ of the momentum vector. On the
other hand, the parallel component

#»

k ‖ is conserved, because of the
constant crystal potential along the sample surface. In the framework
of the reduced zone scheme one obtains:

#»

k ‖ =
#»

K‖ =

√
2m

~2
Ekin sin ϑ (3.13)

The electrons are emitted into the vacuum within a cone under the polar
and azimuthal angles ϑ, φ and are detected by an analyzer as described
in Fig. 3.2. Besides Ekin and

#»

k ‖, also the perpendicular component
#»

k ⊥ needs to be considered to obtain a complete understanding of
the photoemission process. Here the inner potential V0 = |E0| + Φ
needs to be considered, consisting of the work function Φ and the
minimum E0 of the nearly free electron parabola (shown schematically
in Fig. 3.3 (a)).

Ef = Ekin + V0 =
~

2

2m

(
#»

k ‖ +
#»

k ⊥
)2

− V0 (3.14)

#»

k ⊥ =

√
2m

~2

(
Ekin cos ϑ2 + V0

)
(3.15)

For the determination of
#»

k ⊥ according to equation (3.14), the exact
knowledge about the inner potential of the studied system is necessary.
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We obtain under consideration of all single steps of the three-step-
model for the total photoelectron current:

I(Ekin, ϑ, φ) ∝
∑

#»

ki;
# »

kf

∣∣Mi,f

∣∣2 · δ
(
Ef − Ei − hν

)

· δ
(

# »

kf − #»

ki

)
δ
(
Ekin − Ef

)
(3.16)

The electronic structure of graphene can be regarded as two-dimen-
sional, since the electrons are confined to the two-dimensional structure
in real space. We can therefore restrict ourselves to the parallel
component of the crystal momentum:

#»

k‖ =
#»p‖
~

=
√

2mEkin · sin ϑ ≈ 0.512 ·
√

Ekin(eV) · sin ϑ (3.17)

3.1.2 One-particle spectral function

In the following part I introduce the one-particle spectral function,
using the argumentation of Damascelli et al. [64] and Johnson and Valla
[65]. The one-particle spectral function is a model for the description
of the photoemission process going beyond the three-step-model. The
three-step-model, being rather phenomenological, disregards several
aspects such as damping processes and energetic shifts [66]. ARPES
measures directly the one-particle spectral function [54, 65, 67], which
I outline in the following. In many-electron theory a Green’s function
can be formulated in the framework of non-interacting particles as
described by Raimes [68] and Johnson and Valla [65], which represents
the spectral function

A0(
#»

k , ω) = Im G0(
#»

k , ω) =
1

ω − ǫ #»

k 0
− iη

(3.18)

with η being a small positive constant and ǫ #»

k 0
representing the dis-

persion of the bare band, hence the single electron dispersion in the
absence of corrections.
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3.1 Fundamentals of photoelectron spectroscopy

Including effects of hypothetical many-body interactions this equa-
tion evolves into

A(
#»

k , ω) = Im G(
#»

k , ω) =
1

ω − ǫ #»

k 0
− Σ(

#»

k , ω)
(3.19)

with Σ(
#»

k , ω) = Σ1(
#»

k , ω) + iΣ2(
#»

k , ω) being the complex self energy.
The real part Σ1 and the imaginary part Σ2 represent information
on the energy corrections in relation to the bare band dispersion –
renormalization and associated mass enhancement – and changes in the
lifetime of the electron propagating in the many-body system. The one-
particle spectral function has then the following form [54, 64, 65, 67, 69]

A(
#»

k , ω) ∝ Σ2(
#»

k , ω)

[ω − ǫ #»

k 0
− Σ1(

#»

k , ω)]2 + (Σ2(
#»

k , ω))2
(3.20)

In the framework of this model the total photoelectron current is
represented as

I(
#»

k , ω) = |M |2A(
#»

k , ω)f(ω) (3.21)

with |M |2 being the transition matrix element as described in equation
(3.9). The Fermi function f(ω) is used to consider the limitation to
occupied states in photoemission spectroscopy. In the following the
momentum distribution curve (MDC) method – an intensity cut at
constant energy – is considered as will be explained in chapter 4.2.
Hence the spectral function takes the simple form

A(
#»

k , ω) =
Σ2(ω0)

[ω0 − ǫ #»

k 0
− Σ1(ω0)]2 + (Σ2(ω0))2

(3.22)

In graphene the bare dispersion can be approximated near the Fermi
energy as a linear form ǫ #»

k 0
= v0(k − kF ), with v0 being the bare

velocity. Kaminski et al. [70] and Valla et al. [71] show that the
MDC takes in this case the form of a simple Lorentzian located at
km = kF + [ω0−Σ1(ω0)]/v0 and the FWHM of ∆k = 2Σ2(ω0)/v0. Hence, it
is possible to extract information on the self energy from the FWHM of
MDC spectrum evaluated at any binding energy. Further information
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3 Photoelectron and x-ray absorption spectroscopy

can be gained by evaluation of the energy dispersion curve (EDC) –
an intensity cut at constant momentum – which takes also the form
of a Lorentzian. The EDC has a FWHM of ∆E = v∆k = 2Σ2/(1+λ).
The measured dispersion corresponds to the renormalized velocity
v = v0/(1+λ), with λ representing the so-called coupling constant. In
chapter 6 I will use MDC data analysis to investigate the magnitude of
the Fermi velocity and scattering mechanisms in graphene on Ir(111)
and other metals.

3.2 X-ray absorption spectroscopy and x-ray
magnetic circular dichroism

3.2.1 Absorption of x-rays

For the description of “x-ray absorption spectroscopy” (XAS) and
“x-ray magnetic circular dichroism” (XMCD), I follow Refs. [49, 72–75].
Materials which are irradiated by x-rays attenuate the x-ray signal,
through absorption and scattering in the material. The attenuation of
x-rays with intensity I0 by an amount of dI in a material of thickness
dx follows an exponential decay law. The attenuation coefficient
µ(E) = µa +µs as a function of the incident photon energy is composed
additively of contributions from absorption µa and elastic and inelastic
scattering µs.

dI = −µI0dx → I(x) = I0 · e−µ(E)x (3.23)

The overview of the cross section σ = µ(E)/n, with n being the density
of atoms, is shown exemplary for copper in Fig. 3.6 plotted against
the photon energy . Three processes are mainly responsible for x-
ray absorption. The photoelectric effect, also called photoionization,
occurs mainly at low photon energies. For higher energies around
1 × 105 eV the Compton effect dominates, and for even higher energies
> 1 × 107 eV electron pair production takes over. During photoioniza-
tion, the photon transmits the total amount of energy hν to an electron
with binding energy EB inside an atom. To utilize this process, the
energy of the photon must exceed the binding energy of the electron
in the sample. Whenever the incident x-ray photon energy surpasses
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Figure 3.6: Overview of the cross section regimes for a copper sample taken
at different photon energies and depicted on a double logarithmic scale, taken
from Hubbell et al. [76].

the characteristic binding energy in the term scheme, the absorption
increases rapidly as more electrons are accessible to photoionization.
This behavior gives rise to the increase in the absorption coefficient
µa. Different energy levels in the term scheme are related to different
absorption edges. For electrons which are excited from a ground state
with main quantum number of n = 1 are called K=̂1s edge. Electrons
from quantum numbers n = 2 are called L edges and are subdivided
into L3=̂2p3/2, L2=̂2p1/2 and L1=̂2s edges according to the quantum
numbers (l, j) of the absorbing electron. Electrons from higher quan-
tum numbers n ≥ 3 are called M, N, . . . edges etc. This behavior leads
to the characteristic edge-like-structure for the absorption coefficient
of metals with K−, L− and M− absorption edges, as described by
the experimental cross section (red curve) in Fig. 3.6. The red curve
indicates the behavior of the experimental cross section for photon
energies from 100 eV to about 1 GeV. Since the binding energies in
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3 Photoelectron and x-ray absorption spectroscopy

the term scheme are unique for each element, XAS can be used as
an element selective spectroscopic tool (Manne Siegbahn, Nobel Prize
in Physics 1924 [77]). The L edge shows a fine structure, separating
it into L3, L2 and L1 edges. This behavior is exploited by XMCD
on metal L-edges, as explained in chapter 8.2 for cobalt at the Co
L2,3-edge to obtain information about the magnetic coupling of the
charge carriers.

The absorption of x-rays describing the transition of electrons from
core level states into empty valence states can be understood in the
framework of quantum mechanics. Hence, a transition probability
wi→f can be formulated from an initial state |i〉 into an final state |f〉
according to Fermi’s Golden rule [29] as used earlier in equation (3.9).

The electric field vector
#»

E = ∂
#»

A/∂t is described as the derivative of
the vector potential

#»

A. In the following I assume the electromagnetic
waves as plane waves

#»

A = A0
#»ε ei(

#»

k #»r −ωt) with #»ε being the polarization
vector. Using the electric dipole approximation one obtains

#»

A ≈ A0
#»ε e−iωt(1 − i

#»

k · #»r + . . . ) (3.24)

which is truncated after the first term. Hence the transition probability
is given as

wf→i =
2π

~

e2

m2
e

|A0|2
∣∣∣
〈
f
∣∣∣ #̂»ε · #̂»p

∣∣∣ i
〉 ∣∣∣

2
δ(Ef − Ei − hν) (3.25)

Using the commutator relation for the momentum operator #̂»p =
−i~∇ = m/i~[ #̂»r , Ĥ0] yields

wf→i =
2π

~
e2|A0|2 (Ef − Ei)2

~2

∣∣∣
〈
f
∣∣∣ #̂»ε · #̂»r

∣∣∣ i
〉 ∣∣∣

2
δ(Ef −Ei −hν) (3.26)

The absorption cross section σ is defined as σ = wf→i·hν
Iph

, the ratio of
the rate at which energy is removed from the photon beam by the
photoelectric effect, divided by the rate of energy in the photon beam
crossing the unit area perpendicular to its propagation direction [72].
Using Iph = 2ε0c|A0|2ω2 for the photon flux [72], one obtains for the
absorption cross section
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σ(ν) = α 4π2E
∣∣∣
〈
f
∣∣∣ #̂»ε · #̂»r

∣∣∣ i
〉 ∣∣∣

2
δ(Ef − Ei − hν) (3.27)

with α = e2/4πε0~c = 1/137 being the fine structure constant and the
energy difference between initial state and final state E = Ef − Ei. To
obtain the total absorption cross section of the sample, we integrate
over the absorption cross section. Hence the resonant x-ray absorption
intensity depends only on the polarization of the incoming light and
the photon energy.

Ires = α 4π2E
∣∣∣
〈
f
∣∣∣ #̂»ε · #̂»r

∣∣∣ i
〉 ∣∣∣

2
(3.28)

What is left is the calculation of the matrix elements
〈
f
∣∣∣ #»ε · #̂»r

∣∣∣ i
〉
,

which is outlined following the argumentation of Stöhr [49]. The
transition matrix elements involve the tensor operator #̂»ε q · #̂»r consisting
of the electron position vector #»r = x #̂»e x + y #̂»e y + z #̂»e z and the electric
field vector. For circularly polarized light #̂»ε q=±1 = ∓ 1√

2
( #̂»e x ± i #̂»e y)

and for linear polarized light #̂»ε q=0 = #̂»e z is used. The result using
the spherical harmonics Y m

l (ϑ, ϕ) [78] is described for the different
polarizations used in the experiments as

right circular polarization
1√
2

(x + iy) = r

√
4π

3
Y 1

1 (3.29)

left circular polarization
1√
2

(x − iy) = r

√
4π

3
Y −1

1 (3.30)

linear polarization z = r

√
4π

3
Y 0

1 (3.31)

In the following I briefly outline the so-called “single-electron model”,
proposed by Erskine and Stern [79] which is used to describe transitions
of 2p core level states into 3d valence states [80]. The initial state can
be expressed as core atomic orbital and the final state by a valence
orbital according to Cohen-Tannoudji et al. [81]:

|f〉 = |Rn′,l′(r); l′; m′
l, s′, m′

s〉 = Rn′,l′(r) Yl′,m′

l
(ϑ, ϕ) χs′,m′

s
(3.32)
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where Rn′,l′(r) is the radial part, Yl′,m′

l
(ϑ, ϕ) the angular component

and χs′,m′
s

the spin component. The following quantum numbers with
their eigenvalues are used: n principal-; l, ml angular-; and s, ms spin
quantum number. The formulation of the initial state takes spin-orbit
coupling of the core levels into account, hence ml and ms are no
longer good quantum numbers. Therefore the additional operators
Ĵ = L̂ ± Ŝ; M̂ with the eigenvalues j = l ± s; mj needs to be used [81].
The initial state can be formulated as

|i〉 = |Rn,l(r); j; mj , l, s〉
=

∑

ml,ms

|Rn,l(r); l, ml; s, ms〉 〈l, ml; s, ms|j, mj〉 (3.33)

with the Clebsch-Gordan coefficients Cl,ml
= 〈l, ml; s, ms|j, mj〉. For

the calculation of the matrix elements
〈
f
∣∣∣ #»ε · #̂»r

∣∣∣ i
〉
, the following

result is obtained with factorized spin, radial and angular contribu-
tions [49]:
〈
f
∣∣∣ #»ε · #̂»r

∣∣∣ i
〉

= 〈Rn′,l(r); l, ml; s, m′
s| #»ε · #̂»r |Rn,c(r); c, mc; s, ms〉

(3.34)

= δ(m′
s, ms)︸ ︷︷ ︸

spin part

· 〈Rn′,l(r)|r|Rn,c(r)〉
︸ ︷︷ ︸

radial part

· 〈l, ml|
#»ε · #̂»r

r
|c, mc〉

︸ ︷︷ ︸
angular part

(3.35)

here c refers to the core shell angular momentum and l the unfilled
valence shell angular momentum. Hence the dipole operator describing
the polarization dependence solely acts on the angular part. The spin
part is not affected, only allowing spin preserving transitions. The
radial part describes the angle integrated transition strength. The
separate evaluation of the above described spin, radial and angular
parts yield the important dipole selection rules for transitions between
|n, l, ml, s, ms〉 states which I state in the following [49]:

• spin quantum number not affected by the transition,
hence ∆s = 0; ∆ms = 0.
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• orbital quantum number l differs by one to give contributions to
transition matrix element, hence ∆l = l′ − l = ±1.

• ∆ml = m′
l − ml needs to take the following values:

∆ml = −1 (left circular polarized light); ∆ml = +1 (right
circular polarization) and ∆ml = 0 (linear polarization).

3.2.2 X-ray absorption spectroscopy

X-ray absorption spectroscopy is used to characterize the interaction
between x-rays and matter near absorption edges. XAS measures the
x-ray absorption as a function of the photon energy. X-ray excitations
in the near-edge region, which refers to about 10 eV below and about
30 eV above the absorption edge, are connected to transitions from core
level states to empty valence band states. Spectroscopic measurements
in this region defines the “near edge x-ray absorption fine structure”,
abbreviated NEXAFS. Outside the near-edge region, excitations of the
photoelectron into free electron-like continuum states take place, which
is called “extended x-ray absorption fine structure” – EXAFS. Fig. 3.7
shows in a schematic picture how NEXAFS spectra are obtained by
the use of synchrotron radiation.

In order to employ XAS in experiments different processes can be
used. One possible way would be the measurement of the absorbed
photons in a transmission experiment. This method cannot be used
for the experiments on strongly absorbing bulk samples as done in the
framework of this thesis. Another opportunity is the detection of the
generated photoelectrons which is described in the following. In this
case, additional secondary processes yielding Auger- and secondary
electrons play a role. The experiments conducted in this thesis use
the detection of the so-called XAS total electron yield (TEY) and
XAS partial electron yield (PEY). The TEY detection mode collects
all electrons, including these generated by secondary processes, while
the PEY mode uses a MCP-detector with a retardation potential,
which suppresses electrons with low kinetic energy from the absorption
spectrum. Since these slow electrons are involved in scattering processes
in the bulk, the PEY mode has a higher surface sensitivity than the
TEY mode.
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Figure 3.7: Overview of the XAS and XMCD mechanism inspired by [82].
(a) The MCP-detector is positioned directly under the sample, which can
be magnetized either in-plane or out-of-plane and illuminated by photons
of different helicity. Partial electron yield (PEY) and total electron yield
(TEY) are measured simultaneously. (b) Schematic description of the energy
levels of a carbon atom. Excitation of photoelectrons and Auger electrons
by incoming photons. (c) Detection of the emitted electrons relative to
their kinetic energy yields a characteristic spectrum of Auger electrons,
photoelectrons and secondary electrons. For a fixed kinetic energy in the
region of Auger emission, the MCP detector yields an absorption spectrum
with characteristic absorption behavior around the absorption edge. (d)
NEXAFS spectra for graphene/Ir(111) are measured over a certain photon
energy range for different kinetic energies of the detected electrons.
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3.2.3 X-ray magnetic circular dichroism

In general, “dichroism” describes the dependence of photon absorption
on polarization. XMCD is a special type of dichroism which depends
on charge and spin distribution [49]. Figure 3.7 (a) shows the principal
setup for XMCD spectroscopy, used at beamline D1011 in MAX-
lab (ch. 4.5), with the sample exposed to different magnetization
directions while photons of different helicity excite photoelectrons.
By employing XMCD one can probe magnetic effects due to dipole-
allowed 2p − 3d transitions and gain insight into the properties of the
3d valence electrons which are responsible for the magnetic behavior
of the transition metals.

The XMCD effect is described as the difference of the p → d tran-
sition intensities as a function of the photon energy, obtained with
negative (I−) and positive (I+) helicity for circular polarized light
[49].

∆I(E) = I−(E) − I+(E) (3.36)

The mechanism behind XMCD is shown exemplary for the L2,3 edges
of a magnetic metal in Fig. 3.8 and can be understood in the framework
of a two-step process.

First, the incoming photons of either positive or negative helicity,
transfer its angular momentum to an excited photoelectron during the
absorption process (conservation of angular momentum). This electron
is exited, e. g. from a 2p3/2 spin-orbit split core level. According
to equation (3.28) and the above described dipole selection rules
for the transition matrix elements, spin-orbit coupling leads to a
preferred excitation of electrons of one spin direction, yielding spin-
polarized photoelectrons. Hence, spin-down [spin-up] electrons are
excited preferentially by photons of negative [positive] helicity from
the 2p3/2 levels and vice versa from the 2p1/2 levels, since they have
opposite spin-orbit coupling (l + s and l − s, respectively). Stöhr
[49] gives ratios of 62.5 % spin-down electrons, compared to 37.5 %
spin-up electrons for the L3 edge (negative helicity), and respectively
25 % spin-down and 75 % spin-up electrons at the L2 edge (negative
helicity).

In a second step the electrons fill the unoccupied 3d states which has
unequal spin-up and spin-down populations (formation of majority and
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Figure 3.8: (a) L2,3 edge XAS spectra of different 3d transition metals,
plotted against the absorption cross section, taken from [49]. (b) Schematic
description of the XMCD mechanism for a magnetic metal at the L2,3 edges.
Only spin-up electrons are excited, since the majority states are fully occupied.
(c) XAS spectra at the Co L2,3 absorption edge measured with circular
polarized light of different helicity I+ [red]; I− [blue] and the “white line”
spectrum (I−+I+)/2. (d) Show the corresponding XMCD spectrum.

minority states due to exchange splitting – Stoner model [49]). The
transition needs to take place with respect to the dipole selection rules.
Thus, the unoccupied 3d states act as “detector” for the spin state of
the photoelectrons, with an optimal effect when the magnetization of
the sample is aligned to the photon spin. The schematic description in
Fig. 3.8 (b) indicates, that only the excitation of spin-up electrons from
the 2p core level to the partially unfilled spin-up 3d valence shell is
allowed, since the spin quantum number needs to be conserved during
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transitions (dipole selection rule ∆s = 0; ∆ms = 0 forbids spin-flips ).
The XMCD effect is shown exemplary for data of graphene/Co/ Ir(111),
taken at the Co L2,3 edges in Fig. 3.8 (c) and (d). The two absorption
edges emerge due to p3/2 state to valence band transitions (L3 edge),
and p1/2 to valence band transitions (L2 edge). The difference of these
two spectra also called XMCD spectrum ∆I = I− − I+ and is directly
proportional to the atomic magnetic moment [49], hence contains the
magnetic part of the signal. On the other hand, the nonmagnetic part
is obtained by the “white line” spectra (I−+I+)/2, which is obtained as
intensity averaged XAS spectra for negative and positive helicity, or
different directions of magnetization. Two equivalent ways to obtain
a XMCD spectrum are possible: on the one hand, by changing the
direction of the photon spin and the associated angular momentum
for a fixed magnetization of the sample.

On the other hand, it is equally possible to use a fixed helicity and
switch the magnetization of the sample [83]. In general the “white-line”
intensity is directly proportional to the number of 3d states above the
Fermi level and is described by the different absorption cross section
of Fe, Co and Ni in Fig. 3.8 (a). Finally, utilizing synchrotron light of
different circular helicity one gains not only information on the quantity
of the orbital and spin magnetic moments, it is also possible to gain
insight into the direction of the magnetic moment and the coupling
type between different magnetic materials. To extract quantitative
values for the magnetic moment out of XMCD spectra, so-called “sum
rules” (Carra et al. [84], Thole et al. [85] and Schütz et al. [86]) are
used. The sum rules are discussed with respect to the experimental
data in chapter 5.3.
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3 Photoelectron and x-ray absorption spectroscopy

Integrals over the L3 and L2 edges are obtained from the XMCD
spectrum and the white line, after subtracting a step function (ch. 5.3):

∆Ai =
∫

Li

∆I dE, i = 2, 3 (3.37)

Ai =
∫

Li

(
(I− + I+)

2
− Istep

)
dE, i = 2, 3 (3.38)

For L2,3 and K edges following sum rules used throughout the thesis.
A detailed derivation of these sum rules is found elsewhere [74].

ML = −2
3

nhµB

Pcirc cos φ

∆A3 + ∆A2

A3 + A2
(3.39)

MS = − nhµB

Pcirc cos φ

∆A3 − 2∆A2

A3 + A2
(3.40)

with Pcirc the degree of circular polarization of the incoming photons.
The angle φ is defined by the geometry of the experiment, with the
direction between the photon angular momentum and the magnetic
moment. The number of holes is given by nh. Finally, the ratio of the
orbital and spin moment – RL,S = ML

MS
– can be derived, which does

not require magnetic saturation of the sample.
At K edges, spin polarization is not possible, due to zero orbital

moment in the initial states (1s → 2p). Hence employing sum rules
for K edge absorption, can only derive values for orbital moments, as
shown by Huang et al. [87].

ML = −1
3

nhµB

Pcirc cos φ

∆A

A
(3.41)
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Chapter 4

Experimental set-up and
preparation of graphene

In my work I used three different experimental set-ups. Large parts of
the measurements were performed at a dedicated ARPES station at the
double-branch undulator beamline UE56/2 operated by the Max Planck
Society at the BESSY II electron storage ring of the Helmholtz Zentrum
Berlin (chapter 4.4). A detailed description of the set-up is depicted
in Fig. 4.1. The sample is mounted on a molybdenum sample holder,
suitable for annealing treatment, which is mounted on a spring-loaded
molybdenum counterpart on a 6-axis-manipulator. The manipulator
permits movement of the sample along the three translational axes –
(x,y,z) – and also a movement around the rotational axes – (ϑ, ϕ, β).
A hemispherical analyzer of the PHOIBOS 100/150 type, equipped
with a MCP detector, collects the photoelectrons with respect to their
take-off angle and kinetic energy. A CCD camera records the images
of the illuminated MCP/phosphor screen combination. The generated
single data files are collected by the measurement software and stored
as a complete data packet.
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4 Experimental set-up and preparation of graphene
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Figure 4.1: Principal layout of an ARPES station. Incoming photons, gen-
erated either by a helium discharge lamp or a synchrotron radiation source,
excite photoelectrons emerging from the sample. The sample is mounted on
a sample holder, which is placed on a 6-axis-manipulator. A hemispherical
analyzer, equipped with a MCP detector collects the photoelectrons with
respect to their emission angle and their kinetic energy. The CCD camera
records the images of the phosphor screen behind the MCP and is read out
by software.

4.1 The hemispherical electron analyser –
PHOIBOS

Within the last few years, ARPES has undergone several improvements.
Historically, ARPES was measured by stepwise rotation of the analyzer
mounted on a goniometer inside the vacuum chamber. This procedure
was very inefficient since only electrons leaving the sample under
a certain angle were detected. The breakthrough came with the
development of the so-called “angle-mode” by Mårtensson et al. [88],
which allows the simultaneous detection of a range of take-off angles
and kinetic energies of the electrons [53]. The ARPES measurements
in this thesis were obtained with a modern hemispherical analyzer –
PHOIBOS 100/150 – from SPECS Surface Nano Analysis GmbH.
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4.1 The hemispherical electron analyser – PHOIBOS
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Figure 4.2: Principal layout of the PHOIBOS analyzer according the data
sheet [61].

I outline in the following the principle of operation of the analyzer
using Refs. [53, 61]. A schematic picture of the hemispherical analyzer
PHOIBOS is depicted in a cutaway view in Fig. 4.2. The analyzer
consists of the following main components:

• Input lens system for receiving charged particles.

• 180◦ hemispherical analyzer (HSA) with 100/150 mm nominal
radius for spectroscopic energy measurements.

• Detector assembly – MCP and phosphorous screen.

• Slit Orbit mechanism with straight and curved slits.

• Iris aperture.
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Figure 4.3: Trajectories of electrons in WAM mode, taken from [89] and
described by SPECS data sheet [61].

The electron lens system consists of ten electrostatic lens tubes (T1 –
T10 in Fig. 4.2), which enable the lens system to operate in different
modes. The analyzer can be set to various angular resolved modes
for ARPES studies, bending the electrons according to their take-off
angle. The acceptance angle of the electrons can range from ±3◦ in
the HAD-mode up to ±13◦ for the WAM-mode. Spatially resolved
modes are preferentially used for XPS measurements. In this case the
electrons are bend with respect to their position on the sample. An
overview of the various lens modes can be found in Table 4.1. indicated
are the used lens modes throughout this thesis – WAM, LAD, MAD
for ARPES-measurements and HM and MA for XPS studies. The
electrons are retarded or accelerated towards the so-called “pass energy”
– Epass by the lens system and focused onto the entrance slit S1 of
the hemispheres. In the next step the electrons are guided through
the capacitor by a radial electrostatic field applied between the inner
and outer hemisphere and thus analyzed according to their energy
(Fig. 4.2).
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4.1 The hemispherical electron analyser – PHOIBOS

Table 4.1: Mode of operation of the PHOIBOS analyser according to [61].
The parameter M refers to the magnification of the hemispherical analyser.
The used lens modes in this thesis are indicated [blue].

Lens mode Acceptance area Acceptance angle Application

Spatially resolved

High Magnification Small area

(HM-mode) M = 10 up to ±9◦ XPS

Medium Magnification Small area

(MM-mode) M = 5 up to ±6◦ XPS

Low Magnification Small area

(LM-mode) M = 2 up to ±3◦ XPS

Transmission optimized

Large area Large area

(LA-mode) spot size 5 mm up to ±5◦ XPS

Medium area Large area

(MA-mode) spot size 2 mm up to ±7◦ XPS

Small area Large area

(SA-mode) spot size 0.1 mm up to ±9◦ XPS

Angular resolved

High angular dispersion

(HAD-mode) ±3◦ ARPES

Medium angular dispersion

(MAD-mode) ±4◦ ARPES

Low angular dispersion

(LAD-mode) ±7◦ ARPES

Wide angle mode

(WAM) ±13◦ ARPES
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4 Experimental set-up and preparation of graphene

The theoretical energy resolution of hemispherical analyzers is de-
scribed by Polaschegg [90].

∆EA = EP ass ·
(

s

2r0
+

α

4

)
(4.1)

with s being the slit width and r0 the mean radius of the electron
path through the hemispheres. For a useful approximation the second
term with the acceptance angle α can be neglected. For ARPES
measurements, straight entrance slits are used, which are selected via
a slit orbit mechanism. Straight slits produce a curved distortion in
the ARPES raw data which needs to be corrected as discussed in
chapter 5.1. Curved slits do not affect the shape of the spectra in
this way. However, the photoelectrons would emerge from a curved
line in k space which is not desired. A iris aperture located between
lens tubes T2 and T3 at the head of the lens system can be used for
the suppression of “bad rays” on undesirable trajectories leading to
artificial intensity changes on the MCP (Fig. 4.3). Another useful
aspect of the iris is for the alignment of the sample in front of the
analyzer, by decreasing the iris diameter. Finally the electrons are
projected onto the “multi-channel-plate” (MCP). Here the electrons
are multiplied and illuminate a phosphorous screen. A CCD camera
records images of the screen illuminated by the photoelectrons.

4.2 Experimental considerations for ARPES and

XPS

For a given photon energy hν, the detector records the intensities
I(Ekin, k) of incoming photoelectrons as a function of their kinetic
energy Ekin and their take-off angle – ϑ, ϕ – with respect to the
sample surface, which relates to the momentum in reciprocal space
(Fig.4.4). The geometry of the setup defines an energy dispersive axis
and perpendicular to it an angle dispersive axis. To be able to analyze
detailed information from the recorded images it is useful to extract
lines of constant energy - “momentum distribution curve” (MDC),
and of constant momentum - “energy distribution curve” (EDC) from
the dataset. MDC spectra display intensities in dependence of the
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Figure 4.4: Example for a 2-D-k-space dataset of graphene/Ir(111) mea-
sured by ARPES at the station at BESSY II using hν = 65 eV. (a) shows a
valence spectrum taken by the PHOIBOS analyzer with the angle dispersive
axis perpendicular to ΓK. Extracted MDC [I(kx, EB = 0.4 eV)] and EDC
[I(EB , kx = −0.1 Å−1)] spectra are depicted in (b) and (c). By recording a
large number of valence spectra, each at different flip-angle β, yields a dataset
I(kx, ky, EB) from which it is possible to extract CEM spectra.

momentum I(k)Ekin;hν=const[Fig. 4.4 (b)], whereas EDC spectra dis-
play intensities as a function of the kinetic energy of the measured
photoelectrons I(Ekin)k;hν=const[Fig. 4.4 (c)]. From a range of separate
MDC spectra for different k-values, it is possible to extract surfaces of
constant energy – “constant energy map” (CEM) – I(

#»

k )Ekin;hν=const.
Of special interest are the CEM maps obtained by using different k‖
values The implementation of the variation of k‖ is realized by tilting
the sample surface – β-flip – or rotating it around the azimuth – ϕ. An
exemplary illustration can be found in Fig. 4.4 (d) showing a dataset
of graphene/Ir(111), measured by ARPES. The image is composed
of several single spectra measured near the K-point of graphene, uti-
lizing the β-flip of the sample, to map a certain area of the Brillioun
zone. For the case of graphene/Ir(111), as explained in chapter 2, the
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4 Experimental set-up and preparation of graphene

distances between the high symmetric points of the Brillouin zone of
graphene become important. During experiments at the synchrotron
the relevant tilt angles – β – are calculated using equation (3.17). For
a photon energy of hν = 65 eV and Φ = 4.9 eV [91] one obtains the
following values:

Γ − K = 1.71 Å−1 → βK ≈ 25.5◦

Γ − M = 1.47 Å−1 → βM ≈ 21.7◦ (4.2)

Considering experiments using He-I radiation (hν = 21.21 eV) the
angular values increase significantly: βK ≈ 55.8◦; βM ≈ 45.3◦.

4.3 Synchrotron radiation

For the description and instrumentation of synchrotron radiation as
a spectroscopic tool, I follow in broad outlines references [15, 56, 83,
92, 94–96]. A synchrotron is a circular-accelerator for charged par-
ticles, which are in most of the cases electrons. As a example, a
schematic layout of the main components of BESSY II is shown in
Fig. 4.5. Synchrotron radiation is generated by deflection of elec-
trons traveling near the speed of light (v/c ≈ 1). The electron beam
is bent by a magnetic field which is oriented perpendicular to the
beam direction. Undergoing radial acceleration, the electrons dissi-
pate continuous “Bremsstrahlung”, which is called in this special case
“Synchrotron Radiation”. In the following, I explain the generation
of synchrotron radiation by taking the example of bending-magnet
radiation, as described in Fig. 4.5(c). In detail, the electrons in a
synchrotron are generated by an electron-gun and pre-accelerated by
a racetrack microtron. From this first accelerating stage, the electrons
are subsequently guided into the booster synchrotron for final accel-
eration up to 1.7 GeV by microwave resonators (“cavities”). Finally,
the electrons are injected into the storage ring, where they circulate
and emit synchrotron radiation at “insertion devices” (IDs) – wig-
glers and undulators. A certain part of the electrons are lost due
to scattering processes, giving rise to an exponential decay of the
ring current. This is compensated by replacing the electron-bunches,
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4.3 Synchrotron radiation
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Figure 4.5: Schematic layout of the Synchrotron BESSY II at the Helmholtz
Zentrum Berlin. Left side: (a) Top-view of the synchrotron with mi-
crotron/LINAC and the booster synchrotron ring situated inside the storage
ring. The storage ring contains straight undulator sections alternating with
sections for dipole magnets, after [92] Right side: (b) Sketch of an undulator
section which consists of several bending magnets, after [83]. c) Synchrotron
radiation produced by relativistic electrons which travel on a curved path,
after [49].

for example every eight hours (“injection”). While the arc sections
in an synchrotron are used for focusing and bending magnets, the
straight sections are mainly used for insertion devices, i. e. wigglers
and undulators. Wigglers and undulators consist of linear arrays of
vertically oriented magnets with alternating polarity. The electrons
undergo a sinusoidal trajectory in the horizontal plane, for linear po-
larized radiation which leads to emission of synchrotron radiation. For
undulators, small deflection of the electron path in the device leads
to overlapping radiation cones, giving rise to coherently accumulating
radiation. While the radiation spectrum emitted by wigglers and bend-
ing magnets has a rather broad shape, the radiation of undulators is
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Figure 4.6: Layout of the characteristic parameters of synchrotron radiation
sources. (a) Depicted is the key parameter of synchrotron sources – spectral
brightness vs. photon energy in comparison to conventional x-ray sources like
AlKα according to [93]. (b) and (c) Comparison of characteristic parameters,
with the brilliance being equivalent to the spectral brightness of different
devices – bending magnets, wigglers and undulators – for some IDs of BESSY
II at the Helmholtz Zentrum Berlin [92], with the used beamline UE56 labeled
in green.

sharply peaked for a certain photon energy. In the course of implemen-
tation of the BESSY II “top-up operation mode” in 2012 it became
mandatory to exchange the racetrack-mictrotron for a new pre-injector
linear particle accelerator (LINAC) [97]. Several advantages came
with the new top-up-mode, compared to the conventional decay-mode
In the top-up-mode, electrons are injected to the storage ring within
very short time intervals (every 30 to 60 seconds), yielding an almost
constant ring current. Hence, a higher and more stable photon flux
becomes available. Moreover, the thermal stability of the storage ring
and monochromator optical components is improved, resulting in a
more stable electron beam orbit and photon beam position at the user
end stations [96]. Thus, the whole experimental working process at
the end station could be optimized and became more flexible, inde-
pendent of the former shut-down times during injection every eight
hours. Most of the datasets presented in this thesis were measured
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4.4 The ARPES station at BESSY II

in top-up-mode operation. BESSY II belongs to the 3rd generation
of synchrotron light sources, which were developed to achieve higher
brightness, by using storage rings with many straight sections for inser-
tion devices [98]. This results in low electron beam emittance and high
spectral brightness of up to 1020 photons /s/mm2/mrad2/0.1 % BW –
defined as photon flux per unit source area and per angle into which
the light is emitted. This is about 1012 times higher than radiation
emitted by conventional x-ray tubes, as depicted in Fig. 4.6 (a). A
comparison of the key parameter of synchrotron light sources – spectral
brightness or brilliance versus photon energy – is depicted for some
IDs of BESSY II in Fig. 4.6 (b) and Fig. 4.6 (c). The exceptional
high spectral brightness of undulators is also connected to high spatial
resolution, since a large number of photons can be focused into a single
spot on the sample surface.

4.4 The ARPES station at BESSY II

In the following, I will give a detailed overview of the ARPES set-up in
conjunction with the used beamline UE56/2-PGM-1 of the Max Plack
Society at BESSY II, based on the description found in Sawhney et al.
[99] and Follath and Senf [100]. The layout of the beamline is shown
in Fig. 4.7, in top-view (a) and side-view (b). The insertion device
UE56/2 of the Sasaki-type [101], which is also called APPLE-type
(abbreviation for Advanced Planar Polarized Light Emitter), is built
up of two identical modules U1 and U2 in Fig. 4.7, each of them
having a period length of 56 mm and consisting of 31 periods. Using
an APPLE-type undulator makes it possible to change the helicity of
the synchrotron light, which can be shifted in direction and type of
polarization between linear horizontal/vertical and circular left/right.
The beamline consisting of two undulators is used here in a mode which
allows to treat the emission from the two undulators as one undulator
with twice the length. The synchrotron radiation produced by the
undulator has a fairly narrow spectral range within a single harmonic,
but still too wide for direct use in the experiments. So the photon beam
needs to be monochromatized. The beam is focused by a toroidal
mirror M1 and subsequently monochromatized by a plane grating
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4 Experimental set-up and preparation of graphene
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Figure 4.7: Optical layout of the undulator beamline UE56/2-PGM-1. (a)
Topview and (b) sideview, the optical path of the photons passing different
optical elements, after [99].

(PGM), consisting of a planar mirror and grating, which are rotated
against each other to select different wavelengths [100]. In order to
obtain information on the performance of the beamline UE56/2-PGM-
1, flux measurements with an GaAs-Diode were obtained (Fig. 4.8).
For most of the measurements throughout the thesis, the 1200 l

mm
grating was used, yielding a maximum flux for photon energies around
120 eV and still acceptable intensities at higher photon energies around
the region 600 eV–1000 eV, in contrast to the 400 l

mm grating, which
shows a strong decrease of flux for high photon energies. A certain
dip in the flux curve around 260 eV–300 eV is visible, resulting from
absorption due to carbon contamination of the optical elements of
the beamline. Thus, careful reference measurements are necessary if
XAS spectra are obtained in the same range, as for the C K-edge of
systems under study. The schematic layout of the dedicated ARPES
endstation mounted at UE56/2-PGM-1 is shown in Fig. 4.9. The
set-up is a two-chamber design with a separate main and preparation
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Figure 4.8: Measured flux at beamline UE56/2-PGM-1. The data were
recorded by inserting a GaAs-Diode in the optical path in front of the
experimental station. Data from Willy Mahler [102].

chamber. The main chamber is made from µ-metal (material with
high magnetic permeability) used for magnetic shielding and equipped
with a hemispherical analyzer PHOIBOS-100 from SPECS Surface
Nano Analysis GmbH, Berlin. The sample is mounted on an stepper-
motor controlled 5-axis manipulator with an additional retractable,
manually operated axis for sample rotation along the azimuthal axis.
Additionally, the manipulator holds a filament for radiative heating of
the sample from the back side and a quarz-microbalance to estimate
the thickness of deposited thin films. For certain preparation steps
e. g. , the recovery of the C 1s core level intensity during intercalation
of transition metals under graphene/Ir(111), it is desirable to measure
the evolution of particular features in real time. Hence, the chamber is
equipped with two gate valves for insertion of evaporators in a geome-
try which allows to use the analyzer for ARPES or XPS during the
deposition of thin films. Further components of the main chamber are a
mass spectrometer for residual gas analysis and a pinhole/fluorescence
screen combination for precise alignment of the whole station with re-
spect to the beamline spot. To evaluate the sample orientation, which
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Figure 4.9: Schematic layout of the ARPES endstation at BESSY II with
the essential components. The main chamber is equipped with a hemispher-
ical analyzer PHOIBOS-100 from SPECS Surface Nano Analysis GmbH.
The sample is mounted on an step-motor controller 5-axis manipulator with
an additional retractable axis for sample rotation along the azimuthal axis.
A second separate chamber is equipped with several techniques for sample
preparation (heating stage, sputter gun, ports for evaporators). Both cham-
bers are equipped with LEED optics to have precise control over separate
preparation steps or effects like sample degradation.

becomes important for ARPES measurements, the main chamber is
equipped with a LEED optics. A separate preparation chamber is
equipped with several techniques for sample treatment. These include
an e-beam heating stage, a sputter-gun for sample cleaning, two gate
valves for insertion of evaporators, LEED optics and leak valves to
feed in partial pressures of different gases, e. g. , for propylene cracking
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(a) ARPES station at BESSY II (b) Prep Chamber - Pyrometer

(c) Main Rack
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Figure 4.10: Image of the ARPES station at BESSY II mounted at undula-
tor beamline UE56/2-PGM-1. Left side: (a) top-view of the station showing
the essential components. Right side: (b) and (c) Preparation chamber with
mounted pyrometer for control of annealing temperatures of the sample and
main rack with several instruments for vacuum gauges, mass spectrometer
and electron beam heating.

or annealing in an oxygen atmosphere. A sample garage for storage of
up to 12 samples under UHV conditions and a fast entry load lock for
efficient sample exchange complete the set-up of the endstation. An
overview of the mounted endstation at beamline UE56/2-PGM-1 is
given in Fig. 4.10 (a). A commercial pyrometer of the type IMPAC
IGA 8 pro [103] is mounted on the preparation-chamber – Fig. 4.10
(b) – and used for measurement of the sample temperatures during
annealing and flashing steps of the sample. For simple surveillance of
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Figure 4.11: Images of the ARPES station at BESSY II showing the interior
of the chambers. Left side: (a) Main chamber with PHOIBOS-100 analyzer,
5-axis-manipulator, LEED optic, wobble stick and phosphorous screen for
alignment of the station. Right side: (b) Preparation chamber with essential
components: high temperature resistant manipulator, filament for e-beam
heating, sputter gun, LEED optics, quarz micro-balance and wobble stick.
Bottom: (c) Ir(111) single-crystal fixed by tungsten wires on sample holder
in “puck” design, made from molybdenum (d) sample holders mounted in
the garage.
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the vacuum pressure of the separate chambers during the experiment,
the controllers of the different vacuum gauges are integrated in one
rack – Fig. 4.10 (c), which also accommodates the high-voltage control
of the e-beam heating and the controller of the mass-spectrometer.

To obtain a more detailed impression of the layout of the end
station, an interior view of the main and preparation chambers is
depicted in Fig. 4.11. Shown are in (a) the 5-axis manipulator with
the additional retractable, manual operated axis for sample rotation
along the azimuthal axis. The arrangement of the components in
the preparation chamber is visible in (b). Fig. 4.11 (c) shows the
“puck”-design of the sample holder, made from molybdenum to permit
high temperature treatment during sample preparation steps. Finally,
Fig. 4.11 (d) shows the sample garage, which was constructed in the
framework of this thesis, and accommodates up to 12 samples.

4.5 The XMCD/NEXAFS station at MAX-lab II

Based on references Nyholm et al. [104] and Vinogradov [105], I will
give a short overview of the principle of operation of the XMCD and
NEXAFS station at the D1011 beamline at the MAX II synchrotron
in Lund, Sweden. The D1011 beamline is a bending magnet beamline.
As described in Fig. 4.5, bending magnets have a lower brilliance
than undulator beamlines. On the other hand, less intense radiation
per unit area illuminates the optical elements. Absorption on the
optical elements due to contaminations, e. g. , at the C K-edge are
thus usually less severe than for undulator beamlines. This can be
seen from a comparison of the measured photon flux, given in Fig. 4.13
for the bending magnet beamline D1011 at MAX II, and Fig. 4.8
for the undulator beamline UE56/2-PGM-1 at BESSY II. Thus the
bending magnet beamline D1011 is optimally suited for applications
where the photon energy is swept during the experiment as in XAS,
NEXAFS and XMCD studies. For NEXAFS and XMCD studies it
becomes necessary to have precise control over the polarization of
the emitted radiation. The type and degree of polarization of the
generated synchrotron light is controlled at the D1011 beamline by
quadrupole magnets, tilting the beam-orbit inside the magnet.
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(a) top view

(b) side view
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Figure 4.12: Optical layout of the dipole beamline D1011 at MAX II in
Lund, Sweden. Shown are in (a) from top view and (b) side view, the
optical path of the photons passing different optical elements, M1 – spherical
mirror, M2 – rotatable plane mirror, G – plane grating and M3 – vertically
focusing plane elliptical mirror, illuminating the sample in the “front station”,
after [106]. Additional elements – M4, M5 – vertically and horizontally
refocusing spherical mirrors guide the beam into the “back station”.

An overview of the different endstations at beamline D1011 is given
in Fig. 4.14 (c). The front station is equipped with a hemispherical
analyzer SCIENTA SES-200 for ARPES measurements, a separate
MCP detector for partial yield measurements (PEY), LEED optics and
mass-spectrometer [Fig. 4.14 (a)]. The separate preparation chamber
of the front station is additionally equipped with a permanent magnet,
so the sample can be magnetized in the out-of-plane and in-plane
directions for measurements in remanence, with a static magnetic
field of 500 Oe. The back station is likewise equipped with a separate
MCP detector for partial yield measurements and a LEED optics, but
lacks a dedicated photoelectron analyzer. On the other hand, the
back chamber is equipped with a electromagnetic coil system for the
creation of magnetic fields of up to 700 Oe [Fig. 4.14(b)]. Hence, the
back chamber is preferentially used for hysteresis measurements of bulk
magnetic samples. All preparation techniques described in chapter 4.7
were performed in the same way at MAX II as for samples prepared
at the BESSY II station and the new laboratory ARPES station.
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Figure 4.13: Measured flux at beamline D1011 at MAX II, taken from [106].
A slit width of 92 µm was used throughout the measurements. The data show
a significantly reduced “dip” in the spectra around 275 − 325 eV, indicating
less absorption on optical elements due to contaminations. Thus the beamline
is exceptionally well suited for absorption experiments like NEXAFS and
XMCD near the C K-edge.

4.6 New laboratory experiment for combined
ARPES/XPS

In the following, I will give a detailed description of the new laboratory
ARPES station, which was built-up and commissioned in this thesis.
The new set-up is a further development of the previous photoemission
machine which consisted only of a single UHV chamber, lacked an x-ray
source and a dedicated heating stage for high-temperature annealing
of metal single crystals. Hence, several improvements were made to
optimize the capabilities of the experiment. In order e. g. , to prepare
experiments for upcoming beamtimes or to test new sample preparation
techniques, the construction and installation of a new laboratory
photoemission experiment became necessary. Further, experiments
with substances like pyridine, which are “problematic” for the usage in
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(a) Front Station - PEY Detector and Analyser 

(b) Back Station - PEY Detector and Magnetic coil 

(c) Front and Back Station at beamline D1011 at MAX II

Back Station

Front Station

Main Chamber

Prep Chamber

Figure 4.14: Layout of the endstation at the dipole beamline D1011 at
MAX II, courtesy of Hirsimäki [107] and MAX IV Laboratory [106]. Shown
are in (a) front station with hemispherical analyser SCIENTA-200 and PEY
detector; (b) back station with PEY detector and magnetic coil for hysteresis
measurements.

UHV systems (sticking on surfaces generates long term degassing), can
easier be realized on the laboratory scale. The new machine consists
of two separate UHV chambers, with a preparation chamber which can
be used for several surface preparation techniques. The main chamber
is made from µ-metal, to shield the earths magnetic field. The set-up
incorporates a novel 6-axis manipulator design with three translational
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PHOIBOS-150

analyzer

6-axis manipulator

with �ow cryostat

X-ray source

with monochromator 

He-UV-lamp

with 

monochromator 

main 

chamber

(μ-metal)

Prep-chamber:

 LEED; evaporators;

heating stage (T=2000°C);

sputter gun;

quartz microbalance

Figure 4.15: Design of the novel laboratory ARPES station. The set-up
employs a novel 6-axis manipulator, which has three translational axis (x, y, z)
and full control over three rotational axis – (ϑ, β, ϕ) – for sample manipula-
tion. The main chamber is made from µ-metal and uses an PHOIBOS-150
hemispherical analyzer from SPECS Surface Nano Analysis GmbH. The sep-
arate preparation chamber is used for surface preparation techniques under
UHV conditions. A monochromatic x-ray source is used for quantitative
sample characterization by XPS, additionally to an monochromatic He lamp,
which is used as source for ARPES in the UPS-regime.
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Figure 4.16: Design of the 6-axis manipulator developed within this thesis.
Top: Installation of the 6-axis manipulator on the preparation chamber with
indication of the three translational axis (x,y,z). Bottom: Design of the
manipulator head, indicating the three rotational axis (ϑ, β, ϕ). The possible
angular range of the β-axis (tilt) is −60◦ (left side) up to +45◦ (right side),
thus covering a large range for ARPES measurements of the entire Brillouin
zone of graphene samples employing He-I as excitation source.

axes – (x,y,z) – and three rotational axes – (ϑ, β, ϕ) –, with the β- and
ϕ-axis being actuated by worm drives, integrated in the manipulator
head, as shown in Fig. 4.16. The accuracy of the β-axis was verified
by an angle-calibration-device shown in Fig. 4.17, with an accuracy
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Figure 4.17: Novel design of the 6-axis manipulator. Top: 6-axis manipula-
tor mounted on the angle calibration device for verification of accuracy of the
tilt angle (β). Indicated are from left to right the positions −60◦, normal and
+45◦. Bottom: Front and back view of the manipulator head with attached
filament, thermocouples and copper braids for connection to flow cryostat.
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4 Experimental set-up and preparation of graphene

better than 0.1◦ prior to mounting the manipulator on the chamber.
The y-axis of the three translational axis is oriented in such a manner
that when the sample is positioned with the surface normal parallel to
the direction of the lens system (ϑ = normal emission) in front of the
analyzer, the distance between sample normal and the axis of the lens
cone (“working distance”) can be varied without changes in orientation
of the x-axis. With the new 6-axis manipulator, both tilt and azimuthal
scans are possible. Having precise control over the β-axis (tilt), and
at the same time the ϕ-axis (azimuth) by stepper motors is a further
advantage compared to manual sample alignment by a wobble stick
or transfer rod. The machine has a low energy electron diffraction
optics (LEED), a sputter gun, a newly designed dedicated heating
stage for temperature up to 2000 ◦C, ports for evaporators and a quarz
microbalance. In addition to a monochromatized He-lamp, which is
used as source for ARPES in the UPS-regime, a monochromatized
x-ray source was installed for the use in the XPS regime. First results
obtained on the new experiment are presented in chapters 6.1 and 11.

4.7 Preparation of graphene

The growth of graphene on top of a single crystal Ir(111) surface is
accomplished by chemical vapor deposition (CVD). Prior to the growth
of graphene, the Ir(111) single crystal is cleaned by repeated cycles
of annealing under an oxygen atmosphere (pO2 = 1 × 10−6 mbar; T =
1400 ◦C) and flashing up to 1800 ◦C for t = 20 s. The graphene samples
were prepared under ultra high vacuum (UHV) conditions in a separate
preparation chamber inside the ARPES experiments, according to the
recipe given in detail in [108–110]. Annealing of the Ir(111) crystal
and subsequently cracking of propylene molecules C3H6 on the heated
surface by thermal decomposition happens under the following con-
ditions: T = 1300 ◦C; pC3H6 = 5 × 10−7 mbar; t = 30 min, as shown
in Fig. 4.18. This procedure leads to single-domain graphene layer
on Ir(111) of very high quality which is verified by means of Low En-
ergy Electron Diffraction (LEED) and scanning tunneling microscopy
(STM). The preparation of graphene/Ni/W(110) follows standard
procedures, described in [42, 51, 111, 112].
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Ir(111) crystal

cleaning cycles

�ash 1800°C;
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in oxygen 1400°C
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Ir(111) crystalIr(111) crystal
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molecules at1300°C

5x10-7 mbar

graphene

Figure 4.18: The preparation of graphene/Ir(111). The crystal is cleaned
beforehand by repeated cycles of annealing under oxygen atmosphere and
flashing (middle). The graphene growth is accomplished by cracking of
propylene (right).

Prior to sample preparation, the W(110) crystal is cleaned by
repeated steps of flashing and annealing in an oxygen atmosphere
as described above for Ir(111). However, due to the significantly
higher melting point of tungsten (TMP = 3410 ◦C [113]) other pa-
rameters are used: (pO2 = 1 × 10−6 mbar; T = 1400 ◦C) and flashing
up to 2000 ◦C for t = 15 s. Subsequently, about 200 Å of Ni are de-
posited on W(110). Due to the epitaxial growth of thicker Ni films on
W(110) a Ni(111) surface is obtained. After an annealing step, heat-
ing the sample to about 400 ◦C for several minutes to remove defects
formed during growth, propylene molecules are cracked on the heated
sample via thermal decomposition using the following parameters:
T = 500 ◦C; pC3H6 = 1 × 10−6 mbar; t = 30 min.

4.8 Graphene/Ir(111) – a lattice mismatched

system

Graphene/Ir(111) is a lattice-mismatched system. Different lattice
constants of C (2.46 Å) and Ir (2.72 Å) lead to a lattice mismatch
of 9.6 % [114]. Therefore a super-structure is formed illustrated by
positioning the atoms approximately in a C (10 × 10)/Ir(9 × 9) lattice
(Fig. 4.19). To obtain a better understanding of the structural prop-
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C-atom

Ir-(S)

BRIDGE

Ir-(S-1)

Ir-(S-2)

(a)
ATOP HCP

FCC BRIDGE

(b)

Figure 4.19: (a) Top-view of the graphene/Ir(111) lattice – graphene [black],
Ir surface (S) [red] and the underlaying Ir layers (S-1) [yellow] and (S-2)[blue]
– which form the moiré structure. Different atomic positions – ATOP, FCC-
, HCP-hollow and bridge – emerge and are shown enlarged to emphasize
the structural arrangement (right). (b) Three dimensional Sketch of the
moiré lattice. The vertical corrugation of the carbon atoms is exaggerated to
emphasize the different atomic positions discussed above.

erties of graphene/Ir(111) N’Diaye et al. [108, 115] carried out STM
and LEED measurements, reporting a incommensurate super-structure
resembling a so-called moiré-lattice with a moiré repeat distance of
(25.3 ± 0.3 Å) in length, equaling (9.32 ± 0.15) times the Ir nearest
neighbor distance. For the arrangement of the graphene sheet on top
of Ir(111), different high-symmetry stacking positions can be found. I
follow the nomenclature used by Dedkov et al. [116] to describe these
positions:

• ATOP (hcp−fcc) position. A hexagon of carbon atoms surround
the metal atom of the top layer (S). Another way to describe
this situation is using the positions of the atoms above hcp- and
fcc hollow sites of Ir(111) stacked above the (S-1) and (S-2)
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4.8 Graphene/Ir(111) – a lattice mismatched system

underlying Ir layers (circle in Fig. 4.19 (a)). This nomenclature
is used throughout the thesis.

• FCC (top − hcp) position. A hexagon of carbon atoms surround
the fcc hollow site of the Ir(111) surface layer (S). Hence, the
carbon atoms are positioned above top and hcp hollow sites of
the Ir(111) surface stacked above the (S-1) and (S-2) underlying
Ir layers (rhombus in Fig. 4.19 (a)).

• HCP (top − fcc) position. A hexagon of carbon atoms surround
the hcp hollow site of the Ir(111) surface layer (S). The carbon
atoms are positioned above top and fcc hollow sites of the Ir(111)
surface stacked above the (S-1) and (S-2) underlying Ir layers
(triangle in Fig. 4.19 (a)).

• BRIDGE position. This site lies in between the FCC and HCP
sites with the carbon atoms being bridged by the Ir atom of the
top layer (S) (rectangle in Fig. 4.19 (a)).

Due to the lattice-mismatch of graphene/Ir(111) a buckling of the
graphene sheet is observed. This is illustrated in Fig. 4.19 (b) show-
ing a three dimensional sketch of the moiré structure. The vertical
corrugation is exaggerated to emphasize the various atomic positions
of the carbon atoms of the graphene sheet. The amount of corru-
gation is determined by STM measurements reported by several au-
thors [108, 110, 116, 117]. However, the obtained values yield slightly
different results of ≈ 0.14 − 0.32 Å depending to a certain amount
on the tunneling conditions as discussed by Dedkov et al. [116]. The
authors observe a inversion of the imaging contrast at certain tunnel-
ing conditions and assign this partially to the formation of so-called
interface states formed between graphene 2pz and Ir 5dz2 states. The
vertical corrugation of the graphene sheet can also be estimated by
using LEED I-V curves [118]. The authors find slightly larger values
for the corrugation ≈ 0.42 − 0.56 Å as reported by Ref. [116].
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4 Experimental set-up and preparation of graphene

4.9 Growth and intercalation of transition metals
on graphene

The deposition of thin films of transition metals onto graphene covered
Ir(111) is realized in general by physical vapor deposition (PVD),
under UHV conditions, as shown schematically in Fig. 4.20. PVD
describes the process of thin film deposition by condensation of vapor-
ized material. The technique is also known as molecular beam epitaxy
(MBE) ; Cho and Arthur [119] describe the method as preparation
and condensation of clean thin films at low deposition rates, leading
to epitaxial growth of the material onto a substrate.

condensation
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�lm growth
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inter-
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surface
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Figure 4.20: Schematics of different mechanisms involved in thin film depo-
sition, taken from [120]. For further description see text.

In order to carefully control the deposition process and minimize de-
gassing of the evaporator, low deposition rates of 0.2 − 0.6 Å min−1 are
used during the experiments. As described in Fig. 4.20, the material
is heated inside a crucible until thermal evaporation is reached. The
vaporized material beam subsequently hits the surface of the substrate,
where different mechanisms related to the deposited atoms are possi-
ble: condensation, adsorption, surface diffusion or nucleation towards
further film growth. Since the deposited material and the substrate –
Ir(111) – are of a different kind, the process is heteroepitaxial, with
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4.9 Growth and intercalation of transition metals on graphene

different lattice constants of adsorbate and substrate involved, possibly
giving rise to a certain degree of lattice mismatch. Depending on the
vapor pressure and the associated temperatures during evaporation
of the material [121], different types of evaporators are used. For
rather low temperatures, as for low melting metals such as manganese
(507 ◦C at 1.3 × 10−8 mbar), ytterbium (520 ◦C at 1.3 × 10−8 mbar),
and copper (727 ◦C at 1.3 × 10−8 mbar) – values from [113] – Knudsen-
type evaporators are used in a configuration of molecular beam ef-
fusion cells, and pyrolytic boron nitride is used as crucible. On the
other hand, for metals with higher melting temperatures, like Ni
(927 ◦C at 1.3 × 10−8 mbar) and Co (850 ◦C at 1.3 × 10−8 mbar), an
electron beam evaporator becomes mandatory.

In this type of evaporator, the material is heated by electron bom-
bardment inside tantalum or molybdenum crucibles, or directly from
a solid rod. In both cases, the evaporators are cooled and thermally
stabilized by a water-cooling system, in order to prevent overheating
and therefore degassing of the whole evaporator assembly during opera-
tion. Either self-built e-beam evaporators, consisting of a crucible with
a high-voltage-proof filament beneath it, or commercially available
e-beam evaporators (Omicron UHV Evaporator EFM3 [122]) are used.
In order to control the deposition rate before the experiment, a quartz
microbalance is used in front of the sample. The EFM3 evaporator ad-
ditionally supports a flux monitor giving a measure for the deposition
rate during the experiment. Further, a calibration method described
as “overlayer method” [52] is used during the deposition of metal thin
films. Here, the photoemission intensity of a substrate core-level Is is
monitored as the thickness t of the overlayer increases.

Is = I0
s · exp

( −t

λs cos ϑ

)
(4.3)

This method can be used to calibrate the deposition rate of the e-
beam evaporator in “real-time” by using photoemission. In a sample
geometry of electron detection measured normal to the surface (ϑ = 0)
this relation simplifies to

Is = I0
s · exp

(−t

λs

)
(4.4)
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with I0
s being the photoemission signal from the substrate without the

overlayer. For the calibration on clean Ir(111), an inelastic mean free
path of λs = 6.6 is used, whereas for graphene covered samples λs = 4.6
is used [123]. Different growth modes as a function of film thickness Θ
are possible. These different growth modes are: layer-by-layer growth

Layer by Layer

Growth

Layer plus

Island Growth
Island Growth

(a) (b) (c)

Θ < 1 ML

1 ML < Θ < 2 ML

Θ > 2 ML

Figure 4.21: Schematics of growth modes for different coverages Θ in mono-
layers (ML). Shown in (a) is the layer-by-layer growth (Frank-van der Merve).
(b) Shows the layer-plus island growth (Stranski-Krastanov). (c) Island
growth mode (Vollmer-Weber), taken from [120]

(“Frank-van der Merve”), Fig. 4.21 (a), which describes a process
where the formation of a second layer only starts once the growth of
the first layer is completed. The reason for this behavior is that the
interaction between substrate adatoms is rather strong, but relatively
weak considering inter-atomic interactions between the adatoms. The
opposite scenario with large interaction between the adatoms leads to
the formation of islands on the substrate surface, as shown in Fig. 4.21
(c) “Volmer-Weber” growth. Hence, clusters of adatoms pile up in
certain spots without completing a closed layer. The combination of
these two growth modes, layer plus island “Stranski-Krastanov” growth,
Fig. 4.21 (b), yields a closed first or second overlayer, with subsequent
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4.9 Growth and intercalation of transition metals on graphene

formation of islands on top. The deposition of various transition metals
on top of graphene/Ir(111) leads mostly to the formation of islands
(Volmer-Weber growth), following an argument of Sicot et al. [124],
who showed by STM measurements that the deposition of Ni adatoms
of different thicknesses (0.25 and 1.5 ML) onto graphene/Rh(111) leads
to the formation of small size nanoclusters on the graphene film.

In the present study, the Ni adatoms are deposited on the surface,
while keeping the sample at temperatures of 110 K, effectively sup-
pressing the surface mobility of the clusters and leading to a random
occupation of the different sites of the graphene/Ir(111) supercell. A
different scenario is realized by deposition of Ni onto graphene/Rh(111),
while the substrate is kept at room temperature. This leads to the
formation of large epitaxial triangular-shaped islands, aligned to the
Ir substrate, rather than an ordered arrays of clusters [124]. In order
to obtain equal initial conditions for the intercalation process of the
deposited thin film under graphene/Ir(111), the deposition at low tem-
perature is preferred throughout this thesis. To modify the electronic

Co cluster

graphene

Ir substrate

step edge

intercalated

Co �lm

Figure 4.22: Schematics of intercalation of metal thin films under
graphene/Ir(111). A possible intercalation path is the penetration of the
graphene layer by mobile atom clusters at wrinkles of the graphene film
formed e. g. at step edges of the underlying substrate.
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properties of the graphene film, the deposition of the transition metal
thin film is followed by annealing of the sample. The thermal energy
thus supplied mobilizes the adatom clusters and a subsequent interca-
lation of the material with formation of an epitaxial layer underneath
the graphene sheet becomes possible. Petrović et al. [125] studied
the intercalation of Cs atoms underneath graphene/Ir(111) by LEEM,
LEED and STM, proposing that the intercalation of adatoms occurs
at wrinkles of the graphene film probably formed at steps edge of the
underlying Ir substrate. This behavior is shown schematically for the
intercalation of Co atoms underneath graphene/Ir(111) in Fig. 4.22.
Adatom clusters of Co are partially still on top of the graphene sheet,
whereas other atoms have migrated to a step edge and subsequently
intercalate under the graphene film, forming an epitaxial thin film
between graphene and the Ir substrate. In order to have a precise
control over the rather complex intercalation process, it is instructive
to monitor the evolution of the whole process by recording C1s-XPS
spectra incrementally, after annealing the sample step by step, in a
separate preparation chamber. Another, far better procedure is to
intercalate the sample while taking C1s-XPS spectra in “real-time”.
The temperature window in which the intercalation occurs can change
with respect to the adsorbed atom species: Yb, Ni, Co and Mn inter-
calate at quite low temperatures of about 300 ◦C, while for Cu and
Mn in the (2 × 2) phase much higher temperatures of around 550 ◦C
are needed (Table 4.2).

Table 4.2: Overview of the intercalation temperatures Tint for the different
atomic species used throughout this thesis.

Material Yb Mn-trigonal Ni Co Mn-(2 × 2) Cu

Tint (◦C) 250 300 400 400 550 550

Therefore one would like to know exactly when the intercalation
process is initiated and when it is finished. Over-annealing of the
sample leading to re-evaporation of the deposited atoms, for example
and has to be avoided.
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By taking C 1s-XPS spectra in “real-time”, a characteristic decrease
in the C 1s core level intensity is observed during the deposition of the
metal thin film on top of graphene/Ir(111). The following annealing
of the sample is performed by a gradual ramp up of the sample
temperature. As soon as the temperature is high enough to initiate
the intercalation, the C 1s intensity increases, due to the diffusion of
the overlying metal film. The carbon atoms of the graphene film are
no longer covered by the metal thin film. The annealing procedure is
stopped as soon as the intensity in the C 1s core level stabilizes. The
formation of an ordered metal thin film underneath the graphene layer
is verified by LEED, after the completed intercalation process. For
studies on intercalated Cu underneath graphene/Ir(111), as described
in chapter 7, the sample was transferred through air and further
analyzed in a separate STM experiment.
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Chapter 5
Data analysis

5.1 Analysis of ARPES data

In this section I describe the approach for the evaluation of the mea-
sured ARPES images with graphene/Ir(111) as example dataset. The
ARPES images are measured by the PHOIBOS-100/150 electron ana-
lyzer, as described in chapter 4.1 and 4.2.

Iel(EB (eV), angle (pixel), β (degree)) datasets are obtained by auto-
matically tilting the sample by small increments over an angular range,
thus covering a certain area of the Brillouin zone, and contain several
hundred raw spectra – Iel(EB (eV), angle (pixel))β=const. Raw images
are shown in Fig. 5.1(a) and Fig. 5.1(c), for two different tilt angles β
at 20◦ and 29◦. The images of the illuminated MCP are recorded by a
CCD camera, with (640 × 480) pixel resolution. Therefore, the unit
of the angular axis is given in (pixel), as shown in Fig. 5.1. Since the
photon energy and the work function are well known, we can relate
the kinetic energy of the electrons Ekin to their binding energy. This
is done by the measurement software internally, relating EB to the
work function of the analyzer and shown in Fig. 5.1 (a) and (c).

Ekin,Det = hν − ΦDet− | EB | (5.1)
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5 Data analysis

In a further step, the energy scale is shifted to match EB = 0 at
the Fermi energy of the metallic sample under study. For insulating
samples showing a band gap around EF , a gold plate positioned under
the sample holder is taken for reference. These steps are depicted in
Fig. 5.1(d) and Fig. 5.1(f) and further described in the following part.
A stepwise description of the data analysis is given below, yielding a
2D-k-space dataset Iel(EB (eV), kx(Å−1), ky(Å−1)).
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Figure 5.1: Analysis of the ARPES raw data using graphene/Ir(111) for
calibration. For further information see text.

First Step: Straight entrance slits are used for ARPES measure-
ments, as discussed in chapter 4.1 (labeled S1 in Fig. 4.2). Hence the
electrons bent through the hemispherical shaped analyzer produce a
curved image on the MCP detector. The raw datasets obtained in this
manner show a curved distortion of the ARPES spectra [Fig. 5.1 (a)
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5.1 Analysis of ARPES data

and (c)]. The image of graphene/Ir(111) measured at the tilt angle
β = 20◦ (a), is dominated near EF by featureless Ir bulk contributions,
whereas at β = 29◦ (c) it shows contributions of π states near EF .
Hence the image shown in (a) is used in order to correct this distor-
tion. A MDC spectrum is extracted, integrating over homogeneous
contributions in a range near the Fermi energy, and is fitted to a
third order polynomial [Fig. 5.1 (b)]. This curve is then given as an
input in a trapezoidal distortion correction procedure, which corrects
the Iel(EB (eV), angle (pixel)) spectrum in two single steps along the
energy and angle axis, leading to the final spectrum [Fig. 5.1 (d)].
This correction is applied to the complete dataset for all measured tilt
angles β (degree).
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Figure 5.2: Description of the recalculation of the angular scales of
the ARPES spectra. The current dataset indicates the Dirac cone of
graphene/Ir(111) as example.

Second Step: The scale of the energy axis is related to the work
function of the analyzer. It differs slightly from the exact binding
energy scale of the sample under study. This deviation is corrected
by a constant shift, referring the binding energy EB of the measured
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5 Data analysis

ARPES spectra, per definition as positive numbers to the Fermi level, as
described by Hüfner [52]. In detail, this is done by fitting the extracted
EDC spectrum, as shown in Fig. 5.1(e), to a Fermi-step-function. The
shifted image is shown in Fig. 5.1(d), accordingly matching the Fermi
energy at EB = 0 of the graphene/Ir(111) sample under study. This
correction is applied to the whole dataset for all tilt-angles β (degree),
using an automated routine.

Third Step: Recalculation of the angular axis from pixel to degree
values, according to the different lens modes of the analyzer, as de-
scribed in chapter 4.1. In order to compare e. g. , datasets obtained
using different angular resolved modes, or spectra measured for various
photon energies, the spectra are rescaled to reciprocal space (Fig. 5.2(a)
and (b)), to kx/ky (Å−1)-values using

#»

k‖ =
#»p‖
~

=
√

2mEkin · sin ϑ ≈ 0.512 ·
√

Ekin(eV) · sin ϑ (5.2)

as described in chapter 3.1.1. The K-point of graphene/Ir(111) is
located, according to the geometry of the measurement, at kx =
0 Å−1/ky = 1.71 Å−1. The ky-value at the K-point is rescaled to zero,
in order to simplify the comparison of different datasets.

5.2 XPS spectra analysis

The shape of x-ray photoemission spectra is affected by inelastic energy
loss contributions, nearby peaks and secondary electrons, termed
background, as described by Hüfner [52], and outlined in the description
of photoemission spectroscopy using the framework of the three-step-
model in chapter 3.1.1. In order to extract information from the
original spectrum I(E), it becomes helpful to model a background
function TB(E), which is subtracted from the spectrum. The resulting
spectrum is called primary spectrum P (E). There are several ways to
describe the background signal, depending on the shape of the signal,
e. g. , by constant, linear or polynomial functions, which yield a better
or worse representation of the primary spectrum [52]. A background
function using a universal loss function is proposed by Tougaard and
Jorgensen [128] for transition metals.

78



5.2 XPS spectra analysis

P
E

 s
ig

n
a

l (
a

rb
. u

n
it

s)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

Electron Binding Energy (eV)

Ir4f
5/2

Ir4f
7/2

68 66 64 62 60 58 56

original

spectrum I(E)

Tougaard 

line-shape T
B
(E)

primary 

spectrum P(E)

surface

surface

bulk

bulk

Figure 5.3: Description of the Tougaard background shown for Ir 4f5/2 and
Ir 4f7/2 spectra of graphene/Ir(111) measured at the BESSY ARPES station,
with hν = 120 eV radiation. Both core level lines have components originating
from inside the bulk and from the surface [126, 127].

The Tougaard background model [128–131] is used in the framework
of a four parameter inelastic electron scattering cross section [132] as
described in the following.

TB(E) = λ(E)
∞∫

E

K(E, T )M(E′)dE′ (5.3)

and

λ(E)K(E, T ) =
BT

(C + C ′T 2)2 + DT 2
(5.4)

with λ being the inelastic mean free path and E the kinetic energy of the
electrons. B, C, C ′ and D are parameters described elsewhere [129, 132].
The parameters are optimized to the spectrum such that the primary
spectrum vanishes at about 10 eV above the main line. T = E − E′ is
the energy loss and K(E, T ) the probability for electrons with energy
E of losing energy T during the traveled path through the solid. The
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5 Data analysis

resulting λ(E)K(E, T ) is called the inelastic electron scattering cross
section. The primary spectrum is thus obtained as:

P (E) = I(E) − TB(E) (5.5)

As pointed out by Hüfner [52], it is essential to record data points in a
energy window large enough before and after the region of interest, to
match the shape of the background properly to the original spectrum
I(E). As shown in Fig. 5.3, the inelastic signal in the spectrum is well
described by the background function using the Tougaard model. In
order to quantitatively analyze the positions of the prominent peaks in
the extracted primary spectrum, the peaks are fitted using line shapes
of Voigt- and Doniach-Sunjic–profiles [133]. The software Igor Pro uses
the Levenberg-Marquardt nonlinear least squares optimization [134]
for peak fitting.

5.3 NEXAFS and XMCD analysis

The method for the evaluation of NEXAFS data is essential for a
detailed analysis of XMCD spectra as described in chapter 8.2. In
order to correct the primary NEXAFS spectra – Isample(hν) – for
contributions due to the x-ray optics of the beamline, background
contributions from the substrate, intensity variations due to instabilities
of the electron beam in the storage ring etc. , it is mandatory to
normalize the spectra as described in detail by Stöhr [136] and Schöll
et al. [137]. There are various ways to normalize the spectra, e. g. by
using a photodiode inside the chamber as reference IDiode (hν), the
photon flux curve of the beamline I0 (hν) [102] before or by measuring
additional spectra of the clean substrate Isubstrate (hν), directly after
the actual NEXAFS spectrum of the sample in question is obtained.

For NEXAFS spectra measured at the ARPES station at BESSY II,
this is illustrated for the clean substrate as reference in Fig. 5.4,
indicating the primary NEXAFS spectrum of graphene/Ir(111) in
Fig. 5.4(a). The additional spectrum, shown in Fig. 5.4(b), is taken
directly afterwards for the clean Ir(111) substrate.
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Figure 5.4: Analysis of NEXAFS spectra measured at the ARPES station
at BESSY II. (a) Measured CK-edge spectra for graphene/Ir(111). (b)
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By forming the quotient of the two spectra, a spectrum is obtained with
contributions from the π⋆ and σ⋆ unoccupied states. (d) The integrated
spectrum, obtained in the Auger yield mode, compares well to NEXAFS data
of graphene/SiO2 by Pacilé et al. [135].
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For the corrected spectrum the following equation is used, according
to Schöll et al. [137],

I(hν) = c ·
[ Isample(hν)
Isubstrate(hν)

− f
]

(5.6)

with I(hν) the normalized spectrum, f being an attenuation factor
which is treated as a free parameter, and c as a prefactor. As described
in detail in chapter 3.2.3, XMCD spectra are obtained in two equivalent
ways: on the one hand, by changing the direction of the photon spin
and the associated angular momentum for a fixed magnetization of the
sample. It is equally possible to use a fixed helicity of the photons and
switch the magnetization of the sample [83]. In order to understand the
magnetic coupling of a specific graphene/ferromagnet sample, spectra
of the metal L 2,3-edges and carbon K -edge are evaluated. This yields
either parallel or anti-parallel magnetic order if the XMCD spectra
show the same, or opposite signs. Utilizing XMCD, for example at the
Co L2,3 and C K edges it is possible to gain quantitative insight into
the magnetic behavior of the graphene/Co/Ir(111) system as described
in detail in chapter 8.2.

The NEXAFS intensity as raw spectra at the Co L2,3 edge were
taken with right and left [I+ and I−, (red) and (blue) in Fig. 5.5 (a)],
circularly polarized light, respectively. The raw spectra are normalized
as described by equation (5.6) to the reference spectrum of the clean
Ir(111) sample. Due to low signal strength at the Co L2,3-edge for the
clean substrate, the Co L spectra in Fig. 5.5 (a) are normalized to
the reference spectrum of the photodiode, whereas the C K spectra
are referenced to clean Ir(111). As described by Chen et al. [138] the
spectra need to be further normalized to the edge jump by subtraction
of a double-Fermi-step function taken at the center of the L3 and L2

edges [Fig. 5.5 (b)], indicated as gray line.

In order to evaluate magnetic moments using the sum rules, the
integral A3 + A2, shown as black curve in Fig. 5.5 (b) is evaluated by
integrating the averaged NEXAFS intensity (I++I−)

2 , over the whole
range of photon energy in the spectrum. The indices 2, 3 indicate the
ranges of photon energy of the Co L2,3 edge. The XMCD spectrum
[black line in the lower part of Fig. 5.5 (c)] is obtained by calculating
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Figure 5.5: (a) NEXAFS raw spectra measured at the Co L2,3 absorption
edge for the graphene/Co/Ir(111) system. The traces show the absorption
spectra measured with circularly polarized light for two opposite directions
[red and blue]. As reference spectra for normalization, the clean Ir(111)
substrate or photodiode measurements are used [green]. (b) show the corrected
NEXAFS spectra at the Co L2,3 absorption edge. Shown is also the edge
jump, which is corrected by subtraction of a double-Fermi-step function [gray]

and the averaged NEXAFS intensity (I++I−)
2 [black]. (c) show the recorded

XMCD spectra, and additional integrated spectra [dashed lines].

the difference ∆I = I− − I+, leading to a negative result at the Co
L3 edge. The integrals ∆A3 + ∆A2 and ∆A3 − 2∆A2 are formed
by integrating the XMCD signal over the range of photon energies
in the spectrum. To extract quantitative values for the magnetic
moment from of the XMCD spectra, sum rules, as described in detail
in chapter 3.2.3, according to Carra et al. [84] and Thole et al. [85] are
used.

ML = −2
3

nhµB

Pcirc cos φ

∆A3 + ∆A2

A3 + A2
(5.7)

MS = − nhµB

Pcirc cos φ

∆A3 − 2∆A2

A3 + A2
(5.8)
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with Pcirc the degree of circular polarization of the incoming photons.
The angle φ is defined by the geometry of the experiment, with the
direction between the photon angular momentum and the magnetic
moment. For geometries where the magnetization of the sample and
the ~k vector of the incident photons are collinear, as for out-of-plane
measurements, the factor cos φ yields unity. The number of holes
is given by nh. Finally, the ratio of the orbital and spin moment
– RL,S = ML

MS
– can be derived, which does not require magnetic

saturation of the sample.
A error bar of 10 % for the orbital moment and 20 % for the spin

moment is usually assumed [75, 139], due to several theoretical ap-
proximations used in the sum rules (dipol approximation, neglecting
electron – hole interactions in final states [140], assuming final states
as pure d states). At K edges, spin polarization is not possible, due to
zero orbital moment in the initial states (1s → 2p). Hence employing
sum rules for K edge absorption, one can only derive values for orbital
moments, as shown by Huang et al. [87].

ML = −1
3

nhµB

Pcirc cos φ

∆A

A
(5.9)
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Chapter 6
Experimental investigations of
graphene/Ir(111)

In this chapter I will present the results obtained on the system
graphene/Ir(111), which is used as a starting point for further modi-
fications of graphene by intercalation of magnetic and non-magnetic
metals. All spectroscopic data are obtained either at the laboratory
ARPES station, at the ARPES station at BESSY II synchrotron
(beamline UE56/2-PGM-1/2) and at the front station at beamline
D1011 at the MAX II synchrotron.

6.1 First studies at the new laboratory ARPES
station

Using XPS in combination with ARPES is exceptionally useful e. g. ,
for the preparation of graphene/metal samples, since it becomes pos-
sible not only to obtain access to the band structure and the related
electronic properties of the system, but also to gain quantitative insight
into the chemical composition of the system under study. After my
successful completion of the new laboratory station, commissioning
was necessary to check that all components work properly. Further,
it is essential to evaluate the energy and k-space resolution in the
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6 Experimental investigations of graphene/Ir(111)

spectra (∆E, ∆k) measured by the PHOIBOS-150 analyzer. In order
to validate this, I use the system graphene/Ir(111) as reference. On
the one hand, graphene’s linearly dispersing π-band around the K-
point is well suited for the evaluation of the mode of operation of the
analyzer in conjunction with the β-flip and ϕ-rotation of the manip-
ulator. On the other hand, the core level lines of graphene/Ir(111),
especially when probed with x-rays of higher energy (in this case
hν = 1486.7 eV − Al Kα ), are nearly unaffected by graphene coverage
and similar to the Ir(111) system [141].
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Figure 6.1: XPS spectra of graphene/Ir(111) measured by a monochromatic
x-ray source at the laboratory ARPES station with the sample kept at
room temperature. (a) XPS survey spectra, using the Al Kα anode with
excitation energy hν = 1486.7 eV and Epass = 20 eV. Apparent are the
characteristic Ir 5p, 4f ,4d and 4p core level lines from the Ir bulk and the
related (plasmonic) energy loss lines situated at about 30 eV higher values
compared to the respective core level, in agreement with [142]. Additionally,
the C 1s core level of the overlaying graphene sheet is clearly distinguishable.
(b) and (c) Detail spectra of the C 1s core level and the spin-doublet Ir 4f5/2,7/2

obtained at Epass = 5 eV.

A main reason for this observation is the fact that the interaction
between graphene and Ir(111) is quite weak, thus resulting in negligible
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6.1 First studies at the new laboratory ARPES station

modifications of the electronic properties caused by charge transfer
or hybridization. Core level spectra of graphene/Ir(111) are shown
in Fig. 6.1. For comparison, the data are always obtained in the
same geometry: ϑ = 20◦ – off normal emission. The analyzer is
set to high magnification lens mode, (HM mode) as described in
table 4.1 in chapter 4.1, to measure spatially resolved XPS spectra. It
is instructive to collect “survey spectra” with coarse energy resolution
(in this case ∆E ≈ 400 meV ) by choosing a large pass energy and large
step size (250 meV), if an unknown sample is investigated or specific
contaminations are suspected.

Shown in fig. 6.1(a) is the survey spectrum of graphene/Ir(111)
for the range 600 − 0 eV binding energy with the characteristic Ir 5p,
Ir 4f , Ir 4d and Ir 4p core level lines, stemming from the Ir bulk
and additionally the C 1s core level of the overlying graphene sheet.
Also visible is the gradually increasing contribution from inelastically
scattered electrons leading to an enhanced signal for larger binding
energies. To gain detailed information about the structure of the
core level lines and to assign precise peak locations it is instructive
to collect “detail scans” with enhanced energy resolution (in this case
∆E ≈ 100 meV) by choosing a lower pass energy and small step-size
(20 meV), as shown in Fig. 6.1(b) and (c) for the C 1s and Ir 4f7/2 core
level lines.

To extract information from the detail scans in Fig. 6.1 (b) and (c),
a lineshape analysis is applied. A secondary electron background of
Tougaard shape [52, 128, 130], as described in chapter 5, is assumed.
The C 1s spectra of graphene/Ir(111) is evaluated using a single Voigt
profile [144] yielding a peak position of 284.110(3) eV and a FWHM of
680 meV, in agreement with Lacovig et al. [141]. A value of 3σ is taken
for the error bar resulting in a negligible deviation from the peak posi-
tions. For the Ir 4f5/2,7/2 core levels I extract line positions of 63.91 eV
and 60.91 eV by using Doniach-Sunjic–profiles [133], with FWHM of
820 meV and 850 meV, respectively, in agreement with Moulder et al.
[142]. Valence band spectra of graphene/Ir(111) are measured by using
monochromatic He-I (hν = 21.21 eV) radiation and the LAD mode
(table 4.1), to capture a specific region around the K-point of graphene.
The following geometry is used: ϑ = normal emission; variation of
β = 40 − 60◦; ∆β = 0.4◦.
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Figure 6.2: Detailed analysis of certain prominent core level spectra of
graphene/Ir(111). (a) and (b) Lineshape analysis of the spectra reveals the
position of the C 1s core level at 284.11 eV and the spin-doublet Ir 4f5/2,7/2

core level at 63.91 eV and 60.91 eV in agreement with [141–143].

In order to extract detailed information on the shape of the band
structure and to examine the energy resolution of the setup, it is
desirable to reduce the thermal broadening affecting the spectra, by
measuring at low sample temperatures of T ≈ 135 K achieved by liquid
nitrogen cooling. Energy resolution measurements are normally done
on systems like evaporated polycrystalline gold films. Since not only
information on the energy resolution (∆E) needs to be obtained but
also on the k-space resolution (∆kx; ∆ky), graphene/Ir(111) exhibiting
sharp π states near EF is used as benchmark sample.

A overview of the spectroscopic data in 2D-k-space is shown in
Fig. 6.3. The Dirac cone is observed at the K point (Fig. 6.3 (a)),
derived by evaluating constant energy maps at EB = 0.3 eV. The shape
is circular along the Γ − K-direction but slightly asymmetric in the
intensity distribution, leading to a rotated “dark corridor”. This is in
agreement with ARPES measurements on graphene at comparatively
low photon energies. Gierz et al. [145] also observed a slightly rotated
Dirac cone by using linear horizontal radiation of hν = 35 eV. This
behavior is compared to spectra taken with higher photon energies
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Figure 6.3: 2D-k-space ARPES data from graphene/Ir(111) measured by
employing the β-flip-axis at the new laboratory ARPES-station, using He-I
radiation. (a) Constant energy map extracted at energies of 0.3 eV below
the Fermi level. (b) and (e) Valence band spectra at the K-point along the
kx and ky directions in k-space, with main contributions from the π-band
of graphene. (d) EDC at the K-point, and at ky = −0.1 Å−1, indicating a
experimental resolution of about 65 meV, measured at a sample temperature
of about 135 K. (c) and (f) MDC spectra extracted at the K-point. The
according FWHM of the π-band yields an experimental k-space resolution of
about ∆kx = 0.04 Å−1, ∆ky = 0.04 Å−1, which could be smaller because of
the lifetime broadening in the band.

(hν = 65 eV) at BESSY II where no rotation of the dark corridor is
observed. As described in chapter 4.2 it is instructive to use lines of
constant momentum – EDC’s – at the K-point in order to extract
more detailed information on the occupied states. Since the underlying
substrate – Ir – is metallic it is possible to use the width of the Fermi
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edge as evidence for the overall energy resolution of the setup, is
determined by the width of the first derivative (FMHM) of the EDC at
the Fermi edge, or assuming the FWHM from the width of the spectra
at 20 % − 80 % peak intensity. In order to verify that the intense signal
of the π-band does not interfere with the width of the background
signal at EF , an additional EDC at −0.1 Å is evaluated, giving the
same result of ∆E = 65 meV.

∆E =
√

(∆EA)2 + (3.5kBT )2 + (V UV )2 (6.1)

According to equation (6.1) the total energy resolution ∆E of the
setup is derived by the convolution of single FWHM’s of Gaussian
linewidth from the partial terms in energy resolution ∆EA of the
electron analyzer, 3.5kBT the thermal broadening and V UV intrinsic
contributions from the excitation source [61, 146]. From the total
energy resolution of ∆E = 65 meV and temperature measurements
using a thermocouple at the back of the sample holder, one can
conclude that the thermal broadening amounts to 42 meV and the
partial energy resolution of the hemispherical analyzer to ∆EA =
50 meV. The value for ∆EA is slightly larger than values approximating
the theoretical energy resolution of hemispherical energy analyzers
described by equation (4.1) [90]. Contributions in the broadening of
the lineshape due to the helium gas discharge lamp are of the order
of 2 meV [146] and are therefore negligible. For the k-space resolution,
values of ∆kx = 0.04 Å−1, ∆ky = 0.04 Å−1 can be extracted from
Fig. 6.3 (c) and (f). In order to classify these values we compare them
with benchmark-spectra of quasi free-standing monolayer graphene
(QFMLG) which were measured at the ARPES-station at BESSY,
performed by the group of Seyller et al. [147], shown in table 6.1. In
order to evaluate the performance of the azimuth-axis (ϕ) of the sample
of the 6-axis manipulator, valence band spectra of graphene/Ir(111)
were obtained at room temperature in the following geometry: ϑ = 60◦

– off normal emission, and a variation of ϕ = 2 − 22◦; in ∆ϕ = 0.4◦

step size. To access a larger range around the K-point, the WAM lens
mode (see chapter 4.1) is used, as shown in Fig. 6.4. Due to the
larger acceptance angle of the WAM mode, parts of the replica cones
are accessible as shown in Fig. 6.4 (a).
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6.1 First studies at the new laboratory ARPES station

Table 6.1: Evaluation of energy and k-space resolution for ARPES, measured
at the lab machine compared to the BESSY machine (benchmark QFMLG).
The slit refers here to the entrance slit of the hemispherical analyzer. The
modes of operation of the detector are explained in table 4.1 of chapter 4.1.

BESSY QFMLG Lab G/Ir Lab G/Ir
β-scan β-scan ϕ-scan

slit [mm] 0.1 0.2 0.2

detector mode HAD LAD WAM

Epass [eV] 10 20 40

Tsample [K] 110 135 300

∆E [meV] 45 65 100

3.5kBT [meV] 33 42 91

∆kx [Å−1] 0.031 0.040 0.040

∆ky [Å−1] 0.026 0.040 0.040

Due to the lattice mismatch of the graphene/Ir(111) interface and
the associated buckling of the graphene sheet, back-folded “replica
bands” of the π-band emerge. The shape of the measured main Dirac
cone is circular and symmetric to the kx axis, which is different from
measurements using the β-flip axis in Fig. 6.3(a). This observation
suggests that the rotation of the dark corridor is related to a “geometric
effect”. For the ϕ-ARPES measurements presented here, the linear
horizontal polarization of the light has always the same orientation with
respect to the sample surface. This is not the case for the earlier shown
β-ARPES measurements, where for successively larger flip-angles up to
(β = 60◦) the orientation of the light compared to the sample surface
changes significantly. Hence, using the additional rotational axis (ϕ)
of the 6-axis manipulator seems preferential for ARPES measurements
using low photon energy (hν = 21.21 eV). The extracted EDC and
MDC spectra yield broader structures compared to measurements
shown in Fig. 6.3 due to thermal broadening (sample kept at room
temperature) and the use of the WAM mode. The obtained energy and
k-space resolution are ∆E = 100 meV and ∆kx = 0.040 Å−1, ∆ky =

91



6 Experimental investigations of graphene/Ir(111)

120

100

80

60

40

20

0

PE sig
n

al x 10
3 (arb

. u
n

its)

1.21.00.80.60.40.20
PE signal (arb. units)

1.2

1.0

0.8

0.6

0.4

0.2

0

PE
 s

ig
n

al
 (a

rb
. u

n
it

s)

measurement type: φ-rotation
T=300K - room temperature
WAM mode; E

pass
=40eV

K
Γ

M

K’

1.710.850

0

-1.47

-1.71 -0.85

1.47

Electron binding energy (eV)

-0.2

-0.1

0

0.1

0.2

0.20.10-0.1

k y 
 (Å

-1
)

k
x 
(Å-1)

CEM - constant energy map - at 0.3eV

EDC - energy dirstribution curve - at K-point

MDC - momentum distribution curve - along k
x
 at K-point

MDC - momentum distribution curve - along k
y
 at K-point

2.5 2.0 1.5 1.0 0.5 0

(a)

0.20.10-0.1 k
x 
(Å-1)

(b)

2.5

2.0

1.5

1.0

0.5

0

Bi
n

d
in

g
 e

n
er

g
y 

(e
V

)

-0.2

-0.1

0

0.1

0.2

k y 
 (Å

-1
)

2.5 2.0 1.5 1.0 0.5 0
Binding energy (eV)

(e)

0.20.10-0.1 k
x 
(Å-1)

∆k
x
=0.04 meV

(c)

∆k
y
=0.04 meV

-0.2

-0.1

0

0.1

0.2

k y 
 (Å

-1
)

(f )

PE
 s

ig
n

al
 (a

rb
. u

n
it

s)

1.2

1.0

0.8

0.6

0.4

0.2

0

∆E=100 meV
(d)

Figure 6.4: 2D-k-space ARPES data from graphene/Ir(111) measured at
the laboratory ARPES station, using He-I radiation and employing the ϕ-
rotation. (a) Constant energy map extracted at energies of 0.3 eV below the
Fermi level. (b) and (e) Valence band spectra at the K-point along the kx

and ky directions in k-space, with main contributions from the π-band of
graphene and associated replica bands. (d) EDC at the K-point, and at
ky = 0.15 Å−1, indicating an experimental resolution of about 100 meV, with
the sample kept at room temperature. (c) and (f) MDC extracted at the
K-point. The according FWHM of the π-band yields an experimental k-space
resolution of about ∆kx = 0.040 Å−1, ∆ky = 0.040 Å−1.

0.040 Å−1. In order to evaluate the performance of the laboratory
machine, a summary of the achieved resolution is shown in table 6.1.
The main reason for the poorer energy resolution of the spectra shown
in Fig. 6.4 are the relatively large thermal broadening with the sample
kept at room temperature, and the use of higher Epass.
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6.2 Measurements at the ARPES station at BESSY II

However, there is still good agreement with the benchmark-spectra
of “quasi-free-standing graphene” (QFMLG) , by the group of Seyller
et al. [147], at the ARPES station at BESSY II. The term QFMLG
is used here for graphene on 6H-SiC(0001) prepared by intercalation
of hydrogen under the buffer layer. QFMLG is known to exhibit
only negligible interaction with the substrate, hence being efficiently
decoupled from the substrate [148].

6.2 Measurements at the ARPES station at

BESSY II

In the following chapter I describe XPS and ARPES spectra of the sys-
tem graphene/Ir(111), measured at the synchrotron source BESSY II.
Core level spectra of graphene/ Ir(111) using a photon energy of
hν = 400 eV are shown in Fig. 6.5. The survey spectrum (Fig. 6.5
(a)) is collected for the range 330 − 0 eV binding energy with the
characteristic core level lines of Ir 5p, Ir 4f from the Ir bulk and addi-
tionally the C 1s core level of graphene. Also visible is the gradually
increasing contribution from inelastically scattered electrons leading
to an enhanced signal for larger binding energies. Detail scans are
collected with a smaller energy step size (∆E = 25 meV), as shown
in Fig. 6.5(b) and (c) for the C 1s and Ir 4f7/2 core level lines, and
detailed information from the core level spectra is extracted using a
lineshape analysis (Fig. 6.6). The value obtained for the position of
the C 1s core level at 284.170(2) eV is in good agreement to spectra
obtained at the laboratory machine described in chapter 6.1, using
a conventional x-ray source. A value of 3σ is taken for the error bar
resulting in a negligible deviation from the peak positions. However,
the FWHM is, with 190 meV, significantly narrower due to better
resolution. For the Ir 4f5/2,7/2 core levels line positions of 63.91 eV and
60.90 eV are extracted by using Doniach-Sunjic–profiles [133], with
FWHM of 590 meV and 510 meV respectively, in exact agreement with
measurements performed at the laboratory machine. Furthermore, the
lineshape of the Ir 4f5/2,7/2 core levels shows significant contributions of
a second component at lower binding energies at each line of the doublet.
These additional contributions stem from the Ir surface underneath the
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Figure 6.5: XPS spectra of graphene/Ir(111) measured at the BESSY
ARPES station, using the UE56/2-PGM-1 undulator beamline at hν = 400 eV
radiation. Normal emission geometry – ϑ = 0◦; Epass = 20 eV and high
magnification lens mode, (HM mode). (a) XPS survey spectra with coarse
step size of ∆E = 250 meV. Apparent are the characteristic core level lines
at Ir 5p and Ir 4f from the Ir bulk and the related (plasmonic) energy loss
lines situated at about 30 eV higher values compared to the respective core
level, in agreement with [142]. (b) and (c) Detail spectra of the C 1s core
level and the spin-doublet Ir 4f5/2,7/2 core level obtained with a smaller step
size of ∆E = 25 meV.

graphene sheet, accessible due to the enhanced surface sensitivity of
the photoelectrons excited with 400 eV compared to spectra measured
with hν = 1486.7 eV in Fig. 6.2. Especially if the graphene/Ir(111)
interface is modified e. g. by “intercalation” of transition metals under-
neath the graphene sheet, as discussed in chapter 4.9, it is worth while
to study the behavior of the surface components, which are detectable
in the Ir 4f5/2,7/2 core level spectra of Fig. 6.6 (b). To have a even more
detailed view on the Ir 4f5/2,7/2 core levels of graphene/Ir(111) spectra
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Figure 6.6: Detailed analysis of certain prominent core level spectra of
graphene/Ir(111) using a photon energy of 400 eV. (a) and (b) Lineshape
analysis of the spectra reveal the position of the C 1s core level at 284.17 eV
the spin-doublet Ir 4f5/2,7/2 core level at 63.91 eV and 60.90 eV in agreement
with [141–143] and the measured spectra shown in the previous chapter 6.1
obtained with photon energy of hν = 1486.7 eV.

are measured with extreme surface sensitivity at a lower photon energy
of hv = 120 eV. The surface components on the Ir 4f5/2,7/2 core levels at
63.91 eV and 60.90 eV, measured with photon energy of hv = 400 eV, as
shown in Fig. 6.5, are even more prominent with hv = 120 eV. Fig. 6.7
(a) shows the survey spectra and (b) indicates the Ir 4f5/2,7/2 core levels
with the associated surface components. A subsequent analysis of the
spectra using Doniach-Sunjic line shapes [133] yield values of 63.38 eV
and 60.37 eV, for the positions of the surface components, being sep-
arated from the bulk-related lines (63.87 eV and 60.89 eV) by about
490 meV and 520 meV. These values are close to those by Varykhalov
et al. [127]. Comparing ARPES spectra measured by, e. g. , a helium
discharge lamp with photon energy of 21.21 eV on the laboratory ma-
chine with spectra obtained using synchrotron light shows that the
latter has several benefits. The main advantage lies in the tunable
photon energy, which expands the experimentally accessible range of
ARPES. Since the distances in reciprocal units scales with the inverse
of the square root of the kinetic energy of the measured photoelectrons
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Figure 6.7: XPS spectra of graphene/Ir(111) measured at the ARPES
station at BESSY II, with hν = 120 eV. (a) XPS survey spectra with
Epass = 20 eV. Apparent are the characteristic core level lines at Ir 5p and
Ir 4f from the Ir bulk and the related (plasmonic) energy loss lines, situated
at about 30 eV higher values compared to the respective core level. (b) Detail
spectra of the spin-doublet Ir 4f5/2,7/2 core level. (c) Lineshape analysis of
the corrected Ir 4f5/2,7/2 core level with subtracted Tougaard background.
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(equation (5.2)), large areas of the first Brillioun zone of the studied
system become accessible. For graphene/Ir(111) measured in the WAM
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Figure 6.8: Valence band structure of graphene/Ir(111) measured by
ARPES. Intensity maps acquired along the Γ − M − K − Γ direction of
the first Brillouin zone of graphene using a photon energy of hν = 65 eV. The
gray line shows a calculated band structure for a free-standing graphene layer
using DFT calculations [149].

mode, the entire band structure of the system is detectable in one
β-sweep. The main advantage in the spectroscopic measurement of
2D-k-space spectra is that arbitrary directions in kx/ky-direction can
be traced and evaluated, independently of the geometric orientation of
the sample. For the graphene/Ir(111) system, the valence band along
the high symmetric directions is especially interesting. Evaluation
of the 2D-k-space data shown in Fig. 6.9, yield the band structure
along specific directions, with the positions of the π band at symmetric
points collected in table 6.2.

The measured band structure along Γ − M − K − Γ is depicted in
Fig. 6.8, showing a survey of the graphene π-band dispersing from
7.8 eV at the Γ-point towards the K-point. Additionally, spectral fea-
tures of the underlying Ir substrate – surface states – are visible near
EF at the Γ-point. Further features are faint signals of the bottom of
the σ-band at 10.6 eV at the Γ-point. As shown in Fig. 6.8, back-folded
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Figure 6.9: 2D-k-space ARPES data from graphene/Ir(111) measured at
the BESSY ARPES station, using the UE56/2-PGM-1 undulator beamline.
(a) Constant energy map extracted at energies of 0.3 eV below the Fermi level.
(b) and (e) depict the valence band image at the K-point along kx (b) and ky

(e) directions in k-space, with main contributions from the π-band of graphene
and associated replica-bands. (d) EDC at the Γ-point, and at ky = −1.1 Å−1,
indicating a experimental resolution of about 100 meV. (f) MDC along the
Γ– K direction. The FWHM of the π-band yields an experimental k-space
resolution of about ∆ky = 0.035 Å−1.
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Table 6.2: Overview of characteristic positions of graphene’s π-band for high
symmetric points of the Brillouin zone, of graphene on different substrates.

G/Ir(111) G/Ni/W(110) G/H/SiC (QFMLG)

Γ 7.8 eV 10.1 eV 8.0 eV

M 2.6 eV 4.8 eV 2.7 eV

K −0.1 eV 2.8 eV −0.2 eV

bands of the π-band – replica bands – emerge, which are related to the
lattice mismatch of the graphene/Ir(111) interface and the associated
buckling of the graphene sheet as discussed in (Fig. 6.11). In order
to have a detailed view on the band structure around the K-point of
graphene, it is instructive to take high resolution spectra in a narrow
range around K. The analyzer is set to the angular resolved MAD
mode, which gives a good trade-off between transmission and thus
intensity of the obtained signal, and adequate k-space resolution. Fur-
ther, the acceptance angle is large enough to capture features of the
replica bands. The resolution of graphene/Ir(111) samples measured
at the BESSY-machine is evaluated in the same spirit as described
in section 6.1 for the laboratory ARPES-machine and summarized in
table 6.3. The values obtained for the energy resolution measured
with graphene/Ir(111) are still slightly larger than the reference values
for QFMLG samples. On the one hand, using the HAD mode for
graphene/Ir(111) does not cover the replica structures in one scan,
because of the limited angular acceptance of HAD and thus the MAD
detection mode is used, offering larger acceptance angles (see chap-
ter 4.1). Comparing the values obtained from graphene/Ir(111) to the
benchmark QFMLG, as shown in table 6.3, indicates that a reduction
in pass energy Epass below 20 eV yields slight improvements in the
overall energy resolution. This behavior indicates clearly that for
Epass = 10 eV, the improved energy resolution of the electron analyzer
is masked by the thermal broadening, being the dominating factor
in the overall spectral broadening. Regarding the k-space resolution,
significant improvements are observable when comparing the MAD
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Figure 6.10: 2D-k-space ARPES data from graphene/Ir(111) measured at
the BESSY ARPES station, using the UE56/2-PGM-1 undulator beamline.
(a) Constant energy maps extracted at energies of 0.3 eV below the Fermi
level. The arrangement of the replica cones is indicated by dashed lines
(green). (b) and (e) depict the valence band spectra at the K-point along
kx (b) and ky (e) directions in k-space, with main contributions from the
π-band of graphene and associated replica-bands. (d) EDC at the K-point,
and at ky = 0.17 Å−1, indicating a experimental resolution of about 50 meV,
and a minigap of 200 meV. (c) and (f) MDC, extracted at the K-point. The
according FWHM of the π-band indicates an experimental k-space resolution
of about ∆kx = 0.035 Å−1 and ∆ky = 0.028 Å−1.
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6.2 Measurements at the ARPES station at BESSY II

Table 6.3: Evaluation of energy and k-space resolution for ARPES, measured
at the BESSY-machine compared to the benchmark QFMLG measurements,
performed by Seyller et al. [147]. The slit refers here to the entrance slit of
the hemispherical analyser.

QFMLG β-scan G/Ir β-scan

entrance slit [mm] 0.1 0.1 0.1

detector mode HAD MAD WAM

Epass [eV] 10 20 70

Tsample [K] 110 110 110

∆E [meV] 45 50 100

3.5kBT [meV] 33 33 33

∆kx [Å−1] 0.031 0.035 0.044

∆ky [Å−1] 0.026 0.028 0.035

mode to the WAM mode, as shown in table 6.3. However, the choice of
the correct analyzer mode and pass energy is a trade-off depending on
the strength of the spectral features/sample survival time, the position
of the band structures relative to the Fermi edge and the analyzer
transmission. Therefore, it is instructive to obtain survey spectra
covering large areas of the Brillouin zone with medium energy and
k-space resolution. Measurements with highest resolution are reason-
able only for sharp spectral features such as the Dirac cone formed
by graphene’s π-band, in a small range of the Brillouin zone. At the
intersection of bands of the same symmetry character – as for replica
bands with the main π-band – avoided crossings lead to the formation
of so-called minigaps. A minigap splitting of 200 meV can be extracted
from the spectra in Fig. 6.10(c) and (d). This is an improvement
over the measurements by Pletikosić et al. [43], who state a width of
the minigap in the range of 0.1 − 0.2 eV, depending on the position
in k-space where the EDC is evaluated. The minigaps arise from an
interaction of the bands in the primary cone with those occurring due
to the lattice mismatch because of the additional reciprocal lattice
vectors.
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Figure 6.11: (a) Brillouin zone of graphene (black) and Ir(111) (blue)
with the corresponding reciprocal lattice vectors

#»

b 1;
#»

b 2 and #»c 1; #»c 2, taken
from Pletikosić et al. [43]. The difference in the reciprocal lattice vectors
– #»c moiré

1 ; #»c moiré
2 – forms the so-called mini-Brillouin zone (mini-BZ). (b)

Sketch of the area around the K point. Indicated is the position of the main
Dirac cone at the K point (red) and additional replica cones (green) positioned
at the borders of the mini-BZ (gray) and the dark corridor (orange). ARPES
data are taken along high-symmetric directions along and perpendicular to
ΓK (blue).

The structural formation of the moiré-lattice has effects on the
electronic structure of graphene/Ir(111) as well. The lattice vectors of
graphene and Ir (

#»

b 1,
#»

b 2 and #»c 1, #»c 2) are depicted in reciprocal space
in Fig. 6.11 (a), showing the Brillouin zones of graphene in relation to
that of Ir(111). The difference in the reciprocal lattice vectors gives
rise to a moiré lattice vector – #»c moiré

1 , #»c moiré
2 – forming the so-called

mini-Brillouin zone. Pletikosić et al. [43], find that graphene/Ir(111)
exhibits a linear dispersing π band, forming a Dirac cone at the K point,
comparable to pristine graphene. The term “pristine graphene” is in
this context also used as “free standing graphene” by the community,
which considers an isolated graphene layer with the physical properties
described in chapter 2.1.
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6.2 Measurements at the ARPES station at BESSY II

However, the π band in graphene/Ir(111) shows minor deviations
from pristine graphene, as the Dirac point is located at 0.10 ± 0.02 eV
slightly above EF [43]. Since the unoccupied states are not accessible
by photoemission spectroscopy, the authors extrapolated the location
of the Dirac cone, making the system p-doped by 0.1 eV. The authors
suggest a possible band gap opening at the K point, which is estimated
by Rusponi et al. [45] with about 70 meV. Interestingly, six additional

E
F

E
B

k
x

main Dirac cone

replica cones
π-band

K

minigaps

Figure 6.12: Artistic view of the band structure with the graphene Dirac
cone formed by the π band (red) in the proximity of the K-point, and
surrounding replica cones (blue), inspired by Pletikosić et al. [43]. Indicated
is the plane along the high symmetry direction Γ − K − M (gray). At the
intersection of the main Dirac cone with the replica cones the opening of
“minigaps” is observed.

Dirac cones emerge in the band structure, observed near the zone border
around the K point. These cones can be understood as replicas of the
main Dirac cone at K, called “replica cones” [43, 45, 91]. It is suggested
that the existence of a periodic potential, induced by the moiré lattice,
is responsible for the replicas [43]. Furthermore, the π band near EF

forming the Dirac cone exhibits a horseshoe-shaped suppression in
intensity along the direction ΓK, shown schematically in Fig. 6.11 (b).
This effect is denoted by Gierz et al. [145] as “dark corridor” and can be
understood as interference effects of the photoelectrons emitted from
the two sublattices A, B of the graphene unit cell [145, 150–154]. For
graphene/SiC(0001) this effect was observed several times by ARPES
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6 Experimental investigations of graphene/Ir(111)

measurements [145, 154–156]. However, studies by Gierz et al. [145]
have shown that ARPES measurements using a certain rotation of the
polarization vector of the incoming photons, unveil the dark corridor,
making the full Dirac cone at the Fermi energy accessible. Another
interesting point is that ARPES measurements on graphene/Ir(111)
by Starodub et al. [91] suggested a different direction of the horseshoe
like replica cones in respect to the main Dirac cone (Fig. 6.11 (b) –
ARPES data in chapter 6). This is contrary to earlier observations of
the Dirac cone and the replicas in graphene/SiC(0001) by Bostwick
et al. [155]. The authors could show that the six replica cones have
the same relative orientation towards the Γ point as the main Dirac
cone [155]. These differences can be understood, as Bostwick et al.
[157] pointed out, that in the case of graphene/SiC(0001) the replicas,
showing towards the same direction as the main Dirac cone, emerge
as final state diffraction effect in the photoemission process itself.
On the other hand, Starodub et al. [91] found that the replicas in
graphene/Ir(111) pointing towards different directions than the main
cone. The authors suggests that a quantum-mechanical phase term
in the initial state process of photoemission is responsible for the
observed effect. Another feature in the band structure are so-called
“minigaps” [43, 45, 91], emerging at the crossing points of the main
Dirac cone with the replica cones. Taken together, these findings
are depicted schematically in Fig. 6.12 showing a sketch of the band
structure with the main Dirac cone formed by the graphene π band
and the associated replica cones. The linear dispersing π band shows
the opening of minigaps – indicated as suppression in intensity – at
the intersection with the replica cones. These findings are further
discussed in the experimental part of the thesis (chapter 6).
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6.3 Rotational domains

6.3 Rotational domains

We generally refer to graphene/Ir(111) as the case where the graphene
sheet lies in the same in-plane direction as the underlying Ir(111)
substrate. This is not always the case; there are several possible
configurations of growth directions for graphene on an Ir(111) substrate.

(c) E = 70 eV (d) E = 75 eV

R0/R30 - mixed phase - graphene/Ir(111) twisted - graphene/Ir(111)

R30 

(b)

R0 - pure phase - graphene/Ir(111)

E = 75 eV

Ir 

C

R40 

R20 

R30 

(a) E = 65 eV

clean Ir(111) substrate

Ir 

Figure 6.13: LEED images of the clean Ir(111) substrate and different
crystallographic phases of graphene/Ir(111). (a) clean Ir(111), (b) “phase
pure” R0◦-graphene/Ir(111), (c) “mixed phase” R30◦/R0◦-graphene/Ir(111)
and (d) “twisted phase” graphene/Ir(111).
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6 Experimental investigations of graphene/Ir(111)

Firstly, graphene can grow during the CVD process with the main
azimuth in-line with the underlying substrate as described above (R0◦-
graphene/Ir(111)). Additional variants of graphene grown on Ir(111)
have been reported by Longinova et al. [158] and Hattab et al. [159]
– such as R30◦, R18.5◦ and R14◦ – and additionally R22◦ and R26◦

found by Starodub et al. [91].
Graphene grown under conditions as described in chapter 4.7 has

the R0◦-graphene/Ir(111) variant. However, an insufficient number
of cleaning cycles and growth steps of graphene/Ir(111) as described
by van Gastel et al. [160], or growth temperatures below 1500 K as
shown by Hattab et al. [159] can give rise to the formation of rotated
graphene domains; these are usually undesirable, especially if the
graphene/Ir(111) surface is chemically modified e. g. , by intercalation
of transition metals as described in chapter 4.9. Since the structural
variations by rotational domains can be pinpointed by LEED and
ARPES, it is instructive to have a closer look on the way in which
rotational domains affect the band structure of graphene. LEED
images shown in Fig. 6.13 describe the different crystallographic phases
that were observed for various samples in this thesis. Starting from
a clean Ir(111) substrate in (a), in the case of “phase pure” R0◦-
graphene/Ir(111), [Fig. 6.13 (b)] the graphene sheet lies in-line with
the underlying substrate along the main azimuth. Additionally, “mixed
phase” R30◦/R0◦-graphene/Ir(111) in Fig. 6.13 (c) is observed in
accordance with [158, 159].

Furthermore, a phase with several rotated domains is observed –
the “twisted phase” graphene/Ir(111) in Fig. 6.13 (d). The band
structure of “phase pure” R0◦-graphene/Ir(111) was already described
in chapter 6.1 and 6.2. The “mixed phase” R30◦/R0◦-graphene/Ir(111)
variant is discussed by Starodub et al. [91], who showed that the
R30◦-phase has a slightly lower interaction with the underlying Ir
substrate. By doping the sample with potassium, the authors show
that no gap-opening between the π- and π⋆-band at the K-point is
observed. Hence, no replica bands and associated minigaps appear
in the band structure of the R30◦-phase. Additionally, by employing
spatially resolved Raman spectroscopy, the authors claim that the
characteristic G and G′ peaks, which represent the graphene-related
vibrational modes, are only observed for the R30◦-phase, while the G
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6.3 Rotational domains

and G′ modes are absent for the R0◦-phase. Finally, Starodub et al.
[91] conclude that the R30◦-graphene phase is less strongly bonded to
the Ir(111) substrate than the R0◦-graphene phase.
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Figure 6.14: 2D-k-space ARPES data from “twisted”-graphene/Ir(111) mea-
sured at the BESSY ARPES station. (a) Constant energy maps extracted
at energies of 0.3 eV below the Fermi level, indicating rotationally twisted
Dirac cones by about 2◦. (b) and (e) depict the valence band spectra at the
K-point along kx (b) and ky (e) direction in k-space, with main contributions
from the π-band of graphene and associated replica bands. (d) EDC taken at
the K-point. (c) and (f) MDC extracted at the K-point, indicating twisted
π bands separated by about 0.035 Å−1. The right side shows an estimated
rotational twisting of ≈ 1.2◦ by simple trigonometric functions.
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Finally, samples with several rotational domains beyond the R30◦-
and R0◦-phases are observed and characterized by LEED – Fig. 6.13
(d) and ARPES. Using an ARPES survey scan I could identify for every
K-point of the R0◦-phase a slightly rotated variant which lies beneath
the π band forming the Dirac cone. The angle between both Dirac
cones is about 2◦. This is reflected in the LEED images of Fig. 6.13
(d). For the main LEED spots related to (1 × 1) graphene, it is, most
likely due to the high intensities of the main spots, not possible to
resolve a second component. However, for the rotated phases, e. g. ,
R30◦ in (d) a rotational twisting of about 2.5◦ can be identified. To
further analyze this behavior in detail, high-resolution ARPES spectra
of the sample were measured in a small area around the K-point shown
in Fig. 6.14 (a). The high resolution ARPES spectra yield a separation
of the two “twisted” Dirac cones of about 0.035 Å−1, which is near
the value of the determined k-space resolution of 0.037 Å−1 (ch. 6.2).
Since the two Dirac cones are still distinguishable an even better k-
space resolution is suggested. However, the contributions from two
π-bands can still be well separated. In order to verify the rotational
twisting of the two Dirac cones, observed by LEED in Fig. 6.13(d),
simple trigonometric functions are used. As shown on the right side
of Fig. 6.14, the estimated twisting of the Dirac cones amounts to
≈ 1.2◦, which agrees with the estimated 2◦ by LEED. Recent work
of Marchenko et al. [161] show similar observations, with a rotational
separation of 2.8◦ obtained from ARPES measurements.

6.4 Line shape analysis on graphene/Ir(111)

Employing a line-shape analysis one can extract information form the
measured spectra function by ARPES. Using an automated fitting
routine with one or two Lorentzian peaks and an additional linear back-
ground along the energy axis and k-axis, one can obtain informations
about the peak position, FWHM and amplitude. From the following
formula the group velocity can be deduced, which corresponds to the
Fermi-velocity at the Fermi-energy.

vg =
∂ω

∂k
=

1
~

· ∂E

∂k
(6.2)
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6.4 Line shape analysis on graphene/Ir(111)

For graphene/Ir(111) measured at the BESSY, employing a photon
energy of hν = 65 eV, one obtains v = 1.050(4) × 106 m s−1 evalu-
ating the slope at energies of 2.3 eV. For energies of the π band
near the Fermi-energy there is a distinct reduction in dispersion
leading to v = 0.900(3) × 106 m s−1 (at 0.8 eV ). This observation
is in agreement with recent studies by Kralj et al. [28], who re-
port velocities of 1.07 × 106 m s−1 and 0.95 × 106 m s−1 for the cor-
responding energy positions. For the direction perpendicular ΓK
reduced velocities of v = 0.840(10) × 106 m s−1 at energies of 1.3 eV
and v = 0.700(11) × 106 m s−1 at energies of 0.6 eV are observed for
measurements at the BESSY machine (Fig. 11.1). In the following I
evaluated datasets taken from graphene/Ir(111) using the two different
measurement procedures β-flip and ϕ-rotation. These datasets are
shown in chapter 11 (appendix). The derived velocities using the MDC
line shape analysis along ΓK are about the same for the laboratory
station and the BESSY machine. At 0.8 eV the same velocities of
0.88(1) × 106 m s−1 are observed along ΓK (Fig. 11.2). For the per-
pendicular direction velocities of v = 0.70(3) × 106 m s−1 are found at
0.6 eV. These measurements gave the final confirmation that the new
laboratory experiment is successfully commissioned.
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Figure 6.15: The line-shape analysis along Γ−K direction. (a) ARPES data
from pristine R0-graphene/Ir(111) measured at the BESSY ARPES-station,
using hν = 65 eV photon energy and employing the β-flip. The analyser is
set to MAD lens mode. (b) EDC spectra at 0.06 Å−1. (c) MDC spectra at
0.2 eV (d) Evaluation of the group velocity from the slope of the fitted peak
positions. Further, the FWHM and the amplitude of the single Voigt profile,
used in the line shape analysis is shown.
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Chapter 7
Modification of graphene/Ir(111)
by copper intercalation

As mentioned in the introduction, understanding the nature of the
interaction at the graphene/metal interfaces is the basis for graphene-
based electron- and spin-transport devices. The discovery of the
unique transport properties of graphene [7, 8] has stimulated the
search for practical applications of this material in devices based on the
transport of electrical charge or/and spin. In most of these as yet elusive
devices, the graphene-metal interfaces will be utilized as a contact
for charge or spin injection or filtering. Hence the crystallographic
and electronic properties of such interface determine the charge/spin
injection efficiency of the corresponding contact, which is one of the
main motivations for studies of the graphene-metal interface [24, 114,
162]. In this chapter we investigate the hybridization between graphene-
and metal-derived electronic states by studying the changes induced
through intercalation of a pseudomorphic monolayer of Cu in between
graphene and Ir(111). Copper, which has an electronic configuration of
– Cu [Ar] 3d10(4s)1 – is a closed d-shell metal and exhibits sharp d bands
in photoemission such that the dispersion can be followed in great
detail; in fact, the method of “band mapping” using photoemission
was elaborated in many studies of this material in the 1980’s and
onwards [163, 164]. The idea here is that the sharp d bands and their
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7 Modification of graphene/Ir(111) by copper intercalation

interaction with the π band of graphene may give insight into the open
question regarding the interaction mechanism and strength between
various metals and graphene, and may be of general importance beyond
the specific system. We use scanning tunneling microscopy to gain
structural information about graphene/Cu/Ir(111), and photoelectron
spectroscopy in combination with density functional theory calculations
to establish the interaction mechanism. We observe the modifications
in the band structure by the intercalation process and its concomitant
changes in the charge distribution at the interface. A state-selective
analysis of band hybridization using DFT, ia able to determine their
contributions to the valence band of graphene giving rise to a gap
opening. This reveals the mechanisms that are responsible for the
modification of the electronic structure of graphene at the Dirac point,
and permits to predict the electronic structure of other graphene-metal
interfaces.

From a more fundamental point of view, the study of the bonding
mechanism at the graphene-metal interface is a very interesting prob-
lem in itself, and up to now such systems are far from the being fully
understood [117]. Several factors influence the electronic properties
of the graphene-metal interface: charge transfer from/onto graphene-
derived π states, hybridization of the electronic valence band states of
graphene and the metal, and the lattice match between the graphene
and metal surface. These factors determine the behavior of the π states
in the vicinity of the Fermi level, EF , (as e. g. a deviation from the
linear behavior characteristic for free-standing graphene) as well as the
appearance of an energy gap in the spectrum of the graphene-derived
electronic states at the so-called Dirac point, ED. Regarding the elec-
tronic structure, two scenarios may be distinguished [117]: those in
which the characteristic linear dispersion near ED is largely preserved,
such as on Ir(111) [ch. 6], Pt(111), and Cu(111), and those where a
massive rearrangement of bands occurs, such as Ni(111) and Co(0001)
[ch. 8], for example. Intercalation of metals in between graphene and
substrates offers an interesting scientific playground to investigate the
metal-graphene interaction. Graphene may become decoupled from
strongly interacting substrates, such as in the case of Au or Al intercala-
tion in between graphene and nickel [41, 50, 51, 165]. Such intercalated
layers may also change the carrier concentration in graphene, and even
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change the carrier type (from electrons to holes) such as in the case
of Au intercalation in graphene/SiC(0001) [156]. Intercalated metals
may also enhance the magnetic coupling between a ferromagnetic
substrate and graphene (ch. 8), with a view to utilizing graphene as a
spin filter [166, 167]. Moreover, the passivating, protecting function
of graphene may also be used in such systems [111, 112]. The inter-
calated layer in itself may bring new properties to graphene, such as
in the case of lithium where superconductivity has been predicted to
occur [168]. The different factors that determine the bonding between
graphene and a metal can be analyzed by studying graphene-based
intercalation systems. Hence pseudomorphic layers of Co and Ni were
intercalated on graphene/Ir(111) [ch. 8] and are compared to recent
studies [169–171].

On top of Pt(111) or Ir(111), graphene has properties almost like
the free-standing phase, as judged by its electronic structure derived
from photoemission and scanning tunneling spectroscopy [43, 172].
Intercalation of 1 ML of Co or Ni leads to a strong buckling of the
graphene layer similar to the one formed on Ru(0001) [173], and a large
energy gap between π and π∗ states around the K-point occurs, due to
the broken symmetry for the two carbon sublattices in the graphene
unit cell, induced by the strong hybridization of the graphene π and
Co, Ni 3d valence band states; in both cases the linear dispersion of the
graphene-derived states in the vicinity of EF is not conserved [169–171].
A very different situation is found for intercalation of noble metals
(Cu, Ag, Au) and the formation of single close-packed pseudomorphic
layers. Here, due to the absence of d states in the close vicinity of
EF and the change of the doping of graphene upon intercalation, the
influence of π − d hybridization effects on the electronic structure of
graphene is much weaker [50, 51, 174, 175], and the linear dispersion
of the graphene-derived π states survives. The intercalation of single
layers of noble metals is a suitable model system to investigate the
interaction between graphene and metals, since it permits to follow
the competition between the different (substrate and intercalated
layer) electronic states. Apart from the interest in intercalated Cu
in graphene/Ir(111) mentioned above, this system is also interesting
since it permits the creation of a single layer of Cu under considerable
tensile strain, because of the lattice mismatch of 6.2 % between the
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7 Modification of graphene/Ir(111) by copper intercalation

two metals. If deposited on top of an Ir (111) surface, this strain
leads to de-wetting and the creation of 3D islands/clusters even at
low coverages, or to dendritic growth of layers as in the case of Au
on Ir(111) [176] or incomplete growth of Cu on Pt(111) [177]. The
studies in this chapter have been published in

• H. Vita, S. Böttcher, K. Horn, E. N. Voloshina, R. Ovcharenko,
Th. Kampen, A. Thissen and Yu. S. Dedkov (2014).
“Understanding the origin of band gap formation in graphene on
metals: graphene on Cu/Ir(111).”
Scientific Reports 4, Article number: 5704.

with myself as the principal investigator, and the assistance of Ste-
fan Böttcher under the supervision of Karsten Horn. Yuriy Dedkov
contributed the STM measurements and a part of the ARPES mea-
surements using He-II radiation. The theoretical calculations were
performed by Roman Ovcharenko and Elena Voloshina from the Quan-
tum Chemistry group at the Humboldt-Universität zu Berlin.

7.1 Preparation and spectroscopic methods

Preparation of graphene/Ir(111) and graphene/Cu/Ir(111)

The graphene/Ir(111) system was prepared in a ultra high vacuum
system for ARPES experiments, as described in chapter 4.7, according
to the recipe given in detail in Refs. [108–110], via cracking of propy-
lene: T = 1300 ◦C; p = 5 × 10−7 mbar; t = 30 min. This procedure
leads to the single-domain graphene layer on Ir(111) of very high
quality as shown in chapter 6. Intercalation of the 1 ML-thick Cu layer
and formation of the graphene/Cu/Ir(111) intercalation-like system
was achieved via annealing of the graphene/Ir(111) sample with a thin
pre-deposited copper layer on top. The process of intercalation was
monitored by measuring of the “real-time” C 1s and Ir 4f spectra of
the system, and formation of the graphene/Cu/Ir(111) system was
detected at 550 ◦C. The quality and cleanness of the system in ARPES
experiment was verified by LEED and XPS/ARPES, respectively. The
base vacuum was better than 7 × 10−11 mbar during all experiments.
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7.2 Results and electronic structure calculations

All STM measurements were performed at room temperature in con-
stant current (CC) mode, where the topography of the sample, z(x, y),
is studied with the corresponding signal, tunneling current (IT ), used
as an input for a feedback loop. The STM images were collected
with an SPM Aarhus-150 equipped with the KolibriSensorTM from
SPECS [110, 178] with a Nanonis Control system. A sharp W-tip
was used which was cleaned in situ via Ar+-sputtering. In the STM
images the tunneling bias voltage, UT , is referenced to the sample and
the tunneling current, IT , is collected by the tip, which is virtually
grounded. In the DFT calculations, the crystallographic model of
graphene/Ir(111) and graphene/Cu/Ir(111) presented in Fig. 7.1 is
used within the projector augmented plane wave method [179] and a
plane wave basis set with a maximum kinetic energy of 400 eV and
the PBE exchange-correlation potential [180], as implemented in the
VASP program [181]. The long-range van der Waals interactions
were accounted for by means of the DFT-D2 approach proposed by
Grimme [182]. The studied system is modelled using a supercell which
has a (9 × 9) lateral periodicity and contains one layer of (10 × 10)
graphene on a five-layer slab of metal atoms. Metallic slab replicas
are separated by ca. 20 Å in the surface normal direction. To avoid
interactions between periodic images of the slab, a dipole correction is
applied [183]. The surface Brillouin zone is sampled with a 7 × 7 × 1
k-point mesh centered at the Γ-point.

7.2 Results and electronic structure calculations

STM images of graphene layers on Ir(111) demonstrate the long range
ordering of the moiré structure over several hundreds nm, as shown in
Fig. 7.1(a), which is an extract of the originally acquired 300×300 nm2

STM data set. The lower inset shows an atomically resolved STM
image of the moiré unit cell of graphene/Ir(111), which demonstrates
the periodicity of 10 graphene unit cells over 9 unit cells of Ir(111), con-
sistent with the corresponding low energy electron diffraction (LEED)
pattern shown in the upper inset of Fig. 7.1(a) [108, 118, 184]. At the
bias voltages used in the experiment (UT = +0.3 V and UT = +0.5 V),
graphene/Ir(111) is imaged in the so-called inverted contrast [108, 110],
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7 Modification of graphene/Ir(111) by copper intercalation

Figure 7.1: STM images of graphene on Ir(111) and pseudomorphic
Cu/Ir(111). (a) 3D view of the STM image of graphene/Ir(111) (scan-
ning parameters: 120 × 56 nm2, UT = +0.3 V, IT = 1.6 nA. Upper and
lower insets show the LEED image (Ep = 93 eV) and atomically resolved
STM image (scanning parameters: 4.5 × 4.5 nm2, UT = +0.5 V, IT = 10 nA
) of this system. (b) 3D view of the STM image of graphene/Cu/Ir(111)
(scanning parameters: 175 × 82 nm2, UT = +0.3 V, IT = 1.6 nA. Upper
and lower insets show the LEED image (Ep = 90 eV) and an STM image
of two graphene domains (scanning parameters: 60 × 24 nm2, UT = +0.3 V,
IT = 1.6 nA ). (c) and (d) present atomically resolved images of the
graphene/Cu/Ir(111) system obtained at UT = +0.3 V and UT = −0.3 V (top)
/ −0.9 V (bottom), respectively (scanning parameters: (c) 13.5 × 13.5 nm2,
(d) 10.1 × 10.1 nm2, IT = 1.6 nA for both images). (e) Top and side views of
the graphene/metal(111) structure. In case of Ir(111) all layers consist of the
same atoms, whereas for the Cu/Ir(111) pseudomorphic system the metal
(S) is the copper layer. In the top view, the circle, triangle, rhombus, and
rectangular denote the ATOP, HCP, FCC, and BRIDGE positions for the
carbon atoms, respectively. The big white rhombus marks the unit cell of
the graphene/metal(111) system.
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7.2 Results and electronic structure calculations

where the crystallographic highest ATOP positions are imaged as dark
areas and the lowest HCP and FCC places are imaged as bright
ones, demonstrating the strong influence of the electronic structure on
STM contrast (for the definitions of the high-symmetry positions of
the graphene/metal moiré structure see Fig. 7.2). Intercalation of a

ATOP HCP

FCC BRIDGE

(a) (c)

(b) (d)

Figure 7.2: Definitions of the high-symmetry positions of the
graphene/metal(111) moiré structures as discussed in ch. 4.8: The
capital-letters labels are used for the definition of the high-symmetry
places in the graphene/metal(111) moiré structure where carbon atoms
surround the corresponding adsorption places of the metal(111) surface: (a)
ATOP-position – carbon atoms are placed in the hcp and fcc hollow positions
of the metal(111) stack above (S-1) and (S-2) metal-layers, respectively; (b)
FCC-position – carbon atoms are placed in the top and hcp hollow positions
of the metal(111) stack above (S) and (S-1) metal-layers, respectively; (c)
HCP-position – carbon atoms are placed in the top and fcc hollow positions
of the metal(111) stack above (S) and (S-2) metal-layers, respectively; and
(d) BRIDGE-position – carbon atoms are bridged by the metal atom in the
(S) layer.

1 ML-thick Cu layer underneath graphene was performed via stepwise
annealing of a deposited layer of Cu (with a nominal thickness of
1.5 ML) on graphene/Ir(111). During this procedure, the intensity
of the “real-time” C 1s and Ir 4f photoelectron spectra was taken as
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7 Modification of graphene/Ir(111) by copper intercalation

the intercalation proceeded as a function of annealing temperature
[see Fig. 7.3 (b)]. This method permits to follow the formation of
an intercalated Cu layer underneath graphene/Ir(111). The absence
of any additional low binding energy (BE) components in the C 1s
spectra after intercalation indicates that the Cu layer is completely
intercalated. The effective intercalation of a thin Cu layer, and

Table 7.1: Overview of the main C 1s peak position for Cu deposited
at sample temperatures of T = 100 K on top and the intercalated
graphene/Cu/Ir(111) phase, compared to pristine graphene/Ir(111).

G/Ir(111) Cu/G/Ir(111) G/Cu/Ir(111)

– pristine – – on top – – intercalated –

C 1s 284.17 eV 284.17 eV 284.69 eV

the formation of graphene/Cu/Ir(111) occurs at 550 ◦C, as identified
via strong modifications of the C 1s and Ir 4f emission lines [Fig. 7.3
(a) and (b)]. Intercalation leads to a shift of the C 1s peak from
284.170(2) eV towards higher binding energy. The spectra are fitted
with two components at 284.70(7) eV and 285.00(6) eV [Fig. 7.3 (c)]. A
value of 3σ is taken for the error bar resulting in a negligible deviation
from the peak positions. The integral intensity of the C 1s line is
restored to the value equivalent to the one for graphene/Ir(111). The
C 1s peak shows an additional component at higher binding energy.
The components are denoted as (h) “hills” (top place) and (v)“valleys”
(bottom place) of graphene/Cu/Ir(111), which means the “weakly”
and “strongly” interacting places of the structure. In case of the Ir 4f
spectra, the energy splitting between bulk (b) and interface (i) compo-
nents is reduced from about 540 meV towards 460 meV. The intensity
of the interface component is strongly suppressed compared to that of
graphene/Ir(111) [Fig. 7.3 (d)].

Although the STM data from graphene with an intercalated Cu
layer [Fig. 7.1 (b) – (d)] may appear similar at first glance to those
from graphene/Ir(111), there are clear differences in detail which
reveal the effect of intercalation. The large scale STM image shown
in (b) demonstrates the formation of a moiré structure on top of
Cu/Ir(111) which has the same periodicity of (10 × 10) graphene /
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7.2 Results and electronic structure calculations
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Figure 7.3: (a) and (b) show a series of the C 1s and Ir 4f photoelectron spec-
tra collected in “real-time” during annealing of the thin pre-deposited Cu layer
on graphene/Ir(111) indicating the formation of the graphene/Cu/Ir(111)
system. Annealing temperature is specified; intercalation appears at 550 ◦C.
(c) and (d) show a fit of the C 1s and Ir 4f photoemission lines acquired
before and after intercalation of Cu in graphene/Ir(111). Photon energy is
hν = 400 eV. b and i label the bulk and interface component of Ir 4f ; h and
v the “hills” and “valleys” component of C 1s respectively.

(9 × 9) Cu/Ir(111). Hence we conclude that a pseudomorphic Cu layer
on Ir(111) is formed after intercalation. However, contrary to the
results for graphene on Ir(111), a variation of the tunneling voltage
during STM imaging of graphene/Cu/Ir(111) does not lead to an
inversion of the imaging contrast – graphene is here always imaged in
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7 Modification of graphene/Ir(111) by copper intercalation

“direct” contrast [Fig. 7.1(c) and (d)]. These results differ significantly
from the “inverted” contrast for pristine graphene/Ir(111) [110, 185],
where topographically higher places are imaged as dark areas, hence
as valleys in the STM experiments. The origin of this behavior was
explained recently by Dedkov et al. [116], who assign this effect to
the so-called interface states of graphene/Ir(111) formed as a result
of the overlap of graphene 2pz and Ir 5dz2 orbitals. This indicated
that for graphene/Cu/Ir(111) the formation of these interface states is
disturbed. The two atomically-resolved STM images were acquired at
(c) UT = +0.3 V and (d) UT = −0.3 V (upper part) and UT = −0.9 V
(lower part). In Fig. 7.1(d) the tunneling voltage was changed during
scanning “on-the-fly”, showing the absence of any change of the contrast
in the moiré cell on an atomic scale. Figure 7.1(e) shows the structure
of the graphene/Cu/Ir(111) system as derived from DFT calculations.
The (10 × 10) unit cell graphene lattice on the (9 × 9) five layer
Ir(111) oriented slab were allowed to relax; the resulting in-plane
lattice constants of graphene are close to those of the free-standing
species. For the structural evaluation of the intercalated system, the
topmost metal layer (S) in Fig. 7.1(e) was replaced by Cu. The Cu
atoms were found to take up the positions of the Ir atoms, and the
distance between the topmost metal layer and graphene in the ATOP
position was found to be 3.581 Å for graphene on Ir and 3.122 Å for the
intercalated Cu layer, a considerable reduction, signaling an enhanced
interaction of carbon with the Cu atoms. Other structural parameters
are given in Table 7.2. The conservation of long range periodicity of
the system after intercalation of Cu is also shown by the LEED images
of the graphene/Cu/Ir(111) system [upper inset of Fig. 7.1(b)].

The spot pattern is indicative of the moiré structure, similar to
the one observed for graphene on Ir(111). The fact that the pattern
symmetry is reduced from sixfold to threefold cannot by itself be
taken as evidence for a lowering of local symmetry: first, the reduction
occurs mainly on the Ir-related spots, which because of the 3D face-
centered cubic character of the substrate by necessity exhibit threefold
symmetry. The sixfold symmetry in the LEED pattern in the inset
of Fig. 7.1(b) is probably due to the fact that the intensities of the
diffracted beams of the two sets of threefold symmetric spots at that
particular electron energy are accidentally equal. This may well occur
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7.2 Results and electronic structure calculations

Table 7.2: Distances (in Å) between graphene and the underlying metal
layer, Ir or Cu, for high-symmetry positions in graphene/Ir(111) and
graphene/Cu/Ir(111) systems, respectively. See Fig. 7.2 for the explana-
tion of the corresponding notations of the high-symmetry positions of the
graphene/metal moiré structures.

Position/System G/Ir(111) G/Cu/Ir(111)
ATOP 3.581 3.122
FCC 3.280 2.893
HCP 3.274 3.006

BRIDGE 3.315 3.002

because the peaks in the I/V curves may undergo considerable changes
in energy due to the fact that the intercalated Cu layer has a slightly
different vertical distance from the topmost Ir layer than an extra Ir
layer would have.

This modification is revealed in detail using ARPES and a com-
parison of the results with our DFT calculations. Such data demon-
strate deviations from the band structure expected for free-standing
or electronically decoupled graphene, and because of the sharp and
well-separated Cu 3d band spectral features, permit to identify details
of band hybridization. Consider the photoemission intensity maps of
graphene/Ir(111) and graphene/Cu/Ir(111) in the vicinity of EF in
Fig. 7.4. For graphene/Ir(111) [Fig. 7.4(a)] a clear linear dispersion of
the graphene π states is observed around EF with energy gaps at higher
binding energies, due to avoided crossings among the main π band
and the replica bands which appear due to the additional periodicity
of the moiré lattice [43], as described in chapter 6. By extrapola-
tion we extract a position of the Dirac point at about 100 ± 20 meV
above EF , corresponding to a slight p-doping of the graphene layer,
in agreement with earlier ARPES data [28, 43]. Intercalation of the
Cu layer underneath graphene leads to a significant modification of
the valence band states of the graphene layer [Fig. 7.4(b)]. A collec-
tion of the characteristic π band positions for graphene/Cu/Ir(111)
is given in Table 7.3. In the following I compare the latter sample to
pristine graphene/Ir(111), the graphene/Mn/Ir(111) – (2 × 2) phase
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Figure 7.4: Electronic structure of graphene/Ir(111) and
graphene/Cu/Ir(111) measured by ARPES. (a) and (b) ARPES in-
tensity maps for the graphene layer on Ir(111) and Cu/Ir(111), respectively,
acquired along the Γ-K direction of the BZ of graphene with a photon
energy hν = 65 eV. The inset in (a) shows a graphene-derived BZ with the
corresponding directions. (c) ARPES intensity maps acquired along the
Γ − K direction of the BZ of graphene (left) and perpendicular to the Γ − K
direction (right), using a photon energy of hv = 40.81 eV. (d) EDC spectrum
extracted at the K-point, revealing a gap opening in the π band at the
K-point. (e) Overview of the 2-D-k-space dataset of graphene/Cu/Ir(111)
measured by ARPES. Depicted is a selection of constant energy surfaces at
400 meV separation in binding energy [blue-red] and ARPES spectra along
and perpendicular Γ − K [grey]. The shape of the π band is highlighted [blue
line].
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7.2 Results and electronic structure calculations

Table 7.3: Overview of characteristic positions of graphene’s π-band for
graphene/Cu/Ir(111), at high symmetric points of the Brillouin zone, com-
pared to pristine graphene/Ir(111), the graphene/Mn/Ir(111) – (2 × 2) phase
(ch. 10.2) and the strongly interacting graphene/Ni/W(110) case (ch. 8.1).

G/Ir(111) G/Cu/Ir(111) G/Mn/Ir(111) G/Ni/W(110)
– (2 × 2) phase –

Γ 7.8 eV 8.2 eV 9.7 eV 9.9 eV
∆ΓM = 5.2 eV ∆ΓM = 4.5 eV ∆ΓM = 5.8 eV ∆ΓM = 5.4 eV

M 2.6 eV 3.7 eV 3.9 eV 4.5 eV
∆MK = 2.7 eV ∆MK = 3.0 eV ∆MK = 2.5 eV ∆MK = 1.9 eV

K −0.1 eV 0.7 eV 1.4 eV 2.6 eV

(ch. 10.2), and the strongly interacting graphene/Ni/ W(110) case
(ch. 8.1), which are discussed in separate chapters. The difference in
the π band positions between the M- and K-point (∆MK = 3.0 eV) is
increased compared to ∆MK = 2.7 eV for the pristine sample. This
is unusual compared to other metal intercalates such as Mn, where
a reduced value of ∆MK = 2.5 eV is observed in the (2 × 2) phase
(ch. 10.2). This reduction can get as large as for the intercalation
of Ni thin films, yielding values of ∆MK = 1.9 eV, as observed for
graphene/Ni/W(111). The difference between the Γ- and K-point is
affected by the n-type doping as reported for graphene/Cu/Ir(111)
and the graphene/Mn/Ir - (2 × 2) phase. However, the values are
reduced towards ∆ΓM = 4.5 eV observed for graphene/Cu/Ir(111), as
compared to ∆ΓM = 5.2 eV for pristine graphene/Ir(111). This is the
reverse behavior as seen for the graphene/Mn/Ir - (2 × 2) phase and
the strongly interacting case graphene/Ni/W(110), which both show
increased ∆ΓM values. Graphene on Cu/Ir(111) is n-doped with a
position of the Dirac point at 0.688(10) eV below EF . Although the π
band still has a linear dispersion near EF , a clear hybridization between
the graphene π and Cu 3d valence band states in the 2 − 4 eV binding
energy region is obvious. This manifests itself as a series of avoided
crossing gaps between graphene- and Cu-d-derived valence band states
[see also Figure 7.8] which is discussed in detail in conjunction with
the DFT calculations in section 7.3.

123



7 Modification of graphene/Ir(111) by copper intercalation

In the spectral function of the graphene π band, an energy gap
of 0.36(1) eV appears at the Dirac point. This energy gap is more
clearly resolved in photoemission data sets obtained at a photon energy
hν = 40.81 eV presented in Fig. 7.4(c),(d), where ARPES intensity
maps around the K point are shown in (c) for the Γ − K (left panel)
and perpendicular to Γ − K (right panel) directions as well as (d)
corresponding energy cuts at the respective binding energies marked
in the figure. It is surprising that the present values for the energy
of the Dirac point ED and the gap are quite different from those for
graphene on bulk Cu(111) (ED − EF = −0.3 eV; gap = 0.25 eV [186]),
and for a single intercalated Cu layer in between graphene and Ni(111)
( ED − EF = −0.3 eV, gap = 0.18 eV, [175]). The different width
of the gap for the different graphene/Cu interfaces are likely to be
connected with the various periodicities of the corresponding moiré
structures as was shown in Ref. [187]. Assuming the pseudomorphic
growth of a Cu layer at the interface in all cases, the energy gap has
to increase in the row: graphene/Cu/Ni(111) → graphene/Cu(111) →
graphene/Cu/Ir(111).

A line shape analysis depicted in Fig. 9.5 is used in the follow-
ing to further analyze the band structure with respect to possible
quasi-particle interactions. Different coupling mechanisms (electron–
phonon, electron–hole pair generation, electron–plasmon and impurity
scattering) are considered to influence the spectra [53, 155]. MDC
line profiles were extracted from the datasets and a convolution of
Lorentzian and Gaussian line profile (Voigt line profile) was used for
the analysis of the spectra. Deviations from the linear dispersion of
the π band are clearly present. Analyzing the MDC spectra along
the ΓK direction, two different strong kinks are apparent, emerging at
energies of 0.2 eV and 0.5 eV. Evaluation of the slope of the π band
gives a velocity of v = 0.980(4) × 106 m s−1 for binding energies in the
range of (1.1 eV − 1.6 eV), which is only slightly reduced compared to
v = 1.050(4) × 106 m s−1 for pristine graphene/Ir(111) (chapter 6). At
energies of 0.5 eV, being above the Dirac energy at 0.7 eV, a significantly
reduced velocity with v = 0.720(3) × 106 m s−1 is observed. A further
decrease of the velocity towards v = 0.580(11) × 106 m s−1 is observed
in the region near the Fermi energy at 0.2 eV. The latter reduction in
the velocity is most likely due to electron–phonon coupling. Phononic
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Figure 7.5: MDC line shape analysis of graphene/Cu/Ir(111) around the
K-point. (a) Left side: MDC line shape analysis from spectra along the
Γ − K direction of the BZ of graphene as depicted in Fig.7.4(c) by Voigt line
shapes. Right side: MDC line shape analysis from spectra perpendicular
to the Γ − K direction. The derived dispersion regions and corresponding
velocities are indicated [blue-red-orange]. (b) Left side: MDC peak line width
of the Lorentzian contribution to the Voigt profile; the Gaussian line width
is held constant. Right side: MDC amplitude of the Lorentzian.

contributions lead to a kink in the dispersion of graphene, which would
emerge at binding energies around Ephonon = kBθD = 180 meV, de-
rived from the Debye-temperature θD of graphene [188, 189]. Thus
in spite of the presence of the metal, which certainly has a screening
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7 Modification of graphene/Ir(111) by copper intercalation

influence, the electron-phonon coupling can be clearly discussed, an-
other sign for the fact that graphene on intercalated copper is well
decoupled from the substrate.

Regarding the obtained velocities, this behavior is similar to the
case of the graphene/Mn/Ir(111) - (2 × 2) phase, as discussed in
chapter 10.2. Here we find, with the Dirac energy at 1.4 eV, a reduced
velocity of v = 0.780(7) × 106 m s−1. Despite the stronger n-type
doping and shift of the Dirac energy, promoted by the intercalated
Mn thin film acting as electron donor, similar velocities are observed
for the region at lower binding energies above ED. For the direction
perpendicular to ΓK the line shape analysis reveals that no distinct
kinks in the π band dispersion could be observed. The dispersion of the
π band at energies of 1.6 eV yields velocities of 0.930(7) × 106 m s−1

and 0.980(6) × 106 m s−1 for the left and right branch in Fig. 7.5 (a).
These values are larger compared to velocities of 0.85(1) × 106 m s−1

derived for pristine graphene/Ir(111) (ch. 6). In the region above the
Dirac energy, the dispersion seems to be similar over large ranges for
both branches, as compared to velocities obtained for regions below ED.
However, on the right branch of the spectrum some small deviations
to the indicated velocity are present. Since this region of the π band is
quite far away from the linear behavior near ED, and trigonal warping
effects are likely to be felt, it is probably not surprising that such
deviations occur.

7.3 Discussion

The appearance of an energy gap around the K point in the spectrum
of the graphene π states is one of the intriguing problems in graphene
interface studies, and its existence or absence, for example in graphene
on SiC(0001), has been extensively discussed [190, 191]. For single
layer graphene on those metals that do not destroy the Dirac cone,
i. e. the noble metals, Pt, Ru or Ir, gap openings have been observed
in photoemission, and this has been attributed to sublattice symmetry
breaking induced by a superstructure that couples the states at the
K and K′ points [192]. As is shown through DFT calculations below,
the dominating factor that determines the magnitude of the energy
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7.3 Discussion

gap is the strength of hybridization of the graphene-derived π states
with the valence band states of the substrate, which leads to a broken
symmetry of the two carbon sublattices.

Figure 7.6: Results of the electronic structure DFT modeling for
graphene/Cu/Ir(111). (a) Carbon-atom projected site-resolved partial density
of states for the graphene-derived π states. The gray area plot shows the corre-
sponding DOS for the free-standing graphene. The band gap region is marked
by the shadow area. The inset shows the simulated STM image corresponding
to the experimental results obtained at UT = −0.3 V. The high-symmetry
positions are marked by the symbols similar to Fig. 7.1. (b) Side view of
the graphene/Cu/Ir(111) system with the corresponding difference electron
density, ∆ρ(r) = ρgr/Cu/Ir(111)(r)−ρIr(111)(r)−ρCu(111)(r)−ρgr(r), plotted
in units of e/Å3.
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7 Modification of graphene/Ir(111) by copper intercalation

The analysis of structural features is shown in Fig. 7.1(e). Here
the interface metal layer (S) is either Ir or Cu on Ir(111). A pseu-
domorphic arrangement of the Cu layer on Ir(111) is assumed in the
structure optimization procedure, a reasonable assumption in view of
the STM data. At the energy minimum, a corrugation of the graphene
layer on Cu/Ir(111) of 0.229 Å is found, which is much lower than the
one of 0.307 Å for graphene/Ir(111) [110]. The calculated carbon site
projected partial density of states (PDOS) for the graphene-derived π
states in graphene/Cu/Ir(111) shows that graphene is n-doped with
the Dirac point at 0.45 eV binding energy and a band gap of 0.15 eV
[Fig. 7.6(a)], whereas the experiments give values of 0.688(10) eV and
0.36(1) eV, respectively [Fig. 7.4(c)]. The computed DOS was obtained
by broadening of the originally calculated data for the density of states
obtained for the graphene/Cu/Ir(111) supercell in the slab geometry:
this broadening gives rise to a reduction of the energy gap, which would
be 0.26 eV from the unbroadened data (see Fig. 7.7). The effect of
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Figure 7.7: Carbon-atom projected total DOS for graphene/Cu/Ir(111).
See Vita et al. [193] for details on the calculations. Inset shows the zoom of
the DOS plot around band gap and EF . The band gap region is marked by
the shadow area.
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hybridization can be visualized in real space in the charge distribution
across the moiré unit cell; the corresponding difference in electron den-
sity, ∆ρ(r), defined as a difference of densities for graphene/Cu/Ir(111)
and those for the separate layers in the system, is shown in Fig. 7.6(b).
The charge distribution picture for the FCC and HCP high symmetry
sites is different from the one characteristic for graphene/Ir(111) and
similar to the situation for graphene/Ni(111) or graphene/Rh(111)
where a strong interaction for these positions is observed. However,
here the effect is weaker because the hybridization occurs between the
valence states at higher binding energies. This charge distribution was
then used to model the STM images. A simulated image correspond-
ing to a bias voltage of UT = −0.3 V is shown as an inset of Fig. 7.6;
this is in good agreement with results presented in Fig. 7.1(d). As
mentioned above, the ATOP positions of the graphene/Cu/Ir(111)
system are imaged as bright areas corresponding to “direct” imaging
contrast; this situation prevails over a range from +0.3 V and −0.9 V,
due to the similarity in the PDOS for different high-symmetry posi-
tions in the graphene moiré structure for this system [Fig. 7.6(a)]. In
this case the real topography contrast prevails in the STM images of
graphene/Cu/Ir(111).

Because of the narrow line widths of the Cu 3d-induced bands in
photoemission, graphene/Cu/Ir(111) is an excellent example to study
the wave vector resolved band hybridization. Five features altogether
can be distinguished in the binding energy region from 1.8 eV to 4.0 eV
(Fig. 7.8). The avoided crossings of these bands with those derived
from the graphene π band are clearly observed [shown enlarged in
Fig. 7.8, upper panel, left], and the change of band character at around
2.15 eV, starting from mostly d-derived at k = −0.6 Å−1 (with respect
to the K point) to mostly graphene pz-derived is evident. Moreover,
there are clear differences in the amount of hybridization, reflected in
the magnitude of the avoided crossings. Because of the computational
cost of deriving the band structure of the complete system (large
unit cell of the moiré structure), the calculations were restricted to
an assignment of bands calculated for a Cu slab layer with the same
lattice constant than graphene, i. e. 2.464 Å. These data are shown
next to the experimental bands in Fig. 7.8. Because of the slab model,
a multitude of bands appear in the calculations; the main weights
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7 Modification of graphene/Ir(111) by copper intercalation

of the bands are indicated by color bands. Their relation to the
different atomic d states from which they arise is indicated next to the
calculation. The calculated bands are close to the experimental bands.

Having shown the occurrence of hybridization of the graphene π and
Cu 3d valence band states through photoemission, it can be demon-
strated that this process is responsible for the appearance of the energy
gap in the electronic structure of graphene at the Dirac point. Hy-
bridization leads to an intermixing of the π orbitals with 3d orbitals
of the corresponding orbital character (symmetry) depending on the
carbon atom in the unit cell. According to the picture of Fig. 7.6(b),
which shows the charge distribution difference, the most intensive
interaction is observed around the FCC and HCP places. Here, one of
the carbon atoms is above the interface Cu atom and hybridization
between Ctop pz and Cu 3dz2 orbitals is observed. The second carbon
atom is located either above the HCP or FCC hollow site of Cu/Ir(111),
and here the hybridization between Cfcc,hcp pz and Cu 3dxz,yz orbitals
occurs. For free-standing graphene, the electronic states originating
from two carbon sublattices are degenerate around the K-point. The
interaction of electronic states of carbon atoms with the 3d electronic
states of different symmetry of the Cu layer then leads to the lifting of
this degeneracy and to the opening of the band gap at the K-point.
Symmetry breaking is directly reflected in the photoemission data
in the region of the Cu d bands. Along the Γ − K line, the group
of the k-vector in free-standing graphene is C3v, such that carbon
pz-derived bands and those from Cu dxz,yz would not be allowed to
interact. However, an avoided crossing between these states, indicative
of symmetry reduction, is apparent in the data of (Fig. 7.4). The
symmetry must therefore be further reduced on account of the lattice
mismatch leading to the moiré structure.

This conclusion is supported by analyzing in DFT the weight of the
contributions from different orbitals to the bands below and above the
band gap as a function of energy and electron wave vector. The lower
panel of Fig. 7.8 shows the weight of the p

Ctop
z + d

Cu(S)
z2 (top) and the

p
Cfcc
z + d

Cu(S)
xz,yz (bottom) hybridized states, represented by the thickness

of the lines. It is clear that the pz + dz2 hybrid state dominate the

130



7.3 Discussion

Figure 7.8: Analysis of the electronic structure of graphene/Cu/Ir(111).
Upper panel: Comparison of the photoemission images from
graphene/Cu/Ir(111) and the calculated electronic structure of
graphene/Cu(111), respectively, in the energy and k-vector ranges
where hybridization of graphene π and Cu 3d states is observed. Lower panel:
Orbital character decomposition of the valence band states of graphene
in the vicinity of the Dirac point. See Fig. 7.1(e) and Fig. 7.2 with the
corresponding text for the definitions of the respective position of the carbon
atoms.

131



7 Modification of graphene/Ir(111) by copper intercalation

bands below the band gap, while the pz + dxz,yz state dominates the
bands above. This clearly shows how hybridization leads to sublattice
breaking Comparing the graphene/Cu/Ir(111) system with the original
graphene/Ir(111) interfaces, the interaction or hybridization between
graphene valence band states and Ir d orbitals is weaker compared
to the Cu d orbitals and hence the sublattice symmetry breaking is
more pronounced in the latter case. This is to our knowledge the first
case where such a detailed assignment of orbitals contributing to the
states around the band gap has been achieved. A similar analysis
for graphene on other substrates in which gap opening occurs will
permit an understanding of the interplay of substrate and graphene
states, and will shed light on the as yet elusive correlation between
bonding strength, magnitude of band gap, and its consequences for
the structural arrangement.

Thus, STM and photoemission data from an intercalated layer in
between graphene and Ir(111), interpreted on the basis of state-of-
the-art DFT calculations, permit a detailed analysis of the changes
in doping and band gap opening in the graphene π bands upon inter-
calation of Cu, in terms of state-specific hybridization between the
different Cu d and graphene π bands. The strong spatial and energy
overlap of the valence band states lead to the lifting of the sublattice
symmetry of the carbon atoms which manifests itself as an opening
of the band gap at the Dirac point. Analyses of this kind permit to
predict the arrangement of the electronic states of graphene in other
graphene-metal interfaces [39].
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Chapter 8
Graphene/Ir(111) – intercalation
of cobalt and nickel

As explained in chapter 2.2, an interface of graphene and Co(0001) or
Ni(111) may act as spin filter on account of the overlap of only the
minority spin states with the electronic states of graphene at the K
point of the BZ [11, 12]. Beyond this interesting aspect, there are other
reasons why such interfaces may be interesting: first, graphene is known
to passivate the reactive ferromagnetic material surface, and hence may
render Ni or Co films useful in applications [111]. Second, the graphene
film may permit the growth of flat and well-ordered intercalated films
of Co and Ni, suppressing their tendency to corrugate and form 3D
islands. Finally, the magnetic interaction between Ni or Co and
graphene may induce changes in their magnetic anisotropy, compared
to films that have an unprotected surface. In this chapter I describe
experiments where ultrathin films of Ni and Co – with electronic
configuration [Ar] 3d8(4s)2 and [Ar] 3d7(4s)2 – were intercalated in
between Ir(111) and graphene. The intercalation process is examined
by means of LEED and core level photoemission, and the changes
in the electronic structure of graphene upon intercalation is studied
using ARPES. Finally, the magnetic properties (magnitude of spin-
and orbital magnetic moments; direction of magnetic coupling either
in-plane or out-of-plane) of an evolving Co layer underneath graphene
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

are measured using XMCD. This study gives a comprehensive view
on the graphene/ferromagnet interaction and the emerging magnetic
order in the intercalated film.

The growth of high quality films of graphene on transition met-
als, described in chapter 4.7, is considered as a route towards mass
production of large scale transferable graphene [24, 42]. The inter-
action of graphene with ferromagnetic substrates is also interesting
regarding possible spintronic applications. Moreover, ferromagnetic
substrates such as Ni(111) and Co(0001) induce a magnetic polariza-
tion in graphene [42, 166, 167]. When projected onto the hexagonal
surface, only the spin-minority states of the transition metals overlap
with graphene valence states at the K-point of the Brillouin zone (BZ)
near the Fermi level. Graphene can thus act as a spin filter, and a
sizable difference in spin-dependent transmission has been predicted
by Karpan et al. [11]. Recent studies by Dedkov and Fonin [42],
and Weser et al. [166], show that the proximity of graphene to the
ferromagnetic Ni(111) substrate induces a sizable magnetic moment in
the carbon π states as determined from C K edge XMCD [42, 166],
strengthened when a monolayer of iron is intercalated between the Ni
substrate and the graphene layer [167]. Instead of using ferromagnetic
single crystals as substrate, we use here the intercalation of magnetic
transition metals between graphene and a nonmagnetic substrate [169],
as an approach to induce sizable magnetic moments in graphene.

In the following, I describe the influence of thin layers of ferromag-
netic Co sandwiched between the non-magnetic Ir(111) and a graphene
overlayer. Hence, it becomes possible to examine an emerging ferro-
magnetic behavior in a thin cobalt film from the monolayer upwards,
in a morphology that suppresses islanding, and to study the transfer of
magnetic moment from the metal onto the carbon π states. I find that
the induced magnetism in the graphene sheet is oriented out-of-plane
and exhibits an anti-ferromagnetic coupling with respect to the under-
lying Co thin film an anti-ferromagnetic coupling. Further, regarding
the magnitude of the magnetic coupling, the results of the XMCD
studies are complemented by state-of-the art density-functional theory
(DFT) calculations. The main parts of the described studies in this
section have been published in
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8.1 Intercalation of nickel

• H. Vita, S. Böttcher, P. Leicht, K. Horn, A. B. Shick and
F. Máca (2014). “Electronic structure and magnetic properties
of cobalt intercalated in graphene on Ir(111).”
Physical Review B 90, Article number: 165432.

with myself as the principal investigator, and the assistance of Stefan
Böttcher under the supervision of Karsten Horn.

8.1 Intercalation of nickel

Let us first discuss the electronic band structure of graphene on Ni thin
films, prepared by intercalation of 2 ML of Ni – graphene/Ni/Ir(111),
and compare these measurements with graphene/Ni/W(110) as refer-
ence. An amount of 2 ML of Ni is deposited on top of graphene/Ir(111)
with the sample kept at room temperature. The intercalation of Ni
atoms underneath a graphene sheet occurs upon annealing of the sam-
ple to 400 ◦C, and is monitored by C 1s core level spectra in Fig. 8.1(a)
and (b). After the deposition of Ni atoms on top of graphene, the C
1s core level intensity is reduced, following an exponential decay (equa-
tion 4.3). As soon as the thermal activation due to annealing of the
sample exceeds a certain energy barrier, the intercalation mechanism
is initiated, yielding a pronounced chemical shift of the C 1s core level
of about 760 meV compared to pristine graphene/Ir(111).

Table 8.1: Overview of the C 1s peak position for the intercalated sys-
tem graphene/Ni/Ir(111) compared to highly oriented pyrolytic graphite
(HOPG) [194, 195], graphene/Ir(111), and for different substrates:
graphene/Ni/W(110) and graphene/Ni(111) [196, 197].

HOPG G/Ir(111) G/Ni/Ir(111) G/Ni/W(110) G/Ni(111)

C 1s 284.23 eV 284.17 eV 284.90 eV 284.62 eV 285.00 eV

An overview of the C 1s core level positions for the different systems
under study as well as for HOPG and graphene/Ni(111) as references
is given in Table 8.1. The values for pristine graphene/Ir(111) agree
well with previously published data by Preobrajenski et al. [195]. A
large chemical shift of 760 meV occurs for the intercalated Ni thin
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Figure 8.1: Overview of the C 1s core level spectra showing in (a) the inter-
calation process from graphene/Ir(111) [black] and Ni/graphene/Ir(111) [blue]
towards graphene/Ni/Ir(111) [green], using a photon energy of hν = 400 eV.
(b) Line shape analysis of the C 1s core level, showing a shift towards 284.95 eV
for the Ni intercalated sample. (c) LEED images for pristine graphene/Ir(111)
[black], indicating the moiré structure, and graphene/Ni/Ir(111) [green],
showing the pseudomorphic arrangement of Ni. (e) Graphene/Ni/W(110)
is given for comparison. All LEED images are taken at 100 eV. (d)
Graphene/Ni/W(110) C 1s core level spectra.
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8.1 Intercalation of nickel

films – graphene/Ni/Ir(111) – thus approaching the C 1s core level
position of graphene/Ni(111). In graphene/Ni/W(110) a different
position of the C 1s core level is found (284.62 eV). This agrees well
with studies by Grüneis et al. [198], reporting a similar position of the
C 1s core level (284.7 eV). Following the work of Zhao et al. [197] a
model of a mixture of HCP and BRIDGE positions of graphene grown
on Ni(111)gives a possible explanation for the different position of the
C 1s core level for graphene/Ni/W(110) in Fig. 8.1 (d) in the sense
that BRIDGE graphene is mainly formed. The BRIDGE orientation
could be preferred due to pinning by defects. STM measurements
and density functional theory calculations reported recently by Pacilé
et al. [171], indicate that the intercalation of thin Ni films under-
neath graphene yields a pronounced increase in the corrugation of the
graphene sheet. The relatively small corrugation of about 0.27 Å, re-
ported for graphene/Ir(111) [115], is increased to values of about 1.51 Å
for graphene/Ni/Ir(111) [171]. In the LEED images of Fig. 8.1(c),
the diffraction spots of the regular moiré pattern of graphene/Ir(111)
show a strongly increased contrast for the graphene/Ni/Ir(111) case,
yielding a star-like shape. In contrast to the intercalated Ni film,
the preparation of graphene on Ni yields a lattice-matched situation;
consequently, a 1 × 1 LEED pattern is observed in Fig. 8.1(e).

The electronic band structure of graphene/Ni/Ir(111) depicted in
Fig. 8.2(a) exhibits distinct differences to pristine graphene/Ir(111)
(chapter 6.2). First of all, the electronic band structure associated
with the graphene π-band exhibits a strong n-doping, shifting the
bottom of the π-band to higher binding energies. Second, the fea-
tures of graphene/Ir(111), attributed to almost freestanding graphene
– a Dirac cone with linear dispersing π-band and low doping – are
absent in graphene/Ni/Ir(111). Finally, the replica cones, which are
present in graphene/Ir(111), attributed to the lattice-mismatch be-
tween graphene and the underlying Ir substrate, are suppressed in
graphene/Ni/Ir(111). For comparison, the electronic band structure
of graphene/Ni/W(110) is given in Fig. 8.2(b), largely matching the
band structure of graphene/Ni/Ir(111).
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Figure 8.2: ARPES data of graphene/Ni/Ir(111) (a) and
graphene/Ni/W(110) (b). Intensity maps acquired along the Γ − M − K − Γ
direction of the first Brillouin zone of graphene using a photon energy of
hν = 65 eV. The orange line gives the π band positions at K and M.

However, the π-band is shifted to slightly higher binding energies;
its position at the high symmetric points Γ − M − K − Γ of the
Brillouin zone are summarized in Table 8.2 below. Starting from
pristine graphene/Ir(111) a shift in the energy of the π-band at the Γ, M
and K-points is apparent, with increasing thickness of the underlying
Ni film from graphene/Ni/Ir(111) towards graphene/Ni/W(110) and
finally graphene on bulk Ni. The energy difference of the π band at Γ
and M (∆ΓM ∼ 5.3 eV) is similar for all four cases, but the distance
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8.1 Intercalation of nickel

Table 8.2: Overview of characteristic energetics of graphene’s π-band for
graphene/Ni/Ir(111) at high symmetric points of the Brillouin zone, compared
to graphene/Ir(111), and different substrates: graphene/Ni/W(110) and
graphene/Ni(111) [199].

G/Ir(111) G/Ni/Ir(111) G/Ni/W(110) G/Ni(111)

Γ 7.8 eV 9.7 eV 9.9 eV 10.1 eV
∆ΓM = 5.2 eV ∆ΓM = 5.3 eV ∆ΓM = 5.4 eV ∆ΓM = 5.3 eV

M 2.6 eV 4.4 eV 4.5 eV 4.8 eV
∆MK = 2.7 eV ∆MK = 2.0 eV ∆MK = 1.9 eV ∆MK = 2.0 eV

K −0.1 eV 2.4 eV 2.6 eV 2.8 eV

between M point and the K point (∆MK = 2.7 eV) for graphene/Ir(111)
is distinctly different from the latter three Ni substrates (∆MK ∼
2.0 eV).

The difference in shift of the graphene π-band at the various points
in the BZ indicates a behavior beyond a simple rigid shift scenario,
observed e. g. by doping graphene with potassium [200]. This is most
likely due to the hybridization between the electronic states with
Ni 3d character, located around EB = 2.0 eV and the graphene π-
band in the region around the K-point leading to the formation of
so-called “interface states” at the K-point, as discussed by Bertoni
et al. [40]. Graphene on all three Ni substrates show this strong
hybridization between the π-states and Ni 3d-states, whereas it is
absent in graphene/Ir(111) [43]. A reason for this behavior is that
the bulk-related Ir 5d-states are absent in the region around the K
point. ARPES studies for Ir(111) by Pletikosić et al. [201] show the
formation of a band gap around the K point. This is believed to be a
prerequisite for the emerging linearly dispersing π band around the K
point, as observed in graphene/Ir(111).

Feasibility of XMCD studies on graphene/Ni/Ir(111)

Prior to measuring the magnetic properties of graphene/Ni/Ir(111),
it is necessary to find out what the exact limits of XMCD experiments
at beamline D1011 are, i. e. whether magnetic order in thin Ni and Co
films can be achieved at the available magnetic fields (500 Oe)
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Figure 8.3: Behavior of the XMCD signal, as a function of the temperature
for different thickness of Ni thin films on Cu(001), taken from Baberschke
[202]. For thin films of about 2 ML of Ni, the magnetic ordering as reflected
by the strength of the XMCD signal is strongly quenched around 60 K.

and sample temperature (T = 90 K). XMCD studies by Baberschke
[202], have shown that in-plane ferromagnetic coupling of Ni/Cu(001)
can be obtained at various Ni film thicknesses (Fig. 8.3). Unfortunately,
magnetic ordering as reflected by the strength of the XMCD signal
is strongly quenched around 60 K for thin Ni films of about 2 ML,
indicating a strong decrease in the Curie temperature TC . Therefore,
studying intercalated Ni thin films of graphene/2 ML Ni/Ir(111) does
not seem promising. Some estimates information on the magnetic
behavior of graphene/Ni/Ir(111) can be derived from a comparison
of hysteresis loop measurements of various Ni film thicknesses of
Ni/Au(111) by Gundel et al. [203]. Rather thick Ni films (11.5 ML)
show a distinct in-plane ferromagnetic behavior, with saturation easily
reached by magnetic fields of 500 Oe. The hysteresis loop is almost
completely quenched for thinner Ni films (6.7 ML Ni/Au(111)) [203].
This renders the chances for inducing magnetic order and observation
in an XMCD experiment on graphene/2 ML Ni/Ir(111) questionable
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8.2 Intercalation of cobalt

with the available low magnetic static fields of 500 Oe. However, an
alternative path towards studying emerging magnetic behavior in thin
metal films intercalated underneath graphene/Ir(111), is to use Co
instead of Ni because Co possesses a much higher Curie temperature
even at low metal film coverages. This system was thus chosen to
study the interactions of thin ferromagnetic films with graphene.

8.2 Intercalation of cobalt

Let us now compare the magnetic behavior of thin Co films deposited
on Au(111), in order to consider the feasibility of possible XMCD
experiments on graphene/Co/Ir(111). The hysteresis loop of Co on
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Figure 8.4: (a) Hysteresis loop for different thickness of Co films on Au(111),
taken from Gundel et al. [203]. (b) Sketch of the hysteresis loop for 1 ML
Co/Au(111) as shown in (a). For thin films (1 ML Co), the system shows
a distinct out-of-plane ferromagnetic behavior. However, saturation is not
reached by applying magnetic fields of 500 Oe.

Au(111), from Gundel et al. [203] is depicted in Fig. 8.4 (a). For thin
films (1 ML Co), the system shows a distinct out-of-plane ferromagnetic
behavior. For thicker films of Co, the easy axis is switched towards the
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

in-plane direction, due to contributions of the shape anisotropy [203].
Figure 8.4 (b) is a sketch of the hysteresis for 1 ML Co/Au(111),
using an external field of ±500 Oe. Different paths are indicated on
the hysteresis loop: (1) initial magnetization following the so-called
“Neukurve”, using +500 Oe. (2) the obtained remanent magnetization
– MR – in the absence of an external field and the partial reversal of
the magnetization. A certain value for the external field is needed
to bring the magnetization to zero. This value is called coercivity
– HC – and amounts to about −500 Oe. (3) indicates the remanent
magnetization obtained by using the switched field. MR is in this case
always smaller compared to the value obtained following the initial
magnetization curve (1). (4) Magnetization of the sample using the
initial direction for the external field +500 Oe. This shows that a
reversal of the induced magnetization is only partially possible by
external magnetic fields of this magnitude [path (2) in Fig. 8.4 (b)].
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Figure 8.5: Behavior of the Curie temperature for different thicknesses of
Co films on Cu(100), compared to the bulk value of TC = 1394 K, taken
from Schneider et al. [204].
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8.2 Intercalation of cobalt

However, as described in chapter 3.2.3, XMCD data can be obtained
using a magnetically oriented sample and changing the direction of
polarization of the incoming photons. In this context, an interesting
observation is that covering Co thin films by graphene acts as a
protecting layer, which increases the perpendicular magnetic anisotropy
(PMA) to about twice the value of the uncovered film, as shown
by Rougemaille et al. [205] using spin-polarized low energy electron
microscopy (SPLEEM). The second important parameter for XMCD
studies is the Curie temperature TC of ferromagnetic materials. The
induced magnetism in the sample results from oriented magnetic
moments, which persist in remanence. Above TC this ordering is lost.
Fig. 8.5 depicts the behavior of the Curie temperature for Co films
of varying thickness on Cu(100), by Schneider et al. [204] using the
surface magneto-optical Kerr effect (SMOKE). For 2 ML of Co/Cu(100)
a Curie temperature of about 250 K is obtained. This value is well
above our sample temperatures of 90 K available at D 1011. That
means that the magnetic order in the Co thin film intercalated in
graphene/Ir(111), should be maintained during XMCD experiments.

Experimental methods

The experiments were performed at beamline D1011 of MAX-lab,
and at beamline UE56/2-PGM1 at BESSY II. In order to preserve the
orientation of the magnetic moments, all measurements were performed
at a low temperature of T = 90 K. The x-ray absorption spectroscopy
(XAS) and XMCD spectra were collected at both the Co L2,3 and the
C K absorption edges in partial electron yield (PEY) and total electron
yield (TEY) mode with an energy resolution of 100 meV. After applying
a magnetic field of 500 Oe along the out-of-plane direction, circularly
polarized light (degree of polarization P = 75 %) was used to measure
the magnetic dichroism spectra. Performing XMCD measurements
by changing the polarization of light means that the accuracy of the
degree of circular polarization of the beamline becomes important.
This was verified in studies by Dunn et al. [206] and Preobrajenski
[207]. The authors find that the theoretical value of the polarization
at D1011 is slightly higher compared to the real polarization measured
in the experiment. This is taken into account in the evaluation of
the magnetic moments derived from the XMCD data by using a pre-
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

factor. The sample was pre-aligned along the Γ − K direction of
the graphene Brillouin zone with the angle dispersive data acquired
perpendicular to Γ − K. For the preparation of graphene/Ir(111), the
recipe described in chapter 4.7 was used to obtain the high quality
single-phase R0◦ graphene on Ir(111), as characterized by Hattab et al.
[159]. Low-energy electron diffraction(LEED) was used to verify the
quality of the graphene/Ir(111) sample prior to Co deposition, showing
the characteristic hexagonal pattern with sharp main spots, and the
satellite spots due to the moiré structure (ch. 6.3) as shown by N’Diaye
et al. [108]. The XPS spectra measured at the C 1 s core level revealed
the high quality of the graphene/Ir(111) sample by a sharp single
component line with no additional peaks at higher binding energies,
as shown in Fig. 8.6 (a).

Experimental results

For the present case of Co intercalation in graphene/Ir(111) [170, 205,
208–210], a considerable lattice mismatch between Co and Ir occurs,
similar to the case of an intercalated Ni monolayer [171]. Since the Co
film takes up the lattice constant of Ir, this gives the opportunity to
examine the electronic structure of thin metallic films under tensile
stress, but also necessitates a close examination of the growth mode at
the monolayer stage and beyond. An amount of 2 ML of Co, estimated
by calibration with a quarz microbalance prior to the experiment, is
deposited on top of graphene/Ir(111). During the deposition C 1s and
Ir 4f core-level photoemission spectra were taken [Fig. 8.7 (a) (c)] with
the sample kept at T = 100 K. To study the temperature dependent
behavior of the line shapes C 1s and Ir 4f core-level photoemission
spectra are measured during the intercalation process as shown in
Fig. 8.7 (a) and (b), reflecting the changes in the system from Co
on top of graphene towards the formation of 2 monolayers of Co
underneath graphene/Ir(111). The C 1s core level for different steps of
sample preparation is shown in Fig. 8.6 (a) for pristine graphene/Ir(111)
[black line], towards 2 ML of Co deposited on graphene/Ir(111) [blue
line] and finally intercalated graphene/Co/Ir(111) [green line]. A
line shape analysis in Fig. 8.6 (b) using Voigt profiles [144] yields a
peak position of 284.170(2) eV for the initial C 1s core-level spectra.
Assuming a confidence interval of 3σ, one obtains, with 0.002 eV a
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negligible deviation from the peak position. The main peak is reduced
in intensity upon Co deposition on top of graphene up to a coverage
of 2 monolayers’ equivalent. Because of the low sample temperature,
we assume that the deposited film grows in a disordered layer wise
manner. An additional broad peak around 283.00 eV can be related to
the formation of a surface Co-C carbide, as described by Ye et al. [211].
The intercalation of the 2 monolayer (ML)-thick Co layer underneath
graphene is performed via stepwise annealing of the deposited layer of
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Figure 8.7: (a) and (c) Changes in C 1s and Ir 4f line shape upon deposition
(up to sweep 145) and annealing, as false color plots [(a) and (c)] and waterfall
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energies EB indicated by dashed lines in the core-level spectra, emphasizing
the changes in the C 1s and Ir 4f line shape during intercalation. See text
for discussion.

Co on graphene/Ir(111) – depicted in Fig. 8.7. In this procedure, the
intensity of the C 1s and Ir 4f lines, observed in “real-time”, is followed
to uncover when the temperature required for successful intercalation
is reached [Figs. 8.7 (a) and 8.7 (c)] as in the case of Cu intercalation
(ch. 7). This method permits to carefully control the formation of an
intercalated Co film underneath graphene/Ir(111). Upon intercalation,
the Co-C carbide peak vanishes and the main C 1s peak is strongly
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8.2 Intercalation of cobalt

Table 8.3: Overview of the main C 1s peak position for the interca-
lated system graphene/2 ML Co/Ir(111) compared to the initial system
graphene/Ir(111), and the graphene/15 ML Co/W(110) system mimicking a
Co(0001) substrate Pacilé et al. [209].

G/Ir(111) G/2 ML Co/Ir(111) G/15 ML Co/W(110)

C 1s 284.17 eV 284.95 eV 284.6 eV [209]

shifted towards higher binding energies, by 780 meV to 284.95 eV, as
shown in Fig. 8.6 (b). Again the error bar is with 0.002 eV negligible
for the determination of the peak position. The positions of the C 1s
peaks are collected in Table 8.3. It is concluded that the Co film is
completely intercalated, since the structure of the C 1s spectra reaches
a stable shape with no further intensity changes or shifts in binding
energy.

The effective intercalation of a thin Co layer, and the formation of
graphene/Co/ Ir(111) occurs at 400 ◦C, identified by strong modifica-
tions of the C 1s emission lines [Figs. 8.6 (a) and 8.7 (a) and (b)]. The
C 1s peak now has an additional second component at lower binding
energies (284.35 eV) derived from the line shape analysis in Fig. 8.6 (b).
This situation seems similar to the case of graphene on bulk Ni(111) as
described earlier, where different absorption geometries of the carbon
atoms (HCP and BRIDGE) are believe to coexist, leading to a second
component in the C 1s spectrum at 284.46 eV as interpreted by Zhao
et al. [197]. Shortly after the publication of the main findings of our
study in Vita et al. [212], work by Pacilé et al. [209] was published,
focusing on the electronic properties of graphene/Co/Ir(111) with
different amounts of intercalated Co layers (1 ML up to 4 ML). The
authors find about the same positions for the C 1s core level peaks and
assign the two main contributions for graphene/Co/Ir(111) to different
absorption sites of the carbon atoms in valleys (284.92 eV) and hills
(284.42 eV) connected to the corrugation of the graphene layer. Further
intercalation up to 4 ML Co lead in their studies [209] to a relaxation of
the Co film allowing the formation of a purely commensurate graphene
sheet on top. For graphene/2 ML Co/Ir(111) we find an intermediate
case between the mismatched moiré phase – 1 ML Co – and the com-
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

mensurate (1 × 1) phase – 4 ML Co – since the double peak structure
in the C 1s being weak but still present. Hence the LEED image in
Fig. 8.6 (c) shows mainly a (1 × 1) pattern with traces of moiré spots
left. My experiments using Ni as intercalant in chapter 8.1 support
a similar conclusion. Studies on graphene/Ni/Ir(111) by Pacilé et al.
[171] observed a similarly strong asymmetry towards lower binding
energy in the C 1s line shape, which also indicates the presence of a
second component. The fact that the spectra presented in [171] were
measured at room temperature with lower resolution, compared to the
presented ones in Fig. 8.6 (a) probably accounts for the line shape with
two clearly resolved components in our case. In the Ir 4f spectra, the
interface component is suppressed and only the two bulk components
of the Ir 4f levels remain. The changes induced by intercalation of Co

Table 8.4: Overview of characteristic positions of the graphene π-band for
graphene/2 ML Co/Ir(111) at high symmetric points of the Brillouin zone,
compared to the pristine system graphene/Ir(111).

G/Ir(111) G/2 ML Co/Ir(111)

Γ-point 7.8 eV 9.7 eV

∆ΓM = 5.2 eV ∆ΓM = 5.2 eV

M-point 2.6 eV 4.5 eV

∆MK = 2.7 eV ∆MK = 2.0 eV

K-point −0.1 eV 2.5 eV

are even more strongly reflected in the valence electronic structure, as
evident from the angle-resolved photoemission spectroscopy (ARPES)
data in Fig. 8.8 (a) and (b) and summarized in Table 8.4. In the
top left dispersion plot of Fig. 8.8, which shows the photoemission
signal intensity along the high-symmetry directions of the graphene
Brillouin zone, the sharp π band, extending from about 7.8 eV binding
energy at the Γ point right up to the Fermi energy at the K point is
clearly evident. The band exhibits small hybridization gaps where it
collides with satellite π bands brought about by the reciprocal lattice
vectors of the large moiré structure unit cell, i. e. the lattice mismatch
between graphene and Ir(111) (chapter 6.2). Sharp features in the
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Figure 8.8: (a) ARPES intensity maps for the graphene layer on Ir(111)
acquired along the Γ−M −K −Γ direction of the BZ of graphene with photon
energy hv = 65 eV. The gray line shows a calculated band structure for a
free-standing graphene film [149]. (b) Constant energy surface at EB = 0.3 eV
extracted from the ARPES measurements. The main features in red are
derived from the Ir(111) surface state, the graphene Dirac cones [black], and
the Ir bulk bands [blue]. (c) Upon intercalation of 2 ML Co, the graphene π
band is shifted to higher binding energy due to strong hybridization effects
with Co 3d states (photon energy hv = 94 eV). The main features of the
Co film intercalated under graphene/Ir(111) are derived from Co 3d states
[dashed green line] near the Fermi energy. (d) Constant energy surface at
EB = 2.4 eV extracted from the ARPES measurements. The sketch of the
constant energy surface shows the main features derived from trigonal shaped
Ir d states [blue line] of the substrate. π band positions at K and M indicated
[orange].
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

region from EF to (2 − 3 eV) binding energy are due to iridium bands
of d character, also visible in the constant energy cut on the right-hand
side, at 0.3 eV binding energy. The sharp features are assigned to Ir
surface states (red), graphene Dirac cones (black) including the clearly
visible satellite cones, and the bulk Ir bands, in good agreement with
literature data [91]. Intercalation reduces the sharp features in the
d-band region [Fig. 8.8(c)], or rather masks them through their domi-
nating intensity, in the region from (0 − 2 eV) binding energy. Sharp
dispersing features can still be seen here, e. g. , between Γ and M and
even more so between K and Γ. The π band, which is strongly shifted
downwards (its bottom at Γ shifted by about 2 eV), is weaker but can
still be followed. It is also clear that the π bands at K end at about
2.5 eV, similar to previously published results for graphene/Co(0001)
by Varykhalov and Rader [213]. Altogether, the behavior of the π
band in the ARPES data of the graphene/Co/Ir(111) system resembles
the valence electronic structure of graphene/Ni/Ir(111) as discussed in
chapter 8.1. In the constant energy plot of Fig. 8.8 (c), clear evidence
for dispersing Co 3d bands is found; this supports our assumption that
the Co intercalated layers are well ordered.

Graphene/Co/Ir(111) – XMCD results

Let us now turn to the quantitative investigation of the magnetic
properties of the intercalated Co layer for different thicknesses, and a
comparison of these data with theoretical predictions. To reveal the
magnetic coupling behavior and to quantitatively determine the related
magnetic moments of the graphene/2 ML Co/Ir(111) system, x-ray
magnetic circular dichroism (XMCD), as explained in chapter 3.2.3,
is used. First of all, our XMCD data for a single intercalated Co
layer (not shown here) give no magnetic contrast at the Co L2,3 edge.
This is most likely due to insufficient sample cooling, since the Curie
temperature for a single layer is expected to be below our sample
temperature of 90 K – see also Fig. 8.5 – in analogy with data from
thin Ni films [202]. Moreover, the structural properties of the Co
monolayer, yielding a stretched Co layer to match with the underlying
Ir lattice [209], as mentioned earlier, could be a further evidence for
the absence of magnetic ordering in our XMCD measurements on
graphene/1 ML Co/Ir(111). Increasing the amount of intercalated Co,
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Figure 8.9: (a) XMCD spectra of graphene/2 ML Co/Ir(111) measured in
an out-of-plane geometry at the Co L2,3 absorption edge for two opposite
directions (red and blue). The black line in (b) is the corresponding difference
spectrum. The areas under the curves are indicated by broken lines. (c)
XMCD spectra of graphene/2 ML Co/Ir(111) measured at the C K absorption
edge with the circularly polarized light for two opposite directions (blue and
red). The black line in (d) represents the corresponding difference spectrum.
The C K edge shows anti-ferromagnetic coupling with respect to the Co L2,3

absorption edge.

either in a single deposition/annealing cycle or several cycles, leads to
the appearance of magnetic contrast as shown in Fig. 8.9. Quantitative
data on the magnetic moments of the cobalt and carbon layers are
evaluated from the absorption data, as explained in chapter 5.3. The
upper part of Fig. 8.9 (a) shows the XAS intensity at the Co L2,3

edge taken with different (right and left), circularly polarized light.
The XMCD spectrum [black line in the lower part of Fig. 8.9 (a)] is
obtained by the difference ∆I = I+ − I−, leading to a negative signal
at the Co L3 edge. The spectra are normalized to the edge jump by
subtraction of a Fermi function taken at the center of the L3 and L2

edges, as discussed by Chen et al. [138]. This is indicated as gray line
in Fig. 8.9 (a).
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

For a quantitative evaluation of the datasets one needs to evaluate
the integrated intensities A3 and A2 under the L3 and L2 curves. The
integrated intensity A3 + A2 is formed by integrating the averaged
XAS intensity (I++I−)

2 (“white line” [black curve in Fig. 8.9(a)]) over
the whole range of photon energies in the spectrum. The indices 2, 3
indicate the ranges of photon energy of the Co L2,3 edge. The integrals
∆A3 + ∆A2 and ∆A3 − 2∆A2, which are needed for the evaluation of
the magnetic moments below, are formed by integrating the XMCD
signal over the range of photon energy in the spectrum. In order to
obtain quantitative values from the XMCD spectra, the sum rules
[equation (5.7) and (5.8)] ,as discussed in chapter 5.3 are used. The
degree of circular polarization of the incoming photons – Pcirc – is
also included in these equations. The angle φ which is defined by the
geometry of the experiment, defines the direction between the incidence
of photon and the magnetic moment. Since the magnetization of the
sample and the ~k vector of the incident photons are collinear for out-
of-plane measurements, the factor cos φ yields unity. The number of
holes in the Co d band is given by nh. From these sum rules, the ratio
of the orbital and spin moment can be derived, which does not require
magnetic saturation of the sample, useful for our measurements under
reversal of the direction of the magnetic field.

Employing these XMCD sum rules, we extract the following numbers
for the magnetic moments, using a value for the 3d holes nh = 2.9, ac-
cording to the theory data presented below, and a degree of polarization
of the light Pcirc = 75 %. At a sample temperature of T = 90 K, our
2 ML film of Co intercalated between graphene and Ir(111) exhibits an
orbital moment of ML = 0.17 µB and a spin moment of MS = 1.57 µB .
This compares well with the values for saturated magnetic moments
of bulk Co (ML = 0.153 µB and MS = 1.55 µB), as reported by Chen
et al. [138], with a ratio of ML

MS
= 0.1. These values are slightly smaller

compared to the intercalated 2 ML Co thin film stated above, but agree
with molecular beam deflection measurements by Billas et al. [214] and
XMCD measurements by Gambardella et al. [215], showing increased
magnetic moments for the 3d-metals when approaching smaller cluster
sizes, i. e. from the bulk material to 2-D Co monolayers. Thus, the
ratio of ML

MS
= 0.12, we obtain, is slightly larger compared to ML

MS
= 0.1
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8.2 Intercalation of cobalt

for bulk Co [138]. To further discuss these values, I compare the results
above to XMCD studies on 2.1 ML Co/Cu(001) by Wilhelm et al. [216].
They derive values of ML = 0.24 µB and MS = 1.77 µB, yielding a
ratio of ML

MS
= 0.136; this shows good agreement with the ratio of the

magnetic moments for the graphene/2 ML Co/Ir(111) system measured
here. While the determination of MS and ML may be affected by the
fact that full magnetic saturation was not achieved under our experi-
mental conditions as discussed earlier, the determination of this ratio
does not suffer from such problems. The ratio is thus also significant
for a comparison between theory and experiment below.

An interesting finding is observed on the C K edge [Fig. 8.9 (b)]:
this shows a fairly large dichroism signal in the leading π⋆ states
around 285 eV photon energy. The evidently large magnetic moment of
the intercalated cobalt film is partially transferred onto the graphene
states, a prerequisite for spin filtering as discussed by Karpan et al.
[11] (ch. 2.2). To quantitatively interpret these findings, one has to
consider that there is a transition from non-spin-orbit split 1s initial
state to 2p final states. The analysis of the XMCD data at C K edges
thus provides only information about the orbital magnetic moment.
Following the description of Huang et al. [87] and Thole et al. [85]
one can formulate a sum rule for K-edge absorption, and relate this
to orbital magnetic moments deduced from the C K-edge dichroism
signal:

ML = −1
3

nhµB

Pcirc cos φ

∆A

A
(8.1)

For the C K edge of the graphene/2 ML Co/Ir(111), measured under
an angle of φ = 40◦, I find a fairly large dichroism signal [Fig. 8.9(d)]
and, using equation (8.1) determine a value of ML = 0.042 µB . Studies
on carbon nanotubes in contact with a flat ferromagnetic Co substrate
yield a magnetic moment transfer of 0.1 µB [217]. This value also
compares well with the induced magnetic moments in the graphene
film by underlying ferromagnetic bulk material observed for the cases
graphene/Ni(111)/W(110) [42] and graphene/Fe/Ni(111) [167].
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

For graphene/Ni(111)/W(110), a magnetic moment in the range
0.05 − 0.1 µB [166] was estimated, whereas in the graphene/Fe/Ni(111)
system an increase in magnetic moment, compared to the latter case,
by a factor of ∼ 2.7 was observed [167]. From the measurements on
graphene/2 ML Co/Ir(111) an increase in the magnetic moment by
a factor of ∼ 2.0 compared to graphene/Ni(111)/ W(110) is found.
Thus I conclude that for the graphene/Co/Ir(111) system, the strength
of the induced magnetic moments at the C K edge lies in between
the graphene/Ni(111)/W(110) and graphene/Fe/Ni(111) cases. The
dichroism occurs mostly on the π⋆ absorption edge, with a smaller
effect on the σ⋆ one. It cannot be excluded that the latter is caused
by the background subtraction method.

The XMCD data show an out-of-plane anti-ferromagnetic coupling
between the intercalated Co thin film and the graphene overlayer
(Fig. 8.9), from the sign of the magnetic contrast in XMCD. Just
as a reversal of the direction of the circular polarization of the light,
reversing the magnetization direction should also induce magnetic
circular dichroism. In the present case, a complete reversal of the
direction of magnetization could not be achieved, most likely due to
the insufficient strength of the magnet used in the experiment. However,
the trend showed the correct effect, yielding similar results for the ratio
ML

MS
. To understand the magnetic coupling in the intercalated cobalt

thin film, related experiments using spin-polarized scanning tunneling
microscopy (SP-STM) [170] and spin-polarized low-energy electron
microscopy (SP-LEEM) [205] were carried out by other groups.

In SP-STM experiments by Decker et al. [170] it was observed that
the intercalated cobalt film induces a magnetic moiré pattern in the
graphene sheet, leading to ferromagnetic coupling between graphene
and the underlying cobalt thin film at the ATOP sites and to anti-
ferromagnetic coupling at the HCP/FCC sites; however, in agreement
with our data above, the overall orientation was found to be anti-
ferromagnetic. The authors estimated the magnetic coupling by DFT
calculations yielding an overall anti-ferromagnetic orientation and mag-
netic moments of 0.0104 µB per carbon atom. In a simplified picture
each HCP, FCC and ATOP region in the unit cell contains 200/3 atoms,
leading to a magnetic moment of 1.36 µB/130. The SP-LEEM mea-
surements by Rougemaille et al. [205] showed that the graphene film
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induces a perpendicular magnetic anisotropy (PMA) in the underlying
Co film. Additionally, the authors observe for Co/Ir(111) a transition
between out-of-plane and in-plane magnetization, which emerges at a
coverage of about 6 ML Co. This transition increases to about twice
the value – about 12 ML Co – for graphene/Co/Ir(111), where the Co
thin film is intercalated between graphene and Ir(111). Hence, the per-
pendicular magnetic anisotropy is increased for graphene/Co/Ir(111)
compared to the case of non-passivated Co/Ir(111). However, with
both techniques it is not possible to extract quantitative information
about the magnitude of the magnetic coupling. The key strength of
our XMCD experiments at the Co L2,3 and C K edges presented above
is that quantitative insight into the magnetic behavior of the complex
graphene/Co/Ir(111) system is gained.

8.3 Electronic structure calculations

8.3.1 Monolayer Co/Ir(111) and graphene/Co/Ir(111)

When trying to calculate the electronic and magnetic properties of
graphene on intercalated Co on Ir(111), we face a problem due to the
moiré superstructure on Ir(111) because of the in-plane lattice mis-
match. In order to directly model this superstructure, one would need
to consider 10 × 10 graphene unit cells (with 200 C atoms) placed on a
9×9 Ir(111) mesh (with 81 Ir atoms in each Ir layer), and insert a 9×9
Co layer between the graphene and the Ir(111) substrate. Application
of density functional theory to such superstructure is a difficult and
expansive task, and while it was achieved for the case of Cu interca-
lates in chapter 7, the situation is more complex here because of the
need for high accuracy relativistic calculations with spin-orbit coupling
included for the analysis of the XMCD experimental results. Instead
of considering this large superstructure, the calculations reported here
are restricted to a more manageable system, by placing two C atoms
of the graphene unit cell on the top of a monolayer (ML) Co/Ir(111)
[GR/[1 ML Co]/Ir(111)], and considering three different placements
for the graphene overlayer, as discussed in chapter 4.8:
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

• FCC: one of the C atoms is on top of Co, another is over an Ir
atom of the interface layer;

• HCP: one of the C atoms is on top of Co, another is over an Ir
of the sub-interface layer;

• ATOP: one of the C atoms is on top of the Ir interface layer and
another one is over the Ir sub-interface layer.

This supercell model, which consists of a ten-layer Ir(111) substrate
and 1 ML of Co on each side of the substrate, covered by a layer of
graphene, is shown in Fig. 8.10. In addition, the properties of 1 ML of
Co on the Ir(111) surface [1 ML Co]/Ir(111) are calculated in order
to analyze the graphene-induced changes in the magnetic properties
of the Co atoms. A similar approach was used by Busse et al. [218]
and Voloshina et al. [110], to describe the graphene/Ir(111) system
compared to graphene/Ni(111), utilizing hybrid states which allow
the transfer of magnetic moments. The calculations are performed

ATOP

HCP FCC

Figure 8.10: A schematic crystal structure used to represent the
graphene/Co/Ir(111) surface.
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in two separate steps, adapted to the complexity of the task. The
structural optimization procedure is performed using the standard
VASP-PAW [219–221] program package without spin-orbit coupling
(SOC) employing the generalized gradient approximation (GGA) -
Perdew-Burke-Ernzerhof (PBE). The in-plane interatomic distance of
pure Ir, 5.132 a.u. was adopted and kept fixed in the calculations. For
[1 ML Co]/Ir(111), a relatively large −8.4 % relaxation of the interlayer
distance d[Co−Ir] = 3.84 a.u. was obtained. The 2.5 % change in the
distance between the Ir-interface (Ir-I) and the Ir-sub-interface (Ir-
I-1) layers d[(Ir−I)−(Ir−I−1)] = 4.31 a.u. is substantial. Very small,
practically negligible, changes in the Ir atom positions for the rest of
the substrate are found in the calculations. For GR/[1 ML Co]/Ir(111),
in the cases of FCC and HCP, graphene is strongly bound to the Co
atom, with d[C−Co] = 3.80 and 3.72 a.u. respectively. For the ATOP
case, the C atoms are much less connected to the substrate, with
d[C−Co] = 4.27 a.u. Once the structure relaxation is carried out, and
the final structure has been established, it is used within the relativistic
version of the full-potential linearized augmented plane-wave method
(FP-LAPW) [222], in which spin-orbit coupling is included in a self-
consistent second-variational procedure [223], and the local-spin-density
(LSDA) von Barth Hedin approximation is adopted, to calculate the
electronic and magnetic properties. The radii of the atomic muffin-tin
(MT) spheres were set to 1.4 a.u. for C atoms, 2.2 a.u. for Co, and
2.5 a.u. for Ir atoms. The parameter RCo × Kmax = 7.7 defines the
basis set size, and the Brillouin zone was sampled with 229 k points.
In all calculations the magnetization is directed along the z- axis along
the surface normal. The use of the relativistic FP-LAPW method then
allows an accurate determination of the element-specific spin (MS)
and orbital (ML) magnetic moments.

8.3.2 Graphene/2 ML Co/Ir(111)

Now we turn to the comparison between the XMCD experiments and
the calculations for two monolayers of Co intercalated in between
graphene and Ir(111). The same supercell approach as described above
is used (see Fig. 8.10) inserting an extra Co ML into graphene/[1 ML
Co]/Ir(111). Again a two-step procedure is used: at first, the relaxed
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structure is obtained with the VASP code without spin-orbit coupling;
next, the FP-LAPW calculations including SOC are performed. Since
it was observed for the case of graphene/[1 ML Co]/Ir(111) that the
HCP and FCC placements of graphene yield only minor differences
for the Co atom magnetic moments (Vita et al. [212]), only the ATOP
and HCP cases are considered. In Table 8.5 the spin MS , orbital ML,

Table 8.5: Spin (MS), orbital (ML), and dipole (MD) magnetic moments
(in Bohr magnetons) in the d-shells, and the ratio RLS = ML

MS+MD
for a

double layer of Co intercalated in between graphene and Ir(111): for the Co
monolayer next to the graphene (Co@GR) and the Co monolayer next to the
Ir substrate (Co@Ir) for different graphene overlayer placements.

Co@GR Co@Ir

ATOP HCP ATOP HCP

MS 1.52 1.56 1.69 1.66
LSDA ML 0.07 0.09 0.09 0.09

MD -0.31 -0.01 -0.08 -0.07
RLS 0.06 0.06 0.06 0.06

MS 1.73 1.72 1.92 1.90
LSDA+U-FLL ML 0.20 0.24 0.28 0.27

MD -0.47 -0.10 -0.11 -0.13
RLS 0.16 0.15 0.16 0.16

MS 1.52 1.48 1.66 1.62
LSDA+U-AMF ML 0.13 0.19 0.19 0.18

MD -0.32 0.13 0.014 -0.01
RLS 0.11 0.11 0.11 0.12

and magnetic dipole moment MD (in µB) (note that in our notations,
MD = 7〈Tz〉, where the 〈Tz〉 = 1

7QzzMS [224, 225], and Qzz is a
quadrupole moment), and the ratio RLS for the d-shell of the Co
monolayer next to graphene (Co@GR) and the Co monolayer next
to the Ir substrate (Co@Ir) are shown. For the hexagonal hollow
ATOP position of the graphene overlayer, the LSDA calculations yield
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a d-shell occupation of 7.14 for Co@GR, and for the HCP position
nd = 7.10, while for Co@Ir, nd = 7.03 − 7.04. It is not surprising that
we find the MS , ML, and MD moments to depend on the graphene
overlayer placement as well as on the position of the Co atom (Co@GR,
Co@Ir). These differences are small except for the Co@GR case where
both ML and MD are changing. This can be traced to the changes
in the electronic structure due to the charge redistribution in the
Co atom d-shell. Namely with a change in the graphene overlayer
placement from HCP to ATOP (see Fig. 8.10), the occupation for
the spin-minority {3z2 − r2} orbital increases, and Qzz becomes more
negative so that the sum [MS + MD] is reduced. Simultaneously, the
orbital magnetic moment ML is reduced. Thus, the ratio RLS is less
affected by the graphene overlayer placement and remains close to 0.06,
i. e. , a similar value which is measured by the XMCD experiment.

It is well known that LSDA does not properly account for the
orbital polarization in the transitional d metals, and underestimates the
values of the orbital magnetic moments [226]. In order to analyze this
effect, the rotationally invariant LSDA+U method was applied in the
calculations, which preserves the full local occupation matrix including
all spin off-diagonal components. Two flavors of LDA+U with different
choices for the double-counting term, the “fully localized” (FLL) [227]
and the “around-mean-field” (AMF) [228], were considered. A Coulomb
U of 3 eV was chosen, from an average of the U values commonly
used in the LDA+U calculations of the transitional metals [229]. An
exchange J of 0.9 eV was used which corresponds to a choice of the
Slater integrals of F2 = 7.75 eV, and F4 = 4.85 eV.

The spin MS , orbital ML, and magnetic dipole moment MD (in µB),
and the ratio RLS calculated with LSDA+U -FLL are also shown in
Table 8.5. The spin and orbital magnetic moments for both Co@GR
and Co@Ir layers found to be enhanced over the LSDA values. The
magnetic dipole moments are also increased in magnitude. The d-shell
occupation is nd = 7.12 (Co@GR, HCP and ATOP) , and nd = 7.03 −
7.04 for (Co@Ir, HCP and ATOP). Similar to LSDA, the ratio RLS is
about 0.15−0.16, closer to but now exceeding the experimental XMCD
value of 0.12. Note that for the [1 ML Co]/Ir(111) case calculated with
LSDA+U -FLL and the same values of the Coulomb U and exchange
J , the values are nd = 7.02, MS = 2.07 µB, ML = 0.493 µB, magnetic
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Figure 8.11: (a) Spin-resolved projected DOS for the p states of C atom on
top of Co, together with the {3z2 − r2} projected DOS for the d states of
Co@GR atom; (b) spin-resolved DOS for the d states of Co@GR and Co@Ir
in HCP case calculated with relativistic LSDA+U -AMF (U = 3 eV).

dipole moment, MD = 0.32 µB, and a ratio RLS is 0.21. Once the
LSDA+U -AMF is applied, this ratio becomes 0.11 − 0.12 in good
agreement with the XMCD experiment. The d-shell occupation remains
practically unchanged, nd = 7.11 − 7.14 (Co@GR, HCP and ATOP),
and nd = 7.03 − 7.04 for (Co@Ir, HCP and ATOP). The values of
individual moments are listed in Table 8.5. It is seen that the MS , ML,
and MD moments depend on the graphene overlayer placement as well
as on the position of the Co atom (Co@GR, Co@Ir). While both the
sum [MS + MD] and ML change, the ratio RLS remains unaffected.
For a clean [1 ML Co]/Ir(111) calculated with LSDA+U -AMF and
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the same values of the Coulomb U and exchange J , we get a d-shell
occupation of 7.03, MS = 1.78 µB, ML = 0.29 µB, magnetic dipole
moment, MD = 0.29 µB, and a ratio RLS = 0.140. For the ATOP
case, relatively small spin moments MS are induced on the C atoms
(−0.012 µB , 0.001 µB). For the HCP case, the moments increase, with
MS = −0.027 µB for the C atom on the top of Co (C@Co), and
MS = 0.014 µB for the C atom over the Ir substrate (C@Ir). These
moments are mainly of p-orbital character and originate from spin-
dependent hybridization between C π and Co d valence-band states.
The spin-resolved projected density of states (DOS) for the p states
of the C atom on top of Co (C@Co) is shown in Fig. 8.11. It is
seen that the C atom spin polarization follows the spin polarization
of the {3z2 − r2} d states of the Co@GR atom. This spin splitting
of the p states is qualitatively consistent with the carbon K-edge
XMCD spectra in Fig. 8.9(d). However, the theory does not support
the sizable orbital moment ML of the p states of the C atom. This
moment is derived from the XMCD experimental data making use of
the orbital moment sum rule Eq. 8.1. The reason for this disagreement
is not clear at the moment. It can indicate limitations of the DFT
calculations for a proper description of orbital polarization in graphene,
and the necessity to go beyond DFT for the C atoms of graphene.
Another possibility is that the use of the commensurate in-plane unit
cell of graphene instead of a realistic moiré pattern can lead to the
neglection of strong interface effects such as charge transfer-induced
polarization in the adsorbed graphene. From the computational point
of view, the accurate evaluation of a graphene orbital moment in a
realistic moiré structure remains a challenge. The spin-resolved DOS
for the d states of Co@GR and Co@Ir in the HCP case, calculated
with relativistic LSDA+U -AMF (U = 3 eV) are shown in Fig. 8.11. It
is seen that the spin splitting of the d states is slightly reduced for
Co@GR as compared to Co@Ir. This reduction is consistent with the
corresponding reduction of the spin moment MS seen in Table 8.5.
We can interpret it in terms of spin-polarization transfer from the Co
layer to graphene, mainly due to hybridization between C π and Co
{3z2 − r2} d states.
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8 Graphene/Ir(111) – intercalation of cobalt and nickel

8.4 Conclusions

Both Ni and Co behave quite differently from the case of Cu: both
metals, when intercalated in between graphene and Ir(111) “destroy”
the Dirac cone and the associated linear dispersion, such that high
charge carrier mobilities and other special properties of graphene are
no longer present. This statement holds irrespective of the ongoing
debate whether the band crossing at ≈ 2.4 eV for Ni (Fig. 8.2 (b)) or
Co (Fig. 8.8) can be identified with the Dirac cone as postulated by
Varykhalov and Rader [213]. Even if this assignment would hold, the
specific band structure would be so far removed from the Fermi level
that it could not play a role in the transport properties. So just as
in the case of graphene grown on bulk Co(0001), the present system
is another example of a metal/graphene interface where the relative
position in energy and wave vector of the metal d and carbon π states
near the Fermi level causes a massive rearrangement of the bands and
the removal of the band structure specific to graphene. Concerning
magnetic ordering in thin intercalated ferromagnetic layers and their
magnetic interaction with graphene, two results have been achieved.
First, under the conditions of our experiment (field strength, sample
temperature) we observe clear indications of magnetic ordering in
Cobalt intercalated films of 2 ML thickness, with values for the spin and
orbital moment close to those of bulk Co. This is a somewhat surprising
result since the first Co layer, adjacent to the Ir(111) substrate, does
not possess the structure of a closed packed hexagonal Co layer; only
the second layer assumes that structure. The results agree with our
DFT-based calculations which, however assume a different structure.
The transfer of magnetic moment onto the graphene π states is quite
strong, as evidenced by the clear XMCD signal at the carbon K edge
(Fig. 8.9 (d)). With respect to a spin filter action proposed by Karpan
et al. [11, 12] (shown in Fig. 2.4 of ch. 2.2), we can state that, due to
the absence of a Dirac cone in the graphene layer, the graphene/Co
system is not suitable. It would be interesting to study whether the
decoupling of Co from graphene through an interlayer of gold for
example (Sánchez-Barriga et al. [230]), which restores the Dirac cone,
would not weaken the magnetic coupling between the Co and graphene
too much such that no moment is transferred to the graphene layer.
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Chapter 9
Intercalation of ytterbium in
graphene/Ir(111)

9.1 Experimental results

The study of graphene modified by intercalation of rare-earth elements
seems promising from a technological point of view. Rare-earth mate-
rials exhibit magnetic properties which may be exploited in possible
applications as magnetic storage devices. Early studies have reported
on the modification of the electronic structure of graphite by incorpo-
ration of layers of various rare earth atoms in the so-called graphite
intercalation compounds (GICs)[231–233]. Ytterbium, which has an
electron configuration of [Xe]4f14(6s)2, is chosen as an example rep-
resenting the class of rare earth metals, since it exhibits an s-type
valence band, making it possible to compare the electronic structure
to the widely studied cases of alkali metals used as intercalates in
GICs [234]. Early examples of research into Yb intercalation include
work by Molodtsov et al. [232]. The authors used PES to compare
the electronic structure of pristine graphite with GICs modified by
incorporation of Yb atoms, leading to valence bands shifts towards
higher binding energy. A mechanism beyond the simple rigid band
model was suggested to account for the different behavior of the bands
with π and σ character. More recently, reports have proposed the exis-
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tence of superconductivity in the intercalation compounds C6Yb [235].
The authors observed a considerably higher superconducting transition
temperature (6.5 K), than in the first reported superconducting GICs,
which was C8K [236, 237] with a transition temperature of 0.15 K.

The specific objective of this chapter is to investigate the electronic
structure of intercalated Yb thin films into the graphene/Ir(111) inter-
face by ARPES. Additional information on the intercalation process
itself is gained from “real-time” XPS at the C 1s core level and the
valence band region near the Fermi edge. LEED is used in order to
obtain further information on the structural properties on the sam-
ple e. g. on the arrangement of the Yb atoms with respect to the
underlying Ir(111) substrate. High resolution static XPS spectra were
obtained in order to perform a detailed shape analysis of the core
level lines (Fig. 9.1 (a)) for the pristine graphene/Ir(111) sample, as
reference, and graphene/Yb/Ir(111) after the finished intercalation
process. An amount of 1 ML of Yb, estimated by calibration to a
quarz microbalance prior to the experiment, is deposited on top of
pristine graphene/Ir(111) with the sample kept at a temperature of
110 K. Special attention was given to the vacuum conditions during the
preparation of the sample. The partial pressure in the experimental
chamber never exceeded 7 × 10−11 mbar. In order to rule out possible
oxidation of the highly reactive Yb thin films on the sample surface,
O 1s core level spectra were taken.

The line shape analysis of the C 1s core level depicted in Fig. 9.1
(b), indicates that the Yb atoms intercalate underneath the graphene
sheet, visible as a strong chemical shift of the C 1s core level from
284.170(2) eV for pristine graphene/Ir(111) towards 284.950(2) eV (see
ch. 8.1 and ch. 8.2) Ni and Co intercalated layers, show a similar
shift in the C 1s level. Thus it can be concluded that the Yb thin
film is completely intercalated. Further, a broad shoulder at higher
binding energy is visible in the C 1s peak after intercalation, most
possibly due to contributions from disordered carbon atoms in the
graphene sheet. The energies of the C 1s core level after deposition and
intercalation are collected in Table 9.1. In the LEED images [Fig. 9.1
(c)] a restructuring of the intercalated Yb thin film is seen, by the
formation of a (

√
3 ×

√
3)R30◦ phase, additionally to the hexagonal

moire pattern caused by graphene. The (
√

3 ×
√

3)R30◦ lattice is
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Figure 9.1: Overview of the XPS C 1s core level spectra showing
in (a) the intercalation process from graphene/Ir(111) [black] towards
graphene/Yb/Ir(111) [green]. (b) Line shape analysis of the C 1s core
level, showing a shift towards 284.95 eV for the Yb intercalated sample. (c)
LEED images for pristine graphene/Ir(111) [black], obtained with E = 88 eV
indicating the moiré structure, and graphene/Yb/Ir(111) [green], obtained
with E = 89 eV and 85 eV, showing an additional (

√
3 ×

√
3)R30◦ structure

relative to the Ir substrate.

Table 9.1: Overview of the main C 1s peak position for Yb deposited on
top and the intercalated graphene/Yb/Ir(111) phase, compared to pristine
graphene/Ir(111).

G/Ir(111) – pristine Yb/G/Ir(111) – on top G/Yb/Ir(111)

C 1s 284.17 eV 284.70 eV 284.95 eV
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aligned with respect to the spots of the underlying Ir substrate, which
becomes clear from the different lattice distances of graphene and Ir in
LEED. Images obtained at different energies of 85 eV and 89 eV reveal
that there are not only single but multiple Yb spots. The evaluation
of the characteristic C 1s and Yb 4f core levels during deposition
and annealing is followed in “real-time” by measuring photoelectron
spectra iteratively (Fig. 9.2). During the deposition process with the
sample kept at low temperature, a relatively strong shift of 500 meV
changes the position of the C 1s core level peak from 284.170(2) eV for
pristine graphene/Ir(111), towards 284.700(3) eV (Fig. 9.2 (a)). This
is, as in similar cases such as the intercalation of Cu atoms described
in chapter 7, due to Yb atoms acting as electron donors with respect
to the graphene sheet, leading to an n-doping effect of the π band.

The intercalation process as observed by “real-time” XPS spectra
in Fig. 9.2 (a) differs significantly from the cases of Ni and Co atoms
(chapter 8), since no partial recovery in the intensity of the shifted C 1s
lineshape after the suppression of the signal due to deposition of metal
atoms is apparent. This behavior is highlighted by a waterfall plot
in Fig. 9.2 (b), showing several spectra extracted at different sweeps,
stacked above each other. The spectra in the valence band region
(Fig. 9.2 (b)) show the emergence of two distinct peaks which can
be identified as (strongly localized) Yb 4f5/2; 4f7/2 core levels. This
observation is in agreement with studies by Mårtensson and Nilsson
[238], Dedkov et al. [239], who showed that for Yb coverages in the
regime below 1 ML on top of Mo(110), only two separate Yb 4f peaks
were observed. For higher Yb coverages the peak structure of the
spectrum develops into four single peaks with two separate doublets
emerging from Yb 4f5/2 and Yb 4f7/2.

The intercalation process is initiated by approaching a temperature
of 300 ◦C, and becomes visible as a chemical shift in the “real-time”
C1s spectra (Fig. 9.2 (a), (b)). This temperature regime coincides with
early photoelectron and Auger-electron spectroscopy studies by Shikin
et al. [240], who found that the intercalation of 1 ML Yb into the
graphene/Ni(111) interface is accomplished at annealing temperatures
of 300 − 400 ◦C. Using temperatures higher than 450 ◦C is reported
to yield a undesired increase in the desorption rate of Yb atoms
from the surface. The observation of the relatively low intercalation
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Figure 9.2: (a) and (c) Changes in C 1s line shape and Yb 4f valence band
region (5.5 eV − EF ) upon deposition (sweep 4 to 8) and annealing (sweep 10
to 20), as false color plots [(a) and (c)] and waterfall plot [(b) and (d)]. The
core levels are marked by dashed lines. Right side of (b) and (d): Extracted
intensity at certain energies EB indicated by dashed lines in the core-level
spectra, emphasizing the changes in the C 1s shape and valence band region
during deposition and intercalation. See text for discussion.

temperature of 300 ◦C is in contrast to the intercalation of e. g. Cu
atoms into the graphene/Ir(111) interface, as reported in chapter
7, where significantly higher temperatures of 550 ◦C are necessary.
Another, rather unusual observation is seen during the intercalation
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process leading to non-monotonic changes in the energy positions
of the Yb 4f spin-orbit-doublet, upon slowly increasing the sample
temperature. This is visible from Fig. 9.2 (a) and (b), starting from
the cold sample surface (T = 110 K) at sweep 10, with increasing
annealing of the surface up to T = 300 ◦C at sweep 20. The C 1s
shows a back-shift of 350 meV in binding energy from 284.70(1) eV at
sweep 10, towards lower binding energy of 284.35(1) eV at sweep 14.

A similar behavior is present in the valence band spectra near the
Fermi edge. Here, a 300 meV shift of the Yb 4f spin-orbit-doublet
from 3.10 eV; 1.95 eV towards 2.80 eV; 1.65 eV is present. This could
be due to a re-distribution of atomic Yb-clusters, which were formed
upon deposition on the surface, with the sample kept at T = 110 K.
Before a sufficient temperature for the initiation of the intercalation
process is reached, an intermediate phase of Yb may be formed, which
is accompanied by the observed back-shift in binding energy. How-
ever, upon reaching a temperature of 300 ◦C, the C 1s level is shifted
back towards higher binding energy of 284.95(1) eV at sweep 20. A
different behavior is present in the Yb 4f level leading to a shift to-
wards 1.95 eV; 0.65 eV. No further changes in the line shapes could be
observed in the following, which is an indication that the intercalation
process is complete.

In order to evaluate the electronic band structure and the forma-
tion of the (

√
3 ×

√
3)R30◦ phase, ARPES data (Fig. 9.3) are com-

pared with pristine graphene/ Ir(111). The band structure of pristine
graphene/Ir(111) identified in the constant energy maps (Fig. 9.3 (c))
shows – Ir(111) surface state (red), graphene Dirac cones (black), and
Ir bulk bands (blue). Upon Yb intercalation, a strong n-type doping
effect of the graphene π band is apparent from Fig. 9.3 (b): the π
band at the K-point is strongly shifted to higher binding energy, with
ED at 1.5 eV. This gives a large shift of the π band at the K-point
of about 1.6 eV, compared to the case of pristine graphene/Ir(111),
which is slightly p-doped. Interestingly, the observed shift of the Dirac
energy towards higher binding energy, is similar to the case of the high
temperature graphene/Mn/Ir(111) – (2 × 2) phase (ch. 10.2), with
ED = 1.4 eV (Fig. 10.7). A collection of the characteristic π band po-
sitions for graphene/Yb/Ir(111) is given in Table 9.2. In the following
I compare the latter sample to the cases of pristine graphene/Ir(111),
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Figure 9.3: ARPES data for the electronic structure of graphene/Ir(111) (a)
and intercalated graphene/Yb/Ir(111) (b). (a) Left side: ARPES intensity
maps for graphene/Ir(111) acquired along the Γ − M − K − Γ at hv = 65 eV.
The gray line shows a calculated band structure for a free-standing graphene
film [149]. (c) Right side: constant energy surface at EB = 0.3 eV extracted
from the ARPES measurements. (b) Left side: ARPES intensity map for
graphene/Yb/Ir(111) – additional features are derived from Yb 4f5/2; 4f7/2

states (green line) located around EB = 1.7 eV and EB = 0.4 eV. Orange
lines give π band position at K and M. (d) and (e) Right side: constant
energy surface at EB = 0.1 eV (top) and EB = 2.4 eV (bottom) extracted
from the ARPES measurements.
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Figure 9.4: (a) ARPES intensity maps from graphene/Yb/Ir(111) along
Γ − K (left) and perpendicular to it (right). The position of the π band
at the K-point, indicated as Dirac energy ED, is shifted to 1.5 eV. The Yb
4f5/2 and 4f7/2 states are located around EB = 0.4 eV and EB = 1.7 eV and
labeled [green]. The peak position derived from a MDC line shape analysis
is marked by [gray circles]. (b) EDC spectrum extracted at the K point. A
multi-component peak fit using four Gaussian peaks is used to determine the
position of the Dirac energy ED [orange].

the graphene/Mn/Ir(111) – (2 × 2) phase (ch. 10.2) and the strongly
interacting graphene/Ni/ W(110) case (ch. 8.1). The difference in
the π band positions at the M- and K-point (∆MK = 2.4 eV) is re-
duced compared to ∆MK = 2.7 eV for the pristine sample. A simi-
lar value of ∆MK = 2.4 eV is observed for graphene/Mn/Ir(111) in
the (2 × 2) phase. This contrasts with the strong reduction of this
value towards ∆MK = 1.9 eV, for graphene/Ni/W(111). The differ-
ence in band energy at Γ and K is, generally speaking, less affected
by the strong n-type doping reported for graphene/Yb/Ir(111) and
graphene/Mn/Ir - (2 × 2). Therefore, values around ∆ΓM = 5.3 eV
observed for graphene/Yb/Ir(111) are close to ∆ΓM = 5.2 eV for pris-
tine graphene/Ir(111). A similar value (∆ΓM = 5.4 eV) is observed
for the strongly interacting case graphene/Ni/W(110). In order to
provide better insight into the region around the K-point, detailed
ARPES spectra were obtained along and perpendicular to the Γ − K
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Table 9.2: Overview of characteristic positions of the graphene π band
for graphene/Yb/Ir(111), at high symmetric points of the Brillouin zone,
compared to graphene/Ir(111), graphene/Mn/Ir(111) in the (2 × 2) phase
and strongly interacting graphene/Ni/W(110).

G/Ir(111) G/Yb/Ir(111) G/Mn/Ir(111) G/Ni/W(110)
– (2 × 2) phase –

Γ 7.8 eV 9.2 eV 9.7 eV 9.9 eV
∆ΓM = 5.2 eV ∆ΓM = 5.3 eV ∆ΓM = 5.8 eV ∆ΓM = 5.4 eV

M 2.6 eV 3.9 eV 3.9 eV 4.5 eV
∆MK = 2.7 eV ∆MK = 2.4 eV ∆MK = 2.5 eV ∆MK = 1.9 eV

K −0.1 eV 1.5 eV 1.4 eV 2.6 eV

direction as shown in Fig. 9.4 (a). An overview of the 2-D-k-space data
set of graphene/Yb/Ir(111) is depicted in Fig. 9.4 (b), as a selection
of constant energy surfaces at 400 meV separation in binding energy.
EDC spectra extracted at the K-point and depicted in Fig. 9.4 (c),
show a rather broad contribution of π states around the K-point, which
makes it difficult to judge if there is a band gap opening. A line shape
analysis (Fig. 9.5), is used to further analyze the band structure with
respect to possible quasi-particle interactions. Deviations from the
linear dispersion of the π band are obviously present. An evaluation
of the slope of the π band gives a velocity of v = 1.00(3) × 106 m s−1

for binding energies at 2.8 eV, which is only slightly reduced compared
to v = 1.050(4) × 106 m s−1 for pristine graphene/Ir(111) (chapter 6).
For energies at 1.0 eV, well above the Dirac energy at 1.5 eV, a sig-
nificantly reduced velocity with v = 0.520(6) × 106 m s−1 is observed.
Upon passing the range of the low lying Yb 4f7/2 states at 0.4 eV,
a hybridization gap occurs in the π band. This can be explained
using the concept of avoided crossings of valence band states for the
case of Cu in ch. 7, which leads to a further reduction in the veloc-
ity v = 0.330(14) × 106 m s−1, in the region near the Fermi energy
(EF − 0.2 eV). This behavior is distinctly different from the case of
graphene/Mn/Ir(111), as discussed in chapter 10.2. Here, no additional
hybridization gaps were observed - only strong n-type doping promoted
by the intercalated Mn thin film acting as electron donor. However,
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Figure 9.5: (a) MDC line shape analysis from spectra along Γ−K, (Fig.9.4),
by Voigt line shapes (left). MDC line shape analysis perpendicular to the
Γ − K direction (right). The derived dispersion regions and corresponding
velocities are indicated [blue-red-orange]. The Dirac energy is marked at
ED = 1.5 eV. (b) MDC peak line width of the Lorentzian contribution to the
Voigt profile (left); the Gaussian line width is held constant. MDC amplitude
of the Lorentzian (right).

172



9.1 Experimental results

a similar effect is present in the data of graphene/Cu/Ir(111) (ch. 7),
leading to a series of hybridization gaps in the region of (1.8 − 4.2 eV),
due to avoided crossing mechanism of the localized Cu 3d states and
the graphene π band discussed in detail in ch. 7. For the direction per-
pendicular to ΓK, the line shape analysis reveals that there are similar
kinks present in the π band. The dispersion of the π band in the region
(1.9 eV − 2.8 eV), yields similar velocities of 0.800(4) × 106 m s−1 and
0.820(5) × 106 m s−1 for the left and right branch in Fig. 9.5 (a). These
values are in good agreement with velocities derived for the pristine
graphene/Ir(111) system (chapter 6). A similar reduction in the veloc-
ity is observed in the region above the Dirac energy (0.6 eV − 1.2 eV)
with a velocity of 0.650(3) × 106 m s−1 and 0.620(7) × 106 m s−1. Fi-
nally, the region near the Fermi energy shows a reduction of the velocity
to 0.570(7) × 106 m s−1 for both branches.

In order to clarify the question whether a Yb 4f – π hybridization
gap is induced, spectra were taken at different photon energy using
a so-called “photon scan”, as discussed in the appendix (Fig. 11.5).
We chose a comparison of ARPES spectra obtained with hv = 65 eV
and hv = 100 eV (Fig. 9.6). Since the spectra were taken in the same
sample geometry, the different photoionization cross-section of π states
and Yb 4f states should become the only factor for the different
intensities in the ARPES spectra. By increasing the photon energy
from hv = 65 eV to hv = 100 eV, the cross section of the carbon 2p level
is significantly reduced compared to an increase in the cross section
for the Yb 4f levels [241–243]. Therefore, the ARPES data presented
in Fig. 9.6 (a), taken at hv = 65 eV, indicate weaker contributions
of the Yb 4f levels. The EDC spectrum extracted at the K-point
gives no clear indication for a band gap opening. A different situation
occurs for hv = 100 eV (Fig. 9.6 (b)). The Yb 4f levels become
dominant, highlighting a suppression in the dispersion of the graphene
π band around (1.0−1.7 eV) at the K-point, which is a clear indication
of a hybridization-induced band gap. Similar studies regarding the
deposition and intercalation of Yb thin films have been carried out,
but with graphene/SiC(0001) using a different substrate [244–246].
Recently, Hwang et al. [246] observe signatures of two coexisting
phases: on the one hand, parts resemble as-grown graphene/SiC(0001)
with ED = 0.4 eV [247], nearly unchanged in position of the Dirac
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energy, whereas other parts show signatures of highly n-doped graphene
with a shifted Dirac energy towards ED = 1.4 eV [248]. The study
of the intercalation of thin films of the rare-earth metal Yb into
the graphene/Ir(111) interface gives the following results. The band
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structure of the graphene π band is strongly affected by the Yb thin
film: an n-type doping effect, driven by the Yb atoms acting as a
electron donor and the graphene as acceptor, shifts the π band at
the K-point to higher binding energy (1.5 eV), similar to the case of
alkali metals [155, 249]. Band gaps are observed for the graphene π
band in the region around the K point. These gaps occur at binding
energies of 0.3 eV and 1.6 eV; they open up at energies close to the
positions of the strongly localized Yb 4f5/2; 4f7/2 levels at 0.4 eV and
1.7 eV. We thus have a situation that exhibits some similarities with
the case of intercalated Cu (ch. 7), in that these gaps are due to a
hybridization between Yb 4f and graphene π states, i. e. an avoided
crossing phenomenon. The astonishing fact is that this hybridization
also occurs with a 4f state, since these are thought to be core-like
and thus a state mixing would be less likely to occur. Also surprising
is the large difference in the magnitude of the thus-induced gaps,
which is much larger for the one close to EF . LEED studies identify
the structural arrangement of the intercalated Yb thin film upon
intercalation. A (

√
3 ×

√
3)R30◦ phase is observed, which is oriented

relative to the Ir(111) substrate. During the intercalation process, a
rather unusual back shift in the C 1s and Yb 4f level is observed,
which suggest the formation of an intermediate phase of the Yb clusters
after the deposition on top of the graphene/Ir(111) surface. This
phase vanishes as soon as the temperature is high enough to promote
the intercalation and restructuring of the Yb atoms underneath the
graphene sheet.
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Chapter 10
Manganese as intercalate in
graphene/Ir(111)

As we have seen in chapter 8, transition metals such as Ni and Co, inter-
calated underneath graphene/Ir(111), show a rather strong interaction
with graphene, yielding pronounced modifications of the graphene
π band [42, 51, 111, 213]. Now, I will describe the modification of
graphene/Ir(111) by intercalation of Mn thin films. This topic is inter-
esting in this context since Mn has, with the electronic configuration –
Mn [Ar] 3d5(4s)2 – a half filled 3d shell and thus the interaction may
be weaker. Further, the intercalation of Mn thin films seems promising
from the point of view of spintronic applications, as pointed out by Gao
et al. [250]. The authors studied the intercalation of Mn layers under-
neath epitaxial graphene on SiC(0001) using STM, LEED and XPS.
They report that the Mn atoms can intercalate between the carbon-
rich interface layer, as well as underneath the graphene monolayer
situated above the interface layer. A small n-doping effect by 30 meV
peak shift in the XPS spectrum was observed at the K-point upon
intercalation of 0.1 ML Mn. However, the Dirac cone vanishes here for
larger amounts of Mn above a coverage of 0.6 ML. Investigations of
intercalation of Mn thin films on metallic substrates were performed by
Zhang et al. [251], who studied the morphology of the intercalation of
Mn in graphene/Rh(111) by STM. The authors report the formation
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10 Manganese as intercalate in graphene/Ir(111)

of intercalated Mn islands, which show the same contrast in the moire
superstructure as the surrounding graphene/Rh(111) areas. Another
interesting point is the formation of “surface alloys”, which is widely
discussed in the books of Woodruff [252] and Wuttig and Liu [253].
Surface alloys are observed for Mn thin films grown directly on Ni
or Cu single crystal substrates [254–256]. In particular, O’Brien and
Tonner [256] claim that the surface alloys MnNi and MnCu indicate
significantly different magnetic behavior compared to the bulk proper-
ties. However, these samples are vulnerable to oxidation due to the
reactive half-filled Mn 3d shell. Our study was thus also motivated by
the idea that the graphene sheet may act as an inert and passivating
cover, preventing oxidation of a possible novel surface alloy. Here I
investigate graphene/Mn/Ir(111), by deposition of Mn thin films on
top of graphene/Ir(111), and follow the intercalation process by an-
nealing at moderate temperatures of 350 ◦C using XPS. Investigating
the band structure by high resolution ARPES shows a preserved Dirac
cone, and a trigonal suppression of the replica Dirac cones. I will refer
to this preparation as the “trigonal phase” – graphene/Mn/Ir(111).
A totally different situation occurs if the intercalation process is per-
formed at higher temperatures (550 ◦C), which leads to the (2 × 2)
“high temperature phase” in the following. Strong changes in the band
structure emerge, with a π band shifted to higher binding energies, and
a chemical shift of the C 1s core level. Additionally, a restructuring
of the intercalated Mn thin film is observed by LEED. Additional
information on the (2 × 2) phase where obtained by STM experiments,
which revealed the occurrence of enhanced corrugation comparing the
(2 × 2) “high temperature phase” phase and the graphene/Mn/Ir(111)
“trigonal phase”.
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10.1 Intercalation of manganese – trigonal phase

10.1 Intercalation of manganese – trigonal phase

As in previous and subsequent chapters, Mn deposition and interca-
lation was examined using core-level XPS, LEED and valence-level
ARPES. A novel aspect here is that also the changes in the valence
band during deposition were followed in “real-time”. Upon interca-
lation of Mn at moderate temperatures, a pseudomorphic phase of
graphene/Mn/Ir(111) emerges which shows a preserved π band at
the K-point. For reasons that become clear later, this phase is called
“trigonal phase” in the following; it is obtained by annealing the sample
at temperatures of 350 ◦C. This temperature is significantly lower
compared to the “high-temperature” (2 × 2)-phase, which is formed
by annealing at 550 ◦C. This process leads to the intercalation of Mn
atoms as well, but is accompanied by the formation of a structural
(2 × 2) phase (see ch. 10.2).

During the deposition of Mn and subsequently intercalation into the
graphene/Ir(111) interface, the sample is characterized by C 1s core
level photoemission, ARPES at the K-point, and LEED (Fig. 10.1).
Intercalation is performed at medium temperatures of 350 ◦C, showing
the characteristic suppression and partially recovery of the line intensity
of the C 1s core level, as observed for the intercalation Cu in ch. 7.
Moreover a shift in the peak position is observed. ARPES spectra
recorded in “real-time” during the deposition of Mn, as shown in
Fig. 10.1 (d) and (e), indicate a shift of the graphene π band of
500 meV towards higher binding energy. The Mn atoms acting as
electron donors cause a strong n-doping of the π band. This shift
is also partially visible in the C 1s core level spectra in Fig. 10.1
(a) which indicate a chemical shift from 284.170(2) eV for pristine
graphene/Ir(111) towards 284.470(7) eV for Mn/graphene/Ir(111).

The intercalation process is initiated by slowly increasing the tem-
perature up to 350 ◦C. I infer from the data in Fig. 10.1 (a) and (b)
that the Mn atoms intercalate underneath the graphene sheet, because
of the nearly full recovery in the C 1s intensity upon annealing. This
process is accompanied by a minor decrease in the total chemical shift
to 250 meV with the C 1s level located at 284.420(4) eV. Reasons
for this behavior could be e. g. re-evaporation of Mn atoms from the
surface during intercalation.
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Figure 10.1: Overview of the XPS C 1s core level spectra showing
(a) the evolution of the C 1s line during the intercalation process
from graphene/Ir(111) [black] and Mn/graphene/Ir(111) [blue] towards
graphene/Mn/Ir(111) [green]. (b) Line shape analysis of the C 1s core
level. (c) LEED images for graphene/Ir(111) [black] and Mn intercalated
[green]. (e) “Real-time” ARPES measurements during Mn deposition at the
graphene K-point, leading to a 500 meV shift of the top of the π band towards
lower binding energy. (d) Valence band taken at the K-point before and
after Mn deposition. The intensity of the graphene π bands emission increase
significantly after annealing (Fig. 10.2).
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Table 10.1: Overview of the main C 1s peak position for the inter-
calated system graphene/Mn/Ir(111) – trigonal phase, compared to
Mn/graphene/Ir(111) and the initial system graphene/Ir(111).

G/Ir(111) Mn/G/Ir(111) G/Mn/Ir(111)
– trigonal phase –

C 1s 284.17 eV 284.47 eV 284.42 eV

A collection of the C 1s core level positions is given in Table 10.1. A
line shape analysis of the core level lines in Fig. 10.1 (b) reveals that a
shoulder is apparent at higher binding energies of 284.95 eV after Mn
deposition. This shoulder is significantly reduced in intensity upon
annealing. The C 1s line of the intercalated sample is sharpened and
increased in intensity after the intercalation of the Mn thin film.

LEED images in Fig. 10.1 (c), show a pseudomorphic structure
of the intercalated Mn atoms underneath graphene, accompanied
by a suppression of every second replica spot related to the moiré
superstructure. This is significantly different from the cases of Cu, Ni
and Co intercalates (ch. 7, 8), and will be discussed in detail below.
The characteristic π band positions are obtained from survey ARPES
data over a large range of graphene’s Brillouin zone (not shown). A
collection of these values is given in Table 10.2 below.

Table 10.2: Overview of characteristic positions of graphene’s π-band for
graphene/Mn/Ir(111) – trigonal phase, at high symmetric points of the Bril-
louin zone, compared to pristine graphene/Ir(111) and the strongly interacting
graphene/Ni/W(110).

G/Ir(111) G/Mn/Ir(111) G/Ni/W(110)
– trigonal phase –

Γ 7.8 eV 7.8 eV 9.9 eV

∆ΓM = 5.2 eV ∆ΓM = 5.1 eV ∆ΓM = 5.4 eV

M 2.6 eV 2.7 eV 4.5 eV

∆MK = 2.7 eV ∆MK = 2.4 eV ∆MK = 1.9 eV

K −0.1 eV 0.2 eV 2.6 eV
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10 Manganese as intercalate in graphene/Ir(111)

In the following I compare the trigonal phase with te cases of pristine
graphene/Ir(111) and the strongly interacting graphene/Ni/W(110).
First of all, the Dirac cone formed by graphene’s π band around
the K-point is much less affected by the intercalated Mn film. The
result is an n-doped π band with a total shift of 0.3 eV as compared
to graphene/Ir(111); the position of the π band at the Γ-point is
unaffected. The difference in the π band positions between the M-
and K-points is, with ∆MK = 2.4 eV, significantly reduced compared
to ∆MK = 2.7 eV for the pristine sample. A strong reduction of this
value towards ∆MK = 1.9 eV, as observed for graphene/Ni/W(111),
is not found. The π band positions between the Γ- and K-point
is (∆ΓM = 5.1 eV), about the same as for the pristine sample. For
graphene/Ni/W(110) ∆ΓM = 5.4 eV is found, a significantly increased
difference, as discussed in section 8.1.

In order to verify the exact position of the π band at the K-point,
close-up ARPES spectra were obtained (Fig. 10.2 (a)) along and
perpendicular to ΓK. For the latter direction, one can see that the
replica band of the main π band is suppressed. This is also visible in
constant energy surfaces extracted at energies of 0.6 eV in Fig. 10.2
(b). A trigonal suppression of the replica Dirac cones i. e. suppression
of every second replica can be derived from the spectra; hence the
name of this phase. Due to the structural arrangement of the Mn
atoms on Ir(111) the symmetry is reduced to threefold, as compared
to unperturbed graphene/Ir(111) which exhibits sixfold symmetry (six
replica cones).

A similar behavior was observed in recent studies by Rusponi et al.
[45], where Ir clusters were deposited on graphene/Ir(111). The authors
observe the formation of a self-assembled Ir metal cluster superlat-
tice on top of the moiré pattern of graphene/Ir(111), during room
temperature evaporation of Ir atoms. A similar threefold symmetry
with trigonal suppression of the replica cones is apparent, accompanied
by small n-doping to 0.2 eV below EF . The authors argue that a
symmetry breaking between the A and B sublattices of graphene’s BZ
is the reason for this observation, due to preferential nucleation of the
Ir cluster at the HCP stacking areas. This interpretation obviously
does not apply here; rather, the structural arrangement of the Mn
atoms on Ir(111) must be of importance as explained below.
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Figure 10.2: (a) ARPES intensity maps acquired along and perpendicular
to the Γ − K direction of the BZ of graphene with photon energy hv = 65 eV.
(b) Constant energy surface at EB = 0.6 eV extracted from the ARPES
measurements. The main feature is the trigonal suppression of the replica
cones. (c) MDC line shape analysis from spectra depicted in (a) by Voigt
line shapes. The derived dispersion is indicated [gray] with the associated
velocities. The Dirac energy is shifted towards ED = 0.2 eV. (d) EDC
extracted at the K-point, giving no indication for a bandgap.

A line shape analysis of the MDC spectra is used in order to evaluate
the dispersion of the π band (Fig. 10.2 (c)). Perpendicular to Γ − K,
the line shape analysis is limited to the range as far as the two branches
of the π band can be well distinguished. First of all, from analyzing
the MDC spectra along and perpendicular ot the ΓK direction, I
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10 Manganese as intercalate in graphene/Ir(111)

conclude that the π band disperses linearly up to a binding energy of
0.2 eV. Extracting EDC spectra at the K-point, shown in Fig. 10.2
(d) indicates rather broad contributions in the valence band states
without a band gap opening. Evaluating the slope of the π band
along ΓK, as described in chapter 6.4, I derive a velocity of v =
0.90(2) × 106 m s−1 up to binding energies of 0.2 eV. The dispersion is
slightly decreased compared to pristine graphene/Ir(111) as shown in
Fig. 6.15. The minigaps, present for the pristine sample, are suppressed
for graphene/Mn/Ir(111) in the trigonal phase. For the direction
perpendicular to ΓK, the line shape analysis reveals that there is no kink
present in the π band. The derived velocities of 0.81(3) × 106 m s−1

and 0.82(3) × 106 m s−1 show similar dispersion of both arches of the
π band. These values are in good agreement with measurements on
the pristine graphene/Ir(111) system as discussed in section 6.4.
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Figure 10.3: graphene/Mn/Ir(111) - trigonal phase, measured around the
K-point of the second sublattice compared to Fig. 10.2. (a) ARPES intensity
maps acquired along and perpendicular to the Γ − K direction of the BZ
of graphene with photon energy hv = 65 eV. MDC line shape analysis
and derived dispersion is indicated [gray], with associated velocities. The
Dirac cone is shifted towards ED = 0.1 eV.(b) Constant energy surface at
EB = 0.6 eV extracted from the ARPES measurements. The main feature is
the trigonal suppression of the replica cones.
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10.1 Intercalation of manganese – trigonal phase

One may ask whether, the observed trigonal suppression of the
replica cones (Fig.10.2 (b)) shows the same behavior for both K- and
K’-points of the different sublattices in graphene. Hence additional
ARPES measurements were obtained around the K’-point (Fig.10.3),
which is located along the ky-axis, being the second sublattice B,
as compared to Fig. 10.2, where the K-point from sublattice A is
measured. Evaluation of the spectra shows exactly the same pattern in
the trigonal suppression with about the same values for the associated
velocities [Fig. 10.3 (a) and (b)]. Hence the trigonal suppression shows
always the same pattern on both sublattices i. e. at K- and K’-points.
The latter case shows a slightly smaller n-doping of the π band at
the K-point towards 0.1 eV [Fig. 10.3 (a)] which is explained due to a
smaller amount of deposited Mn atoms.

In order to obtain structural information about the trigonal phase
– graphene/Mn/Ir(111) , STM experiments were obtained in a joint
study with Stefan Böttcher. The discussion of the morphological
structure is based on the doctoral thesis of Stefan Böttcher [257]. I
restrict myself to a short summary of the informations regarding the
morphology. From the STM experiments it becomes clear that Mn
nanoislands intercalate underneath the graphene sheet already during
the deposition process. The kinetic energy of the evaporated metal
atoms is apparently sufficient to initiate intercalation of the atoms,
probably at defect sites. Annealing the sample to a temperature of
about 300 ◦C yields a complete intercalation of the Mn atoms, with
graphene/Mn/Ir(111) in the trigonal phase. A 3D representation of
the STM measurements for a complete intercalated sample is shown
in Fig. 10.4, together with a LEED image. Detailed scans are shown
in Fig. 10.4 (b) and (c), representing smaller areas on the surface.
Various structures appear on the surface – I(a) double and I(b) single
atomic step edge; non-intercalated areas appearing as small holes (II);
multilayer intercalated islands (III); and defects, such as unoccupied
atop sites [IV(a)] or, for example, manganese clusters and structural
defects [IV(b)].

The comparison of the morphology (Fig. 10.4), with the pristine
sample graphene/Ir(111), yields the following results: At first, an
enhanced corrugation of about 1 Å is observed, which is significantly
larger than the values of 0.3 Å as reported for graphene/Ir(111) [258].
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Figure 10.4: Morphology of graphene/Mn/Ir(111) – trigonal phase, ob-
tained by STM measurements, taken from Böttcher [257]. (a) 3D represen-
tation of a large area of graphene/Mn/Ir(111) with 1500 × 900 Å, acquired
at UT = 0.65 V and IT = 0.36 nA; (b) shows a closeup scan of 500 × 350 Å,
acquired at UT = 0.3 V and IT = 1.3 nA. (c) indicates a closeup scan with
500 × 500 Å, acquired at UT = 0.3 V and IT = 1.15 nA, together with a
height profile corresponding to the black line. The labels indicate double
[I(a)],and single atomic step edges [I(b)]. Non-intercalated areas appearing
as small holes (II), multilayer intercalated islands (III), and defects, such
as unoccupied atop sites [IV(a)], or for example manganese clusters and
structural defects [IV(b)]. The LEED image (E = 120 eV) in the inset of
panel (a) is obtained from separate ARPES experiment of the corresponding
structure.

Similar effects of increased corrugation are found for the intercalation
of 3d transition metals, like Ni (ch. 8.1), into the graphene/Ir(111)
interface, as shown by Pacilé et al. [171]. The authors explain the
enhanced corrugation by a “strong” interaction between graphene
adsorbed on the intercalated 3d metal. The results presented in this
section indicate that graphene/Mn/Ir(111) in the trigonal phase shows
an intact and only slightly shifted Dirac cone with trigonal suppression
of the replicas, despite the fact that an enhanced corrugation of the
graphene sheet is observed by STM. This offers the unique possibility
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10.2 The high temperature phase

to study the behavior of the π band for a strongly corrugated graphene
intercalation system. This is usually not possible, as shown previously
for the cases of intercalated Ni and Co thin films (ch. 8), where the
Dirac cone is mostly destroyed due to hybridization between the metal
3d states and the π band. Hence the graphene/Mn/Ir(111) trigonal
phase takes an intermediate position in terms of interaction strength
between the “strongly” interacting cases of Ni and Co and the rather
“weakly” interacting case of Cu.

10.2 The high temperature phase

The high temperature phase of graphene on Mn thin films, intercalated
in graphene/ Mn/Ir(111) is characterized by a restructuring of the
Mn film, different to the pseudomorphic phases in section 10.1 and
the previously discussed examples for the intercalation of Ni and Co
thin films in chapter 8. An amount of 3 ML of Mn, estimated by
calibration with a quarz microbalance prior to the experiment, was
deposited on top of graphene/Ir(111) with the sample kept at room
temperature. The comparatively large amount was necessary since the
high temperatures during the annealing process results in a partial loss
of manganese, e. g. due to re-evaporation. The intercalation process is
initiated by slowly approaching temperatures up to 550 ◦C, which is
close to the vapor pressure of Mn (507 ◦C at 1.3 × 10−8 mbar) [113]. As
shown from the intensities of the C 1s core level in Fig. 10.5 (a) and (b),
the Mn atoms intercalate underneath the graphene sheet. This process
is accompanied by a strong chemical shift of the C 1s core level, from
284.170(2) eV for pristine graphene/Ir(111) to 284.950(12) eV, similar
to the cases of strongly interacting Ni and Co thin films intercalated
underneath graphene/Ir(111) (chapter 8). A line shape analysis of the
core level lines reveals that the C 1s line is already shifted by 300 meV
after the deposition of Mn with the sample kept at room temperature.
This suggests a partial intercalation of hot Mn clusters directly after
hitting the surface in agreement with the STM data discussed later.
This is supported by the fact that the C 1s shows a broad shoulder
around 284.95 eV after Mn deposition, which is significantly sharpened
and increased in intensity after the intercalation of the Mn thin film.
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Figure 10.5: Overview of the C 1s core level spectra showing in (a) the
intercalation process from graphene/Ir(111) [black] and Mn/graphene/Ir(111)
[blue] towards graphene/Mn/Ir(111) – high temperature phase [green]. (b)
Line shape analysis of the C 1s core level. (c) LEED images for pristine
graphene/Ir(111) [black], obtained with E = 75 eV indicating the moiré struc-
ture, and graphene/Mn/Ir(111) – high temperature phase [green], obtained
with E = 75 eV and 100 eV, showing a (2 × 2) structure relative to the Ir
substrate.

From the LEED images in Fig. 10.5 (c) a loss of the characteristic
moiré pattern and a restructuring of the intercalated Mn into the high
temperature (2×2) phase is observed. The LEED pattern exhibits this
phase and the spots from the (1 × 1) pattern caused by graphene. The
(2 × 2) lattice is aligned with respect to the underlying Ir spots. This
becomes clear from the LEED images obtained at 100 eV, at which
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10.2 The high temperature phase

Table 10.3: Overview of the main C 1s peak position for Mn deposited on
top and the intercalated graphene/Mn/Ir(111) – (2 × 2) phase, compared to
pristine graphene/Ir(111).

G/Ir(111) Mn/G/Ir(111) G/Mn/Ir(111)
– pristine – – on top – – (2 × 2) –

C 1s 284.17 eV 284.45 eV 284.95 eV

energy reflexes of higher order are visible (Fig. 10.5). Hence, the spots
from the Ir substrate are suppressed by the reconstructed Mn film
and are no longer visible in the LEED images. The only similar case
leading to a (2 × 2) LEED pattern was observed by Petrović et al.
[125] for the intercalation of Cs alkali atoms into the graphene/Ir(111)
interface. However, in this case the pattern is arranged relative to the
graphene lattice vectors and not to the Ir bulk. Hence, the intercalated
Mn atoms in the high temperature phase seem to form a unique surface
alloy with the Ir bulk, from the observed LEED spot arrangement,
relative to the Ir lattice vectors.

In order to evaluate the findings above, let us compare the observed
(2 × 2) LEED pattern to the pseudomorphic growth of Mn atoms on
top of the hexagonal Ir surface lattice. Andrieu et al. [259] studied
the growth of Mn on Ir by using reflection high-energy electron diffrac-
tion (RHEED) . For a Mn thickness up to 3 ML the authors report
pseudomorphic growth of Mn on Ir, whereas above 3 ML of Mn a
(
√

3 ×
√

3)R30◦ superstructure is observed, which is maintained up
to a thickness of 100 Å. Similar observations are reported by LEED
studies of O’Brien and Tonner [260], who find a direct phase transition
from the pseudomorphic (1 × 1) pattern towards the (

√
3 ×

√
3)R30◦

superstructure at 4 ML Mn coverage. This comparison suggests that
the intercalated Mn film in graphene/Mn/Ir(111) occupies with (2 × 2)
a rather unusual structural arrangement, which is promoted by anneal-
ing. Recent theoretical studies by Chen et al. [261] reveal that Mn3Ir,
which is a high-temperature antiferromagnet and typically used in
spin-valve devices, could match to the observed (2 × 2) phase discussed
in this chapter. As shown in Fig. 10.6, Mn3Ir can be understood as
an fcc crystal with Mn atoms on three of the four cubic sublattices.
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10 Manganese as intercalate in graphene/Ir(111)

Therefore, the Mn atoms form a so-called “kagome” lattice, which
shows a trihexagonal tiling with two triangles and two hexagons in
alternating positions. The arrangement of Mn atoms in Mn3Ir could
then lead to the observed (2 × 2) structure in LEED.

(a) (b)

(1
11
)

Mn

Ir

Figure 10.6: Structure of Mn3Ir taken from Chen et al. [261]. (a) Unit cell
of Mn3Ir with triangular anti-ferromagnetic order. (b) An individual (111)
plane of Mn3Ir. The Mn atoms form a “kagome” lattice.

In order to evaluate how the electronic band structure is affected
by the intercalation of Mn and the formation of the (2 × 2) high
temperature phase, ARPES measurements (Fig. 10.7) are compared
with pristine graphene/Ir(111) (ch. 6).

Upon intercalation of Mn, the graphene π band is shifted by 1.5 eV
with the Dirac energy at ED = 1.4 eV to higher binding energy at K
[Fig. 10.7 (b)]. This equals a total shift of the π band at the K-point
of about 1.5 eV, compared to the case of pristine graphene/Ir(111)
[Fig. 10.7 (a)]. The main features of the Mn film intercalated under
graphene/Ir(111) are derived from Mn 3d states (green line) located
around EB = 2.4 eV. A restructuring of the Dirac cone with a tri-
angular inverted shape near the Fermi energy is apparent from con-
stant energy maps [Fig.10.7 (d)]. A collection of the characteristic
π band positions for graphene/Mn/Ir(111) – (2 × 2) high tempera-
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10.2 The high temperature phase

ture phase, is given in Table 10.4 below. In the following I compare
this sample to pristine graphene/Ir(111) and the strongly interact-
ing graphene/Ni/W(110) case. The difference in the π band posi-
tions between the M and K point (∆MK = 2.5 eV) is significantly
reduced compared to ∆MK = 2.7 eV for the pristine sample. How-
ever, a strong reduction of this value towards ∆MK = 1.9 eV, as
observed for graphene/Ni/W(111), is not found. Comparable values
of ∆MK = 2.0 eV were reported in chapter 8. Here I find that the
intercalation of Ni and Co thin films into the graphene/Ir(111) inter-
face induces similarly strong modifications of the graphene π band,
connected with the absence of the Dirac cone at the K-point as in the
case of graphene/Ni/W(110).

Table 10.4: Overview of characteristic positions of the graphene π-band
for the graphene/Mn/Ir(111) – (2 × 2) phase, at high symmetric points of
the Brillouin zone, compared to graphene/Ir(111) and strongly interacting
graphene/Ni/W(110).

G/Ir(111) G/Mn/Ir(111) – (2 × 2) – G/Ni/W(110)

Γ 7.8 eV 9.7 eV 9.9 eV

∆ΓM = 5.2 eV ∆ΓM = 5.8 eV ∆ΓM = 5.4 eV

M 2.6 eV 3.9 eV 4.5 eV

∆MK = 2.7 eV ∆MK = 2.5 eV ∆MK = 1.9 eV

K −0.1 eV 1.4 eV 2.6 eV

In order to provide better insight into the region around the K-point,
ARPES spectra were obtained along and perpendicular to the Γ − K
direction in a small range near the K-point, as shown in Fig. 10.8 (a).
First of all, the trigonal suppression of the replica cones, reported in
section 10.1, is absent in the (2 × 2) high temperature phase. EDC
spectra extracted at the K-point and depicted in Fig. 10.8 (b), show
a rather broad contribution of states around the K-point, indicating
the absence of a band gap. A line shape analysis, depicted in
Fig. 10.9, is used in the following to further analyze the band structure.
A convolution of a Lorentzian and Gaussian line profile (Voigt line
profile) is used for the procedure of fitting the MDC spectra.
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Figure 10.7: ARPES intensity maps for (a) graphene/Ir(111) and (b) in-
tercalated graphene/Mn/Ir(111) – (2 × 2) high temperature phase, acquired
along the Γ − M − K − Γ direction of the BZ of graphene with photon energy
hv = 65 eV (a) and hv = 120 eV (b). The gray line shows a calculated band
structure for a free-standing graphene film [149]. Main features of the inter-
calated Mn film are derived from Mn 3d states (green line) located around
EB = 2.4 eV (b). (c) Constant energy maps at EB = 0.3 eV extracted from
the ARPES measurements. The main features in red are derived from the
Ir(111) surface state, graphene Dirac cones (black), and Ir bulk bands (blue).
(d) and (e) constant energy maps at EB = 0.3 eV (top) and EB = 2.4 eV
(bottom) extracted from the ARPES measurements.
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Figure 10.8: ARPES data for graphene/Mn/Ir(111) – 2 × 2 phase around
the K-point. ARPES intensity maps acquired along (left) and perpendicular
Γ − K (right). The position of the π band at the K-point, indicated as
Dirac energy ED, is shifted to 1.4 eV. The peak position, derived from a
MDC line shape analysis is marked [gray circles]. Weakly dispersing Mn 3d
states emerge around 1.8 − 2.5 eV [green] (b) EDC spectrum extracted at the
K-point. The broad contributions of the π band around the K-point indicate
the absence of a band gap.

Following the discussion regarding the line shape analysis of the
MDC spectra for pristine graphene/Ir(111) (ch. 6.4), we note that in the
MDC spectra along the ΓK direction, a kink is apparent in the range
of (EF − 0.8 eV) (Fig. 10.9 (a)). An evaluation of the slope of the π
band gives a velocity of v = 1.080(5) × 106 m s−1 for binding energies of
4.0 eV and v = 0.780(7) × 106 m s−1 for energies of 0.8 eV; a rather large
difference. This dispersion shows a partly similar behavior as for pris-
tine graphene/Ir(111) in Fig. 6.15. Here, a similar slope of the graphene
π band with a velocity of v = 1.050(4) × 106 m s−1 for binding energies
of 2.3 eV and a slightly reduced velocity of v = 0.900(3) × 106 m s−1

for energies of 0.8 eV is found. Hence the observed kink visible in the π
band for the graphene/Mn/Ir(111) – (2 × 2) high temperature phase is
more pronounced, yielding a smaller velocity as compared to the intrin-
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10 Manganese as intercalate in graphene/Ir(111)

sic kink for graphene/Ir(111). However, the minigaps present for the
pristine sample are suppressed for graphene/Mn/Ir(111) – (2 × 2) high
temperature phase, due to the formation of the Mn film underneath
graphene.

For the direction perpendicular to ΓK the line shape analysis reveals
that there is no kink present in the π band. The derived velocities
of 0.800(22) × 106 m s−1 and 0.780(22) × 106 m s−1 show only small
differences in the dispersion of the π band for the left and right branch.
For pristine graphene/Ir(111) a velocity of v = 0.85 × 106 m s−1 was
obtained for binding energies of 1.3 eV (ch. 6.4). Hence, the velocities
are slightly reduced in the direction perpendicular to ΓK for the
intercalated Mn thin film. Therefore, I conclude that the observed
kink in the dispersion of graphene/Mn/Ir(111), occurs partly due to
the intrinsic dispersion of graphene/Ir(111), as discussed in chapter 6.4.

These result leads to the question, what kind of quasi-particle inter-
actions could be reason for the observed kink? Phononic contributions,
leading to a kink in the dispersion of graphene would emerge at
binding energies around Ephonon = kBθD = 180 meV [188, 189], as
discussed in chapter 7. The observed energy regime (EF − 0.7 eV) is
certainly too large for phononic interactions. For the weakly interacting
graphene/SiC(0001) case, Bostwick et al. [155] find an increased line
width in the MDC spectra between the Dirac energy and the Fermi
level, suggesting interactions due to electron–hole pair generation. On
the other hand, plasmonic interactions would have a growing impact
only near the Dirac energy, which is in this case with 1.4 eV far away
from the observed kink. Additionally, plasmonic interactions would
be quenched by the screening effect of the metallic substrate. As
previously shown for pristine graphene/Ir(111) (Fig. 6.15), the line
width and peak amplitude decreases in the range of (EF − 0.7 eV), as
the π band approaches the Fermi level. Bostwick et al. [155] associate
this decay at least in the region of (EF − 0.2 eV) with phononic inter-
actions. In the case presented here one can see the reverse behavior
– an increase in MDC peak amplitude and line width as the π band
approaches EF , as shown in Fig. 10.9 (b). Although the decrease in
the velocity seems to be similar as in the case of graphene/Ir(111), the
behavior of the line width and amplitude of the MDC peak is different.
A similar broadening of the MDC lineshape was already observed
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10 Manganese as intercalate in graphene/Ir(111)

by Bostwick et al. [262] in hydrogen intercalated graphene/SiC(0001).
The authors report that the observed broadening in the MDC spectra
is due to defect scattering, an explanation that may also apply here.

STM studies on graphene/Mn/Ir(111)

The studies of Mn intercalates in graphene/Mn/Ir(111) in chap-
ter 10.1 and 10.2 showed the existence of two different cases – the
trigonal and the (2 × 2) high temperature phase – for a Mn thin
film arranged underneath graphene/Mn/Ir(111). This indicates the
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Figure 10.10: STM spectra of intercalated graphene/Mn/Ir(111) taken
from Böttcher [257]. (a) presents an survey image over 500 Å, acquired
at UT = 1.25 V and IT = 1 nA. Extracted height profiles, indicated as col-
ored lines are presented in panel (e). High resolution spectra are acquired
in a small area, shown as inset (c). The spectra in (c) are measured at
UT = 0.3 V and IT = 1.86 nA. (d) shows an survey spectrum over 150 Å for
the phase pure (2 × 2) surface, obtained at UT = 2.35 V and IT = 0.27 nA. A
LEED image, shown in (b), correspond to the sample measured with APRES,
depicted in Fig. 10.7 and 10.8.
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10.2 The high temperature phase

need to clarify the structural properties of graphene/Mn/Ir(111) using
further experimental techniques. To shed light upon the question how
the different phases of graphene/Mn/Ir(111) arise, STM experiments
were obtained (see the doctoral thesis of Stefan Böttcher [257]). The
occurrence of the (2 × 2) high temperature phase can be identified also
in STM measurements; Fig. 10.10 (a) show a mixed phase sample with
patches of (2 × 2) phase and moiré-type graphene/Mn/Ir(111). The
moiré-type graphene/Mn/Ir(111) was labeled in chapter 10.1 as the
trigonal phase, due to the associated suppression in the replica cones.
The (2 × 2) phase is distinctly different compared to the surrounding
moiré-type structures. The intercalation of Mn realized by annealing
the sample to 550 ◦C, leads to the agglomerated formation of the (2×2)
phase in certain areas. By extracting height profiles, indicated as col-
ored lines in panel (a) and (e), information on the corrugation and
the height difference between the newly formed (2 × 2) phase and the
adjacent graphene/Mn/Ir(111) moiré phase can be derived. The green
line represents the profile starting between ATOP hills of the lower
steps. For comparison, the red line shows the profile along the ATOP
hills of the moiré pattern. A significant reduction in the corrugation is
apparent in both profiles by crossing from the moiré phase towards the
(2 × 2) phase. Further, multilayer intercalation areas, e. g. defects of
type III (Fig. 10.4), are also apparent from Fig. 10.10 (a) and the blue
line in (e). These areas show an increased step height of almost 2 Å.
The flat areas of the graphene/Mn/Ir(111) – (2 × 2) phase lie on the
same terrace as the moiré-type graphene/Mn/Ir(111) areas and are
shown in a closeup image in Fig. 10.10 (c). Evaluation of the acquired
image using fast Fourier transform (FFT) leads to the same (2 × 2)
pattern relative to the Ir bulk seen in LEED. Further annealing of the
sample leads to the destruction of the moiré type phase and a complete
coverage of the sample with the (2 × 2) phase. On the basis of these
results, we conclude that the underlying substrate is in both cases –
moiré-type and (2 × 2)-type – an intercalated Mn layer. However, the
different corrugation suggests a change in the adsorption distance of
the carbon layer to the Mn film. A reason for this behavior could
originate from a different interaction of the carbon atoms with the
new substrate structure or by changes in the substrate superpotential
affecting the carbon layer and leading to the formation of a surface
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10 Manganese as intercalate in graphene/Ir(111)

alloy. The results for the (2 × 2) high temperature phase from STM
and photoemission yield a consistent picture of d-metal intercalation
which has similarities to the cases of Co and Ni in chapter 8. The new
observation is here that the Mn atoms do not just taking positions
of the Ir lattice, but induce a re-structuring of the interface which is
interpreted as a surface alloy. The case of the (1 × 1) trigonal phase is
more difficult to interpret, in particular with respect to the induced
trigonal symmetry breaking. Here more structural data are clearly
needed to arrive at a conclusive interpretation.
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Chapter 11

Conclusions and outlook

The studies contained in this thesis cover a wide range of metal-
graphene interfaces, from those where the interaction with the metal
has only a small effect on the specific electronic structure of graphene,
such as iridium, copper, and ytterbium, to those cases where a massive
influence is observed, as in the cases of nickel, cobalt, and to some
extent manganese. As we have seen, each of these has its own specific
aspects: intercalated layers of copper, with only s − p derived states
near the Fermi level, and a range of well-resolved d band signatures
in photoemission. This provides a system, in reference to DFT cal-
culations, in which the mechanisms that lead to band hybridization
and band gap opening can be pinpointed. This model system can
provide a general view of graphene-metal interaction. Graphene on
Ir(111) exhibits similarities and differences: on the one hand, it is
the prime example for a large lattice-mismatched interface, giving rise
to the moiré patterns that in the context of graphene on insulating
substrates, have revealed features in electronic transport that had
long been predicted [263] but only became accessible recently [264]
through the possibility to handle graphene and related 2-dimensional
systems. Cobalt and nickel, on the other hand, are cases where a
massive influence of the d bands in the region near the Fermi level is
observed, by the removal of the linear dispersion. A special aspect
here relates to the magnetic properties that emerge in a cobalt layer
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11 Conclusions and outlook

as a function of the thickness of the intercalated film, the emergence
of ferromagnetic ordering, and the transfer of magnetic moment from
the cobalt onto graphene’s π states. Ytterbium, shows considerable
similarities with copper, which is plausible in view of the fact that in
both metals, the region near the Fermi level is exclusively occupied by
s − p type states. Finally, intercalated manganese is a case in between:
for an intercalated layer, the Dirac cone is preserved despite the fact
that Mn has occupied d-derived states near EF . It also exhibits a
difference to other intercalated metals since a surface alloy is formed,
with the topmost layer of the Ir substrate affecting the shape of the
graphene bands. As for future developments, what is the situation for
graphene-metal interfaces, and where do we go from here? First, there
are still a few “white spots on the landscape”, i. e. graphene interfaces
with some common and some less common metals are still unexplored.
However, their properties can be estimated on the basis of the examples
in this thesis as well as many other publications, and DFT calculations.
Among the ferromagnet-graphene interfaces, further studies that may
prove fruitful is the examination of ferromagnet-graphene-ferromagnet
sandwich structures. For a suitable choice of materials, such as a nickel
– monolayer graphene – cobalt sandwich, the transfer of magnetic mo-
ment, and the predicted spin filter action can be measured by XMCD,
because this is an element-sensitive method that can distinguish be-
tween the magnetic behavior of the constituent metals. As far as the
electronic structure of graphene on cobalt or nickel is concerned, the
destruction of the Dirac cone with its possible detrimental effect on
spin filtering can be suppressed by the intercalation of a noble metal.
Such experiments were already performed well before the current rush
of activities [50, 51, 265]. The aspect that is still open is whether the
magnetic coupling between the ferromagnetic substrate and graphene
survives the insertion of a noble metal. Finally, the use of graphene
to study electronic state entanglement, for which encouraging signs
have recently been found [266] also involves graphene-metal interaction.
That graphene-metal systems are all important for a practical use of
graphene, and issues such as contact resistance and metal-induced
doping effects need to be examined in detail, is also obvious. These
fundamental as well as practical aspects of metal-graphene interaction
will thus remain a very active and exciting field for future research.
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Appendix

Line shape analysis on graphene/Ir(111)

Employing a line shape analysis one can extract information form the
measured spectral function by ARPES. Using an automated fitting
routine with one or two Lorentzian peaks and an additional linear back-
ground along the energy axis and k-axis, one can obtain informations
about the peak position, FWHM and amplitude. From equation (6.2)
the group velocity can be deduced, which corresponds to the Fermi
velocity at EF . Datasets taken from graphene/Ir(111) are shown in the
following (Fig. 11.1, 11.2, 11.3) using the different measurement proce-
dures β-flip and ϕ-rotation. These datasets are used to obtain further
informations on graphene/Ir(111), and to compare datasets measured
at BESSY II with datasets from the laboratory machine. The derived
velocities using the MDC line shape analysis along and perpendicular
ΓK are similar for both stations, which gave the final confirmation
that the new laboratory experiment is successfully commissioned.
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Figure 11.1: The line-shape analysis perpendicular to the Γ − K direction.
(a) ARPES data from graphene/Ir(111) measured at the BESSY ARPES-
station, using hν = 65 eV photon energy and employing the β-flip. The
analyzer is set to MAD lens mode. (b) EDC spectra extracted at −0.15 Å−1

and 0.15 Å−1 yielding a equal minigap spitting of 120 meV. (c) Evaluation of
the group velocity from the slope of the fitted peak positions.
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LAD lens mode. The analysis is performed extracting spectra along the ΓK
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Polarization dependence

Beyond the possibility to vary the photon energy over a large range,
most of the modern synchrotron light sources offer the possibility
to change type and direction of polarization of the electromagnetic
radiation through the use of APPLE-type undulators, as described
in chapter 4.4. Thus, it becomes possible to study how dipole and
polarization selection rules of the different electronic states effect the
photoemission intensity. All ARPES measurements shown in chapter 6
– 10 are obtained using linear horizontal polarized radiation. ARPES
spectra using linear vertical polarization are shown in Fig. 11.4, high-
lighting the distinct geometrical orientation of the π states of graphene
pointing out-of-plane, whereas the associated σ states are arranged
in-plane of the graphene sheet. Hence the π band is suppressed over
the whole range of the BZ (Fig. 11.4 (a) and (d)), while the σ band is
enhanced.
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Figure 11.4: 2D-k-space ARPES data from graphene/Ir(111) measured at
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effectively suppressed. (c) EDC at the Γ-point. (e) MDC along ΓK direction.
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Photon energy dependence

In order to gain more information about the behavior of the dom-
inating band character of features in the photoemission images of
graphene/Ir(111) – graphene π−, σ− band and Ir related sp−, 5d −
and surface−states, it is instructive to measure ARPES spectra for
different excitation energies. ARPES data of graphene/Ir(111) are
obtained at different photon energies in the range of 65 eV − 155 eV
and using linear horizontal polarization are shown in Fig. 11.5. Such
“photon scans” are used in chapter 9 on graphene/Yb/Ir(111), to
specify that the apparent band gaps above ED, are caused by hy-
bridization between Yb 4f and graphene π states, i. e. an avoided
crossing phenomenon. Data on two photon energies 65 eV and 100 eV
where extracted from a photon scan and depicted in Fig. 9.6.
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