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Introduction
Electronic systems are an indivisible part of modern life. Miniaturization, increased functionality, wireless connectivity, improved performance and reliability
at lower costs are the driving forces behind the investments being made in electronic systems research, regardless of the application. Every day, new materials,
devices, passive components, antennas for wireless communication are needed to
be designed and developed. In particular, flexible and biocompatible wearable
devices are urgent required for medical and industrial applications. The era of
flexible electronics has already started with development of organic semiconductors [1]. Despite many advantages, such as low production cost, colossal number
of existing and possible compounds ( there are more than 20 million organic compounds ), organic film systems have limited flexibility and extremely low efficiency
respect the single-crystals Si analogs. Therefore, the great hope lies in the materials with high crystalline quality and flexibility such as graphene and other 2D
semiconductors and insulators.
The rise of graphene stimulated avalanche research in low-dimensional semiconductors and insulators like monolayers of hexagonal boron nitride (h-BN ) [2] ,
black phosphorus [3] and transition metals (TM) dichalcogenides [4]. Nowadays
one can rephrase the original name of Geim’s and Novoselov’s paper [5] (”The rise
of graphene”) as: ”The rise of graphene’s galaxy”. Quantum phenomena arising in
these materials promoted elaboration of new principles of switching elements and
opened new avenue for spin polarized electronics. For instance, so called Klein’s
paradox predicts full transparency of a potential barrier for Dirac fermions making them extremely mobile. These quasiparticles which were found in graphene
avoided conventional voltage gating control of the drain current in graphene based
devices. One idea to overcome this difficulty is to quantize original band of Dirac
particles into several levels separated by gaps using nanoparticles engineering. Another fascinating property arises via breaking of symmetry in nanostructures. It
leads to formation of spin polarized edge states because of spin-orbit coupling
(SOC) [6] in graphene nanobands. Based on these results, the idea of spin control by valley flavor or so-called vallyetronics raised. However, intrinsic SOC in
graphene is about mK range [6, 7] and can not be used in real device applications.
Alternatively, TM chalcogenides, where SOC reaches more than 100 meV [8], have
many similarities in structure and electronic properties with graphene and thus
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they are promising as spin-valley coupled materials. Their advantage is that the
spin polarization of different valleys arises in monolayer by itself.
Monolayer of h-BN is a wide gap insulator and is fully commensurate by its crystal
structure to graphene. Ultra-violet emission, tunnel devices and flexible insulating
substrates are its potential applications. Despite the abundant study of graphene
and h-BN monolayer there are number of opened issues as regards its functionality.
Present study is devoted to the questions: i) can graphene be superconducting; ii)
can h-BN be functionalized? Question (i) naturally arises from existing large number of superconducting carbon allotropes: fullerenes, nanotubes, doped diamond
and alkali doped graphite. This study is aimed to provide insight into interaction
of alkali metal with graphene and h-BN on different substrates and makes some
predictions about possible superconductivity.
Structure of the thesis The first chapter is an introduction to the state of art
of graphene and h-BN monolayer research. It gives brief overview of subjects
mentioned above and provides more focused information relevant to the particular
study.
The second chapter contains an overview of the employed surface science methods : angle-integrated and angle-resolved photoemission (PES), photoabsorption
(XAS) and electron diffraction (LEED). It consists of two sections covering the
theory and experimental aspects of mentioned methods, respectively. In the first
part, the principles and basic models are discussed, such as three step model of
photoemission, polarization dependence of K-edge absorption and LEED pattern
superstructures formation. In the experimental part, most attention is paid to the
specifics of the experimental setup, experimental geometry, and synchrotron light
sources.
The third chapter is focused on the interface properties of doped graphene and
h-BN monolayer. All structural properties are identified here by using the combination of PES, XAS and LEED . The driving forces of surface reconstruction
are discussed here in scope of direct comparison between potentially interacting
graphene and chemically inert h-BN monolayer. The electronic structure of core
levels and unoccupied states and their variations with doping are considered.
The fourth chapter is devoted to the valence band structure modifications probed
by ARPES. The mechanisms of charge transfer between doping metals and graphene
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are discussed based on structural properties. Electronic properties of h-BN monolayer based nano-capacitor and doped interface models are considered as well.
The fifth chapter is focused on electron-phonon coupling in doped graphene on considered substrates. The analysis of electron-phonon coupling in the frameworks of
Eliashberg approach is presented here and the unexpected anisotropy is discussed.
Finally, predictive calculations of Tc with McMillan’s formula are presented here
and corresponding results are discussed in light of data on superconductivity in
graphite and graphene reported in literature.
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Chapter 1
Graphene and hexagonal boron
nitride monolayer: the state of
the art
1.1

Graphene

Graphene is an atomically thin carbon crystal with a honeycomb structure similar
to the one of graphite. Graphite, a three dimensional (3D) allotrope of carbon,
became widely known after the invention of the pencil in 1564 and its usefulness
as an instrument for writing comes from the fact that graphite is made out of
stacks of layers that are weakly coupled by van der Waals forces. Despite occasional production of graphene flakes by writing, graphene was isolated only 440
years after [9]. One reason is that nobody believed two dimensional (2D) crystal
to exist in real nature because of thermodynamic instabilities [10–13], however
theoretically it was introduced in 1940s [14] as the starting point for graphite band
structure calculations. Graphite was widely used as a neutron stopper in nuclear
research. Later, a graphene layer chemisorbed on metallic substrates was produced
by chemical vapor deposition (CVD) in 1990s [15, 16] in frameworks of catalysis
research and was called graphite monolayer. Finally, an isolated graphene layer
was detected due to the suitable optical properties of an SiO substrate, allowing
to visualize atomically thin layer by simple optical microscope [9].
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Electronic properties of graphene manifest itself in the structural flexibility of the
material. The sp2 hybridization of carbon orbitals ruled by the trigonal planar
structure forms so-called σ bonds between carbon atoms. These bands are responsible for robustness of the lattice structure. The residual 2pz orbital, which is
perpendicular to the planar structure, can bind covalently with neighboring carbon atoms, leading to the formation of a π band. The π and π∗ bands cross each
other forming the Fermi surface corresponding to half filling case that is present in
free-standing graphene. In other words crossing point matches with the Fermi level
position. Because of the sub-lattice symmetry π and π∗ bands are linear in the
vicinity of the Fermi energy, that corresponds to mass-less Dirac fermions.This
particular dispersion, that is only valid at low energies, mimics the physics of
quantum electrodynamics (QED) for massless fermions except for the fact that
in graphene the Dirac fermions move with a speed vf , which is 300 times smaller
than the speed of light c [17]. The Dirac fermions behave different with respect
to the conventional electrons and in the presence of magnetic field exhibit anomalous integer quantum Hall effect (IQHE) [17]. Another interesting feature of Dirac
fermions is their behavior in external electrostatic potential, known as Klein paradox [18]. For instance, Dirac fermion can transmit without reflection through a
forbidden region [19]. Such regions can be generated by defects that are completely
unavoidable in real materials and cause electron localizations, for example, in Si.
Under certain conditions Dirac fermions are protected from scattering, drastically
increasing their inelastic mean free path, which reaches several micrometers [9].
Graphene is unique also because it shares properties of soft membranes [20] and
at the same time it behaves in a metallic way, so that the Dirac fermions propagate on a locally curved space. Graphene with various types of edges has also
a number of unusual mesoscopic effects originating in the boundary conditions
required for the wave functions. For instance, zigzag edges can sustain surface
states and resonances that are not present in the armchair case[21, 22]. Thus the
boundary conditions (width and edge shape) for a graphene ribbon strongly affect
its conductance [21]. The chiral Dirac nature of fermions in graphene originated
by presence of two sublattices can be used in applications where one can control
the valley flavor (sublattice character) of the electrons besides its charge, the socalled valleytronics (Rycerz et al. [23]), and also a spin [6]. The edge state can be
also induced in circular shape and in presence of magnetic field Aharonov-Bohm
oscillations appear [24] that were detected experimentally [25] . It has also been
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suggested that Coulomb interactions are considerably enhanced in smaller geometries, such as graphene quantum dots [26], leading to unusual Coulomb blockade
effects [5] and to magnetic phenomena, such as the Kondo effect [27]. Other interesting phenomenon is observed in the contact of graphene with superconductor:
Cooper pairs can propagate through graphene easily, manifesting robust electronic
coherence [28].
Because of its unusual structural and electronic flexibility, graphene can be tailored
chemically and/or structurally in many different ways: deposition of atoms [29–33]
or molecules [34, 35], intercalation [36–39], subsitutional doping[40–43]. All this
opens a wide avenue for future research of stabilization of new quantum phases in
graphene such as superconductivity and topological order [6, 44].

Structure of graphene monolayer
Graphene is made out of carbon atoms arranged in honeycomb structure, as shown
in Fig. 1.1 . The structure can be seen as a triangular lattice with a basis of two
atoms per rhombic unit cell. The lattice vectors can be written as : a1 = a(0, 1)
√

and a2 = a( −2 3 , − 12 ), where a is the lattice constant (2.464Å) [45]. The thickness
of the layer can be determined form bulk allotrope of graphene - graphite crystal
as the half of translation in Z axis 3.35Å.

Figure 1.1: Crystal structure of graphene and graphite
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Electronic structure of graphene
Based on real space structure one can immediately obtain hexagonal Brillouin zone
of graphene with the translation vector b =

4π
.
3a

The high symmetry points Γ, M

and K are displayed in Fig. 1.2

Figure 1.2: Graphene Brillouin zone and electronic structure in the
frameworks of LCAO

The valence bands are formed by 2p and 2s electrons from carbon atoms. In
real space one can separate two types of orbitals: in plane ones, the so-called σ,
which are formed by 2pxy and 2s states and out of plane ones, the so-called π
state, formed by 2pz states. They are represented by diagram in Fig. 1.2 in the
framework of linear combination of atomic orbitals (LCAO) approach. The π band
is formed by two electrons from two equivalent carbon atoms in sub-lattice A and
B. Since tight-binding Hamiltonian is linearly independent, i.e. commutes with
the one for σ, let’s consider it for π orbital only. The diagonal matrix elements are
just the on-site energies of two pz carbon orbitals . The non-diagonal elements
are the interaction integrals and can be expressed in the first nearest neighbors
limit as:
√
√
HAB = t ∗ (exp(−ikx a/ 3) + 2cos(ky a/2)exp(ikx a/2 3))

(1.1)

where t is the overlap integral.
The solution of the secular equation is given as :
s
E± = ±t 1 +

4cos2



 a
a
ky
+ 4cos ky
cos
2
2

4



3
kx a
2


(1.2)
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~ + ~q point one can derive energy spectrum
Considering the vicinity of the ~k = K
as: E± ≈ ±vf |~q| ≈ 32 ta|~q|
The σ bands are formed by three hybridized sp2 orbitals of two carbons. All these
atomic orbitals form 6 bands, half of which are occupied. The chemical bonding
in the layer is very strong according to the calculations because of strong in-plane
localization of valence electrons. This leads to weaker bonding in out of plane
direction in graphite crystal.

Synthesis of graphene monolayer
Discovery of graphene is connected with the so-called top-down approach, namely
mechanical exfoliation of graphite crystal [46, 47]. This technique can be modified
by replacement of mechanical force by chemical or electrical forces. As a result,
small graphene flakes can be produced with uncontrollable edge/shape factors and
further to be transferred to any substrate [48]. The first condition makes technique
unappropriate for mass production, but the second one makes it ideal to choose
the best substrate for measurements.
Another approach was discovered earlier while solving problem of catalysis on
transition metal surfaces. Chemical vapor deposition (CVD) is bottom-up growth
from precursors and provides high quality large area graphene, however it works
only on the surfaces of several d-metals (Ni,Co,Fe,Ir,Pt,Ru,Rh,Re,Ag) [16, 49, 50,
50–53] and metal-carbides (TiC, TaC, HiC) [51, 54, 55]. The major advantage of
this method is the possibility to tailor the area and shape of produced graphene.
The disadvantage comes from interaction of graphene with substrate that destroys
or modifies Dirac fermions. The graphene produced by CVD can be transferred
from substrate by etching of the metal [56], however, this method produces a large
number of defects.
The third commonly used method is the thermal decomposition of SiC [57–59],
when graphene layer grows from carbon segregation. This method does not allow
one to control the thickness of produced layer precisely. Moreover , role of the
surface reconstruction for the electronic properties of graphene is still a debated
issue [60].
The main method used in this work is CVD on Ni(111) surface. In this approach
hot Ni surface is exposed to the vapor of carbon containing molecules, which are
5
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used as the source of atomic carbon. This carbon at the beginning of the process
exists like carbidic one as was detected by Auger spectroscopy [61]. According
to the XPS study[62] the carbide concentration rises up to some critical value.
After that graphene starts to grow. After formation of one graphene layer, reaction rate drastically decreases and growing process stops. However, not all carbide
transforms into graphene and a small amount remains on the surface. The concentration of carbide depends on the temperature and can be optimized to the certain
minimum. The presence of carbide is needed because of unavoidable defects, such
as domain boundaries.

1.2

Hexagonal boron nitride (h-BN ) monolayer

Monolayer hexagonal boron nitride has attracted attention as the honeycomb lattice which is iso-structural to the graphene one. Similarly, monolayer h-BN is a
starting point for calculation of bulk h-BN and h-BN nanotubes electronic structure. The first experimental evidence of h-BN monolayer was reported by Nagashima et al. , where it was produced by CVD on the surfaces of transition
metals Ni(111),Pd(111) and Pt (111). It is interesting to note, that this report
follows first CVD graphene publication by the same group. However similar to the
graphene, the most attention has risen up after 2004, when Geim and Novoselov
reported graphene on a SiO surface. Here the biggest interest was attracted to
so-called nanomesh, that was observed in h-BN monolayer on the Rh surface. The
unique Moiré pattern was illustrated by scanning tunnel microscopy (STM) and
modeled by two sheets with hexagonal holes [63]. Similar objects were found on
the other surfaces of transition metals, however later it was ascribed to specific
STM contrast because of spatial electronic potential modulation in incommensurate lattice. It is interesting to note, that despite the absence of holes in the real
space, potential modulation was found to be enough for ordering of Au nanoclusters along the rims of the Moiré pattern.
The monolayer of h-BN is promising for surface chemistry [64], its potential applications are in far ultraviolet (UV) optoelectronic devices [65, 66], and two dimensional (2D) hetero-structures comprising graphene and hBN [67, 68]. First results
on chemical functionalization of hBN by trapping atoms or molecules on the dipole
rings of epitaxial boron nitride [64] have also been reported. The ionicity of the
B-N bond induces a wide band-gap in hBN with a direct optical transition for
6
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bulk hBN of about 5.9 eV [66, 69, 70]. The lack of electronic states at or close
to the Fermi level also limits the chemical activity of hBN. In contrast to carbon
materials, where ionic [71], covalent [72], and substitution [40] doping have been
successfully carried out, the interaction of potassium with bulk hBN does not
result in charge transfer to the electronic states of hBN [73] owing to the large energy band gap. This insulating and chemically inert behavior is exploited in novel
2D devices which use hBN as a substrate for graphene in order to attain high
electronic mobilities. In such epitaxial hBN/graphene hetero-structures a small
gap in graphene is predicted [74] and the highest mobilities known for graphene
are achieved [75]. But the lack of response to chemical fictionalization severely
limits the usefulness of hBN as an active element which has prompted the search
for alternative methods to manipulate its electronic properties. In particular, the
application of large electric fields leads to a giant Stark effect which was theoretically predicted for hBN nanotubes [76] and hBN nanoribbons [77]. Experimental
evidence of this, albeit only at the single molecule level, was gathered by scanning
tunneling spectroscopy (STS) measurements for tip induced electric fields in the
vicinity of a hBN nanotube [78]. Electric fields applied to hBN tubes with a controlled defect concentration are also the basis for a recently predicted gate-tunable
light-emitting device [79]. The parent compounds of these systems are hBN monolayers [80–82] and hBN nanomeshes [63], which can be grown epitaxially in high
crystallinity in areas exceeding 1cm x 1cm by chemical vapor deposition (CVD) on
metals. Despite their simple structure and the theoretical progress in understanding their band structure, little is known about the effects of gating and electric
fields on their electronic properties. This is because of the fact that in order to
apply a homogeneous electronic gating, the hBN monolayer must be transferred
from the catalytic metal substrate to an insulator and supplied with electric contacts. The resulting devices are usually too small to be probed by angle-resolved
photoemission spectroscopy (ARPES) which relies on large (i.e. in the mm range)
single-crystalline materials.

Structure of h-BN monolayer
The h-BN monolayer is a honeycomb lattice of boron and nitrogen atoms as depicted in Fig. 1.3 The first nearest neighbors are atoms of another type, for instance
boron has three nitrogen neighbors. Similar to the graphite h-BN monolayer is
a single sheet of the bulk h-BN , which has weak Van der Vaals bonds between
7
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layers. The unit cell is the rhombus with two atoms: one nitrogen and one boron
separated by 1.443 Å, that pretty close to graphene. According to the bulk hBN structure, the dimension in Z axis can be determined as 2.5Å

Figure 1.3: Crystal structure of h-BN

Electronic structure of h-BN
The honeycomb lattice in real space has a hexagonal Brillouin zone as depicted
√
in Fig. 1.4. The corresponding period is the 4π/ 3a , where a is a basis vector
in real space. The three high symmetry points (Γ , K and M ) are depicted in
Fig. 1.3 and corresponding distances can be estimated as: Γ − K = 4π/3a, Γ − M
√
= 2π/ 3a and K − M = 2π/3a

Figure 1.4: Brillouin zone and electronic structure of h-BN in the framework
of LCAO

The valence bands are formed by 2p and 2s electrons from boron and nitrogen
atoms. In the real space one can separate two types of orbitals: in plane, formed
by 2pxy and 2s states, or so-called σ and out of plane ones, formed by 2pz states, or
8
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so-called π state. It can be represented by diagram in Fig. 1.4 in the frameworks of
linear combination of atomic orbitals (LCAO) approach. For instance the π band
is formed by two electrons from nitrogen and two holes from boron, resulting
in two bands separated by band gap. Estimation of the gap sizes depends on
calculation types and experimental technique and varies in the range of 4.6-5.4 eV
(LDA) [83, 84], 6.47 eV (GW) [85] and 5.4-5.8 eV for experiment [86] .
The σ bands are formed by three sp2 hybridized orbitals of boron and nitrogen.
They form 6 bands, half of which are occupied. The chemical bonding in layer is
very strong accordind to the calculations because of strong in-plane localization of
valence electrons. This leads to weaker bonding in out of plane direction in bulk
h-BN crystal.

Synthesis of h-BN monolayer.
There are two basic approaches for a nanosystem formation: the so-called updown (exfoliation, etching lithography) and bottom-up (epitaxial growth). The
first reported method [80] can be assigned to the second type and is following:
the hot surface of the Ni(111) single crystal is exposed in the atmosphere of borazine molecules at partial pressure 1 ∗ 10−6 mbar an temperature 700-800 ◦ C. In
this condition the monolayer forms in 10 minutes and reaction rate becomes too
small for the formation of other overlayers. This reaction as found to exist on the
other surfaces of transition metals such as Cu,Ag,Pt,Rh,Ir and Ru. It allows one
to produce rather easily the high quality big size h-BN monolayer. The disadvantage of such method is due to the same reason as its existence. For instance,
catalytic activity of the surface is needed for borzine cracking but on the other
hand leads to the changing of morphology and electronic properties of produced
h-BN monolayers.
The second type of h-BN monolayer formation is the mechanical cleaving. This
type allows to produce small samples on any type of substrate, however it does
not allow one to control the size of the sample and requires many iterations.

9
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Electronic structure and morphology of h-BN on the transition metal surfaces
As it was already mentioned above, monolayer of h-BN was successfully formed
on the surfaces of many transition metals. The 3d fcc metals have similar lattice
parameter and can form commensurate 1×1 structure [87]. Calculations report two
possible absorption geometries of h-BN on top of Ni(111) surface [88]. The nitrogen
atom sits on top of the first Ni layer, because of its higher electronegativity, while
the boron atom can be located either on top of the second or the third Ni layer.
Low energy electron diffraction (LEED) in combination with scanning tunneling
microscopy revealed the co-existence of these structures even in conditions with
low defect concentrations [88]. Such defects allow to connect different domain
types. According to the calculations, the corrugation of the h-BN monolayer is
smaller than 0.1Å, which arises because of small lattice mismatch of h-BN and
Ni. Similar results were reported for Cu(111) surface [89], however, because of the
better agreement in the lattice constant [87] , h-BN is less corrugated in this case.
Other reported structures have Moiré patterns because of the lattice mismatch
of h-BN with the substrate. It is interesting to note that corrugation arises even
if chemical bonding with the substrate is weak and the electronic structure is
almost unchanged in the so-called quasi-freestanding cases [90]. For instance, Au
intercalation was reported as the method to decouple h-BN from Ni [91], however
this also leads to the formation of a 9 × 9 superstructure. Here Ni plays the main
role like an anchor for both Au and theh-BN layer. The direct synthesis on the
Ag surfaces leads to disordered domains [92] while by intercalation, both Ag and
h-BN are ordered. That occurs because of low catalitic activity of Ag in compare
with Ni. Similar to the Au, the h-BN on Ir(111) also is quasi-freestanding with
a 10 × 10 Moiré pattern, however here corrugation is bigger and was reported
to be responsible for the so-called shadow bands formation. This phenomenon is
also known for graphene on Ir, when long range potential modulates electronic
structure and shrinking Brillouin zone [90]. Similarly, h-BN on Pt(111) forms a
10 × 10 superstructure and according to the X-Ray absorption study, h-BN is less
corrugated here [93]. Unfortunately, a direct observation of the electronic structure
with high resolution is absent up to now and therefore a full understanding of the
shadow bands in ARPES is still absent.
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Moving further from Pt and Ir, one increases the chemical bonding between the
h-BN and substrate together with lattice mismatch [93]. In the case of h-BN on
Rh(111) the 13 × 13 Moiré pattern was reported. The biggest modulation in z
direction (about 2Å) was reported for the Ru(0001) surface [94].
Let us now turn to the electronic structure. The hybridization between h-BN and
substrate orbitals manifests itself in XAS spectra. It is clear that there are no
free states in the fundamental gap of h-BN , however metal states are present.
Since absorption is a very local process, shifting of absorption edge can be directly
attributed to hybridization with metal. For h-BN on Ni(111) the small shoulder
before main resonance was detected, however for Cu(111) spectra are similar to the
bulk h-BN . It is interesting to note , that B1s edges have similar binding energy
in both cases, however N1s on Ni shifted towards higher binding energies [87].
The direct observation of a valence band by ARPES was reported for Ni and
Au/Ni surfaces. The tight binding on Ni shifts π band down by almost 2eV with
respect to the quasi-freestanding case [91]. The Au intercalation works similarly
to the graphene case and decouples h-BN from Ni shifting π and σ band closer
to the Fermi level. Small hybridization close to the K point of h-BN π band and
Au5d is visible ,that together with XAS points toward chemisorption of h-BN on
Au [91].
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Chapter 2
Experimental techniques
Macroscopic properties of materials such as the optical response and electroconductivity are governed by microscopic particular qualities of electronic structure.
Therefore study of its electronic structure is necessary in order to understand,
control or make use of the novel physics in various advanced materials. Electronic
states in materials are reflected by the electron energy (E), momentum (k), and
spin (s) of the electrons. Photoelectron spectroscopy is the sole technique that can
probe all these physical quantities in solid materials, and this highly sophisticated
experimental tool has played an irreplaceable role in the study of superconducting
properties and many-body physics. At the same time it is limited because only
filled state can be probed. It is commonly to use in addition the X-Ray absorption
technique (XAS) to get insight into unfilled states above the Fermi energy. From
the other hand, the electronic structure is tightly connected with the real space
structure. Electron diffraction gives insight into crystalline structure properties
and accompanies photoemission study.
In the first part of this chapter basic principles of the above mentioned experimental methods will be discussed. The technical implementations of experimental
techniques are summarized in a number of experimental setups all over the Europe
and several of them that were used in current study will be presented in the second
part.
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2.1

Methods

Photoelectron spectroscopy
Photoemission experiments are based on the photoelectric effect which was discovered by Hertz in 1887 [95] and fully explained by Einstein [96] who developed
the theory based on quantum mechanical nature of light. If the incident photon
energy is higher than the work function of materials, electrons in the top several
or tens of atom layers will be removed outside the material, and the energy of the
outgoing photoelectrons could be calculated from energy conservation law by the
following equation:

Ekin = hν − Φ − Ebin

(2.1)

Here, Ekin is the kinetic energy of the outgoing photoelectron, hν is the photon
energy, Φ is sample work function and Ebin is the electron binding energy. Usually,
the work function in materials is 4-5 eV so that the photon energy should be
higher than 5 eV in photoemission experiments. Figure 2.1 schematically shows
the photoemission process, and one can see that the density of states of outgoing
electrons is proportional to that of the material.

Figure 2.1: Three step model of photoelectron spectrum formation
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Because of the complex nature of the electron outgoing process, the final spectrum
is not exact mapping of electronic structure. Basic approach for photoemission
process description is the ’Three step model’: (i) photoexcitation (ii) propagation
from the bulk to the surface (iii) emission in vacuum. Photoexcitation process is
described by transition matrix element from initial ground state Ψi to exited state
Ψf and according to the Fermi Golden rule the probability of such process is given
by:

Pif =

E2
2π D
Ψf |Ĥint |Ψi
δ(Ef − Ei − hν)
~

(2.2)

Here, Ĥint is the Hamiltonian of electron in electromagnetic field and δ function is
given by energy conservation law. Hamiltonian can be evaluated in local electric
field approximation as following:

e
e
e
e2
e
(P̂ + A)2 = P̂ 2 + (P̂ , A) + (A, P̂ ) + 2 A2 ≈ P̂ 2 + (A, P̂ )
c
c
c
c
c
e
Ĥint = (A, P̂ )
c

(2.3)
(2.4)

Here, A is the electromagnetic field vector potential, P̂ is the momentum operator.
We also neglected the second order term of A and the (P̂ , A) using long wave-length
and dipole approximations. In a wide range of situations the final electron state can
be exchanged by plane wave free electron wave function. Using Hermit property
of the Hamiltonian one can evaluate product of the plane wave and momentum
operator, that transforms excitation matrix element into Fourier transformation:

D

Ψf |Ĥint |ΨI

E

2

=

D

E
e
~
Ψi | (Â, P̂ )|ei(kf ,~r)
c

2

≈ (~e, ~kf )FΨi (~kf )

2

(2.5)

Here, ~e is the electric field pointing vector, k~f is the wave-vector of outgoing
photoelectron, FΨ (~kf ) is the Fourier image of initial state wave function Ψi . The
i

dot product of electric field pointing vector and electron wave-vector results in
dipole emission pattern pointing toward time reversal symmetry. However, total
angular emission pattern is more complex because of Fourier image impact. The
photon energy dependence is fully located inside Fourier image through k~f value.
The most common and simple behavior of photoemission cross section is depicted
14
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in figure 2.2. The maximum is located close to the ionization edge and further
cross section decreases exponentially. It is worth to note that for wave functions
with the orbital momentum more than 1 (d,f) the Fourier image and similar cross
section exhibit additional extremums. In the case of a minimum it is the so-called
Cooper minimum.

Figure 2.2: a) Photoemission cross section behavior. b) Calculated cross
sections for carbon orbitals

Excited electron state decays and, for instance, electron inelastic scattering occurs.
The process is described by K(E, T ), that is the probability of electron with energy
E to loose energy E-T because of scattering process in layer with thickness dR.
Therefore, total change of emitted electron flux I with energy E is given by:
Z
dI(E) = −(I0 − I(E)

E

K(E, T )dT )dR

(2.6)

0

Here, I0 is the number of exited electrons. Neglecting the absorption of photons
one can solve equation and extract following expressions:

−R
I(E) = I0 exp(
)
λ
Z E
1
=
K(E, T )dT
λ
0

(2.7)
(2.8)

Here λ is the inelastic mean of free path and in the soft X-Ray range (100-1500 eV)
it varies in the range of 1-3 nm. In the case of ultra-violet (UV) range (10-50eV)
λ is about 3-5Å. It makes photoemission spectroscopy highly surface sensitive
technique, that is suitable for ultra thin layers like graphene.
15
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The last step is the surface emission process in vacuum. It leads to changing of
momentum component perpendicular to the surface because of difference between
internal potential and vacuum level.

Angle resolved photoemission
Up to this moment only the energy conservation law was used. However, the
momentum conservation also takes place. In the UV range photon momentum
is negligible comparing to that of an electron. Momentum of the photoelectron
√
is connected to its kinetic energy as follows : p = 2mEkin . The momentum
components parallel and perpendicular to the sample surface are determined by
the polar angle θ and azimuthal φ angle of the sample, as depicted in Fig. 2.3.

Figure 2.3: ARPES principle and electronic structure relations during
sample-vacuum transition

In the process of photoemission, total energy and momentum parallel to the surface are conserved, but the momentum perpendicular to the sample surface is
not conserved because of the broken translational symmetry along this direction.
Therefore only parallel component is directly connected to the one in the solid by:

P|| = ~K|| =

p
2mEkin sinθ

(2.9)

For large θ angle, the actual detection of the electron momentum may reach a
high order Brillouin zones, and one can get a reduced crystal momentum in the
~ Because of brofirst Brillouin zone by subtracting the reciprocal lattice vector G.
ken translational symmetry perpendicular to the sample surface, the momentum
16
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component in this direction couldn’t be directly obtained from regular ARPES
experiments. A special situation with the electronic dispersion perpendicular to
the surface occurs in low-dimensional systems in which the electronic structure is
usually strongly anisotropic and kz dispersion is negligible.
Single Particle Spectral Function
The correlated electron system is usually described by Green’s function formalism.
The single particle spectral function is the imaginary part of Green’s function,
1
A(~k, ω) = − =G(~k, ω)
π

(2.10)

The photoemission intensity as a function of energy and momentum at finite temperature could be written as

I(~k, ω) = I0 (~k, ν, A)f (ω)A(~k, ω)

(2.11)

where f (ω) is the Fermi function, I0 (~k, ν, A) is the photoemission matrix element, as was described above (2.4). The interaction between electrons and other
particles could be included to Green’s function by complex electron self-energy
Σ(~k, ω) = Σ0 (~k, ω) + iΣ00 (~k, ω). Finally, spectral function can be written as
Σ00 (~k, ω)
1
A(~k, ω) = −
π [ω − ~k − Σ0 (~k, ω)]2 + [Σ00 (~k, ω)]2

(2.12)

where ~k is the single particle electron dispersion.
By analyzing the photoemission spectra with the spectral function in Eq. 2.12, the
real and imaginary parts of the electron self-energy could be extracted to study
the many body interactions , as discussed in the following. Particularly this study
was focused on interaction of valence electrons with phonons and it is worth to
remind a background of it.
Interaction of electrons and phonons
In quantum mechanics a crystal is represented by arrays of ions in a lattice and
electrons. Using average density of matter one can calculate a number of particles
involved into description of usual-size crystal that one uses in study. Obviously,
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that treating of such models is impossible even within all computational power
of modern computers. Therefore several simplifications in solid state theory were
developed. First, lets consider average mass and kinetic energy of electron and
ion. The electrons move so rapidly that they adjust adiabatically to much slower
vibrations of the nuclei. Therefore, the logical step is to treat electronic and
ionic systems separate and use perturbation theory as the next step. Such approximation was done by Born and Openheimer in 1927 and called adiabatic or
Born-Openheimer approximation. Here, it is assumed that wave function can be
written as a product of an electronic part and phonon part: Ψtot = Ψe ∗ Ψion .
Next, let us assume we can find some separate solutions for both parts, that can
be assigned by some quantum numbers α and β for electronic and ionic part respectively. Using wave function Ansatz in the complete Schrödinger equation and
when multiplying from the left by solution of electronic part Ψe,α one can derive:

X


~2 2
−
∇ + Uii (Rj ) + Eα (Rj ) Ψion,β + (∆H)Ψion,β = Etot Ψion,β
2M Rj

(2.13)

where ∆H is given by:


Z
~2 X
∗
2
Ψe,α ∇Rj Ψe,α dr Ψion,β
(∆H)Ψion,β = −
2M

Z
~2 X
∗
−2
Ψe,α ∇Rj Ψe,α dr ∇Rj Ψion,β
2M

(2.14)

Here standard labeling of electron properties ( mass and coordinates ) was used
by small characters and capital were used for ions. It is worth to note , that
term ∆H is small respect to vibration energy, however, it does not mean that
the conduction electrons do not affect the motion of ions. On contrary, they give
rise to the very important screening of longitudinal vibrations and also transverse
modes are partly screened.
Lets now consider matrix element < α0 , β 0 |Htot |α, β >. If one neglect ∆H this
matrix element is zero until α0 = α and β 0 = β. Although the non-diagonal terms
are small they are responsible for several physical phenomena and for instance
electron-phonon scattering.
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Treating non-diagonal matrix element of ∆H one needs to calculate ∇Rj for electronic wave function. Mathematical formalism allows to change derivative in global
coordinates by derivative in terms of atomic displacement uj . Therefore the task
is to expand Ψe in a rapidly converging series in powers of uj . Finally one needs an
explicit expression for Ψe when the ions are displaced from equilibrium position.
Both can be done by ordinary second order perturbation theory

Ψe =

Ψ0e

R
X (Ψ0e,α” ) ∗ [Ue (r, Rj0 + uj ) − Ue (r, Rj0 )]Ψ0e,α
+
Eα0 − Eα0 ”
α”,j

(2.15)

Ue (r, Rj0 + uj ) − Ue (r, Rj0 ) = uj ∗ W (r, Rj0 )

(2.16)

Using everything together the non-diagonal matrix element can be expressed:

< α0 , β 0 |Htot |α, β >=

X

< β 0 |uj |β >< α0 |W (r, Rj0 )|α >

(2.17)

j

This decomposition into two parts referring to the displacement uj of ions is usually
called Blochś relation. The last approximation was done by Nordheim: the potential Ue follows rigidly the motions of the ions and therefore W (r; Rj0 ) = −∇r V (r − Rj0 )
Now let’s assume the Bloch wave function for electron and a coordinate representation of amplitude operator uj for non-diagonal matrix element :

0

0

< α , β |Htot |α, β >= −

X
j

~
2M N ω(q, λ)

1/2

0

0

0

(q, λ)eiqRj ei(k−k )Rj

1
I(k, k 0 )[n(q, λ)]1/2
N
(2.18)

here, I(k, k 0 ) =

R

Ψ(k 0 )W Ψ(k) is the integral of radial parts, (q, λ) is the polar-

ization vector of the phonon, n(q, λ) is the Bose-Einstein distribution function.
0

0

Now it is natural to change sum of the ei(q+k−k )Rj by corresponding Kronecker
delta. The rest is the so called coupling function, given as follows:



~
g(k, k ; λ) =
2M N ω(q, λ)
0

19

1/2

(q, λ)I(k, k 0 )

(2.19)
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where k − k 0 = ±q + G which momentum conservation law requires with reciprocal
lattice vector G.
Up to this moment, single particle picture was considered , i.e. without explicit
many body effects. However, it can be generalized for many body system. The
solution of Schrödinger equation is given with Green’s function and its imaginary part represents quasi-particles distribution (here electrons interacting with
phonons) or spectral function.

1
1
|ImΣep (ω, p)|
A(~k, ω) = − =G(~k, ω) = −
π
π (ω − [E(p) − EF ] − ReΣep (ω, p))2 + [ImΣep (ω, p)]2
(2.20)
where, Σep is the self energy function. Therefore if one knows the self energy of
electrons, one knows the Green’s function and the spectral function. One can
find in details the evaluation of exact expression for a self energy for instance in
Grimvall book [97], however, here it is not worth to present everything in details.
The self energy can be expressed as following:

Σep ≈

XZ

dEd~k|g(ω − E, p − k; λ)|2 D(ω − E, p − k; λ)G(E, k)

(2.21)

λ

where D and G are a phonon and electron Green’s functions respectively. Finally,
integration in momentum space is not very useful if one wants to consider temperature effect. The common way is to use energy representation of coupling function
or Eliashberg function α2 F (ω, , k).
Probing of electron-phonon coupling by ARPES
It is widely established, that the Eliashberg function α2 F (ω, , k) which contains
the phonon density of states F (ω) and the scattering probability for a photohole [98] α2 governs EPC and can be successfully probed by ARPES. The fundamental parameter λ, which describes the strength of EPC can be estimated
according to:
Z
λ=2·
0

∞

α2 F (ω)
dω
ω

.

(2.22)

From the above Eq.2.22 it is clear that a high λ requires low-energy phonons since
these are dominant because the 1/ω dependence gives larger contributions for
20
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Figure 2.4: Self energy extraction from APES data

smaller ω. In classical Bardeen-Cooper-Schrieffer (BCS) theory, λ is related to the
transition temperature Tc via the McMillan formula [99]. Hence, the Eliashberg
function α2 F (ω, , k) contains all we need to predict Tc . It has been shown for
Be[100] and also for graphene[101] that α2 F (ω, , k) can be extracted from highquality ARPES data. Regarding graphene, we have shown previously[101] that
α2 F (ω, , k) contains an isotropic contribution in both high-symmetry directions
of two peaks for the graphene-derived optical phonons from Γ and K points while
an extra low energy peak appears in KM direction only. Based on these results,
we modeled the Eliashberg functions in ΓK and KM directions with a sum of
two and three Lorentzian lines, respectively. As we will show below, it is this lowenergy part in KM direction that is key to achieving high EPC. The first step of
the analysis procedure is to extract the real and imaginary part of the self-energy
from the momentum dispersion curves (MDCs) using a polynomial bare dispersion
according to [102]:

<Σ = (k − kbare ) υ0 (ω)

(2.23)

=Σ = ∆k υ0 (ω)

(2.24)

and

Here k is the peak position of the Lorentzian distribution , ∆k is the half-width at
half-maximum and υ0 (ω) is a bare electron velocity. The choice of the bare band is
crucial and plays a significant role in determining the line-shape and magnitude of
the self-energy. We therefore used a self-consistent way in which we calculate the
Eliashberg function as the sum of Lorentzian functions for each choice of the bare
band and model the self-energy from it. The bare band which yields the smallest
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deviation in the calculated self-energy is then employed. The imaginary part of
the self-energy and the Eliashberg function are related via [98]
Z
=Σ(, k, kT ) = π

α2 F (ω, , k)(1 − f ( − ω) + f ( + ω) + 2n(ω))dω.

(2.25)

Here, f and n are the Fermi and Bose distribution functions, respectively. Therefore the determination of α2 F (ω, , k) requires an integral inversion which we have
performed numerically with the constraints that α2 F (ω, , k) can be expressed
as a sum of Lorentzians and that the bare band has negative curvature in KM
direction and positive curvature in ΓK direction. Using the numerical integral inversion, we can extract α2 F (ω, , k). It is considered successful if the =Σ and <Σ
calculated from the extracted α2 F (ω, , k) match the experimental one. Typical
result is depicted on Fig. 2.4.

Low Energy Electron Diffraction (LEED)
Low energy electron diffraction is a well established and common use approach to
probe surface crystal structure properties. It is based on interference of electron
on crystal periodical structure[103]. Low energy in this context means lower than
300 eV, that means higher than 0.5Å wave length. As well as in the case of PES
inelastic mean free path depends on electron energy and less than 20 Å, that
makes method highly surface sensitive.
Commonly used geometry of experiment is the so called normal incidence, when
initial electron beam is perpendicular to the sample surface, as in the sketch . In
that case Bragg - Wulff law could be written as:
a ∗ sinθ = n ∗ λ

(2.26)

Here, a is the lattice parameter, θ is the direction of diffraction maximum, λ is the
electron wavelength and n is an integer number (diffraction order). Wavelength is
determined by the De Broglie equation with respect to the electron energy E as
written:

λ= √

h
=
2me E
22
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E(eV )

(2.27)
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Where h is the Planck constant, me - electron mass. More often in surface science
one uses another form of the Bragg - Wulff law in terms of electron wave vector
~ as following:
K

~
~f = K
~ i + bg
K

(2.28)

~f | = |K
~ i|
|K

(2.29)

~ is the reciprocal lattice vector. The second equation is an energy conserthere bg
vation law in term of momentum. Using that form one can assign all reflexes in
LEED pattern by corresponding translation vector in reciprocal space Figure 2.5.
Such form is very suitable for superstructures, as discussed below.
The standard LEED setup is shown schematically in Fig. 2.5. The main elements
are: (i) electron gun, that produces a focused electron beam with a certain energy;
(ii) a hemispherical fluorescence screen and control grids to observe diffraction
pattern from elastically scattered electrons only. If observed spots corresponds
on simple bulk structure of sample i.e. translation vectors are the same, such
pattern calls 1 × 1. More often surface has some additional periodicity because
of reconstruction or ordered adsorbed atoms. In this case new spots develop in
LEED pattern. Their periodicity corresponds to new translation vectors in the
k-space. Similar to the 1x1 structure all extra spots can be assigned to corresponding translation. Relations between original and new vectors makes a rule for
reconstructions assigning. Namely two parameters are involved : scaling factor
N × M and rotating angle R XX. The case of R0 2 × 2 or simple 2 × 2 reconstruction in real space and on corresponding LEED image are presented in Figure 2.5.
Further details and more LEED pattern examples one can find in surface science
textbooks (e.g. [104] chapter 4).

Near Edge Adsorption Fine Structure (NEXAFS)
The X-Ray adsorption is described by corresponding crossection, that is defined as
the number of electrons excited per unit time divided by photon flux per unit time
per unit area. The cross section similar to referred above 2.2 can be calculated
from Fermi’s ”Golden Rule” for the transition probability per unit time from initial
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Figure 2.5: Left:LEED principle. Right: examples of structures and
corresponding LEED patterns

to a final state driven by a harmonic time-dependent perturbation. Since initial
state is an localized atomic one, all process is element sensitive. Final state can be
either continuum and we have to sum over all shells with binding energies less than
given photon energy or unoccupied atomic or molecular state. For discussion of
transitions to bound states and intensities of resonances it is convenient to define
a dimensionless quantity, the optical oscillator strength f which is related to the
X-ray absorption cross section according to
σ=

2π 2 e2 ~ ∂f
2
∗
,f =
| hf |(~e, p~)|ii |2
mc
∂E
m~ω

(2.30)

The discrete and continuum oscillator strengths satisfy some important sum rules [105],
the best known of which is the Thomas-Reiche-Kuhn sum rule. It states that for
a given electron in an atom or molecule the sum of the oscillator strengths of all
transitions to all other states, discrete and continuous, occupied and unoccupied,
is unity. It then follows that the total oscillator strength for the electronic excitation of an atom or molecule is equal to the number of electrons N in the atom
or molecule. This rule makes recipe for normalization procedure of experimental
data and quantitative analysis.
In considering the angular dependence of specific resonances one can assume that
the resonance shape will be constant and only their peak height will change.
24

25

Chapter 2 Experimental techniques

Therefore, the change in resonance intensity will be proportional to the change
in oscillator strength as well as the change in X-ray absorption cross section and
given

I ∝ | hf |~e ∗ p~|ii |2 ∝ | hf |~e ∗ ~r|ii |2 ∝ |~e ∗ hf |~r|ii |2

(2.31)

assuming the X-rays are linearly polarized in the direction of the unit vector ~e.
Let’s restrict ourselves to K-shell excitation, firstly because of its importance for
low-Z atoms and secondly because it exhibits the strongest polarization-dependent
effects. The initial Is state |i >= R1s (r) is spherically symmetric and it is to
a very good approximation represented by the atomic 1s wavefunction of the
excited atom in the molecule. In a one-electron model, the upper state of a boundstate transition can be represented by a LCAO wavefunction of the corresponding
molecular orbital. Because of the localization of the 1s initial state, the atomic
valence components of the excited atom in the LCAO wavefunction dominate
in the evaluation of the dipole matrix element. For the second row atoms, one
may therefore consider only these terms and write the final state wavefunction
as a linear combination of atomic 2p states on the excited atom , again other
contributions are suppressed by dipole selection rules. Lets consider the position
vector in spherical coordinates ~r = r(sinθcosφex + sinθsinφey + cosθez ), where ei
is orthogonal basis. Finally one can use radial representation of atomic orbitals
and calculate matrix element:

Z
hf |~r|ii =

R1s ∗ r(sinθcosφex + sinθsinφey + cosθez ) ∗ R2p ∗ (Cx ∗ sinθcosφex
+Cy ∗ sinθsinφey + Cz ∗ cosθez )r2 sinθdrdθdφ =

4π X
R
Ci ∗ (2.32)
ei
3 i=x,y,z

Here, Ci are molecular orbital coefficients and R is the radial dipole matrix element. As one can see from equation 2.32 for K-shell orbital the dipole selection
rule excitation, the vector matrix element points in the same direction as the pcomponent in the final state orbital on the excited atom and thus the polarization dependence of the total matrix element can be expressed as a function of the
angle between the direction of the electric field vector and the direction of largest
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amplitude of the final state orbital. Thus analyzing angular dependence one can
derive orbital direction.
In the case of honeycomb net of graphene or h-BN there are two electronic systems:
in-plane (σ) and out-of-plane (π). In the case of a planar system and normal light
incidence one can expect the absence of π∗ resonance, however, its appearance can
give an information about in-layer corrugations.
The most simple experimental method is the so called total electron yield (TEY),
it is based on the measurements of photoelectron sample current. There are three
contributions in such current: (i) photoelectrons (ii) Auger electrons (iii) secondary
electrons. The biggest impact into TEY signal is given by secondary electrons
therefore this technique is rather bulk sensitive. All spectra in present study were
measured in TEY mode.

2.2

Experimental setups

The physical principles that were described above are realized in modern experimental setups. Such machines are so-called singularities of technology and scientific innovations, they never stop to evolve and improve their abilities, such as
resolving power and etc. Several examples of such machines are presented below
and were used in current study.
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Modern PES experiments require high-quality light sources with high energy resolution (narrow bandwidth), variable photon energy and polarization, small spot
size, high intensity, and high stability of the beam. All these conditions can be
met only with synchrotron radiation at the built-on-purpose beamline specially
optimized for this class of experiments. The working principle of synchrotron
light sources is based on the fact that high-energy charged particles (such as electrons, protons, or positrons) emit electromagnetic radiation in the wide energy
range when subjected to large accelerations orthogonal to their velocity. After
several steps of acceleration emitted by some source for example electrons can
be held via bending magnets in the storage ring of a synchrotron. Usual ring
consist of several straight sections,bending magnets and acceleration cavities to
keep constant kinetic energy of accumulated electrons. The part of their energy
losses in bending magnets via light emission and can be used for beamline endstations. Despite many good properties of this light, its intensity usually is not
enough for ARPES experiments. Also the vertical polarization of the light is not
possible using the bending magnet. Higher photon flux and all polarizations can
be obtained using insertion devices such as wigglers and undulators in straight
sections of synchrotron. They can be simply imagined as the array of bipolar or
quadrupolar bending magnets. Using diffraction effect in such many steps emitting device, intensity of light can be improved in more that 100 times with respect
to the bending magnet.

BaDElPh beamline enstation at ELETTRA light source.
The BaDElPh beamline is an undulator-based normal incidence monochromator
(NIM) instrument which provides photons in the energy range 4.6-40 eV with
high flux, high energy resolution, and horizontal-vertical linear polarization. The
beamline serves an end station to perform primarily high-resolution angle-resolved
photoemission spectroscopy (ARPES) experiments from solids in the low photon
energy regime. Low photon energies (5-15 eV ) provide enhanced bulk sensitivity,
allow for the highest momentum and energy resolution, and are useful for tuning
matrix elements which vary rapidly at low energy.
The experimental setup consists of three independent ultra-high vacuum (UHV)
chambers (analysis, preparation and heater stage) and a load-lock separated by
the valves. The base pressure in analysis chamber is 2 ∗ 10−11 mbar, in preparation
27
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chamber and heater stage is 2 ∗ 10−10 mbar. Fast entry lock allows one to reach
pressure 1 ∗ 10−7 mbar without bake-out in 1 hour. The heater stage chamber
has also multi sample storage device, which allow fast change inside UHV. The
preparation chambers are equipped with an ion sputter gun and with numerous
ports capable of accommodating the standard UHV instrumentation necessary for
sample preparation (cleavage, scraping, gas treatment) as well as evaporators for
in situ growth of thin films. The main experimental chamber houses a SPECS
Phoibos 150 electron analyzer with a 2D-CCD detector system, a high-intensity
vacuum ultraviolet source (Omicron, HIS 13), an X-ray source (PSP Vacuum Technology, TX400), low-energy electron diffraction optics (Omicron, SpectaLEED),
a residual gas analyzer (Stanford Research Systems, RGA 200), and a gas cell.
Regarding analyzer there are four different angular resolved modes of the lens operation, that have been specifically designed for ARPES measurements reaching
a maximum angular acceptance of about ±13 deg; moreover, an ultimate angular
resolution of about 0.2deg could be achieved. From gas phase photoemission, an
ultimate energy resolution of less than 4 meV has been certified by the supplier.
The current sample manipulator has four degrees of freedom (three translations
and one rotational axis). The sample holder, capable of accommodating transferable samples, is mounted on an open-cycle cryostat (Advanced Research Systems,
Helitran LT-3M) that reaches, with liquid helium, temperatures lower than 10 K.
The azimuthal degree of freedom motorized in-situ by a high precision ultrasonic
motor and allows fully automatic azimuthal map measurements [106].
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RGBL beamline endstation at BESSY II light source.
The RGBL beamline is an bending magnet -based plane grating monochromator
(PGM) instrument which provides photons in the energy range 30-1500 eV with
high flux, high energy resolution, and horizontal linear polarization. The lateral
dimensions of the light spot on the sample are ∆x ≈ 87 µm (FWHM) in the
horizontal direction and ∆y ≈24 µm in the vertical direction, demonstrating a
low beam divergence as well as small aberrations of the optical elements of the
beamline. Note that the light spot gets even smaller at higher photon energies
and low resolution settings for monochromator.[107]

The experimental station (RGL-station) is equipped with PHOIBOS 150 electronenergy analyzer with the 2D CCD detector system (SPECS GmbH), which simultaneously offers both energy and angular resolution and allows band mapping as
well as high resolution XPS/UPS. The MCP-LEED system (Omicron GmbH) allows to explore LEED from rather delicate systems like organic molecules and
electrically insulating surfaces. The specific advantage of the multi-channel plate
(MCP) detector is that it allows electron beam currents down to 0.1 nA. The endstation includes a cryo manipulator (lowest temperature about 20K) which allows
polar and azimuthal rotations of the sample and motions along the x, y, and z
axes. It is operated by a set of stepping motors allowing easy handling of the
sample with a joystick and quite user-friendly computer interface. The following
brief description shall help our user community to elaborate, prepare and perform
sophisticated research programs at the renewed RGL equipment.
The experimental station consists of three chambers. The upper one is positioned
right above the analytical chamber and dedicated for ”clean” experiments with
rather delicate and reactive materials like rare-earth elements. It is equipped with
a quartz microbalance, evaporator ports, a gas inlet system, a flash-machine, a
29
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wobble stick, an ion gun, a manipulator and a fast-entry system. Here, thin films
can be deposited in-situ from Knudsen cell-type evaporators. Surfaces of bulk
samples can be prepared by several methods: (a) cleaving; (b) sputtering; (c)
heating up to 2000◦ C; (d) scraping.
Measurements are done in the analytical chamber, which is equipped with (i) a
PHOIBOS 150 electron-energy analyzer, (ii) an MCP-LEED system, (iii) a partial
yield electron detector and (iv) an X-ray tube. A port for the installation of
a fluorescence detector is foreseen. Optionally, a few flanges CF63/CF35 can be
used to mount evaporator sources. This allows time-dependent experiments where
metal deposition and PE data acquisition are done simultaneously. It is important
to note that only rather non-reactive materials like Ag, Au etc. can be used for
this purpose.[108]
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Chapter 3
Interface properties of doped
graphene and h-BN
3.1

Synthesis of the graphene(h-BN)/Ni(111)

Thin nickel films were produced by epitaxial growth on top of the clean W(110)
surface. Tungsten crystal was prepared according to the method described by [109]
:
• High-temperature flash (T∝ 2400-3000 K) in ultra high vacuum (P∝ 10−10
mbar)
• Oxygen treatment - long time annealing (T∝ 1500 K) in oxygen atmosphere
(P∝ 5 × 10−8 mbar)
• Several (3-5) high-temperature flashes (T∝ 2400-3000 K)
The quality of the surface was controlled by LEED and according to Bode et.
al [110] surface defects are mostly produced by carbon contamination. Carbon is
known to form R(15x3) and R(15x23) surface reconstructions , therefore absence
of any additional reflexes in the LEED pattern was used as a criteria of the clean
surface.
Nickel was vaporized from high purity rod (99.999%) by electron beam Omicron
evaporator in amount of ≈ 50Å , controlled by quartz microbalance. The evaporation rate was not higher than 2Å per minute and in such conditions Ni growths
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Figure 3.1: XPS spectra of B1s and N1s lines at different temperatures
during step by step borazine dosage.

in Nishiyama-Wasserman regime[111], when [100] direction of fcc Ni is aligned in
direction of [110] bcc W crystal.
Graphene was synthesized on freshly prepared Ni surface by CVD method with
propylene (C3 H6 ) gas with partial pressure ∝ 5 × 10−7 mbar. First the substrate
was heated and stabilized at the desired synthesis temperature. The temperature
region for good quality graphene was found to be about 600-650 ◦ C.

by time

dependent photoemission study. For temperatures above 650 ◦ C, the graphene
layer was found to be in a metastable state characterized by permanent simultaneous construction and deconstruction [62]. Therefore here CVD temperature
about 620◦ C was used.
Similar to the graphene h-BN monolayer was prepared by CVD with borazine
(B3 N3 H6 ) gas on a freshly prepared Ni surface [87]. Despite many similarities
between the structures of these two materials the chemistry of h-BN formation
should differ because of the non equivalence of boron and nitrogen. Reports about
time dependent studies with h-BN are absent in literature and following the idea
of Grüneis et. al two experiments were done. First, stabilized at the desired
synthesis temperature Ni surface was exposed to the borazine gas during 3 minutes,
increasing the CVD temperature step by step. Using XPS, the evolution dynamic
was observed in B1s and N1s lines (Fig. 3.1)
Starting at the beginning from the room temperature a presence of boron and
nitrogen signal was found. This should correspond to the absorbed borazine on
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Figure 3.2: XPS spectra of B1s and N1s lines at different pressure during
step by step borazine dosage. Red group - 4*10− 9mbar * 4.5 min. Blue group
- 8.3*10− 9 mbar * 4.5 min. Green group - 1*10− 7 mbar* 3 min.

the Ni surface. It is clear, that both boron and nitrogen lines are splitted to
two components that are marked on Fig. 3.1 as B1, B2 and N1,N2. During
temperature growth intensity of the B1, N1 components increase and the B2, N2
components tend to disappear. The binding energies for first components (B1,
N1) are in agreement with previously reported positions for h-BN on Ni. Looking
closer to the N1s line evolution, one can find that after 390◦ C the impact of the
second component starts to decrease, which is the indication of h-BN formation.
The high temperature limit for h-BN is much higher in comparison to graphene
and in the case of Ni film corresponding XPS signal was present until the Ni
evaporation. However, high temperature annealing (more than 1000◦ C) leads to
the stoicheometry changes.
In the second experiment, a Ni substrate was stabilized at 800◦ C and XPS spectra
were measured during borazine dosage, controlling the reaction rate by pressure.
Corresponding data are presented Fig. 3.2 . Looking closer, one can find that in
contrast to reported graphene data here there is only monotonic growth of the
single component for both nitrogen and boron lines. This indicates the absence of
any intermediate phases during growth process. Therefore second component in
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the previous experiment should be attributed to the molecular radicals or residual
borazine molecules.
All produced graphene and h-BN monolayers were characterised by 1x1 LEED
pattern, that is direct indication of epitaxial growth.

3.2

From tightly-bonded to quasi-freestanding

The electronic structure of graphene on Ni(111) was a subject of several comprehensive studies [38, 55, 112, 113] and it is well established that the interaction of
carbon lattice with Ni leads to drastic changes in graphene’s electronic structure,
namely, the Dirac cone shifts down by almost 3eV [113] and because of hybridization changes its slope. Carbon 1s line shifts by about 0.7 eV to the higher binding
energies. However, by closer looking to the Fermi level, one can find a small
cone-like dispersion touching the Fermi level, that is more visible in case of the
Co substrate [50]. Nevertheless, the reported structure is still far away from the
free-standing case and is too complex for analysis in terms of electron-phonon
interaction.
A similar situation was found in the case of h-BN , however, the subject was
mainly studied by XPS and NEXAFS since its band structure gapped. Nevertheless, a direct indication of hybridization effects was found [87]. ARPES study
demonstrated that band structure also shifts down by about 2.5 eV [91].
Several studies in literature reported that intercalation of the nobel metals can
decrease interaction with Ni substrate.

Namely, gold works similar for both

graphene [38] and h-BN [91]. In the case of graphene it shifts Dirac cone back to
the Fermi, however, also makes it slightly p-doped [114]. For h-BN upshift of the
band strucure was found and Fermi level position was situated close to the middle
of expected band gap (about 6 eV).
Another method to decrease interaction with Ni substrate was probably first reported graphene intercalation with alkali atoms by Nagashima et. al, however,
because of the absence of modern detectors and electron analysers they reported
a gapped structure. Recent studies [115] reported the full recovery of Dirac cone
with significant electron doping that is in scope of interest for present study.
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Figure 3.3: C1s spectra for partially doped by alkali metals graphene
samples and typical LEED pattern corresponding those samples

3.3

Electron doping of graphene/Au

Electron doping of graphite with alkali and alkaline-earth metals is a well established topic of solid state physics [116]. Many studies were reported especially after
the superconductivity in that materials was found[117]. Because of many similarities in structure and electronic properties, graphite intercalated compounds can be
considered as an array of the doped graphene sheets. Following ideas of graphite
experiments the alkali metals were evaporated from commercial SAES getters and
Ca from a Ta crucible onto graphene followed by annealing. The dopant concentration was increased stepwise and after each dopant evaporation thermalization
of the sample was done and the downshift in the C1s core level was recorded using
XPS. Several examples of not fully doped samples and doping dynamics with Li
are presented on Fig. 3.3. For low dopant concentration in all cases the presence
of the nondoped graphene signal is visible. It corresponds to the formation of
doped and undoped islands on the surface which complicates long range tuning of
the doping level. Only at dopant concentrations close to maximum, component of
undoped graphene completely disappears. It is worth to note that Li case qualitatively differs from the other metals. First, having the smallest size Li can form
closely packed structure with stoichiometry LiC6 , that also was found for graphite.
In contrast to graphite it also forms a stable homogenic phase with lower Li concentrations, that probably originated due to higher mobility of Li atoms on the
surface. Moreover, concentration of Li can be slightly smaller than LiC8 with
conservation of the single phase (Fig. 3.3), that produce a possibility to control
doping level.
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Only after the C1s line position was not shifting any more upon increasing the
dopant concentration, we considered the sample to be fully doped. The total
amount deposited corresponded to ∼ 1ML in the case of alkali metals and ∼ 3ML
for Ca according to quartz microbalance and XPS. The two observed values were
in agreement within an error of 15%. Higher amount of doping material produces
the second state in adatoms core levels that corresponds to the pure metal clusters. The crystal quality was checked by low-energy electron diffraction (LEED)
for each step in the synthesis procedure. A sharp LEED patterns were found for
W(110), Ni(111)/W(110) and graphene/Au/Ni(111)/W(110) but no LEED pattern corresponding to the dopants was observed. Therefore two scenarios can be
proposed: (i) Adatoms do not have any long range order (ii) they are continuously
jumping from site to site. Regarding the second scenario, it is not in agreement
with undoped islands formation and can be considered only within Li doping.
Therefore most applicable option is the first one.
The position of the dopant atom respect to the graphene plane has a crucial role in
further analysis. Therefore it was probed by by angle-resolved x-ray photoelectron
spectroscopy (XPS) measurements of the C1s and dopant core level spectra which
are highly sensitive to the element position in z direction (z is perpendicular to
the graphene layer). Due to inelastic scattering, photoemission intensity is given
by Bouguer-Lambert-Bell law ( see eq. 2.8) versus the path inside of material.
Therefore if the dopant is located under the graphene plane, in grazing emission
scattering path increases and relative intensity of corresponding XPS lines drops
with respect to the carbon signal. In the case of on-top position of dopant one can
expect opposite situation because of scattering of photoelectrons from carbon on
adatoms layer.
In Fig.3.4 the dopant and carbon core level spectra probed in normal emission and
grazing emission are presented. All spectra are normalized to the C1s intensity.
From the ratios shown in Fig.3.4, it is clear that there is a qualitative difference
between K, Ca and Cs, Rb, Na, Li dopants. For the former case of K and Ca, the
signal in normal emission is stronger when compared to grazing emission while in
the latter case this ratio is inverted. Hence, the current experiments conclusively
show that only K and Ca intercalate into the graphene-Au interface and Cs, Rb,
Na, and Li are preferably located on top of graphene. Binding energies for alkali
metal core level corresponds to fully ionized values therefore one electron per atom
was given to the interface.
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Figure 3.4: Core-level spectra in normal and grazing emission geometry for
each dopant and the corresponding graphene C1s core-level spectra. The C1s
core-level spectra of graphene on Au (CAu ), alkali-metaldoped graphene
(CAM ) and Ca-doped graphene (CCa ) are shown. The inset to the upper right
subfigure denotes the experimental geometry. For the normal emission
spectrum of Ca2p (bottom left graph), the red, dashed lines indicate the Cas
and Cab peaks of grazing emission. The carbon/dopant stoichiometries
determined by the XPS intensity ratios are indicated for each dopant.

While the structure of the alkali metal core level spectrum is relatively simple
and only changes in intensity when going from normal to grazing emission (see
for example K2p ) the case of Ca is more complicated because Ca alloys with Au.
The XPS of the Ca2p spin doublet reveals at least two different states, Cas and
Cab for normal emission and one additional state, Cac for grazing emission. The
component Cac is shifted to lower binding energy and almost absent in the case
of normal emission which points towards a high surface character such as due to
a small amount of Ca clusters on top of graphene. The other components show a
behavior consistent with intercalated Ca and one can find that the intensity of Cas
decreases less than Cab with respect to the emission angle. Hence, the behavior
of Cas suggests that it corresponds to a Ca layer under the graphene sheet while
Cab corresponds to Ca that forms an alloy with the Au/Ni substrate.
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The graphene C1s core level spectra are strongly affected by the doping. We observed (i) a shift to higher binding energies by ∼0.8eV for the alkali metals and by
∼0.6eV for Ca and (ii) the C1s line changes shape. Regarding (i) the shift towards
higher binding energies is smaller than the corresponding valence band shifts and
is ascribed to core-hole screening. Regarding (ii) the change in lineshape upon
doping is well known for carbon materials and is due to the coupling of photoelectrons to conduction electrons which induces the asymmetric Fano lineshape.
The difference in the C1s line shapes for the alkali metals and Ca may be due
to screening effects and chemical shifts in the alkali atoms due to their diverse
environment, e.g. Ca is partially alloyed with Au.
There are several arguments that point towards a scenario of Fano line shape:
(i) relative intensity of high energy shoulder is sensitive to photon energy (kinetic
energy of outgoing electrons) , that is not the case of different chemical surrounding
(figure); (ii) C1s has the same lineshape for fully alkali doped samples, however,
MeC8 and LiC6 should have different structure and therefore different combination
of inequivalent sites; (iii) looking closer to the Li doping dynamic it is clear that
shoulder appears already at LiC10 and continuously grow with increasing of doped
electrons; (iv) similar Fano lineshape was detected in doped nanotubes and alkali
doped graphite.
X-Ray absorption spectroscopy close to the K-edge is highly sensetive to orbital
direction as was discussed in Chapter 2 and moreover shows directly presence of
covalent bonding. In Figure 3.5 data for doped and non doped samples at different
incidence angles are presented. First, it is clear that the resonance shape is quite
similar for all cases and no additional state appears after doping. It is another proof
that the final state effect originates high energy shoulder in C1s line. Moreover, it
pointing towards ionic type of bonding between graphene and dopants. Looking
closer, the adsorption line shape changed it two ways (Fig. 3.5g) : (i) the π ∗
resonance has a shift to higher photon energies; (ii) relative contribution of σ1∗
decreased and both σ ∗ are shifted. The shift of π ∗ is very natural and expected
because of electron doping of graphene. The right shoulder of π ∗ has the same
position as in the undoped sample that points toward rigid band shift. Let’s now
turn to the suppression of σ1∗ transition . The calculations of NEXAFS process
in graphene [118] suggests following model of formation two peak structure of
σ ∗ : the first resonance is a pure exitation from core to the unoccupied bonded
state, however, the second state corresponds to the ground state position of the
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Figure 3.5: CK edge spectra of doped graphene/Au with different alkali
metals. Blue line corresponds to incidence angle 20deg, red corresponds to
50deg, black one corresponds to normal incidence

same molecular orbital. In other words σ2∗ is a screened XAS transition. Due
to the strong local character of the transition, the ground states changes upon
exitation. In molecules, this is well known as Frank-Condon principle. Therefore
uncompensated electrons from dopant strongly increase screaning of hole during
photoexitation that leads to observed decreasing of σ1∗ . The shift of the spectral
σ ∗ weight most probably because of broadening of σ2∗ due to core hole lifetime
decreasing.
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Figure 3.6: LEED patterns of intercalated graphene with different alkali
metals. Black dashed line presents graphene lattice pattern, red and blue
represent superstructure lattices.

3.4

Electron doping of graphene/Ni

Direct intercalation of alkali metals under graphene on Ni is an alternative to previous procedure and has several benefits: (i) graphene simultaniously starts to be
quasi-freestanding and heavily electron-doped (ii) high variation of substrates that
is useful to determine their role in electron-phonon interaction. A comprehensive
study of structural properties was done by Nagashima et. al [119] , however, here
a new phase will be reported. The corresponding LEED patterns are displayed in
√
√
Fig. 3.6. As well as Nagashima et. al we found R30 3 × 3 reconstruction after
K intercalation , and almost no pattern after Li intercalation. In contrast for Rb
√
√
we found presence of two stable phases R30 3 × 3 and R02 × 2 and in the case
of Cs both phases exist simultaneously. Moreover, Ni forms stable 3 × 3 phase and
no 3 × 2 were detected. Regarding this observation of Nagashima et. al there is a
possibility of a stable or metastable phase like with Cs that forms 2 × 2 with Ni
and was detected by Nagashima et. al together with 3 × 3.
The fact of metal intercalation was established by Nagashima et. al and supported
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Figure 3.7: The C1s core-level spectra of graphene on Ni (CN i ), and
Li-doped graphene (CLi ) and other alkali-metal doped graphene (CAM ) are
shown.

by ARPES data presented in next chapter, therefore angular resolved measurements were not done for these systems. However, for a double-check, the stoichiometry and corresponding binding energies were determined by XPS study. All
data are summarized in Fig. 3.7. As well as in the case of Au substrate alkali
atoms are fully ionized and have a singlet state. The graphene C1s core level
spectra on Ni are shifted to higher binding energies by ∼0.75eV respect to the Au.
After intercalation almost no shift was found, therefore C1s is shifted similar with
respect to the Au substrate. Also, like in the previous substrate, here Li exhibits
a different behavior. The Fano shoulder is almost two times smaller, however, for
other metals C1s has same line shape. Since now alkali metals have an ordered
structure with respect to graphene, this makes another proof for final state effect
XPS line shape.
In order to probe in-plane properties the NEXAFS study was employed and all
spectra summarized on Figure 3.8 As well as Gr/Au case, doped graphene on Ni is
almost planar and no additional covalent bonding was found. Let us now focus on
comparison between two Rb phases on Fig. 3.8. The low density phase has two
extened shoulders in the range between π ∗ and σ ∗ resonances compared to second
phase and σ1∗ is a bit more pronounced. As was discussed above, σ1∗ damping is the
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Figure 3.8: CK edge spectra of intercalated graphene/Ni with different alkali
metals. Red line corresponds to incidence angle 55deg, black one corresponds
on normal incidence

result of hole screening therefore higher intensity of σ1∗ in the case of Rb 2 × 2 is
√
√
well expected since lower doping level in compare to 3 × 3 phase (See Chapter
4). Regarding the extended shoulders , their transition energies correspond to the
hybridized graphene-Ni sates [34] and they can be originated from either not fully
intercalated areas or because of the less efficient decoupling of graphene from Ni
by 2 × 2 Rb layer.
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Electron doping of the h-BN - metal interfaces

Manipulating nanoscale structures is a key to control their physical properties.
Regarding doped graphene, the task is to control the position of the dopant arises.
Direct comparison of different substrates is not efficient, since there are not too
many possibilities to produce quasi-freestanding graphene on metal and moreover
one can not exclude graphene - metal interaction. In that sense, the isostructural
inert material is the best candidate for further study. Since it has a wide gap,
h-BN can not directly interact with alkali metal in the same conditions as was
for graphene. A study of the whole series would be interesting from the academic
point of view but because of many similarities in behavior of alkali metals with
graphene one can expect the same for h-BN . Therefore here it will be focused on
only exception cases.

Figure 3.9: (a) h-BN core level spectra measured by XPS for pristine and
alkali metal doped h-BN . (b) Normal and grazing emission core-level spectra
of the alkali metals. (c) Li core-level spectrum after depotion of 1.5 ML.

Figure 3.9 (a) depicts the XPS results for the B1s and N1s core levels for pristine
and alkali-metal functionalized h-BN . It is clear that both core levels exhibit a
shift towards higher binding energy in the doped case. This behavior is similar
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to graphene. However, corresponding shifts are different for B1s and N1s. If it
happens because of chemical functionalization, it requires selective metal adsorption sites. Namely Li should prefer bonding with boron and K with nitrogen, that
should produce regular structure and specific LEED patterns. However, similar
to the graphene it no structure except the original 9 × 9 with Au was found.
Therefore, it is most probably a final state effect, that will be discussed in details
later. Let consider the XPS measurements of the alkali metal core levels in more
detail. Figure 3.9 (b) depicts the angle-dependent XPS spectra of both the K2p
and Li1s core levels. The relative intensity ratio (normalized to B1s or N1s core
level intensity) indicates the preferred location of each species (either above or
below the hBN plane). As a result, we obtain a preference of K to intercalate in
between hBN and Au/Ni(111) and a preference of Li to adsorb on top of hBN.
We note that this behaviour is identical to K and Li interaction with graphene on
Au/Ni(111).
Similar to the graphene, it was used 1/8 monolayer with respect to the BN by the
following method using the Quartz microbalance. The evaporation was done with
respect to bulk of Li (K) . According to the XPS , BN/Me stoichiometries were of
1/8.2 - 1/7.8 of monolayer in different depositions. Regarding the saturation limit,
it was found , that deposition of higher amount leads on formation of unionized
Li clusters as we show by XPS data in Figure 3.9 c.
In order to probe the effects of the alkali ions on the conduction band, was performed NEXAFS measurements. In this case we probed the transitions from N1s
and B1s core levels to the unoccupied π ∗ and σ ∗ states. This gives an information regarding (i) the energies of the conduction band edges and (ii) hybridization
of the electronic states. Regarding (i), the NEXAFS results depicted in Figures
3.10 (a) and (b) clearly show that upon ionic functionalization, the positions of
both π ∗ and σ ∗ resonances do not change. From this we conclude that both the
core levels and conduction bands shift by roughly the same energy. This is an
important finding with consequences for h-BN devices where the charge injection
barriers may be controlled by gating. It is remarkable that ionic functionalization
does not shift the absorption peaks in the NEXAFS nor changes the shapes of the
absorption curves. Regarding (ii), no extra peaks appear in the NEXAFS spectrum but a small shoulder of the N1s edge with respect to bulk h-BN as reported
earlier [120]. Therefore we conclude that the h-BN is weakly interacting with the
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Figure 3.10: (a,b) NEXAFS spectra for the N and B K-edges respectively
for pristine and alkali metal doped h-BN .

Figure 3.11: Valence band photoemission spectra of h-BN on Ni before and
after Li intercalation.

metal substrate. This weak interaction is crucially important for the effects described below since it allows us to treat the metal-h-BN interface as one system
with a common Fermi energy and work function.
Let us now focus on a Li behavior respect to the honeycomb plane. As it was
found Li prefere intercalates on Ni substrate and do not intercalates on Au. In
that sence Li was deposited on top of h-BN on Ni surface and corresponding valence
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band spectra are presented on Fig. 3.11. Spectra are normalized on h-BN π band
intensity and it is clear that Ni3d intensity decreases after Li deposition. Therefore
it points to intercalation of Li atoms, that scatter photoelectrons from Ni.
Summarizing all results, Li and K by themselfs behave quite similar for both
graphene and h-BN hineycomb lattices. Taking into account difference in chemical
activity of graphene and h-BN one can conclude that the driving force of intercalation is an interation between alkali metal and substrate. In other words, ability
of surface alloying is responsible for adatom position respect to the graphene or
h-BN plane.
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Chapter 4
Electronic structure of doped
graphene and h-BN monolayer
4.1

Probing of doped graphene/Au electronic structure by ARPES

Let us now remember the second part of the summary from theoretical models for
achieving high EPC in graphene mentioned in Chapter 2. Both large doping and
the interlayer band formation can be directly probed by ARPES measurements.
To evaluate how much charge each dopant is able to transfer to graphene, ARPES
measurements of the Fermi surface and cuts in the energy-momentum space along
the ΓKM high symmetry direction were performed. To ensure that the investigated samples correspond to maximally doped graphene, stepwise evaporation of
dopants onto graphene followed by ARPES measurements of the Fermi surface
were performed. Only if the Fermi surface area did not increase upon doping, it
was considered that the maximum doping level reached. The ARPES datasets of
fully doped graphene are presented for all dopants in Fig.4.1(a).
For the free-standing graphene, the number of electrons in the conduction band
per one carbon atom is
√
q
N a2 3
=
∗
e
A
4
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(4.1)
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where e is the electron charge, N is the number of filled states in the π ∗ conduction
band, A is the graphene area,

√
a2 3
is
4

the area occupied by one carbon atom, and a

is the graphene lattice constant. Because each pair of states fills up in the Brillouin
zone (BZ) an area 4π 2 /A, it can be expressed:

N =2

A
∗ Sk
4π 2

(4.2)

where Sk is the area in the first BZ occupied by populated conduction band electron
states. Such area can be derived from fit of ARPES measured Fermi surface. For
instance, radial cuts from K point of symmetrized data set were done and peak
position for each was detected. Further, derived positions were fitted by threefold
symmetry function : R(θ) = A0 + A1 cos(3θ) + A2 cos(6θ) + A3 cos(9θ). Numerical
integration of radial function gives an area of Fermi surface.

Figure 4.1: (a) ARPES spectra of maximally doped graphene for different
dopants. The black dotted line denotes the ARPES intensity maxima. Upper
row: Fermi surfaces and electrons transferred per C atom (values inside the
contour). Data are acquired in p-polarization for Ca, Li, Na, Rb, Cs and in
s-polarization for K doping. Lower row: ARPES scans along the Γ KM high
symmetry direction in the vicinity of K point (at 1.7Å−1 ), summing the data
for s and p polarization. The numbers give the energy of the Dirac points. (b)
Iso-area contours for all dopants and magnification along the KM high
symmetry direction.

The number of extra electrons per unit cell is readily calculated from the ratio
of the Fermi surface area to the area of the Brillouin zone and displayed inside
each dopant’s Fermi surface. It is not surprising that the highest charge transfer
occurs for Ca doped graphene since Ca is able to offer its two valence electrons to
graphene while all other dopants have only one. Let’s now consider stoicheometry
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of the dopant with respect to the graphene and transferred charge (Fig. 4.3) . For
all dopant effective charge transfer is less than 50% in compare to the maximum
possible and decreasing upon increase of atom size. Looking closer, there is mess
between K and Rb ,that induced by potassium intercalation. Surface alloy with
gold increases charge transfer to the substrate and therefore less electrons can be
offered to graphene.
The position of the K atoms with respect to graphene was further investigated
with DFT calculations using the QUANTUM ESPRESSO package [121]. These
were performed in the plane waves and pseudopotential framework employing the
Perdew-Burke-Ernzerhof exchange and correlation functional and including van
der Waals dispersion corrections [122]. The optimized geometries of two interfaces differing in position of the K layer above or below graphene are displayed in
Figs. 4.2, respectively. The simulations address K coverages corresponding to the
KC8 stoichiometry in a 2 × 2 periodicity with respect to graphene. In agreement
with XPS measurements, the calculations predict the intercalation of K between
graphene and the Au/Ni substrate. The energy of the (2 × 2) graphene/K/Au/Ni
supercell is 0.62 eV lower than that of the K/graphene/Au/Ni supercell.
Let’s compare the topology of calculated band structure now. First, let us consider
a toy model of doping with alkali metal. In the beginning one has non-interacting
dopant atom with one electron in the valence shell and a substrate system with
corresponding workfunction. Electron doping is possible, roughly, if ionization
potential of adatom is less than work function i.e. in global energy scale electron
in dopant sits closer to vacuum level than Fermi level of system (Fig. 4.3 first
line). Then, making contact, one makes possible electron to come from alakli
metal to the material band. Now let us consider a layer of adatoms interacting
between only each other. Overlapping valence shells form half-filled band with
corresponding Fermi level with energy that is smaller than initial ionization potential position with respect to the vacuum level. The energy offset during band
formation depends on interaction inside the layer. If one brings in contact the
alkali metal layer with sample surface and considers interaction between adatom
layer and sample is small respect to the interaction between individual adatoms,
than one can expect Fermi level alignment without any big changes of dopant
bandstructure (Fig. 4.3 second line). In other words, the charge redistribution
corresponds only initial difference of Fermi energy. Increasing of ion size one increases interaction inside dopant layer, that changes topology of alkali metal layer
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Figure 4.2: (Color online) DFT optimized geometry and band structure for
(a) K/graphene/Au/Ni and (b) graphene/K/Au/Ni model interfaces.
Projections of electron states on the C 2p and K 4s orbitals are displayed as
black and blue lines with the thickness proportional to the weight of the
projection. The bands in red come from Ni and Au. The inset shows the
Brillouin zone (BZ) of the original and the 2 × 2 cell with high-symmetry
points of the 2 × 2 cell labeled with a prime.

bandstrucuture and therefore difference in Fermi energy and corresponding doping
level. If one consider intercalation interaction between adatom layer and sample,
then hybridization breaks initial topology of adatom valence band and final topology according to the calculations can be not so trivial. This leads to multiple
electron pockets formation with complex density of state that makes finger ends
feeling of charge transfer impossible. Looking closer to the calculations, one may
conclude: (i) top located alkali metal layer forms its bandstructure that weakly interacts with graphene and only charge redistribution takes a place (ii) intercalation
underneath graphne is paired with drastic changes of alkali metal bandsructure
because of strong hybridization with substrate bands.
Let’s now look to the modifications of the band structure which are beyond
the aforementioned doping effect. Generally speaking, band structure modifications stem from (i) electron-phonon coupling, (ii) electron-plasmon coupling, (iii)
electron-electron interactions and (iv) modifications of the underlying bare-band
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Figure 4.3: Doping level versus atom size. Sketch of the charge transfer for
individual adatom and adatom film

structure due to the presence of the positively charged ions. The renormalizations
that occur from electron-phonon coupling are at ∼180 meV below the Fermi level
and will be discussed in detail in the next section. The renormalizations due to
electron-plasmon coupling are pinned to an energy close to the Dirac point [123].
Regarding electron-electron interactions, they are modifying the bare band in a
continuous fashion but are expected to be weak if graphene is on a metallic substrate because of screening. In order to extract the bare band for each dopant, let’s
look to the measured spectral functions at an energy which is sufficiently far away
from both the electron-phonon and the electron-plasmon renormalizations. This
energy was defined as corresponding to the charge transfer of 0.022 electrons per
unit cell. For example, for Rb this charge transfer corresponds to a contour 550
meV below the Fermi level and for the other dopants it is at similar energies. Contours around this energy and the Fermi energy contour have been used to fit the
bare band dispersion later. To determine the bare band for energies in between,
a constrained, self-consistent procedure that yields, both the self-energy and the
bare band is applied and explained in detail in the next section. Importantly, the
choice of the correct bare band is well-defined because only for one choice of the
bare band, the real and imaginary parts of the self-energy, Σ are Kramers-Kronig
related. The bare band dispersion obtained in this way contains (i) the effects of
the positively charged ions and (ii) the effects of trigonal warping, i.e. a different curvature in the KM and ΓK directions. This is important because previous
works have shown that a simple, linear bare band causes an apparent anisotropy
in the electron-phonon interaction [124].
Let’s now investigate whether the bare electron energy band dispersion is identical
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for all dopants. This experiment is to challenge the applicability of the rigid-band
model which is widely employed for doped carbon materials. This model states
that the doping purely results in a Fermi level shift (a bandstructure offset) but
no change in the slope of the bands. As we will show below, this is not the case
for the present systems. To investigate the applicability of the rigid-band model,
surfaces around the K point was measured, which correspond to the same charge
transfer of 0.022 electrons per unit cell (iso-area contours). Such iso-area surfaces
allow us to investigate the dopant induced changes in the bare band structure
independent of electron-phonon and electron-plasmon coupling. If each dopant
system would have identical band slopes, the energies (measured from Dirac point)
at which the iso-area contours are taken would be equal to each other. As was
shown below, this is not the case and a marked change in the slope of the bare
band dispersion occurs. In Fig.4.1(b), the aforementioned iso-area contours are
shown for each dopant system. Clearly, these contours are not identical and the
deviations also follow a clear trend: with increasing doping level, the contours
become more trigonally warped. A related effect has been reported previously
[125–127] and ascribed to the presence of an electric field of the ionized adatom.
In the present case, we ascribe the observed deviations from the rigid-band model
to the complex interplay of screening of the dopant ion by graphene on the metallic
substrate and the different geometry for each interface where the dopant can be
on top of graphene or buried in the graphene-substrate interface (see Chapter 3).
The observed changes in the slope of the π bands are important for resonance
Raman experiments of doped carbon materials, especially graphene [128] because
the resonance process selects certain electron wave vectors according to the photon
energy and is therefore sensitive to the band slopes.

4.2

Probing of doped graphene/Ni electronic structure by ARPES

The observed drastic changes in doping level of K-doped system makes a direct
comparison difficult because of interface impact. In this order we already proposed
doped graphene/Ni interfaces in previous chapter. Similar to the gold case let’s
start from the Fermi surface and doping level. Figure 4.4 displays ARPES data of
Fermi surfaces for different doping metals. Inside each contour displayed a value
of charge transfer respect to the unit cell. In this case there is no interchange
52

Chapter 4 Electronic structure of doped graphene and h-BN monolayer

53

of K and Rb in maximum doping level, that one more time make a proof of
previous discussion. However, the observed charge transfer is about 10% higher
respect to the Au substrate. Such difference arises because of initially different
charge transfer from substrate, for instance graphene on Au is slightly p-doped
in contrast to Ni, that shift of the π band is 2.8 eV below Fermi energy [113].
Therefore Au has a trend to absorb electrons and Ni to donate. However, taking
into account calculates stoicheometry, alkali atoms still do not donate full charge
to the graphene.
The last statement can be understood from considering a simple model of Gurney [129] for alkali atom on the metal surface. According to that the valence
level of atom approaching a metal is shifted upon interaction with the surface and
is lifetime-broadened into a band. In other words electron can tunnel between
adatom and solid. The combined influence of level mixing an the shift determines the ultimate energy position of adsorbate level at the equilibrium. The
most important cosequence of this model is that even a single alkali-metal atom
is not completely ionized since the tail of its energy reaches below Fermi level.
This statement was proved by He* atom deexcitation spectroscopy (Woratschek
et. al [130]) for K on Cu, by Horn et. al [131] using UPS on K-Al system.

Figure 4.4: (a) ARPES spectra of maximally doped graphene for different
dopants. The black dotted line denotes the ARPES intensity maxima. Upper
row: Fermi surfaces and electrons transferred per C atom (values inside the
contour). Data are acquired in p-polarization . Lower row: ARPES scans
along the Γ KM high symmetry direction in the vicinity of K point (at
1.7Å−1 ), summing the data for s and p polarization. The numbers give the
energy of the Dirac points.
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Let’s now focus on alkali itself. For instance in contrast to the gold case now
there is a long range structure, that should lead to well defined band formation.
Moreover, observed doping level versus the atom size has a trend corresponding
to the toy-model doping. In that order both high symmetry directions (Γ-K and
Γ-M) were measured with different light polarizations, however, no presence of
additional bands crossing the Fermi level were detected. From the other hand,
strong hybridization between alkali and Ni takes place, that can push all spectral
weight of dopants to the unoccupied states like it was predicted for the Au case
by calculations.
The unique observation here is the presence of two phases via Rb doping. Observed
ratio of corresponding doping levels are in the perfect agreement with Rb density
√
√
respect the carbon atom. From the other, hand one can expect that 3 × 3
phase should be less efficient, because Rb atoms are relatively big. Moreover,
the structure is more compressed in comparison with the bulk structure, which
is much closer to 2 × 2 phase. It shows that adsorption geometry in the case of
relatively big atom size does not decrease charge transfer efficiency. However, here
one should consider hybridization effects and trend of n-doping from the side of
Ni, that explains such deviation from oversimplified model.

4.3

Probing doped h-BN /metal electronic structure by ARPES

Let’s focus now on the band structure modifications of doped h-BN -metal interfaces. In Figure 4.5 the ARPES scan along the ΓK high symmetry direction in
the 2D Brillouin zone (BZ) of h-BN for pristine as well as Li and K doped samples
are presented (Figure 2a-c). Similar to the core levels of h-BN , the π band shifts
down after alkali deposition. In the case of K the downshift is 2.77 eV while for
the Li case it is 0.9 eV. The large downshift in the for K doping brings the top of
the π band in the vicinity of the Au5d bands allowing a weak hybridization which
can be seen as a loss of photoemission intensity in the band-crossing regions in the
top of the π band (Figure 4.5 d). Concommitant with the NEXAFS results (see
Chapter 3), this small hybridization highlights that the h-BN /Au interface must
be treated as one coupled, weakly interacting system.
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Figure 4.5: ARPES spectra along the ΓK high symmetry direction of the
hexagonal BZ for (a) pristine hBN on Au, (b) Li functionalized hBN on Au
and (c) K functionalized hBN on Au. The K point is at 1.7 Å−1 . (d) shows a
zoom of the π band maximum for K doped hBN close to the K point. (e)
depicts energy dispersion curves through the σ bands along the dotted lines.
The Fermi level position of the Au substrate is defined as zero.

The anti-crossing in the σ bands of h-BN is analyzed in Figure 4.5 e. The
energy dispersion curves through the K point in the region of the anti-crossing
are shown for pristine and doped h-BN on Au. It can be seen that for Li doping,
the anti-crossing persists while K doping removes the anti-crossing in the σ bands
at K. This behaviour is consistent with the suggested position of Li on top of
h-BN and the intercalation of K in between the h-BN /Au interface. In the case
of K intercalation, the h-BN layer is lifted up and so the interaction of the inplane σ orbitals with the substrate is removed. Moreover, a strong reduction of
ARPES intensity is observed at the Fermi level due to the K intercalation which
suppresses the Fermi level photoemission intensity dominated by Au orbitals due
to the smaller inelastic mean free path in the K layer. The fact that, after K
intercalation, hybridization with Au appears in the π bands despite the larger
distance between h-BN and Au can be understood by the matching energies of π
and Au5d levels and by the larger extent of the π orbitals in z direction compared
to the σ orbitals which lie in the h-BN plane. In the case of Li doping, the
hybridization of states at the π band maximum at K point and Au5d is not
possible since their energies do not match.
Let’s now consider the case of Li intercalated system in order to compare band
structure modifications. The corresponding data are presented on Figure 4.6. Similar to the Au substrate the π band is downshifted, however, because of position
downshift is 1eV bigger. Notably, that it is still smaller than in the case of K intercalation on Au surface. Such difference correlates with work function inequality,
55

Chapter 4 Electronic structure of doped graphene and h-BN monolayer

56

Figure 4.6: ARPES spectra along the ΓK high symmetry direction of the
hexagonal BZ for (i) pristine hBN on Au, (ii) Li functionalized hBN on Ni and
(iii) Li functionalized hBN on Au. The K point is at 1.7 Å−1 . The Fermi level
position of the substrate is defined as zero.

Alkali atom Above h-BN
A
A/h-BN /Sub
Li
1.80
K
1.50

Below h-BN Experiment
h-BN /A/Sub
2.15
0.9
2.73
2.77

Table 4.1: Energy shift of the π bands in the functionalized systems where
the alkali atom (A) are above (A/BN/Au) or below (BN/A/Au) the BN sheet.
The energy shifts are expressed in eV and are referred to the top of the BN π
band in the pristine BN/Au system.

for instance Li has 2.9 [132, 133] and K has 2.3 [132]. Reported studies of corresponding Li [134] and K [135] adsorption on Ni and Au respectively suggest that
work function changes up to almost pure alkali metal value. It is worth to note,
that in such layered metal structures the dipole contribution has an important role
in work function, therefore absolute difference between Li-Ni and Au-K is not the
same like was observed in experiment with BN.
Let’s now turn to a discussion of the qualitative reason for the observed downshifts
of the h-BN electronic bands before a quantitative description using DFT. The
driving force behind these observed changes is the interaction of the Au substrate
with the alkali atom. This can lead to the combined effects of gating via a potential
and electric fields acting on h-BN . In particular, since the K atoms are readily
ionized by the Au substrate, h-BN is exposed to an electric potential which is
able to shift its electronic band structure. The same effect will occur for Li/hBN /Au but due to its sandwich-like structure where hBN is in between Li+ and
Au− , there is an additional electric field between the ionized Li atom and the Au
surface present.
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Performing DFT calculations it was found that the actual energy shift of the hBN bands depends on many factors, most notably the coverage of the Li and K
dopants, as well as their position with respect to the h-BN layer. We consider in
the computational model the same coverage of 1/8 monolayer with respect to the
honeycomb layer for both Li and K, so as to facilitate the analysis. Concerning
the position of the dopant, we consider different locations of the Li and K dopants
at the interface, namely above and below the h-BN layer. We refer to these
four cases as Li/h-BN /Sub, h-BN /Li/Sub, K/h-BN /Sub, and h-BN /K/Sub,
where ”Sub” indicates the Au/Ni substrate, and summarized corresponding πbond energy shifts in Table 4.1. From a comparison of the theoretical to the
experimental ARPES values, it can be concluded that the systems that yield a
band-energy shift most compatible with the experiment are those in which K
intercalates while Li adsorbs on the upper surface of h-BN , which is also in
agreement with the angle-dependent XPS data. For these systems, the calculated
h-BN band shifts referred to the top of the h-BN π-band in the pristine h-BN /Au
system, are 1.80 eV for Li/h-BN /Sub and 2.73 eV for h-BN /K/Sub. In Figure 4.7
we report the atom-projected band structures calculated for the 2 × 2 unit cell.
The energy shift of the h-BN π band (black lines) in the functionalised systems
is almost rigid and is experienced by all the h-BN derived bands. For the K case,
the calculated value of the h-BN π band shift (2.73 eV) is in very good agreement
with the ARPES data (2.77 eV), thus indicating that the coverage considered in
the model supercells is compatible with the one of measured sample. In the case
of Li, the calculations overestimate the h-BN band shift (1.80 eV) with respect to
the measured value (0.9 eV). We attribute this to the following reasons: (1) the
supercell we have employed in the calculations: in order to compare the K and the
Li doped system, and to make calculations feasible (smaller unit cell size) we fixed
the in-plane dopant superstructure to be 2 × 2 for both dopants. For the case of
K this superstructure was experimentally verified for bulk h-BN [73]. However,
√
√
in the case of carbon materials, Li is known to form a 3 × 3 superstructure
and nothing is known on its adsorption pattern on h-BN . Therefore, a different
adsorption pattern may explain the observed discrepancies. (2) Despite we find a
clear preference from angle-dependent XPS for K to intercalate and for Li to be on
top of graphene, it is still possible that a small admixture of the unfavored phase
exists. In the case of Li, this would reduce the electric field effect and improve
the agreement between theory and experiment. In summary, the observed shift
for Li qualitatively agrees with the experiment in both cases and are in very good
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Figure 4.7: Panels (a)-(c) show DFT calculated atom projected band
structures of alkali-metal functionalized h-BN on Au/Ni (Ni-grey,
h-BN -black, Li-purple, K-blue). The thickness of the lines varies according to
the contribution of each atomic states at that particular energy. A sketch
representing the top view of the respective functionalized systems are shown in
the bottom panel of (a) and (c). Pannel (d) shows folding of the 2 × 2 BZ with
respect to the 1x1 zone.

quantitative agreement for the case of K.
We now move to the analysis of the optimized geometry and to the charge distribution resulting from the DFT calculations. The bottom panel of Figure 4.7 displays
the top view of the simulated unit cells. The side view is shown in the inset of
Figure 4.8. Alkali functionalization induces structural distortions and relaxations
to the reference h-BN /Au lattices. In the case of K, the distance between the
metal substrate and the h-BN sheet increases from 3.05 Å to 5.41 Å. In this configuration, the plane of the K atoms is 2.53 Å above the metal and 2.88 Å below the
h-BN sheet. While in the case of Li, the dopants are predicted to be 1.90 Å above
the h-BN sheet. In addition, this dopant induces an out-of-plane distortion of the
h-BN honeycomb lattice, with the N and B atoms relaxing outwards and inwards,
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Figure 4.8: DFT calculated planar average of the total Kohn-Sham potential
along the z-direction of the supercell are plotted for (a) Li/h-BN /sub and
h-BN /K/sub (b). The blue [V? (z)] and red [V(z)] lines shows the respective
potential of the auxiliary substrate and the functionalized system (see text for
the details of the notation). ∆ V(z) represents the effective potential due to
the presence of the substrate. The capacitor is indicated by a box with
red-blue gradient.

respectively, resulting in a corrugation of 0.25 Å. The corrugation of the h-BN lattice predicted for the Li/h-BN /Sub system resembles the polarization of an ionic
honeycomb lattice subjected to a transverse electric field. It is due to the polar
character of the B-N bond that leads to partial negative/positive excess charges
on the N/B atoms. Conversely, the fact that this lattice corrugation is not predicted for the h-BN /K/Sub case suggests that the h-BN sheet is not exposed to
an effective transverse electric field when the dopant is below the h-BN plane. In
addition, the rigid shift of the h-BN π band is also consistent with a dopant-driven
electric field at the interface. The following analysis of the potential across the
interface allows us to identify these effective fields that modify the structural and
electronic properties of the functionalized h-BN /Au systems.
Starting from the Li case, we report in Figure 4.8 the planar average of the total
Kohn-Sham (KS) potential along the z direction of the Li/h-BN /Sub supercell,
V (z) (red line). For further analysis, we construct a model reference substrate from
the Li/h-BN /Sub supercell by removing the Li atom, while leaving the coordinates
of all other atoms unaltered. From here onwards, we refer to this auxiliary system
as h-BN /Sub? and notate the corresponding potential VBN/Sub? as V? (z) in Fig.
4 (blue line). The average potential in the Ni slab is taken as the zero reference for
V (z). The difference ∆V (z) = V (z) − V ? (z) is an approximation for the effective
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potential acting on the system due to the dopant (black line in Figure 4.8). ∆V
is zero in the region of the metal support, while there is a drop between the Au
and Li planes, leading to an effective potential of 1.95 eV at the h-BN plane. This
additional potential is responsible for the energy shift of the h-BN π bands due
to Li. There is, however, a small discrepancy between the value of this shift (1.95
eV) and the corresponding one resulting from the band structure calculation (1.80
eV, see Fig. 3). This originates from the different reference substrates that are
used in the two analysis, h-BN /Sub? and h-BN /Sub.

1

Most interestingly, the above analysis shows that the h-BN plane is within a
capacitor-like linear potential profile along the z direction (Figure 4.8a). Indeed,
the binding of Li above the h-BN sheet drives a charge reorganization giving rise
to δ + and δ − net charges at the Li and Au layers, respectively. This charge
redistribution effectively generates an interface capacitor and a related effective
field, which embeds the dielectric h-BN plane, and therefore rigidly shifts its π
bands. Quite consistently, the ionic h-BN lattice responds to this effective field by
a polarized structural distortion, i.e. the lattice corrugation described above.
The same analysis applied to the K case (Figure 4.8b) shows the presence of
an effective capacitor at the Au/K interface. The important difference between
the two cases is the position of the h-BN plane with respect to this capacitor:
Inside the interfacial capacitor in the case of Li, and outside it in the case of
K. As such, the h-BN is not directly subjected to an effective field in the hBN /K/sub system and therefore the effective potential profile (∆V) at the hBN plane is essentially constant. The interface effective field and the related
capacitor introduce a potential difference at the h-BN plane with respect to the
reference substrate. This potential difference drives the energy shift of the hBN π bands for the K case. We note that the potential difference ∆V at the
h-BN plane reported in Figure 4.8 (3.76 eV) for the K case is larger than the
energy shift obtained with the band structure calculation (2.73 eV). This is because
the ∆V analysis accounts only for the electronic contribution, i.e. the electron
redistribution due to K insertion below the h-BN plane. The structural relaxation
that reduces the h-BN -Sub distance from 5.41 Å (as in the auxiliary h-BN /Sub?
supercell) to 3.05 Å (as in the fully relaxed pristine h-BN /Sub supercell) causes
1

The use of the model h-BN /Sub? supercell has numerical and physical justifications. It
enables us to not only to precisely map the charge reorganization but also to disentangle the
electronic contribution from the structural one.
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an additional potential difference at the h-BN plane that brings the total value of
the calculated ∆V to 2.65 eV, consistently with the band structure result.
Summing up, modifications of the electronic structure of graphene and h-BN monolayer on the metal substrates were discussed. In the case of graphene, significant
charge transfer occurs because of alkali metal deposition. The number of the donated electrons influenced by the two factors. The first factor is the metal type,
which determines the total number of the offered electrons. The second factor is
connected with the 2D nature of graphene, namely the substrate damps the charge
transfer form alkali to graphene. In contrast, there is no direct charge transfer to
the h-BN monolayer Fermi surface due to alkali deposition, that shows robustness
of its insulating nature. Nevertheless h-BN monolayer is transparent in z direction for electrons, making possible the formation of 2D capacitor structure on the
Au/h-BN /Li interface. The contact of the h-BN with the metal leads to gating
of the insulator band structure and alkali metals change such gating properties.
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Chapter 5
Electron-phonon coupling in
doped graphene
5.1

Electron-phonon coupling in doped graphene
on Au

The high-resolution ARPES measurements in the kink region in the ΓK and KM
high-symmetry directions are shown in Fig.5.1. These high-resolution data allow
for an extraction of Σ by the method outlined above. The fully Kramers-Kronig
consistent <Σ and =Σ are displayed in Fig.5.2 along with the Eliashberg function.
The dopant dependent Eliashberg functions are the core result of our work and
key to understanding EPC and superconductivity in doped graphene. A set of two
(three) Lorentzians with a half-width at half-maximum of 11±1 meV is sufficient
to model Σ in excellent agreement to the experiment in the ΓK (KM ) direction.
The extra low-energy peak in KM is seen best for Ca as a shoulder in <Σ and an
additional step in =Σ.
All Eliashberg functions in KM direction are plotted in Fig.5.3(a), highlighting
the strong individuality of the low energy peak, which remarkably depends on the
dopant. The high-energy peaks for all alkalies are practically at the same energy,
except for Ca. The increase of the high energy phonons of Ca doped graphene
is most probably due to the more significant weakening of the Kohn anomaly
with doping which causes an up-shift in the phonon energy [136]. The strong
and inhomogeneous dopant dependence of the low-energy peak in the Eliashberg
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Figure 5.1: High-resolution ARPES data in the kink region for KM and ΓK
directions measured in s- and p-polarization, respectively. The yellow lines
give the bare-particle band structure.

function points towards dopant derived phonons and will be analyzed in detail
below. Let us first focus on the dopant dependence of λ shown in Fig.5.3 (b,c) for
ΓK and KM directions, respectively. It can be seen that (i) the value of λ increases
with the doping level and is largest for Ca and (ii) there is a marked asymmetry
in KM and ΓK directions which is also largest for Ca. From the linear energy
dependence of the density of states in graphene, one can expect a square root
behavior of EPC with increasing of the charge carrier population [137]. It is clear
from Fig.5.3(b) that the ΓK direction follows this behavior with small deviations
that are probably related to the peculiarities of each dopant. However, for the KM
direction shown in Fig.5.3(c) this model completely fails and λ rises much faster
with carrier concentration than the expected square root law. By integrating the
Eliashberg function in KM only over the graphene derived optical high-energy
(HE) phonons, we highlight their contribution to λ as shown in Fig.5.3(d), which
also follows the square root law. From these results it is clear that the EPC
constant that comes from graphene’s HE phonons alone is too low to sustain
superconductivity, even for Ca doped graphene.
This raises important questions regarding the origin of the low-energy phonon in
KM direction. Two scenarios are conceivable: (i) a graphene-related acoustic
phonon which can fulfill energy-momentum conservation rules for intravalley scattering and (ii) a dopant atom related vibration. Here let’s bring forward compelling
reasons that dismiss case (i) and point towards the scenario with a dopant atom
induced phonon. If scenario (i) were the case, the dopant dependent contribution
to EPC of the low-energy peak must follow the square root law as it was the case
for the graphene related optical phonons shown in Fig. 5.3(b) and in Fig. 5.3(d).
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Figure 5.2: The complex self-energy Σ along with the Eliashberg function
for KM and ΓK directions. Black dots denote the experimental data and red
lines the calculated Σ. The blue line below the real part of Σ is the Eliashberg
function.

However, as we show in Fig. 5.3(e), the contribution to EPC of the low-energy
phonon is substantially different from a square root law. Moreover, if scenario (i)
would be the case, energy-momentum conservation dictates that the position of
the low-energy phonon would follow the slope of the acoustic phonon branches in
graphene. This would invariably lead to an increase of the position of the lowenergy peak with increasing doping level because larger phonon wave vectors (and
hence energies) are required to couple states on a larger Fermi surface. However,
in our experiment the opposite is the case as we show in Fig. 5.3(f). It is clear
that the energy of the low-energy feature first rises with doping but then changes
slope and decreases after a doping level of ∼ 1.5 × 1014 e/cm2 yielding the lowest
energy in Ca doped graphene. Interestingly, the position of the low-energy feature
p
does not follow a simple 1/m trend. This might be expected from the frequency
p
of a simple oscillator model which is equal to k/m with a dopant-independent
force constant k between graphene and the ion with mass m. However, k might
depend in a complex manner on (1) degree of ionization, the (2) distance of the
ion to graphene and (3) whether the ion is on top or under graphene. Therefore,
we think that this is the reason why no easy relation between the dopant mass
64
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Figure 5.3: (a) ARPES derived Eliashberg functions along the KM
direction for all dopants. (b) Position of the low energy (LE) peak in
Eliashberg function versus doping level.(c) Contribution of the low energy
(LE) peak in Eliashberg function to the EPC constant. (d,e) The dependence
of the total EPC on the electron concentration for wave vectors along the ΓK
and KM directions. (f) The contribution of graphene high-energy (HE)
optical phonon modes only to EPC in KM direction. The black line is a fit of
the experimental data points to a square root law. The error bars of λ in
(b)-(e) and the position of the LE feature were estimated from the error in Σ
and from the error in the Fermi level position and the energy resolution.

and the frequency can be observed.
Let’s move to the implications of the extracted λ on superconductivity. Based
on the values of λ in KM direction, estimations of the superconducting transition
temperature Tc were calculated according to the McMillan formula with a screened
Coulomb pseudopotential µ∗ = 0.14 [138].

Tc =

<Θ>
1.04(λ + 1)
exp −
1.45
λ − (0.62λ + 1)µ∗
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Ca
Li
Na
Rb
K
Cs
hΘi[K]
1392
1554.4 1531.2 1513.8 1496.4 1508
14
−2
n [10 cm ] 2.58
2.10
1.76
1.71
1.24
1.03
λKM
0.4
0.29
0.24
0.24
0.22
0.15
Tc [K]
1.5 / - 0.03 / - - / 0.05 - / 0.04 - / 0.04
Table 5.1: The summarized results of average phonon temperature hΘi, the
charge carrier density n, EPC constant λ in KM direction λKM and Tc
calculated by the McMillan formula (first value) and in the limit for small
EPC (second value). See supplementary note 1 for details.

Here µ∗ being the screened pseudopotential and < Θ > the average phonon temperature that is given by

< Θ >=

2

Z

kB λ

α2 F dω

(5.2)

where kB is the Boltzmann constant.
Table 5.2 lists the results for all dopants used in this study. We found that Ca
doped graphene has the largest value Tc =1.5 K and from our preceding analysis it
is clear that the high EPC is dominated by the low-energetic peak that is present
for all dopants but strongest for Ca. Apparently, it is not a matter of the Fermi
surface size alone: the Li doped graphene has a similar value of carrier density but
a substantially smaller λ. We therefore assume that modifications of the graphenesubstrate interface by Ca provides a change of the local potential that causes the
observed changes in the Eliashberg function.

5.2

Electron-phonon coupling in doped graphene
on Ni

The high-resolution ARPES measurements in the kink region in the ΓK and KM
high-symmetry directions are shown in Fig.5.4. These highly-resolved data allow
for an extraction of Σ by the same method outlined above. The fully KramersKronig consistent <Σ and =Σ are displayed in Fig.5.5 along with the Eliashberg
function.
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Figure 5.4: High resolution ARPES data in the kink region for KM and ΓK
directions measured in s- and p-polarization, respectively. The yellow lines
give the bare-particle band structure.

All Eliashberg functions in KM direction are plotted in Fig.5.6(a), highlighting
the strong individuality of the low energy peak, which remarkably depends on the
dopant. The high-energy peaks for all alkalies are practically at the same energy.
Low-energy feature in that case moves constantly to the higher energy direction
with doping level and so does the mass of intercalated atom. Considering frep
quency of a simple oscillator model which is equal to k/m, one can expect
opposite behavior. Expectable softening of low energy mode does not appear
since elastic constant strongly depends on overlap of substrate (alkali band) and
graphene orbitals. Moreover, system should be considered as one with coupled
oscillators, since alkali atom is also bonded from other side to the Ni surface. It
is well established that alkali metal are very mobile on the surfaces of metals,
however, we are mainly interested in z direction and in-plane mobility shows only
xy elastic constant. In that sense thermo desorption data are more convenient.
The avetage temperature for desorption was found about 400 ◦ C, that is pretty
similar to stability limit of intercalated under graphene sheet material reported
by Nagashima [139] and observed by us during experiments. Considering simple
oscillator model, elastic energy is equal to thermal one : kz ∆Z 2 = 3kB T . Let’s
estimate maximal amplitude for bonded atom as 3.3Å and this leads to the elastic
constant about 0.16 N/m. Using quantum model for oscillator one can calculate
angular frequency of the oscillator for K atom about 10 meV. The value has the
same order as is observed in Eliashberg function and difference can be explained by
natural non-parabolic character of bonding potential that decreases the estimated
value of elastic constant.
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Figure 5.5: The complex self-energy Σ along with the Eliashberg function
for KM and ΓK directions. Black dots denote the experimental data and red
lines the calculated Σ. The blue line below the real part of Σ is the Eliashberg
function.

It is worth to note , that thermodesorption temperatures were higher for doped
graphene on Au by about 100 ◦ C. However, this difference does not influence
strongly the evaluated angular frequency of oscillator because of square root law.
Let’s move to the implications of the extracted λ on superconductivity. Based on
the values of λ in KM direction, estimations of the superconducting transition
temperature Tc were made according to the McMillan formula with a screened
Coulomb pseudopotential µ∗ = 0.14 [138]. Table 5.2 lists the results for all dopants
used in this study.
Let’s discuss the results in the light of superconductivity in GICs which is also
induced by EPC. First, the ARPES measurements of EPC in GICs yield much
higher values than for the doped graphene with a similar stoichiometry. For example, in KC8 the values of λ range from λ = 0.33 to λ = 0.91, with the momentum
averaged value of λ = 0.45 [140]. This is considerably higher than present case
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Figure 5.6: (a) ARPES derived Eliashberg functions along the KM
direction for all dopants. (b,c) The dependence of the total EPC on the
electron concentration for wave vectors along the ΓK and KM directions. (d)
The contribution of graphene high-energy (HE) optical phonon modes only to
EPC in KM direction. The black line is a fit of the experimental data points
to a square root law. The error bars of λ were estimated from the error in Σ
and from the error in the Fermi level position and the energy resolution.

√
√
Li
Na
K
Rb 3 × 3 Rb2 × 2
Cs
hΘi[K]
1360.5
1300
1413.3
1306.5
1383
1386.8
14
−2
n [10 cm ]
2.58
2.10
1.76
1.71
1.24
1.03
λKM
0.34
0.28
0.39
0.33
0.3
0.23
Tc [K]
0.39 / 0.08 0.01 / 0.01 2 / 0.25 / 0.07 / Table 5.2: The summarized results of average phonon temperature hΘi, the
charge carrier density n, EPC constant λ in KM direction λKM and Tc
calculated by the McMillan formula (first value) and in the limit for small
EPC (second value). See supplementary note 1 for details.

of the K doped monolayer. A similar situation is the case for the Ca dopant, for
which ARPES data exist as well. In the case of bulk CaC6 , the values of λ range
from 0.38 to 0.89, with the momentum averaged value of 0.53 [102]. Reported
values for LiC6 are also higher and in the range from 0.22 to 0.45, with the momentum averaged value of 0.27 [141] Again, this is considerably higher than the
monolayer case. We ascribe this difference to the three dimensional nature of the
GIC compound and more specifically to three reasons. First, the intercalation
of dopant atoms in between graphene sheets enhances the dopant order. This is
evident for the case of Ca. For example, Ca is disordered on monolayer graphene
on SiC[126] and in the present case while it is ordered in GICs and in intercalated
few-layer graphene[142] (evidenced by diffraction measurements). This in turn
might enhance formation of interlayer bands which will increase λ by providing
the additional electronic states for scattering. This statement was recently proved
by Yang et al. [143] in direct ARPES study, where contribution of interlayer band
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was estimated as about 50%. Second, the existence of more than one layer provides additional phonon modes for the coupling (graphene layers vibrating against
each other) which have a sizable coupling to the interlayer state [144] and can
also increase λ. Moreover, z vibrations were determined as the reason of EPC
kink for interlayer state in CaC6 and additional low energy kink for graphene π
band by Yang. This is in a good agreement with our observations and assumption
regarding low energy mode. Notably, influence of z stacking were probed by series
of alkaline-earth compounds (Ca,Sr,Ba) and clear evidence that Tc of the GICs
essentially depends on the graphite layer distance due to sensitive change of e-ph
coupling for both in-plane intercalant and the out-of-plane C phonon modes was
given[145]. Third, in the case of the CaC6 bulk compound, the doping level is
slightly higher than in the present case which in turn can lead to dynamical nesting, further increasing λ [102]. However, doping level in LiC6 [141] is almost two
times smaller respect even to Au case of graphene. This points toward that direct
comparison between pure 3D GICs and graphene is very indirect and limited.
Bilayer graphene or graphene on SiC with buffer layer are much closer to the single
layer graphene . The presence of the second layer makes possible better ordering
of dopant agent respect to the graphene lattice and support a way to probe it influence. For instance 2×2 superstructure was detected in C8 RbC8 compound [146]
√
√
and 3 × 3 in C6 LiC6 [147]. However, EPC is not well established in this materials and only reported for Rb-doped compound. The value changes from λ = 0.16
to λ = 0.41 because of anisotropic contribution of low energy mode [148]. Comparing the absolute value one can find that graphene on Au substrate has almost
similar one in ΓK part, but other symmetry direction for bilayer case is strongly
enhanced. Such big difference can not be attributed to the ordering only since
Rb intercalated sample with the same type of structure has much smaller value of
λ in KM direction. Most probably this anisotropy enhanced by the presence of
two Fermi surfaces and the interlayer band close to the Γ point. This statement
is supported by calculations for C6 CaC6 system [149] where critical temperature
and phonon spectrum found pretty similar to the bulk CaC6 compound. In other
words interlayer state still plays an important role.
Existence of the buffer layer on SiC can be considered either as the second partially destroyed graphene layer or the semiconducting substrate. Its effect of it
on EPC is still a topic for further debates, since total impact of its electronic and
phonon structure is unclear up to now. Moreover, PES and LEEM study [150, 151]
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demonstrated that after Li deposition, some of the Li atoms intercalate into the
SiC interface and transform monolayer graphene into bilayer graphene and some
form Li droplets on the surface. Ignoring this difficulty of analysis SiC is a good
substrate for fabrication of well-ordered intercalation compounds. Deposition of
different doping metals with further annealing were found very efficient for K and
Ca [152], Rb and Cs [153] and recently for Yb [154–156]. Based on the linear
dispersion near the Dirac point, the electron doping concentration after both Rb
and Cs deposition was estimated to be around 1.5 ∗ 10−14 cm−1 that is pretty
similar to our observation. However, Yb and mixture of Ca and K were found to
produce higher doping level even up to van Hove singularity because of closing
separated pockets it K and K’ into one Fermi surface [157]. Despite high number
of experimental study, EPC was probed by ARPES only in the case of Yb intercalated graphene. Reported value λ = 0.43 − 0.38 is a highest for graphene. It
is interesting to note that, for bulk graphite, the electron-phonon coupling in the
Yb-intercalated sample is estimated to be weaker than that in the Ca-intercalated
sample, because of the slightly larger interlayer separation. This leads to a decrease
in the interlayer electron-phonon matrix element and thus a lower superconducting
phase transition temperature, Tc (6.5 K for Yb-GIC versus 11.5 K for Ca-GIC).
Experimental study of doped graphene on the metal substrates is very limited up
to now. For potassium-intercalated graphene on an Ir substrate [158, 159] EPC
constant was reported to be λ = 0.2–0.28. This values are sufficiently higher than
observed for Au substrate (λ = 0.14–0.2) and pretty close to the Ni substrate (λ
= 0.22–0.25). It is interesting to note that K intercalates under graphene on Ir
surface [159] and system is close to the Au case. However , doping level on Ir is
much closer to observed one in intercalated graphene on Ni similar to the EPC
constant. Therefore change of λ is only related to the number of charge carriers.
It is interesting to note that, asymmetry is also presented in this case and despite
the absence of analysis with Eliashberg function, the presence of low energy mode
can be seen from additional ’step’ in ImΣ [159].
Let’s focus on calculations of EPC and the prediction of superconductivity in alkali metal doped monolayer graphene by Profeta et al. [160]. EPC in the systems
which we have studied depends on various factors[160] in a complex way: distance
between the dopants and the graphene layer and confinement of the dopant wave
function which both determine the position of the interlayer band relative to the
Fermi level; the phonon frequency and mass of the dopant ions; the density of
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states at the Fermi level, which is determined by the charge carrier concentration.
Additionally, there are crucial differences between the theoretically and experimentally treated system and therefore the comparison to the calculations must
be done with caution. First, the graphene is on a substrate in the experiment
while it is freestanding in the calculation. This difference can modify the shape
of the interlayer state wave function which in turn has a large influence on λ.
Moreover, the presence of substrate is well known to form graphene superlattices
and therefore induces a sufficient strain to graphene. Other DFT study [161] reports the enhancement of EPC up to 300% by inducing the strain. Similar effect
was illustrated for h-BN substrate, which enhancing by 25% EPC in Li-decorated
graphene[162]. From the other hand metal substrate sufficiently suppresses the
EPC by screening of electron-electron potential [163] and dumping of correlation
effects. Notably, it is the absence of a confining potential in the case of Li doped
graphene that causes the large values of calculated Tc [160].
Second, the dopant adsorbates are perfectly ordered in the calculation while this
is not the case in our experiments. Moreover, in some systems (K and Ca) the
dopants are below the graphene sheet and in direct contact to the metallic substrate which can act as an electron acceptor. The possibility of ionization from the
Au substrate and the disorder have strong effects on the interlayer state and can
even cause it to disappear. This is one mechanism by which the experimental λ
would become smaller than the theoretical value. A comparison of the theoretical
and experimental values of λ for Ca yields a very good agreement in KM direction
(expt. λKM = 0.4, λΓK = 0.17, theory λ = 0.4). Regarding Li, the discrepancies
are more obvious (expt. λKM = 0.29, λΓK = 0.16, theory λ = 0.61) and they are
ascribed to the reasons stated above.
Let us now compare two results for similar doping metal and different substrates.
In Fig. 5.7 the Eliashberg functions of K and Li doped samples are presented.
The first material in both cases intercalates underneath of graphene and forms
a substrate-mixed layer. The semi-transparent stripes highlight the position of
graphene phonons contributing to Eliashberg functions. The small upshift in the
case of K with Ni can be detected, however, Li doped samples have almost the
same distribution. Such difference can be attributed to changes in the doping level.
In the case of K doping shift from Au to Ni increases it almost twice. In contrast,
Li doping is less affected. It leads to change of energy-momentum conservation
conditions and therefore different active phonons. The similar explanation can
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Figure 5.7: Eliashberg functions of K and Li doped graphene on Ni and Au

be applied to the K related peak, however, other contributions like changes of
phonon dispersion because of different interface conditions can not be completely
excluded. This most probably drives downshift of Li related phonon contribution
in the case of Li intercalated sample in compare with the on Au one.
In summary, electron doping with alkali metals of graphene leads to encrease
of the electron-plonon coulping in the system. The coupling strength is strongly
anisotropic as in the parent GICs. The origin of this anisotropy is the additianal
active phonon mode rised by the presence of the dopant. Also, the electron phonon coupling in graphene is influenced by the substrate highlighting the 2D
character of the system. Finally, predicted critical temperature for the Ca doped
graphene Tc =1.5 K provides a strong experimental support for the existence of
superconductivity in graphene.
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Conclusions
Our study of doped 2D materials on metal substrates provides an insight into
the underlying mechanisms of intercalation, charge transfer and electron-phonon
interaction. Using a combination of surface science methods such as LEED, XPS,
ARPES and NEXAFS we made a broad characterization of graphene and hBN layers (architypical metal and insulator) and clarified their surface and interface structure.
Interface structures and intercalation
It was known that unavoidable domain boundaries in epitaxial graphene are the
most accepted way for metal intercalation discussed in the literature [15]. However, its driving force is still a topic of debates. Based on our direct comparison
between similar by structure but opposite in chemical activity layers we were able
to conclude that in the case of alkali metals an interaction with substrate is the
dominant mechanism. The repulsion between atoms alone was excluded since it
is not able to provide an in-plane ordering on graphene/Au. In contrast, as soon
as alkali metals are located close to the Ni crystal, they form a regular lattice.
Therefore, we concluded that substrate influence on alkali metal ordering is also
dominant. Our observation is in contrast with one for GICs where the well-defined
in-plane order of alkali metal was observed. It can be understood in terms of competitive interaction of alkali atom with substrate and less active carbon lattice. In
the case of GICs only two carbon planes are present and considerable hybridization of alkali and carbon state was observed by NEXAFS study. In contrast, we
did not detect any hybridization between graphene or h-BN monolayer with alkali
metal because the interaction with substrate is preferable.
Charge transfer
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Doping is very conventional way to enhance the electron-boson interaction in order to modulate superconductivity or improve the value of Tc which is sensitive
for the Fermi surface. To control the shape and area of Fermi surface the full
understanding of mechanisms underneath charge transfer is important. Based on
observations in chapter 4 we concluded, that interface has significant impact on
the resulting charge transfer. The efficiency of charge transfer screening by the
substrate depends on adatom size and it increases together with valence electron
shell radius, that allows better hybridization conditions. Hybridization manifests
itself in observed band structures: it fully destroys parabolic bands of alkali metals.
In contrast to graphene , there is no direct charge transfer to the h-BN monolayer
due to alkali deposition, that shows robustness of its insulating nature. Nevertheless h-BN monolayer is transparent in z direction for electrons making possible a
formation of 2D capacitor structure on the Au/h-BN /Li interface.
Electron- phonon interaction and superconductivity
As it is known, the fundamental interplay of electrons and phonons mediates superconductivity in the conventional superconductors. Based on ARPES results we
found a new low-energy peak in Eliashberg function which appears for all dopants
with an energy and intensity that depend on the dopant atom. By investigating
the dopant dependence of this peak it was shown that it comes from a dopant
related vibration. This peak is also responsible for asymmetry of electron-phonon
interaction along the Fermi surface of graphene. The low energy and high intensity of this peak are crucially important for achieving superconductivity. In
the Ca doped graphene the Cooper’s pairs are expected to appear at Tc =1.5 K
which provides strong experimental support for the existence of superconductivity
in graphene. The substrate also plays a role by screening the electron-phonon
coupling in the system.
During the final editing of the thesis the experimental evidence of superconductivity in Li and Ca doped graphene and graphite laminates has been found. One
work reported the presence of the superconducting gap, as seen by ARPES, along
the Γ − K direction only, highlighting the asymmetry of the electron-phonon coupling [164]. The other observation was done by conventional SQUID magnetometry for Ca doped graphene and graphite laminates. Reported value of 6 K [165] is
higher than the one predicted by our measurements, emphasizing predictive power
of ARPES method.
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[130] B. Woratschek, W. Sesselmann, J. Küppers, G. Ertl, and H. Haberland. 4s valence level of adsorbed k atoms probed by metastable-he deexcitation spectroscopy. Phys. Rev. Lett., 55:1231–1234, Sep 1985. doi:
10.1103/PhysRevLett.55.1231. URL http://link.aps.org/doi/10.1103/
PhysRevLett.55.1231.
[131] K. Horn, A. Hohlfeld, J. Somers, Th. Lindner, P. Hollins, and A. M.
Bradshaw.

Identification of the s-derived valence-electron level in pho-

toemission from alkali-metal adlayers on aluminum. Phys. Rev. Lett., 61:
2488–2491, Nov 1988.

doi: 10.1103/PhysRevLett.61.2488.

URL http:

//link.aps.org/doi/10.1103/PhysRevLett.61.2488.
[132] J. Hölzl and F.K. Schulte. Work function of metals. 85:1–150, 1979. doi:
10.1007/BFb0048919. URL http://dx.doi.org/10.1007/BFb0048919.
[133] Herbert B. Michaelson. The work function of the elements and its periodicity. Journal of Applied Physics, 48(11):4729–4733, 1977. doi: http://
dx.doi.org/10.1063/1.323539. URL http://scitation.aip.org/content/
aip/journal/jap/48/11/10.1063/1.323539.
[134] V. Saltas and C.A. Papageorgopoulos. Adsorption of li on ni(110) surfaces at low and room temperature. Surface Science, 461(1–3):219 – 230,
2000.

ISSN 0039-6028.

doi: http://dx.doi.org/10.1016/S0039-6028(00)

00588-4. URL http://www.sciencedirect.com/science/article/pii/
S0039602800005884.
[135] A. Neumann, S. L. M. Schroeder, and K. Christmann.

Adsorption of

sodium and potassium on a gold(100) surface: An example of alkali-metalinduced deconstruction. Phys. Rev. B, 51:17007–17022, Jun 1995. doi:
10.1103/PhysRevB.51.17007. URL http://link.aps.org/doi/10.1103/
PhysRevB.51.17007.
[136] S. Piscanec, M. Lazzeri, Francesco Mauri, A. C. Ferrari, and J. Robertson.
Kohn anomalies and electron-phonon interactions in graphite. Phys. Rev.
Lett., 93(18):185503, Oct 2004. doi: 10.1103/PhysRevLett.93.185503.
[137] Matteo Calandra and Francesco Mauri.

Electron-phonon coupling and

electron self-energy in electron-doped graphene: Calculation of angularresolved photoemission spectra. Phys. Rev. B, 76(20):205411, 2007. doi: 10.
94

Bibliography
1103/PhysRevB.76.205411.

95
URL http://link.aps.org/abstract/PRB/

v76/e205411.
[138] Matteo Calandra and Francesco Mauri. Theoretical Explanation of Superconductivity in C6 Ca. Phys. Rev. Lett., 95:237002, Nov 2005. doi: 10.
1103/PhysRevLett.95.237002. URL http://link.aps.org/doi/10.1103/
PhysRevLett.95.237002.
[139] A. Nagashima, N. Tejima, and C. Oshima. Electronic states of the pristine
and alkali-metal-intercalated monolayer graphite/Ni(111) systems. Phys.
Rev. B, 50:17487, 1994.
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