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Chapter 1

Introduction

This chapter gives a short motivation and an outline for the work
presented in this thesis. Because of the variety of different subjects treated;
graphene, polycyclic aromatic hydrocarbons and topological insulators, a
more thorough introduction with a literature review for each subject will
be presented in the respective chapters. The motivation in this chapter
will instead provide a broader view of the subjects and the link between
them in a more general way.
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1.1 Motivation

The importance of carbon is accentuated by the fact that it is the fourth
most abundant element in the universe and the second most abundant
element, by weight, in the human body. Indeed, all known life is strongly
dependent on carbon, not only as a vital element in all living organisms
but also in our way of living: The majority of our energy consumption
comes from carbon-based compounds; Carbon is expected to play a vital
role as a catalyst in the formation of the most abundant molecule in the
universe, H2; Plastic, wool, silk etc. are all polymeric forms of carbon;
Diamond is used for jewellery but also for drilling and cutting tools owing
to its extreme hardness, however, graphite is used as a lubricant due to
its softness; Activated carbon is used for water purification, in medicine to
extract toxins etc.; Carbon is used for alloying e.g. carbon steel as well as
in batteries and even for printing this thesis. However, at present most of
our electronic world is based on the next element in the 14th group of the
periodic table, silicon.

An enormous development in carbon-based electronics has occurred
since the experimental realization of graphene, a single layer of sp2 hy-
bridized carbon atoms in a honey-comb structure, in 2004 [1]. A search
for the topic “graphene” on Web of Knowledge returns ca. 50.000 hits,
which emphasizes the extreme interest graphene has attracted in the sci-
entific community. Unlike many other scientific breakthroughs that of-
ten that often spend decades maturing in the scientific community before
industrial companies engage in the research, graphene already attracted
companies from a variety of industries. IBM had for instance already fab-
ricated a graphene-based 100 GHz transistor in 2010 [2]. Samsung likewise
contributed to the production of a 30" graphene sheet in 2010 [3] and these
and other companies have played a central role in the development of gra-
phene based transistors and fabrication of large sheets of graphene since.
The industrial interest in graphene so shortly after its discovery indicates
that carbon might have the potential to complement silicon in electronic
device fabrication in the future.

The reasons for the great expectations for graphene are many. To
mention a few: it is the material known today with highest electronic con-
ductivity at room temperature; despite the fact that graphene is only one
atomic layer thick and almost transparent, it is extremely strong and at
the same time flexible; it is chemically very inert and impermeable to most
gases. Graphene, however, as a semimetal, has a poor on/off ratio when
used in transistors. Silicon, on the other hand, is a semiconductor and the
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majority of the electronics industry today is based on semiconductors. As
a consequence, preliminary approaches to induce a band gap in graphene
and thereby make it a semiconductor have already been published, how-
ever, further investigation is presently being carried out worldwide, which
will be addressed in further detail later in this thesis together with our
contribution to the field.

Not only within the electronics industries has graphene caused great
expectations. The chemical inertness and impermeability towards most
gases in combination with its strength and single atomic layer thickness
make it a very interesting candidate for coating purposes. Especially for
anti-corrosion coatings, a new and better protecting material has been
sought intensively. Graphene coatings is though a very immature research
area and is still facing many challenges. First of all, a greater understand-
ing of the coating properties of graphene is needed including the properties
near edges, defects etc. This thesis contributes to that field.

Production methods for high quality graphene are vital for both the
electronic and the coating community. Several different approaches have
been published and this thesis will review the most common ones. All of
the results presented here, however are for graphene grown by chemical
vapour deposition on metal surfaces.

The second part of this thesis is about small flakes of graphene termi-
nated with hydrogen atoms at the edges, which are called polycyclic aro-
matic hydrocarbons (PAHs). Research involving PAHs is found in a range
of diverse fields including food chemistry [4], environmental research [5],
photovoltaics [6, 7] and hydrogen storage [8]. However, PAHs have also
attracted interest in a very different field: they are expected to have a
catalytic role in the formation of hydrogen molecules in the interstellar
medium (ISM) [9]. It is this role that has been the main focus for the
work presented in this thesis, however, our results might also contribute
to the hydrogen storage research area.

The final part of this thesis is about topological insulators. At first,
this topic might seem unrelated to the rest of the thesis: it does not
consist of carbon and it is not concerned with two-dimensional material.
However, graphene and topological insulators are both so-called “Dirac
materials” [10], which refers to the fact that the electrons around the Fermi
level obey the Dirac equation rather than the Schrödinger equation, i.e.
these electrons behave like massless particles. The electronic properties of
graphene and topological insulators will be discussed further later in this
thesis. Another similarity between the two materials is that they were both
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realized experimentally within the last ten years: graphene in 2004 [1] and
topological insulators in 2007 [11, 12] and both fields have since attracted
great interest due to the remarkable properties of these new materials.

It is predicted that a number of exotic physical phenomena will be
observed in topological insulators as the field progresses e.g. the Majorana
fermion, which has been sought after since its prediction in 1937 [13]. From
an application point of view, topological insulators have been suggested as
candidates for e.g. spintronics and quantum computing.

The link between the different studies presented in this thesis has been
the experimental setups in Liv Hornekær’s group, in which the majority
of the experiments have been performed. The central technique for all
the studies has been the scanning tunneling microscope, which since its
development in the beginning of the 1980s has played a central role in the
surface science community. The technique has made it possible to depict
molecules, atoms and to some extent even subatomic features at a local
scale.
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1.2 Outline

As indicated above, this thesis contains a number of surface science exper-
iments. The results are grouped into three categories; Graphene, PAHs
and Topological Insulators. The following section provides an overview of
the structure of the thesis.

• Chapter 2 gives a theoretical introduction to the experimental tech-
niques used as well as a short introduction to density functional
theory calculations. Furthermore, the experimental setups, where
the majority of the experiments were performed, are described.

• Chapter 3 is the main chapter of this thesis and contains all the
graphene-related work. The chapter begins with a short introduction
to graphene followed by sections about the production of graphene
including our results for graphene growth on Ir(111) and Pt(100).
Subsequently, the topic of band gap engineering in graphene is in-
troduced together with our results for hydrogenation of graphene on
Ir(111), Pt(100) and templating of hydrogen on graphene. In the last
section, the coating effect of graphene is presented together with our
results for graphene as a coating towards various gases on Pt(100).

• Chapter 4 treats PAHs. After a short introduction to PAHs in gen-
eral, the focus of the chapter will become coronene. The first part
illustrates our results for self-assembly of coronene molecules on the
Cu(100) surface, while the second part presents our results for super-
hydrogenated coronene molecules on Cu(100).

• Chapter 5 contains a general introduction to topological insulators
and a more detailed description of Bi2Se3(111); the material inves-
tigated in this thesis. The first part of the experimental results de-
scribes the pristine behaviour of the material, while the second part
tests the stability of the topological state towards induced surface
defects.





Chapter 2

Techniques and experimental
setups

This section contains a brief description of the techniques used to obtain
the experimental results and a short introduction to density functional the-
ory calculations. Furthermore, the three experimental setups, at which I
have obtained most of the results presented in this thesis, will be described.
The main technique for my research has been STM. As a consequence the
description of STM is more thorough than for the other techniques.

7
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2.1 Scanning tunneling microscopy

The development of the STM by Gerd Binnig and Heinrich Rohrer in the
beginning of the 1980s [14, 15] has contributed to a whole new field of
surface science. A brief description of the theory for STM is presented
below, followed by a description of two STM setups. In the last section,
scanning tunneling spectroscopy (STS) is introduced.

2.1.1 Tersoff’s and Hamann’s theory for STM

The quantum mechanical tunneling of electrons is the fundamental princi-
ple for the operation of the STM. A measurable tunneling current between
the atomically sharp STM tip and the sample can be obtained by apply-
ing a voltage difference between the two, when the distance between the
tip and sample is within a few nanometres. From a theoretical point of
view, the sample and tip is a complex many-body system and the tun-
nel current is difficult to calculate. However, by Bardeen’s formalism [16]
an approximate expression for the tunnel current can be obtained for low
temperatures and low voltage differences1 [17]

I =
2π

~
e2V

∑
µ,ν

|Mνµ|2δ(Eν − EF )δ(Eµ − EF ) (2.1)

where V is the applied voltage difference, Mµν is the tunneling matrix
element between the tip state ψµ and the surface state ψν , Eµ and Eν
are the energies for the states ψµ and ψν , respectively without tunneling
current. EF is the Fermi energy. By applying Bardeen’s expression for
Mµν , Tersoff and Hamann [17] obtained

I ∝ V e2κRρ(−→r0 , EF ) (2.2)

where
ρ(−→r0 , EF ) =

∑
ν

|ψν(−→r0)|2δ(Eν − EF )

It is assumed that the tip is spherical near the apex with radius R. κ
is an attenuation constant, which will be addressed below. ρ(−→r , EF ) is
the local density of states (LDOS) near the Fermi energy at the surface
of the substrate in the point −→r . It can be seen from equation 2.2 that
for constant tunnel current, I, ρ(−→r , EF ) is constant, i.e. by scanning

1The temperature is normally room temperature or below, and the voltage is nor-
mally below 3 V.
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with constant current, surfaces with constant density of states (DOS) will
be depicted. For metals, with constant DOS near the Fermi energy, a
topographic depiction of the surface is obtained. It can be shown that
|ψν(−→r0)|2 ∝ e−2κ(R+d) [17], which in combination with 2.2 gives

I ∝ e−2κd (2.3)

The attenuation constant, κ, equals κ =

√
2meφ

~
. κ is ca. 1 Å−1 for

typical work functions (φ ≈ 4eV ), and me is the mass of the electron.
The exponential dependence between the tunnel current and the distance
between the tip and the surface, d, facilitates the atomically resolved de-
piction of the surface, when the tip is raster-scanned over the surface.

2.1.2 STM setups

The mechanical precision needed to utilise the above mentioned tunneling
principle is obtained by applying piezo elements. The size of the piezo
elements can be controlled with sub-Angstrom precision if the input volt-
ages are sufficiently precise. Figure 2.1 illustrates the overall principle of
an STM. Usually, the STM is operated in the so-called constant current
mode, where the tunneling current is kept constant for a given voltage
difference, by adjusting the height of the tip. The movement of the tip
perpendicular to the surface (z) as a function of the position on the sam-
ple (x,y) is depicted in the STM image. According to the theory above,
this gives a surface of constant LDOS. Alternatively, the tip can be main-
tained at a given height and the tunneling current as a function of (x,y) is
recorded. Scanning in the constant height mode is faster, because it does
not require any feedback loop to change the height of the tip, however,
most STM experiments are performed in constant current mode. One of
the reasons for this choice is that the risk of destroying the tip by hitting
the surface is smaller.

The actual movement of the tip relative to the sample for the raster
scanning (x,y-direction) and perpendicular to the sample (z-direction) is
performed differently for different STM types. Various designs have been
developed over the years. This thesis will introduce two types, the Aarhus
STM [19] and the Besocke type STM [20].
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Figure 2.1: Illustration of the overall principle of an STM. Reprinted from [18].

The Aarhus STM

A schematic view of the Aarhus STM is shown in figure 2.2. The sample is
static in the Aarhus STM, both during approach and scanning. In order to
approach the sample, a special “inchworm” is designed. The inchworm is
marked with (I) in figure 2.2. It consists of 3 piezo elements: the elements
at each end of the cylinder can expand and contract radially to release
and to grab the centre rod (H), respectively. The centre piezo element can
expand and contract along the axis of the centre rod. The inchworm moves
by having one piezo element clamped to the centre rod while expanding the
centre piezo, where after the piezo element in the opposite end clamps, the
first piezo unclamps and the centre element contracts. By repeating this
process the inchworm moves forward like an inchworm, hence the name.
This approach is extremely fast compared to other approach mechanisms,
which makes it possibly to approach/retract the tip millimetres within few
minutes in a controlled way. The tunneling current is measured during each
cycle and the approach is terminated when the desired tunneling current
is obtained.

The inchworm is not moving while scanning. All movements while
scanning are performed by the scanner tube (G). The scanner tube con-
sists of 4 outer piezo elements and 1 inner piezo element. The inner piezo
element is responsible for the movement of the tip perpendicular to the
surface, whereas the raster scanning is performed by the four outer piezo
elements. By applying a positive voltage to one of the outer piezo ele-
ments and a negative voltage to the opposite piezo element, the tip will
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Figure 2.2: A schematic view of the Aarhus STM. (A) sample, (B) sample holder, (C)
leaf springs, (D) STM top-plate, (E) quartz ball, (F) STM tip, (G) scanner tube, (H)
centre rod, (I) linear inchworm drive. Reprinted from [18].

move in that direction. This design is also very fast compared to other
setups, making it possible to obtain up to ca. 30 images per second. The
disadvantage of the Aarhus STM setup is that the inchworm can only
be operated as long as it is close to room temperature. The different
materials in the inchworm will expand/contract slightly differently when
heated/cooled, whereby the clamping piezo elements get too loose/tight to
move. However, the sample can be cooled while maintaining the STM at
room temperature by a Zener diode, which in practice gives an operating
sample temperature range from 100 K to 400 K.

The tip of the STM cannot be changed in UHV, which is a disadvantage
for this setup. However, the tip can in principle be used for several years
if treated correctly. A new version of the Aarhus STM has line of sight
access to the tunneling junction. This allows for photo/laser combined
STM [21] and dosing of atoms and molecules in-situ.
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The Besocke type STM

The original drawing of the principle of operation for the Besocke type
STM [20] is shown in figure 2.3. The scanner tube in this design can only
move perpendicular to the surface. As a consequence, the raster scanning
is performed by moving the sample with the three carriers. This design
ensures that the raster scanning and the movement of the scanner tube,
determined by the feedback loop, are decoupled.

Figure 2.3: Schematic principle of operation of the Besocke type STM design. Reprinted
from [20].

The approach mechanism relies on the so-called “slip and stick” prin-
ciple: the sample holder has 3 ramps at the edge, where the carriers are
in contact with the sample holder, so that the distance between the tip
and sample can be adjusted by rotating the sample holder. The rotation
of the sample is performed by moving the carrier piezos relatively slowly
followed by a fast move back to the original position. When the carriers
are moved slowly, the friction between the carriers and the sample holder
is sufficient to rotate the sample (the carriers stick to the sample), whereas
when the carriers are moved fast, the friction is not sufficient to move the
sample holder (the carriers and the sample slip), hence the name “slip and
stick”.

This approach mechanism is relatively slow compared to the inchworm
mechanism. The approach might also induce a lateral movement of the
sample, if the actual design is not completely symmetric. However, the
approach mechanism does work at cryogenic temperatures. The approach
time is substantially longer at cryogenic temperatures due to the fact that
the piezo elements move less when cooled down. The scanning speed is
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also significantly slower than the Aarhus STM. At room temperature a
typical image is obtained in 5-10 minutes depending on the size of the area
scanned, whereas at cryogenic temperatures the same scan time would only
give an image of one quarter of that area.

For many Besocke type STMs, it is possible to change the tip in-situ. It
is also possible to have line of sight access to the tunneling junction, which
can be utilized for laser combined STM experiments and dosing in-situ as
mentioned in the previous section.

2.1.3 Scanning tunneling spectroscopy

Scanning tunneling spectroscopy (STS) is a spectroscopic technique mea-
suring the change in tunneling current as a function of tunneling voltage
for a fixed tip position. The spectroscopic data are obtained with high
spatial resolution by the atomically sharp STM tip. The equation for the
tunneling current in section 2.1.1 can be rewritten as

I ∝
∫ eV

0
ρs(EF − eV + ε)ρt(EF + ε)dε (2.4)

assumming that the tunneling matrix is constant. ρs and ρt are the DOS
for the sample and tip, respectively. EF is the Fermi energy. From equation
2.4 it follows that dI/dV is proportional to the DOS for the sample, if the
DOS for the tip is constant. This assumption will hardly ever be fulfilled,
however, by conducting many spectra for different tip configurations, the
features in the spectra dependent on the tip condition can be identified.
STS spectra will therefore often be presented as dI/dV as a function of V .

STS is ideal to compare different regions on the surface. As long as the
tip is stable, the DOS of the tip will be unchanged, therefore any difference
in the spectra will be due to the DOS of the sample.

By applying a small AC signal to the tunneling current, a “spectro-
scopic image” of the sample can be obtained at the same time as a to-
pographic image is obtained, often by using a lock-in amplifier. The AC
frequency does not disturb the scanning, as long as the frequency used
is higher than the response rate of the feedback loop. In contrast to a
full spectrum, the spectroscopic image only contains information about
dI/dV at a given voltage. The effect from the DOS of the tip will show
up as a constant background in the image, which makes the dI/dV -images
useful to compare different regions on the sample under specific tunneling
conditions.
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2.2 Temperature programmed desorption

Temperature programmed desorption (TPD) experiments are carried out
by exposing a given surface to atoms or molecules, whereupon the surface
is annealed, normally under UHV conditions, in front of a mass spectrom-
eter as illustrated in figure 2.4. Different types of mass spectrometers
exist; however, all the results presented in this thesis were obtained with
a quadrupole mass spectrometer (QMS).

Figure 2.4: Illustration of the principle of temperature programmed desorption experi-
ments.

The temperature of the sample is measured together with the des-
orption rate. The desorption from the surface is often described by the
Polanyi-Wigner equation [22]

N = −dθ
dt

= νθn exp

(
−Eb(θ)
kbT

)
(2.5)

where N is the desorption rate, θ is the surface coverage, ν is a preex-
ponential factor, indicating the frequency of attempts to overcome the
desorption barrier (1013 − 1015 Hz for atoms and small molecules like hy-
drogen molecules2), and n is the order of desorption. If the desorption of
the adsorbates is independent of the coverage, normally the case for multi-
layers of adsorbates, n equals 0. If the adsorbates desorb independently at
submonolayer coverage, the order of desorption will often be 1, whereas an

2In our work with hydrogen on graphene we assumed 1013 Hz, which has previously
proven to be a good assumption for hydrogen on graphite [23].
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order of desorption of 2 normally is associated with mobile adsorbates on
the surface that recombine in pairs. Eb(θ) is the activation energy, which
can be dependent on the coverage.

If the sample is heated at a constant rate3, β =
dT

dt
, equation 2.5 can

be rewritten as

− dθ
dT

=
νθn

β
exp

(
−Eb(θ)

RT

)
(2.6)

From equation 2.6 the desorption energy (Eb) and the order of desorp-
tion (n) can be obtained by measuring the desorption rate as a function of
temperature for different coverages. The coverage in all binding sites with
binding energy above a value, Eb, can be expressed as equation 2.7 [24].

θ(Eb) =

∫ ∞
Eb

Pb(Eb)dEb (2.7)

where Pb(Eb)dEb is the relative population with desorption energy Eb and
θ(Eb) is the relative coverage as a function of desorption energy, which
is obtained by inverting Eb(θ) under the assumption that the order of
desorption is known. The relative population as a function of desorption
energy can be calculated from equation 2.8.

Pb(Eb) = −dθ(Eb)
dEb

(2.8)

3The heating rate, β, was normally 1 K/s for the experiments presented in this
thesis.
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2.3 Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES), also called angle-
resolved ultraviolet photoemission spectroscopy (ARUPS), is a unique tech-
nique to measure the electronic band structure of solids. The photoelectric
effect is utilized: the surface is exposed to monochromatic light of suffi-
cient energy (hν) to emit valence electrons from the surface. By analysing
the kinetic energy of the emitted electrons (Ek) and using the requirement
of energy conservation, the initial binding energy of the emitted electron
(Eb) can be calculated: Eb = hν−Ek−W , where W is the work function.
The kinetic energies of the outgoing electrons are normally analysed with
a hemispherical electron analyser as illustrated in figure 2.5.

In addition to obtaining the electron binding energy, the crystal mo-
mentum of the electron can be inferred from a set of photoemission angles
(θ, φ) of the outgoing electron and using conservation of in-plane momen-
tum. Summarising, the binding energy as a function of momentum (Eb(

→
k ))

can be calculated from the ingoing photon energy (hν), outgoing electron
energy (Ek) and the direction of the outgoing electron (θ, φ) as indicated
in figure 2.5.

Figure 2.5: Illustration of the principle of angle resolved photoemission spectroscopy.

ARPES experiments are carried out in UHV to ensure a well-defined,
clean, atomically flat surface of the sample. The UHV condition does also
facilitate the mean free paths for the emitted electrons to be sufficient for
detection. Our experiments were carried out in Professor Philip Hofmann’s
UHV chamber connected to the SGM-3 beamline at Aarhus Storage Ring
in Denmark (ASTRID), which has a spectral range from 8 to 150 eV. A
typical photon energy used to resolve the π-band of graphene was 47 eV
in our experiments.
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2.4 Low-energy electron diffraction

Low-energy electron diffraction (LEED) is a technique used to determine
the structure of crystalline surfaces. The surface is bombarded with a col-
limated beam of low energy electrons (often 20-300 eV) and the diffraction
pattern from the elastically scattered electrons is observed. An illustra-
tion of the principle is presented in figure 2.6. An electron gun generates
the collimated beam of electrons, which are then accelerated towards the
grounded sample. In front of the fluorescent detection screen, four concen-
tric grids are situated to ensure detection of only the elastically scattered
electrons. The first grid (from the sample) is grounded to avoid deflection
of the scattered electrons. The next pair of grids is at a negative potential
to avoid the detection of electrons that have been inelastically scattered.
To enhance the detection of the electrons on the fluorescent screen, the
screen is at a high positive voltage accelerating the electrons towards the
screen. The last grid closest to the screen is therefore grounded to avoid
the electrons being affected by the high potential of the screen before they
pass through the grids.

By transforming the obtained diffraction pattern from reciprocal space
to real space, the structure of the surface can be determined. Because
LEED relies on the wave properties of the electrons4 and the diffraction
of these, it is essential, as mentioned above, that the surface is crystalline.
However, it is not required that the sample is a single crystal. Samples
with different rotational domains can also be probed and will give rise to
sets of spots rotated accordingly.

Figure 2.6: Illustration of the principle of low-energy electron diffraction.

4de Broglie relation: λ =
h√

2mE
, for electrons λ[nm] ≈

√
1.5eV

E[eV ]
nm
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LEED experiments are, as with ARPES experiments, carried out in
UHV to ensure a well-defined and clean surface of the sample. Our LEED
experiments were carried out at the same setup as the ARPES experiments,
namely Professor Philip Hofmann’s UHV chamber connected to the SGM-
3 beamline at Aarhus Storage Ring in Denmark (ASTRID).

2.5 Density functional theory

Density functional theory (DFT) is a method for finding a solution to the
N electron Schrödinger equation. The theoretical foundation for DFT are
Hohenberg and Kohn’s theorems [25] stating that a universal functional
exists, which, for the spatial electron density distribution of the ground
state, will give the ground state energy. For all other electron density dis-
tributions, it will give an energy that is higher than the ground state en-
ergy. Therefore, if all spatial electron density distributions were tested, the
density distribution with the lowest associated energy will be the ground
state of the system. The energy of the system can be written as:

E[ρ] = T [ρ] + Vee[ρ] + Vext[ρ] (2.9)

The density of the ground state is given by ρ, the kinetic energy is
given by T [ρ], the electron-electron interaction is given by Vee[ρ], while
the interaction with the external potential is given by Vext[ρ]. The first
two terms are non-trivial to obtain.

Hohenberg and Kohn’s theorems are not practically applicable; how-
ever, they are the foundation for Kohn and Sham’s approach: they intro-
duced a method for which they viewed the electrons as non-interacting,
i.e. the majority of the electron-electron interaction is described by a
Coulomb interaction with the potential from the electron density, whereas
the remaining part of the interaction is described by the so-called exchange-
correlation functional [26]. The energy can then be written as:

E[ρ] = Ts[ρ] + VH [ρ] + Vext[ρ] + Vxc[ρ] (2.10)

In this equation, Ts[ρ] is the kinetic energy for the non-interacting
electron; VH [ρ] describes part of the electron-electron interaction given
by a classic Coulomb interaction as mentioned above; and Vxc[ρ] is the
exchange-correlation functional, which contains the remaining electron-
electron interaction and the correction to the simple treatment of the ki-
netic energy.
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This approach reduces the problem to finding a suitable functional for
the exchange-correlation. Several approximate functionals have been sug-
gested: One of the simplest functionals is the local density approximation
(LDA) [27] which only depends on the electron density. A refinement to
this was the group of general gradient approximation (GGA) functionals,
where the functional also takes the gradient of the electron density into
account, e.g. Perdew, Burke and Ernzerhof’s PBE functional [28]. The
M06-L functional, which belongs to the group of functionals called meta-
GGA functionals, is another refinement that takes the density, the first
derivative of the density and the kinetic energy density into account. The
latter is given by:

τ(r) =
1

2

∑
n

fn|∇ψn(r)|2 (2.11)

where fn is given by the occupation number of the nth orbital.
The M06-L functional has been fitted to a database of different organic

compounds, which included e.g. π−π stacking interactions. The inclusion
of π − π stacking interactions is relevant for our research within graphene
and PAHs.

The iterative optimization process that DFT calculations utilize is il-
lustrated in figure 2.7. The process can be viewed as two iterative processes
that are linked together. The right cycle illustrates how the Kohn-Sham
wave functions are used to find the corresponding electron density, which
then gives the potential. This iteration-cycle should be continued until the
wave functions are converged. The equation used in this iteration-cycle is
the so-called Kohn-Sham equation, which utilizes Hohenberger and Kohn’s
theorem, namely that the calculated energy will be lowest for the ground
state density.

The left cycle illustrates how the Kohn-Sham wave functions are used
to calculate the energy and consequently the forces in the system. For
a minimum at the potential energy surface, the resulting forces should
be zero. The forces are therefore used to let the system relax, i.e. the
right-hand iterative cycle gives the Kohn-Sham wave functions, the density
and the potential for a given atomic configuration, whereas the left-hand
iterative cycle relaxes the atomic structure.

The DFT calculations will therefore provide the atomic structure of
the system for the minimum on the potential energy surface as well as the
corresponding energy. One way to use DFT calculations could therefore be
to compare different atomic configurations and from the associated energies
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Figure 2.7: Illustration of the DFT calculation principle. KS = Kohn-Sham

conclude which is energetically most favourable. DFT calculations can also
be used to make simulated STM images from the calculated local density
of states, which can be seen in chapter 3.4.3.
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2.6 Experimental setups

The setups that I have used the majority of the time are the so-called “green
chamber”, the “coal chamber” and the the “blue chamber” at the Depart-
ment of Physics and Astronomy, Aarhus University. A brief description
of these three setups will be given below. Supplementary results were ob-
tained from other setups, however, these setups will not be described in
this section due to the limited time I used them.

2.6.1 The green chamber

The green chamber is a standard ultra-high vacuum (UHV) chamber with
a base pressure below 2 · 10−10 mbar. The chamber is equipped with a
home-built Aarhus STM [19] and a manipulator, with a filament which
uses electron bombardment to heat the sample. This can be controlled
to produce a linear heating ramp which was used to anneal the sample
and perform TPD experiments. The quadrupole mass spectrometer is
differentially pumped and can be approached to the sample. The mass
spectrometer can detect masses in the range from 1 to 100 amu. A standard
sputter and anneal procedure was used for cleaning the metal samples. A
commercial “Hydrogen Atomic Beam Source, HABS-40” [29, 30] was used
to expose the surface to thermally cracked atomic hydrogen atoms, whereas
PAH molecules were thermally sublimated onto the surface by a molecular
evaporator. The evaporator consists of a crucible, surrounded by a wire
used for resistive heating, in which the molecules were loaded. A picture
of the chamber is presented in figure 2.8.

2.6.2 The coal chamber

The newly designed coal chamber is a combined STM and TPD UHV
chamber like the green chamber. The main differences between the two
setups are that there is line-of-sight access to the tunneling junction in the
coal chamber STM and the mass spectrometer in the coal chamber can
measure masses in the range from 1 to 500 amu. The line-of-sight access
to the sample in the coal chamber consists of two pairs of viewports: one
pair at ca. 40◦ angle with respect to the surface and one pair at grazing
angle, ca. 10◦ angle with respect to the surface. These line-of-sight
accesses can be used for dosing molecules and atoms while scanning, as
well as shining in (laser) light. The coal chamber is, furthermore, equipped
with an extended loadlock that is designed for matrix-assisted pulsed laser
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Figure 2.8: Picture of the so-called green chamber.

deposition and sputter/anneal cleaning procedures. However, at present
the loadlock is only equipped with a simple heating manipulator, which
is used to degas the samples before they are transferred into the main
chamber. A picture of the chamber is shown in figure 2.9

2.6.3 The blue chamber

The blue chamber is a simple STM UHV chamber. Like the green chamber,
it is equipped with an Aarhus STM; a manipulator, in which the sample
can be heated; and a number of gas lines making it possible to introduce
gases into the chamber in a very controlled manner. The chamber has
primarily been used as a sample preparation chamber and for the coating
experiments presented in section 3.5. A picture of the blue chamber is
presented in figure 2.10.
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Figure 2.9: Picture of the so-called coal chamber.

Figure 2.10: Picture of the so-called blue chamber.





Chapter 3

Graphene

This chapter gives a brief introduction to graphene in general and its pro-
duction methods. Subsequently, the growth of graphene on metals will
be discussed as an introduction to our work on Ir(111) and Pt(100). The
second part of the chapter will treat the band gap engineering of graphene,
which will be exemplified by our results for hydrogenated graphene. The
third part of the chapter presents our research within the field of tem-
plating hydrogen on graphene. The last part of the chapter will focus on
graphene coatings and in particular our work on Pt(100).

The results describing the hydrogenation of graphene on Ir(111) were pub-
lished in our manuscript Balog et al., for which Richard Balog designed the
experiments. The manuscript is rewritten in this thesis to emphasize the
STM results, of which I conducted the majority. More people contributed
to this work, their contributions can be found in the manuscript Balog et
al. [31].

The section about templating of hydrogen is based on our manuscript
Nilsson et al. [32]. The presented experimental results were obtained by
me in collaboration with Liv Hornekær. Zeljko Sljivancanin performed the
DFT calculations.

The experimental results for the growth of graphene on Pt(100) and the
coating experiments were performed by me in collaboration with Professor
Ivan Stensgaard, Mie Andersen performed the DFT calculations. The ma-
jority of these results are published in references [33,34].

25
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3.1 Introduction

Graphene is the name for a single layer of carbon atoms arranged in a
honeycomb lattice, which could be thought of as a “graphite crystal with
the thickness of one atom”. While graphite has been known for centuries,
the graphene research area was kick-started by the experimental results
presented by Novosolov et al. in 2004 [1]. The experimental realization was
obtained by cleaving a graphite crystal with a piece of scotch tape. When
the extremely simple “fabrication method” of the graphene is considered,
it might seem astounding that it was first realized in 2004. At this point it
should be emphasized that growth of graphene on platinum single crystal
surfaces by CVD and segregation was reported more than 40 years ago [35],
and CVD growth has since been achieved on many different metals which
catalyse dehydrogenation of hydrocarbons [36].

Part of the reason for the late discovery of free-standing graphene is
probably the difficulty in localizing and identifying the small flakes of gra-
phene produced among all the thicker graphite flakes present [1]. How-
ever, the main reason is most likely that for many decades free-standing
graphene was predicted to be unstable according to theoretical calcula-
tions [37–40]. The argument was that for any finite temperature, the
thermal fluctuations should lead to displacements of the atoms that were
comparable to the atomic distances in the undisturbed graphene sheet [39].
This theory was supported by results from thin film research, where the
melting point was observed to decrease dramatically for decreasing thick-
ness. As a consequence, thin films with less than ca. ten layers of atoms
would normally be unstable [41, 42].

The observed stability of free-standing graphene has been explained
by a “buckling” of the graphene sheet into the third dimension [43] as
illustrated in figure 3.1. An extended discussion of this phenomenon can
be found in [44] and references therein. All the results presented in this
thesis were obtained using graphene on a substrate, in which case the
graphene is part of a three-dimensional system.

After the experimental realization of graphene, graphene research quickly
became an extremely active research area because of the unique electronic,
mechanical and thermal properties of graphene, which could be utilized in
emerging areas such as graphene-based electronic devices [44, 45]. The
most important property of graphene for electronic device applications is
the high mobility of the charge carriers that behave like massless Dirac
fermions [46]. However, the production of high quality, large scale gra-
phene by cost efficient routes requires further improvements [3, 47–49].
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Figure 3.1: A model of free-standing graphene. A completely two-dimensional graphene
sheet is predicted to be unstable, whereas it is stable when it buckles into the third
dimension.

This issue will be addressed in sections 3.2 and 3.3.
Another challenge for the utilization of the unique properties of gra-

phene in electronic device fabrication is that graphene is a semi-metal,
whereas semiconductors are the vital building blocks for most electronic
devices. The opening of a band gap in graphene, therefore, became one of
the major goals for graphene research. This topic is treated in section 3.4.

More recently, the chemical inertness, thermal stability, optical trans-
parency, impermeability to most gases, mechanical strength and flexibility
of graphene garnered the interest of surface scientists for protective coating
applications. This will be the subject of section 3.5.
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3.2 Production of graphene

The synthesis of graphene is currently pursued along two major directions
[50]:

• Micromechanical or solvent based exfoliation of graphite (a top-down
technique) may lead to isolated platelets of high-quality graphene,
but the dimensions are typically limited to tens or hundreds of mi-
crometres [51]. The seminal paper from the Manchester group ig-
niting renewed interest in the properties of graphene was based on
experiments performed on mechanically exfoliated graphene [1].

• Epitaxial growth of graphene (a bottom-up technique) can be achieved
along various routes. High temperature treatment of SiC wafers leads
to thermal decomposition and the formation of a graphene surface
layer [52]. By exposing catalytic metal crystals or metal foils at
elevated temperature to hydrocarbons, large-area graphene can be
formed by chemical vapour deposition (CVD) [36]. For metals with
significant solubility of carbon, segregation of carbon from the bulk
might play a vital role in the formation of graphene. Graphene can
for example be grown on a carbon-doped Ni(111) crystal by a con-
trolled heating and cooling cycle, because the carbon in the bulk will
segregate towards the surface when the crystal is cooled [53]. Large
scale growth of graphene on copper foils, a fairly inert metal [3], and
growth of graphene at low temperature on non-catalytic surfaces
such as glass and plastic were also reported [54].

The following section will treat the growth of graphene on metal sur-
faces by CVD in more detail, since all the results presented in this thesis
is obtained for graphene grown by CVD.
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3.3 Graphene on metal surfaces

The challenge for graphene production by CVD is to optimize the growth
conditions in order to increase the domain size and reduce the number
of defects. It is additionally of great importance to understand both the
nature of the defects and how these defects will influence the properties
of the graphene sheet. Furthermore, if the graphene should be transferred
to an insulating substrate by a lift-off process, it is essential that the gra-
phene can be grown continuously across defects such as steps and domain
boundaries [33,55]. However, there is a large variability in the interaction
of the graphene with the underlying substrate and in the way graphene
is formed on the surfaces [36]. The graphene-metal systems are normally
grouped into two groups according to their interaction.

The first group contains metals which exhibit a strong interaction with
graphene, resulting in graphene-metal distances of ca. 2.1 Å and binding
energies of more than 0.1 eV per carbon atom (e.g. 0.132 eV per carbon
atom for Co(0001) [56]). This group of metals contains Ni, Ru, Pd, Co and
Rh [36,56–58]. For these graphene-metal systems there is a charge transfer
between the metal and the graphene as well as a significant modification
of the electronic properties of the graphene sheet [57]. An analysis of
graphene on Ni(111) [57] revealed that while the metal donates electrons
to the π-band of the graphene, electrons from the σ-band in the graphene
are donated to the metal. This results in a chemical bond based on the
so-called donation/back-donation mechanism. Hence, the graphene sheet
is said to be chemisorbed on these metals.

The second group contains metals which exhibit a weak interaction
with graphene, for example, Ir, Pt, Al, Ag and Au, Cu [36, 56–60]. The
resulting graphene-metal distances are observed to be more than 3 Å and
the binding energies are below 0.1 ev per carbon atom (e.g. 0.05 eV per
carbon atom for Ir(111) [56]), hence the graphene is said to be physisorbed
on these metal surfaces. The electronic properties of the graphene sheet on
these metals are modified less by the interaction with the metal as can, for
example, be seen from our ARPES meassurements on Ir(111) and Pt(100)
presented in section 3.4. In particular, graphene on Ir(111) exhibits a band
structure that is only slightly different from that of free standing graphene.

In general, graphene forms incommensurate or long-wave coincidence
structures on single crystal metal surfaces because of the mismatch be-
tween the lattice parameter of graphene (2.46 Å) and the metal substrate.
However, the lattice constant of Ni(111) is very close to the one of graphene
(2.49 Å) and graphene can therefore form af 1 × 1 structure on Ni(111).
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For most of the other metal substrates, graphene is observed to form a
Moiré structure with a periodicity ranging from 5 Å on Pt(111), 25 Å on
Ir(111) to 62 Å on Ru(0001) [57].

In order to grow a single crystalline sheet of graphene on a given metal,
it is important that the graphene only exhibits one orientation on the metal
substrate. This is, for example, the case for graphene on Ir(111) and
hence very high quality graphene has been obtained on Ir(111) as shown
in the next section. Contrary to this behavior is, for example, the growth
of graphene on Pt(111), which is observed to results in several different
orientations and hence many graphene domain boundaries [61, 62].

While the growth of graphene on many different metal surfaces has
been studied meticulously, a thorough investigation of graphene grown on
reconstructed metal surfaces was not available before the work presented
in this thesis was published. Exposure of e.g. the reconstructed Pt(100)
surface to a variety of gases such as CO, O2 and C2H2 leads to a lifting
of the reconstruction [63, 64]. Given the large variability in interaction
between graphene and the underlying metal, it was not obvious whether
or not the reconstruction would survive the formation of a graphene layer.

Previously, graphite formation on the reconstructed Pt(100) surface
by exposure to C2H2 at elevated temperatures has been studied, but with
conflicting results. In one study [65] it was assumed that exposure of
Pt(100) at elevated temperatures of 900 - 1300 K led to the formation
of graphitic islands on an unreconstructed surface, but no microscopic
technique for surface characterization was available. A low-energy electron
diffraction (LEED) study [66] led to the conclusion that graphite forms
during exposure to ethane at temperatures above 400◦C, but that faceting
takes place at temperatures above 500◦C. An STM study [64] concluded
that for exposure to ethane at room temperature and subsequent heating,
the adsorbates appeared to desorb completely when heated above 900 K.

The experimental findings for graphene growth by CVD on Ir(111) and
Pt(100) will be presented in the following two sections.
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3.3.1 Graphene on Ir(111)

Epitaxial growth of graphene on Ir(111) results in nearly defect free gra-
phene [55,67]. A thorough investigation of the growth process via temper-
ature programmed growth (TPG, the surface is exposed to the gas at room
temperature and subsequently annealed) and via chemical vapour depo-
sition (CVD, the hot surface is exposed directly to the gas) was carried
out by Coraux et al. [67]. When a continuous graphene sheet is grown,
the graphene-Ir(111) system forms a Moiré structure with a periodicity of
ca. 25 Å (figure 3.2a) corresponding to ca. 10 carbon lattice distances
and 9 iridium lattice distances (figure 3.2b). The interaction between the
substrate and the graphene sheet, causing the Moiré structure, facilitates
graphene growth with only one orientation. This hinders defect formation
between merging islands of graphene growing from different nucleation
sites. The graphene sheet is also observed to grow over substrate step
edges and only point defects are observed [55].

(a) 125 nm x 250 nm STM topograph (0.10 V,
30 nA) of graphene grown on Ir(111) at 1320 K,
crossing several Ir steps. Reprinted from [55].

(b) The superstructure unit cell
is constructed by superposition
of the graphene lattice (yellow
balls) onto the iridium (111)
surface (gray balls). Reprinted
from [68].

Figure 3.2: Graphene on Ir(111)

For the results presented in this thesis, graphene was grown on an
Ir(111) crystal cleaned by standard sputter/anneal cycles followed by a
flash anneal in oxygen and hydrogen gas. Epitaxial graphene was prepared
by heating the clean Ir(111) crystal to 550 K for 100 s under 2 · 10−7 mbar
partial pressure of ethylene, followed by a flash anneal to 1420 K. This cycle
was repeated several times in order to obtain a high-quality graphene layer
and to achieve complete surface coverage. The quality of the graphene was
checked by STM (figure 3.3) and ARPES (figure 3.16).
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Figure 3.3: STM image of a graphene sheet grown on Ir(111) crossing a step edge
without loss of continuity. (V = -0.97 V, I = 0.51 nA).

3.3.2 Graphene on Pt(100)

The Pt(100) face exhibits a quasi-hexagonal surface reconstruction [69] and
prior to this work there have not been any detailed studies of graphene
fomation on Pt(100). Here we demonstrate that a graphene sheet can be
grown continuously on the Pt(100) surface, residing on the reconstruction
even across step edges and domain boundaries in the platinum substrate.
For substrate domains which are perpendicular to each other, the graphene
sheet is observed to grow across the domain boundary without defects. For
domains in the substrate which are rotated ≈ 97◦ from each other, the
graphene is observed to incorporate edge dislocations consistent with the
presence of pentagon-heptagon defects in the boundary region to facilitate
rotation of the graphene sheet.

The purity of the substrate before the growth process is vital for the
quality of the graphene. The Pt(100) surface was cleaned by numerous
cycles of 2 keV Ne sputtering and annealing up to 1000◦C, combined with
annealing in O2 at 700◦C, followed by flashes to 900◦C. The cleanliness
of the surface was checked by STM. Synthesis of graphene was typically
carried out by exposing the platinum surface to 100-200 L of either ethylene
(C2H4) or propylene (C3H6) at pressures in the low 10-7 torr range and a
sample temperature of 700◦C, with periodic flashes to 900◦C.

An STM image of the clean platinum surface is depicted in figure 3.4a.
The clean Pt(100) surface may exhibit two different, but very similar
reconstructions, depending on the preparation temperature. A concep-
tually simple approximation for these structures is a hexagonal Pt(111)
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layer, which is isotropically contracted by 3.8% and has a close-packed
row either aligned with (the hex phase) or rotated by 0.7◦ (the hex-R0.7◦

phase) relative to a close-packed row in the underlying, unreconstructed
Pt(100) surface. The hex-R0.7◦ phase is the thermodynamically most
stable phase [63,69]; however, for modelling purposes the hex phase is of-
ten used because it exhibits a 5× 20 structure relative to the underlying,
unreconstructed Pt(100) surface [70]. Both reconstructions give rise to a
characteristic “stripe” structure, as seen in figure 3.4a.

The surface covered by a graphene sheet also displays a stripe structure,
as seen in figure 3.4b along with the characteristic honeycomb structure
observed in the high resolution STM image, figure 3.4b insert. From atom-
ically resolved STM images such as figure 3.4c of a clean, reconstructed
terrace (left) coexisting with a graphene covered terrace (right) we con-
clude that, to within the experimental precision (1-2%), the graphene lat-
tice constant is unchanged from its native value of 2.46 Å. Furthermore,
the stripe superstructure observed on the right terrace in figure 3.4c, which
is graphene covered, exhibits the same periodicity and orientation as the
one observed at the left terrace, which is a clean, reconstructed platinum
surface. We therefore assign the superstructure observed for graphene on
Pt(100) to the platinum reconstruction structure, i.e., the graphene over-
layer resides on top of the reconstructed Pt(100) surface.

Figure 3.4: (a) STM image of the hex-R0.7◦ reconstructed, clean Pt(100) surface. (b)
STM image of graphene grown on a hex-reconstructed Pt(100) surface. (The scan di-
rection differs slightly from that in (a)). The insert (6 Å × 7 Å) shows the characteristic
honeycomb structure of graphene. (c) STM image of two adjacent terraces separated
by a step. The left (upper) terrace displays the hex-R0.7◦ reconstructed, clean Pt(100)
surface, while the right (lower) terrace is covered with graphene. The image has been
differentiated to enhance the superstructures on the terraces. Published in [33].
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Analysis of the orientation of the graphene sheet relative to the under-
lying, reconstructed substrate reveals that although either an armchair or
a zigzag direction of the graphene tends to be aligned or have a small angle
with the direction of the superstructure stripes, other angles are possible.
Armchair directions are observed at ca. 5◦ and ca. 10◦ with respect
to the stripe direction, figure 3.4b and 3.4c, respectively, while in figure
3.7a, a zigzag direction coincides with the stripe direction in the upper left
part of the image, but becomes approximately perpendicular to the stripe
direction in the lower right part of the image.

The observation of several different orientations of the graphene with
respect to the platinum substrate from STM is corroborated by LEED
measurements presented in figure 3.5. Figure 3.5a shows a LEED image of
the graphene covered platinum surface obtained with a kinetic energy of
the incoming electrons of 120 eV. At this energy it is mainly the graphene
that is probed. Two rings with diffusively connected arcs are observed,
which can be ascribed to rotationally disordered graphene [35, 71]. In
figure 3.5b, the same sample is probed by electrons with a kinetic energy of
275 eV. At this energy it is mainly the platinum substrate that is probed.
The LEED pattern observed is the well-known (5 × 20) LEED pattern
[69], which corroborate that the graphene is residing on the reconstructed
platinum surface.

Figure 3.5: LEED images of epitaxial graphene on Pt(100) at two kinetic energies
probing mainly graphene (Ekin = 120 eV) and Pt layers (Ekin = 275 eV), respectively.
In (b) the image has been saturated to enhance the circular features due to the graphene.
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These observations suggest that the interaction energy between the
graphene and the reconstructed substrate does not depend strongly on the
relative rotation between the graphene layer and the underlying substrate.
DFT calculations corroborate this observation. The simplest approxima-
tion to the physical system of graphene on the reconstructed Pt(100) sur-
face is graphene on a Pt(111) surface. Figures 3.6a, 3.6b and 3.6c show
models of a graphene layer with three different orientations relative to an
underlying Pt(111) layer.

Figure 3.6: Platinum atoms are shown in light blue and carbon atoms in grey, the
platinum close-packed and graphene armchair directions are indicated with red and
dark blue arrows, respectively. Structure of graphene on Pt(111) having the graphene
armchair direction (a) aligned with the Pt(111) close-packed direction, (b) rotated 10.8◦

with respect to the Pt(111) close-packed direction and (c) rotated 16.1◦ with respect
to the Pt(111) close-packed direction. The unit cells are indicated in black. The smaller
cell contains 8 carbon atoms and 3 platinum atoms per layer, the medium cell contains
18 carbon atoms and 7 platinum atoms per layer and the large cell contains 32 carbon
atoms and 13 platinum atoms per layer. Published in [33].

In figure 3.6a, the graphene armchair direction is aligned with the close-
packed platinum direction, while in figure 3.6b and 3.6c the graphene layer
has been rotated by 10.8◦ and 16.1◦, respectively. The binding energies
per carbon atom for the three configurations are found to be 60.0 meV,
60.1 meV and 59.8 meV, respectively - very moderate differences. For the
unit cell in figure 3.6a several translations of the graphene sheet away from
the high symmetry adsorption sites were investigated producing only neg-
ligible changes in the binding energy. Thus we find that neither a rotation
nor a translation of the graphene sheet with respect to the Pt(111) sur-
face alters the graphene-platinum interaction significantly. In a study of
the structural properties of graphene on Pt(111) [72], the binding energies
were calculated for two different graphene orientations rotated by 30◦ from
each other with the LDA exchange-correlation functional as implemented
in the VASP code. The binding energies obtained differed substantially
from this work, being only around 39 meV per carbon atom. However,
the difference in binding energy between the two rotations was only ca.
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1 meV, in good agreement with this work. We believe that the meV/C-
atom order of magnitude of the energy difference found in the two studies
will be characteristic for the real system as well. (It would be attractive
to calculate the binding energy for a better structural approximation to
the real system, but such models will in general correspond to significant
increases in the size of the unit cell). The observed presence of the plat-
inum reconstruction after graphene formation is in good agreement with
the calculated small interaction energy between the carbon atoms in the
graphene layer and the hex-reconstructed surface.

The graphene layer exhibits a remarkable ability to grow uninterrupted
across various obstacles. In figure 3.7a the graphene sheet has grown across
a domain boundary between two perpendicular, reconstructed domains
with no loss of periodicity or direction. An area with a step edge in the
underlying platinum surface is depicted in figure 3.7b. The zigzag direc-
tion of the graphene perpendicular to the step is seen to continue directly
across the step, while the two other zigzag directions experience a lateral
shift as expected from the height difference of the two terraces. A line
scan perpendicular to the step along the direction indicated in figure 3.7b
is displayed in figure 3.7c. The regular modulation of height confirms the
continuity across the step without any observable defects. We speculate
that the deeper corrugation observed at the transition from the upper ter-
race to the sloped region is due to a decrease in DOS at the Fermi level,
brought about by the increased distance to the underlying platinum atoms.
The structural coherence of graphene across steps has been observed pre-
viously on Ir(111) [55] and on polycrystalline copper [73].

The Pt(100) hex-R0.7◦ reconstruction gives rise to two domains with
an angular spacing of ca. 8◦ between the stripe directions (as well as their
counterparts rotated 90◦ by symmetry) [63]. This is observed in figure
3.8a of a boundary between two graphene domains with a ca. 97◦ angle
between the underlying platinum reconstruction stripe directions1. Few
nanometres away from the boundary, the graphene sheet is orientated with
an armchair direction along the platinum reconstruction in the left domain,
while in the right domain, the armchair direction becomes perpendicular
to the reconstruction stripes. The graphene sheet is again observed to
grow continuously across the boundary, however, this time defects are
observed in the transition region. (It should be noted that this type of

1The ca. 1◦ deviation from the expected ca. 98◦ angle may be due to a slight
misalignment between the graphene armchair direction and the direction perpendicular
to the reconstruction stripes in the right domain.
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Figure 3.7: (a) STM image of a graphene area with a domain boundary between two
perpendicular domains of the underlying hex-reconstructed Pt(100) surface. The white
lines indicate zigzag directions in the graphene. (b) STM image of a graphene area with
a step in the underlying hex-reconstructed Pt(100) surface. (c) Height profile along the
line shown in (b) indicating a continuous transition across the step. Published in [33].

defect complex is suppressed on high-quality graphene films on Pt(100)).
A thorough analysis of the experimentally observed data obtained near

this boundary reveals that the measured ca. 7◦ change in angle is medi-
ated by the incorporation of a series of edge dislocations, i.e. by periodic
incorporation along the phase boundary of an extra row of carbon rings
(figure 3.8). The upper/lower polygon depicted in figure 3.8a has its long
sides coinciding with a zigzag/armchair direction in the two domains, while
the short sides coincide with armchair/zigzag directions. The upper, short
side of the topmost polygon crosses four more rows of carbon rings than
the lower, short side of the polygon, corresponding to an insertion of four
rows of carbon rings along the zigzag direction and a Burgers vector as
indicated with a black arrow. In the lower polygon two rows of carbon
rings have been inserted along the armchair direction, corresponding to
the indicated Burgers vector.

Edge dislocations are common defects in graphene, where they fre-
quently separate domains of different orientations [55, 74]. The role of a
dislocation core is played by a pentagon-heptagon pair reminiscent of a
Stone-Wales (SW) defect [75]. SW defects can be created by a 90◦ in-
plane rotation of two carbon atoms around the midpoint of their bond.
In a hexagonal lattice this transformation leads to the creation of two
pentagons and two heptagons with no change in the adjacent graphene
directions. To induce a change in direction, the incorporation of only a
single pair of pentagon-heptagons is considered [76].
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Figure 3.8: (a) STM image of the graphene sheet in a region encompassing the domain
boundary between two hex-reconstructed platinum domains having an angle of ca. 97◦.
Two different types of edge dislocation lines are seen. In the lower left part of the
image the line runs along the graphene armchair direction and consists of regular spaced
defects of the same kind, whereas in the middle part of the image the line runs along the
graphene zigzag direction and alternates between two different orientations of defects.
Polygons in white are drawn around two defects in the lower defect line and two pairs of
defects in the upper defect line. The black arrows indicate Burgers vectors and span two
graphene zigzag unit vectors and two graphene armchair unit vectors, respectively, for
the lower and upper polygon. (b) Structure of the super-cell used for DFT calculations
on the lower defect line. For symmetry reasons it contains an upper and a lower defect
line running in opposite directions as indicated with the red lines. The carbon atoms
involved in topological defects, i.e. carbon atoms in pentagons and heptagons, are
shown in red. (c) Side view showing the considerable buckling of the graphene layer
which lowers the energy by allowing the compressed C-C bonds in the vicinity of the
defects to expand. (d) Close-up of the STM image in (a) at the position where the
two types of defect lines meet, with structures from DFT calculations on the two defect
lines superimposed. Carbon atoms in pentagons and heptagons are shown in white.
Published in [33].
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DFT calculations have been carried out to model the two types of
edge dislocations. The super-cell used for modelling the defect line along
the graphene armchair direction is shown in figure 3.8b. To achieve a
rotation of 7.4◦ (which is close to the experimentally observed ca. 7◦)
between adjacent graphene sheets, defects consisting of a pentagon and a
heptagon are incorporated with a spacing of 19.5 Å (the Lx value). For
symmetry reasons the cell contains an upper and a lower defect line running
in opposite directions as indicated with the black lines. An Ly value of
around 37 Å was sufficient to avoid interactions between the two defect
lines. The same principles were applied for constructing the super-cell used
for modelling the defect line along the graphene zigzag direction.

Figure 3.8c shows a side view of the super-cell. It is seen that the
graphene layer buckles out of the plane right after the insertion of a row
of carbon rings via a pentagon-heptagon pair. Thus, the buckling can be
explained as a relief of the stress associated with compressing the C-C
interatomic distances. Figure 3.8d shows a close-up of the STM image in
figure 3.8a with the structures obtained from DFT calculations superim-
posed. In spite of the fact that the contrast in the STM image does not
allow for observing the pentagons and heptagons directly, it is clearly seen
that the proposed models are in accordance with the STM data.

The edge dislocation formation energies were calculated for the two
defect lines both for models with all atomic positions constrained to a plane
(flat) and for models where the carbon atoms were allowed to move out
of the plane (buckled). The super-cell dimensions for the flat and buckled
cells were optimized accordingly. Specifically, the formation energy was
calculated as the difference between total energies of the cell with defects
and a cell with the corresponding number of carbon atoms situated in a
perfect graphene sheet, normalized to unit length of defect line and divided
by 2 to account for having 2 defect lines per cell. For the defect line along
the graphene armchair direction the formation energy for the buckled and
flat cells are 0.280 and 0.377 eV/Å, respectively, and for the defect line
along the graphene zigzag direction the formation energies are 0.321 and
0.434 eV/Å for the buckled and flat cells, respectively. The values appear
to be in good agreement with the results of Yazyev and Louie [76]. The
correct formation energies presumably lie somewhere between the flat and
the buckled free-standing graphene case.

The calculated buckling is ca. 2.5 Å, while the experimentally observed
buckling (as the one depicted in figure 3.8a) is considerably lower, only ca.
1.2 Å. The interaction with the platinum surface is expected to decrease
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the buckling of the graphene layer compared to the free-standing case
modelled by the DFT calculations, and the experimental value may be
influenced by electronic effects.

In summary, we have shown by STM measurements that exposure of
the hex-reconstructed Pt(100) surface to ethylene or propylene at elevated
temperature leads to the formation of a graphene layer residing on top of
the reconstructed surface. A continuous sheet of graphene can be grown
across domain boundaries and step edges. Different rotation angles of the
graphene relative to the hex-reconstructed platinum surface have been ob-
served, suggesting that the rotation energy of the graphene relative to the
substrate is small. DFT calculations on a simple model system support
this assumption. To change from zigzag to armchair (or vice versa) align-
ment with the underlying platinum reconstruction superstructure across
a boundary between two domains which are rotated by ca. 97◦ from
each other, the graphene sheet can incorporate edge dislocations. DFT
calculations show that the incorporation of pentagon-heptagon pairs as a
“source” of edge dislocations may lead to an angular shift of the observed
magnitude as well a buckling of the graphene layer, consistent with the
experimental observations.
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3.4 Band gap opening in graphene

The band structure of graphene is determined by its crystal structure. The
honeycomb lattice can be viewed as a triangular lattice with two atoms in
the unit cell. In that case, the lattice vectors can be defined as

a1 =
a
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(3,
√

3), a2 =
a

2
(3,−

√
3) (3.1)

where a is the carbon-carbon distance of 1.42 Å. An illustration of the
lattice and the lattice vectors are presented in the left-hand side of figure
3.9. The two different carbon atoms in the unit cell are coloured blue and
yellow, to illustrate the presence of two sublattices, A and B. The lattice
vectors give the following reciprocal-lattice vectors2
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These reciprocal-lattice vectors and the first Brillouin zone are illus-
trated in the right-hand side of figure 3.9.

Figure 3.9: The graphene honeycomb lattice and its Brillouin zone. Left: lattice struc-
ture of graphene, made out of two interpenetrating triangular lattices (a1 and a2 are
the lattice unit vectors, and δi, ( i = 1, 2, 3) are the nearest-neighbour vectors). Right:
corresponding Brillouin zone. The Dirac cones are located at the K and K′ points.
Reprinted from [77].

2ai · bj = 2πδij
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An approximation for the appertaining band structure of graphene
was obtained from tight binding calculations as early as 1947 by Wallace
[77,78]:

E±(k) = ±t
√

3 + f(k)− t′f(k) (3.3)

where t is the nearest-neighbour hopping energy, t′ is the next nearest-
neighbour hopping energy and

f(k) = 2 cos
√

3kya+ 4 cos

√
3

2
kya cos

3

2
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An illustration of the resulting band structure is depicted in the left-
hand side of figure 3.10. The right-hand side of the figure shows a zoom
in near one of the Dirac points, which are found at K and K′.

Figure 3.10: Electronic dispersion in the graphene honeycomb lattice. Left: energy
spectrum (in units of t) for finite values of t and t′, with t = 2.7 eV and t′ = −0.2t.
Right: zoom in of the energy bands close to one of the Dirac points. Reprinted from [77].

From this band structure, it is clearly seen that graphene is a semi-
metal. Furthermore, it is observed that the dispersion near the Dirac
points is linear. For k = K + q, where |q| << K the dispersion can be
approximated by

E± ≈ ±~vF |q| (3.5)

where vF = 3ta/2 ≈ 106 m/s is the Fermi velocity. It is observed that
the Fermi velocity does not depend on the mass of the electron, hence,
the electrons behave like massless particles for energies close to the Dirac
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points, which is part of the explanation for the unique electronic prop-
erties of graphene. Furthermore, the two Dirac cones per Brillouin zone,
coming from the two sublattices in the real space, give rise to a so-called
pseudospin [77] and this pseudospin is linked to the momentum of the elec-
trons. Consequently, the scattering of an electron traveling to the right
into a left-moving state includes a flipping of the pseudospin and is there-
fore strongly suppressed. The suppression of backscattering gives rise to
the Klein tunneling phenomena [79]. As a consequence, the mobility of the
charge carriers in graphene is the highest observed at room temperature
for any material (above 200.000 cm2/Vs) [80]. The two Dirac cones or
valleys per Brillouin zone have also made the realization of so-called “val-
leytronics” [81] possible, for which not only the electron charge but also
the distinction between the two valleys are used.

Because graphene is a semi-metal and hence does not have a band gap
at the Fermi-level, graphene-based transistors, while very fast, have poor
on/off ratios [2,82]. To address this problem, intense research is presently
being conducted into possible approaches to engineer the electronic prop-
erties of graphene with the aim of opening a band gap of a sufficient size
for real applications (∼0.4 eV or more [82]).

These approaches include substrate induced band gap opening [83–87],
electric field induced band gap opening in bilayer graphene [88,89], strain
induced band gap opening [90,91], antidot lattices [92], graphene nanorib-
bons [93–96] and chemical functionalization [97] with, e.g. ordered nanos-
tructures of atomic hydrogen [31,98,99]. Of these schemes, only graphene
nanoribbons [95, 96] has been shown, experimentally, to yield band gap
openings sufficiently large for real applications, before the work presented
in this section [31] was carried out. However, graphene nanoribbons with a
substantial band gap were found to exhibit very low carrier mobility [96].

DFT calculations have shown that graphane, fully hydrogenated gra-
phene, is a wide-band gap semiconductor [100,101]. Be varying the extent
of hydrogenation the calculated energy gap changes gradually from 0-5 eV
as illustrated in figure 3.11 [72]. However, in this case with disordered hy-
drogen coverage, a coverage of 67% is required to open the gap according to
Gao et al. [72]. Another theoretical study predicted that for low coverage
of hydrogen (∼1%) a mobility gap of ∼0.4 eV in the extended states would
exist [102, 103] and the room temperature resistance was experimentally
observed to increase by four orders of magnitude, however, no band gap
was observed by ARPES [104]. The authors attributed these observations
to Anderson localization, caused by the induced hydrogen defects [104].
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Figure 3.11: Energy gap of hydrogenated graphene as a function of hydrogen coverage
together with structural model and band structure for a selected coverage (red ring).
The rhombus symbols denote the gap values of different random hydrogenated graphene
configurations (pairs of missing hydrogen atoms were used because they are energetically
favoured) from GGA calculations. The blue line is a linear fitting of the computational
results. Reprinted from [72].

Previous calculations have found band gaps of 0.43 eV [105] and 1.25 eV
[99] for half hydrogenated graphene and periodic hydrogenation of one
carbon atom per 32 carbon atoms, respectively. Therefore, it is expected
that it is possible to open a band gap in graphene not only by achieving
a high coverage of hydrogen but also by periodic hydrogenation at lower
coverage. Furthermore, lines of hydrogenation would have the potential
to induce nanoribbon-like confinement and thereby open a band gap [98].
Sessi et al. investigated experimentally the confinement effect by desorbing
hydrogen in nanometer-sized areas from hydrogenated graphene on SiC
sample [106]. The hydrogen atoms were desorbed by the STM tip and the
local electronic structure was probed by STS for areas of clean graphene
with different sizes. They found that for clean areas of less then 10×10 nm2

the electronic structure is indistinguishable from the hydrogentated areas,
whereas for areas larger than 20×20 nm2 the electronic structure is similar
to the electronic structure for the clean graphene [106]. Our contribution
to this field is presented in the following section.
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3.4.1 Hydrogenation of graphene on Ir(111)

Graphene, prepared as described in section 3.3.1, was exposed to atomic
hydrogen. Figure 3.12a shows the clean graphene surface with the Moiré
structure. After a short hydrogen dose bright protrusions appear as seen in
figure 3.12b. The protrusions are observed to have a preferred binding at
the bright parts of the Moiré structure, i.e. the hcp and fcc regions (figure
3.2b). The surface after 15 s of hydrogen exposure is displayed in figure
3.12c. The preferred binding at the hcp and fcp areas is preserved and the
density of hydrogen clusters increases, as does the cluster size. Some of
the clusters start to merge together. This trend is seen to continue for 30 s
hydrogen dose, figure 3.12d, and 50 s hydrogen dose, figure 3.12e. Even for
the high coverage obtained after 50 s hydrogen dose, the preferred binding
is still observed, which stands out clearly in the spatial Fourier transform
shown in figure 3.12f. The bright peaks correspond to a distance of 21.5 Å,
which is in good agreement with the periodicity of the Moiré structure
(25 Å · cos(30◦)).

An investigation of many areas with different densities of hydrogen
protrusions was carried out and the hydrogen clusters were always found
to bind at the fcc or hcp regions, never at the atop regions. From two
large scale images it was found that 44 per cent of the hydrogen clus-
ters occupy the fcc regions and 56 per cent occupy the hcp regions [107].
This preference for the hcp areas was also observed by N’Diaye et al. in
their study of iridium clusters on graphene on Ir(111) [68]. They proposed
a scheme in which the carbon atoms in the graphene sheet in these ar-
eas bind alternatingly to an iridium atom above and below the graphene
layer. Similar structures were investigated by DFT calculations for the
hydrogenated graphene, figure 3.13.

In figure 3.13a-c DFT calculations were performed on a cluster consist-
ing of three hydrogen atoms in different locations on the graphene sheet.
The structure in figure 3.13a, for which every other carbon atom is atop
an iridium atom, is 3.55 eV more stable than the structures in figure 3.13b
and c. These results indicate that the structures are stabilized by a local
sp3 hybridization, for which the carbon atoms bind alternating up and
down to a hydrogen atom and an iridium atom, respectively. The condi-
tions depicted in figure 3.13a can only be satisfied in the bright ares of
the Moiré pattern for graphene on Ir(111), which is perfectly in agreement
with the experimental findings. Figure 3.13d shows an extended cluster
consisting of 12 hydrogen atoms placed in accordance with the rules from
figure 3.13a. From DFT calculations, this cluster is found to be 8.6 eV
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Figure 3.12: STM images of hydrogen adsorbate structures following and preserving
the Moiré pattern of graphene on Ir(111). (a), Moiré pattern of clean graphene on
Ir(111). (b)-(e), Graphene exposed to atomic hydrogen for very low dose, 15 s, 30 s
and 50 s, respectively. The data shows the evolution of hydrogen structures along the
bright parts of the Moiré pattern with increasing hydrogen dose. (f), Fourier transform
of the image in e, illustrating that hydrogen adsorbate structures preserve the Moiré
periodicity. The inset in f shows a line profile through the Fourier transform along
the line indicated. The separation of the peaks corresponds to a real-space distance of
21.5 Å, which is equal to 25Å·cos(30◦), confirming the Moiré superlattice periodicity.
Published in [31].

more stable than the corresponding cluster on a free-standing graphene
sheet.

The actual number of hydrogen atoms in a cluster cannot be deter-
mined from STM measurements; however, a change in the size of the
clusters can be detected. The area of the clusters was measured on several
clusters for four different exposure times3, figure 3.14.

The average area of the hydrogen clusters is increasing for low dose
times, whereas it seems to stabilize for higher dose times. This could be
caused by the fact that the hydrogen does not bind to atop regions. How-

3For higher coverage the measurements were not performed because the clusters
start to merge together.
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Figure 3.13: DFT calculations of hydrogen adsorbate structures on graphene on Ir(111).
(a)-(c), Top and side views of three-hydrogen-atom adsorbate clusters positioned on
different parts of the Moiré supercell. In the case of the cluster in (a), the carbon atoms
are seen to locally re-hybridize from sp2 to sp3 bonding, with every other C atom binding
to a hydrogen atom above and every other to an iridium atom below the cluster. Such
graphane-like structures are possible only in regions where every other C atom is placed
above a surface iridium atom and are therefore not observed in (b),(c). (d), Top and
side views of a 12-hydrogen-atom graphane-like adsorbate island. Published in [31].

ever, the actual cluster size does increase further, when the neighbouring
fcc and hcp regions start to merge together, but at that point the clusters
are not spherical any longer. Since the cluster size varies with the exposure
time, DFT tight binding calculations of the band gap were performed for
different cluster sizes, figure 3.15.

Figure 3.15a shows the model for five chosen cluster sizes. To simplify
the calculations, hydrogen atoms are attached to both sides representing
the binding to the iridium substrate as well. This means that the calcula-
tions are made for graphene with graphane-like islands in a periodic struc-



48 Chapter 3. Graphene

Figure 3.14: The area of the hydrogen clusters as a function of exposure time. The
scanning voltage was kept between 0.5 V and 1.0 V for all measurements to minimize
the effect of the voltage on the depicted cluster size. The uncertainty in the exposure
time is assumed to be 0.25 s, whereas the uncertainty in the area is the standard
deviation of the measurements. Adapted from [107].

ture corresponding to the observed distance between the hydrogen clusters
determined by the Moiré structure. The corresponding band structures for
cluster sizes involving 1+2+3 and 1+2+3+4+5 are seen in figure 3.15b. A
clear band gap opening at the K point is observed in both cases. The band
gap as function of coverage, for the five cluster sizes, is displayed in figure
3.15c. The coverage in the figure is the total coverage (both sides), there-
fore the coverage on one side, corresponding to the experiments, is half of
the coverage. The band gap opening is seen to increase with increasing
coverage and reach 0.77 eV for a one-side coverage of 27%. Unlike the ex-
perimental results, the structure of the hydrogenation in the calculations
is by definition completely ordered.

The band gap opening in the case of periodic hydrogen coverage is
expected to be caused by the periodic modulation as proposed earlier by
Pedersen et al. [92]. For comparison, the band gap resulting from clus-
ters of hydrogen patterned as ortho- and para-dimeers, which have been
observed previously on graphene [23,108], was also calculated. The struc-
tures are displayed in figure 3.15d and the corresponding band structure
and band gap opening are shown in figure 3.15e and f, respectively. A
band gap opening with a size comparable to the graphane-like islands is
obtained. These results illustrate that the calculated band gap opening is
not caused by any particular internal island structure, but rather from the
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Figure 3.15: Hydrogen adsorbate structures, calculated band structures and band gaps.
(a), Hydrogen atom adsorbate structures forming graphane islands with hydrogen cov-
erage ranging between 6% and 54% (corresponding to 3%-27% of the top sites) following
the Moiré superlattice periodicity. (b), Band structures for graphane-like islands with
medium and high hydrogen coverage. Filled and empty bands are shown in red and
green, respectively. For comparison, the band structure of intact graphene is shown
in grey (dashed). (c), band gap opening as a function of hydrogen coverage. A maxi-
mum of 0.77 eV is reached with 54% coverage (corresponding to 27% top site coverage).
(d), Adsorbate structures composed of increasing amounts of hydrogen pairs in para-
and ortho-dimer configurations. (e), Band structures with and without ortho-hydrogen
dimers. (f), band gap opening as a function of hydrogen coverage. At 23% coverage a
band gap opening as large as 0.73 eV is obtained. In (b),(c),(e) and (f), numbers 1-5
refer to adsorbate structures formed by hydrogen atoms at all the positions marked by
the corresponding numbers in (a) and (d), respectively. Published in [31].

overall periodic modulation of the graphene sheet. Furthermore, calcula-
tions revealed that local disorder, induced by randomly removing hydrogen
atoms from the adsorbed hydrogen structures, did not affect the existence
of the band gap. This might potentially be used to obtain a band gap
opening in freestanding graphene by templating clusters of hydrogen on
the graphene sheet by for example a mask of self-assembled molecules.

ARPES experiments were conducted on graphene on Ir(111) for the
clean graphene surface, 15 s hydrogen exposed surface and 50 s hydro-
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gen exposed surface, displayed in figure 3.16a, b and c, respectively. The
measurements were performed along the A-K-A′ direction.

Figure 3.16: Observation of a gap opening in hydrogenated graphene. (a)-(c), Photoe-
mission intensity along the A-K-A′ direction of the Brillouin zone (see inset) for clean
graphene on Ir(111) (a), graphene exposed to a 30 s dose of atomic hydrogen (b) and
graphene exposed to a 50 s dose of atomic hydrogen (c). Published in [31].

The ARPES measurements show the well-known linear dispersion of
the valance band near the Fermi level, figure 3.16a. The mini gaps in the
π-band for the clean graphene are caused by the Moiré structure, which is
induced by the interaction with the substrate. In figure 3.16c a clear band
gap is observed after 50 s of atomic hydrogen exposure. The gap is ob-
served to be at least 0.45 eV from ARPES measurements probing the filled
states, i.e. the top of the π-band is 0.45 eV below the Fermi level, which is
in good agreement with the theoretical calculations showing a fairly sym-
metric band gap opening of ca. 0.8 eV for high coverage of hydrogen. The
band structure in figure 3.16b can be viewed as a superposition of clean
graphene and confined graphene. This interpretation is supported by the
STM picture in figure 3.12d.

Grassi et al. have subsequently performed tight-binding calculations
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of the band structure for the hydrogenated graphene on Ir(111). In these
calculations they allow for disorder across different supercells. The hy-
drogen islands were still restricted to the fcp and hcp areas, however, not
all fcp and hcp areas were hydrogenated and different hydrogen configu-
rations were allowed in different supercells. Their results are in excellent
agreement with our results [109].

In conclusion, we have demonstrated how a band gap in graphene sup-
ported on Ir(111) can be opened by a periodic modulation of the graphene
sheet via hydrogen adsorption. The periodic adsorption was facilitated by
the Moiré structure, which results from the interaction between the sub-
strate and the graphene sheet, i.e. the selective hydrogen adsorption is
taking place where graphane-like structures can be formed. Moreover, the
size of the band gap is sufficient for real electronic applications.

3.4.2 Hydrogenation of graphene on Pt(100)

To verify that the periodic adsorption of hydrogen on graphene on Ir(111)
is essential for the observed band gap opening, we repeated the experiments
described in the previous section on Pt(100), because the hydrogenation of
graphene on Pt(100) results in an disordered structure. A detailed STM,
TPD and DFT study of hydrogenation of graphene on Pt(100) is presented
in section 3.5.1, in which the coating properties of graphene towards atomic
hydrogen is investigated. However, for the understanding of the ARPES
investigation presented in this section, only the fact that the hydrogenation
forms an disordered structure is essential to know (figure 3.17).

Figure 3.17: STM image of hydrogenated graphene on Pt(100). The hydrogen atoms
are randomly distributed on the surface, presenting a disordered structure.
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ARPES measurements of the π-band of the clean graphene on Pt(100)
are presented in figure 3.18a. The cut has been taken as illustrated by
the dashed line in the partial Fermi surface map presented in figure 3.18e.
The graphene is observed to be substantially n-doped with the Dirac point
about 0.45 eV below the Fermi level. Furthermore, the clean graphene is
observed to have a band gap of approximately 0.15 eV. We believe that the
main origin for this band gap is the multi-domain structure of graphene
on Pt(100), with domains rotated relative to each other, as suggested
previously by Rotenberg et al. [84].

Figure 3.18: ARPES measurements of π-band dispersion near the Fermi level as a
function of increasing hydrogen coverage of graphene on Pt(100). The continuous line
in (a-d) is the fitted position of the π-band in (a). The cuts in (a-d) have been taken
as shown by the dashed line in the partial Fermi surface map presented in (e).
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ARPES spectra for increasing coverage of hydrogen are presented in
figure 3.18b-d.4 The π-band is broadened by the increased hydrogenation,
however, no clear indication of additional band gap opening is observed.
Finally, at saturation coverage the π-band is not detectable by ARPES.
The observation that no detectable bandgap is induced by hydrogenation
is in contrast to the observations on Ir(111) presented above and to ob-
servations on Ni(111) [111], where a significant band gap is induced by
the hydrogenation. However, DFT calculations performed by Gao et al.
demonstrated that a hydrogen coverage above ca. 67% is necessary to
open a significant bandgap if the hydrogen is adsorbed in a disordered
structure [72]. The saturation coverage in our experiments (about 14% as
presented in figure 3.35) is found to be far below that limit.

As a consequence, we conclude that the band gap opening observed
in hydrogenated graphene on Ir(111) is caused by the periodic structure
of the hydrogen and that the obtained hydrogen coverage on graphene on
Pt(100) is insufficient to cause an additional band gap opening.

3.4.3 Templating hydrogen on graphene

In this section we demonstrate, from a combination of STM measurements
and DFT calculations, that a self-assembled monolayer of cyanuric acid
(CyA) can facilitate the formation of linear hydrogen adsorbate structures
on graphite. Despite the fundamental difference between graphite and gra-
phene from an electronic point of view, DFT calculations predict no sig-
nificant difference in the chemical activity of the top layer of graphite and
single layer graphene with hydrogen [23,112]. Hence, the method presented
here for inducing specific hydrogen adsorbate structures on graphite should
also be applicable for graphene independently of the substrate, hence, pro-
viding a generally applicable tool for local and possibly also global band
gap engineering in graphene.

Highly ordered pyrolytic graphite (HOPG) samples were cleaved in air
immediately prior to being inserted into the UHV chamber. In vacuum
the samples were annealed to 1000 K, and the quality of the surfaces was
controlled by STM before each experiment. A self-assembled molecular
monolayer of CyA was formed by thermal sublimation of CyA molecules
from a molecular evaporator held at 355-360 K onto a graphite surface at

4The H/C coverage presented in the figure is obtained from the ARPES results by
calculating the mean free path for the electrons before and after the hydrogenation. A
theoretical estimate of the linear scattering cross section of hydrogen atoms on graphene
of 5 Å was used [110].
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room temperature. In figure 3.19a an STM image of the HOPG surface
after deposition of CyA is depicted. Several regions with different self-
assembled molecular structures are observed. The structure in the region
marked A in figure 3.19a is referred to as the flower structure [113]. A
high resolution STM picture of this structure is shown in figure 3.19b. In
our experiments, the flower structure was observed to be the dominant
structure on the surface, even though it has been reported theoretically
elsewhere that the heptamer structure, visible in region B in figure 3.19a,
is the energetically most stable structure. However, the calculated energy
difference between these two structures is very small (0.11 eV per molecule)
[113] and the coexistence of various CyA structures has been reported
previously [113].

Minor parts of the surface were covered with ordered structures with
larger periodicities (e.g. area C). The molecular structure was not identi-
fied for these areas. When the coverage was below one monolayer, a 2D
liquid-like molecular phase (disordered) with very mobile molecules was
observed in between the ordered structures (area D).

Figure 3.19: STM image of self-assembled CyA structures on a graphite surface. (a) Do-
mains with different self-assembly structures: flower structure (A), heptamer structure
(B), a structure with a bigger periodicity (C) and a 2D liquid-like phase (D) (Imag-
ing conditions: Vt = -1.250 V, It = 0.39 nA). Insert shows the keto-form of the CyA
molecule (black = carbon; blue = nitrogen; red = oxygen; white = hydrogen). (b) High-
resolution STM picture of the flower structure. (Imaging conditions: Vt = 1.250 V,
It = 0.06 nA). Published in [32].

The graphite surface covered by a monolayer of CyA was subsequently
exposed to atomic hydrogen. Atomic hydrogen exposure was performed as
in section 3.4.1 using a hot (1400-2000 K) atom beam source [29,30], and
in all the experiments the D isotope was used. The exposure to hot atomic



3.4. BAND GAP OPENING IN GRAPHENE 55

hydrogen is observed to destroy the ordered layer gradually. However, on
some areas of the surface, hydrogen exposure was observed to result in
the formation of bright linear structures, figure 3.20a. These stripes are
observed only outside the remaining ordered parts of the CyA, which indi-
cates that the molecular monolayer initiates line formation in the process
of being destroyed. The linear hydrogen related structures do not cross
graphite step edges, but they do form kinks with 60 or 120 degrees. We
have found that they are always aligned along one of the 3 directions de-
fined by the nearest C-C direction of the graphite surface. A zoom-in on
a linear structure is depicted in figure 3.20b. The linear structures are ob-
served to induce the well-known (

√
3×
√

3)R30-reconstruction [114] in the
top graphite layer in their vicinity. The fact that the

√
3-reconstruction

is observed indicates that there is a strong binding between the linear
structures and the graphite, i.e. chemisorption.

The numbered white lines in figure 3.20b mark positions at which line-
profiles, shown in figures 3.20c and 3.20d, have been obtained. The width
of the individual linear structures is found to be approximately 4 Å. The
intensity profile along the linear structure, depicted in figure 3.20d, reveals
a modulation with a 4.3 Å periodicity. Linear structures with a maximum
length of 65 Å have been observed.

The observations of the linear hydrogen related structures may have
two possible origins:
a) The linear structures may consist of atomic hydrogen on the clean
graphite surface. Several different arrangements of adsorbed hydrogen
with respect to the graphite lattice were investigated theoretically as seen
in figure 3.21. Of these, the most stable structure is the straight dimer
line in figure 3.21a, displayed together with the corresponding simulated
STM image, and line scans along two directions indicated by blue lines.
This hydrogen configuration has a binding energy of 1.71 eV per hydro-
gen atom, making it a more stable structure than ortho- and para-dimers
previously observed for hydrogen exposed graphite surfaces [23]. As can
be seen in figure 3.21a, the distance between intensity maxima within
the straight lines is 4.26 Å and is thus in good agreement with the mea-
sured value. Moreover, the predicted structure can form only along the
three different nearest neighbour carbon directions, as observed. Also, the
strong binding of the hydrogen related lines to the substrate is explained.
Hence, the predicted hydrogen dimer line structure in figure 3.21a is in
excellent agreement with all experimentally obtained characteristics of the
linear adsorbate structures. The simulated STM images of two other less
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Figure 3.20: (a) STM image of the graphite surface after hydrogen exposure on the
self-assembled monolayer structure of CyA molecules. The bright linear protrusions are
identified as rows of hydrogen dimers. Ordered self-assembled CyA molecules are still
present in the top right corner and the right side of the picture. A step edge is visible
in the upper part of the picture. (b) Section of (a) imaged at high-resolution. The

√
3-

reconstruction of the graphite is clearly seen around the hydrogen stripes. The areas
partly confined by stripes of hydrogen are depicted dark indicating limited or vanishing
conductivity. Two perpendicular line scans, marked 1 and 2, are seen in figure (c) and
(d), respectively. (c) Intensity profile across the two stripes of hydrogen dimers. The
apparent height of the stripes according to the surrounding areas is 1.2 Å, and the width
of the stripes is approximately 4 Å. The distance between the two stripes is 14.8 Å.
(d) Intensity profile along the length of one of the stripes. A periodicity of 4.3 Å is
observed. Imaging conditions [Vt , It]: [-1.25 V, 0.37 nA]. Published in [32].

stable, but still energetically favourable, hydrogen structures are not in
accordance with the experimental results, see figures 3.21b and 3.21c.
b) The second tentative option for the hydrogen related structure is that
the linear structures consist of CyA molecules or hydrogen-induced deriva-
tives of CyA molecules. However, DFT calculations show that the CyA
molecule binds weakly to graphite via van der Waals interactions and hence
cannot give rise to strongly bound structures like those observed. The re-
moval of a single hydrogen atom from the molecule enhances the reactivity,
but still does not result in strong binding of the molecule to the graphite
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Figure 3.21: Simulated STM images of three linear hydrogen structures and the cor-
responding hydrogen binding energies: (a) straight dimer lines, (b) alternating dimer
lines and (c) sideways dimer lines. The hydrogen atoms are represented by small blue
spheres. For straight dimer lines the line-scans along directions 1 and 2 are also depicted.
Published in [32].

substrate. Smaller fragments of the CyA molecule were not investigated.
Hence, based on the experimental STM data and the DFT calcula-

tions, we propose that the observed linear structures are composed of
lines of hydrogen dimers. Such hydrogen arrangements have not previ-
ously been observed on graphite or graphene. Indeed, the only ordered
hydrogen structures on graphene and graphite previously reported are the
periodic nanopatterns on the graphene-Ir(111)-system presented in section
3.4.1. In that work, the formation of ordered adsorbate structures is medi-
ated by the Moiré superlattice, strictly defined by the mismatch between
the substrate and the graphene overlayer, and is thus not readily general-
izable to graphene on other substrates. In contrast, the linear hydrogen
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adsorbate structures observed here are induced by the self-assembled mole-
cular monolayer. This molecular monolayer can be tailored by choosing
an appropriate molecule or mixture of molecules, independent of whether
graphene is free-standing or e.g. on an insulating substrate. From high-
resolution STM images in figure 3.20b it is seen that some areas between
the bright hydrogen related linear protrusions appear dark in the STM
image, indicating a reduction in the surface conductivity. Cernazatonskii
and co-workers showed theoretically that areas of graphene confined be-
tween two hydrogen stripes will exhibit a local bandgap opening and that
the size of the gap depends on the width and edge geometry of the en-
closed area [98], thus resembling the situation with graphene nanoribbons.
The induced linear structures therefore offer the possibility to implement
local engineering of the band structure of graphene. Furthermore, self-
assembled molecular adsorbate systems which result in globally ordered
monolayers might potentially act as templates for global patterning with
nanoscale resolution of e.g. hydrogen structures on graphene on insulating
substrates.

In conclusion, from an interplay of STM and DFT results, we have
shown that a self-assembled monolayer of CyA molecules on graphite can
induce the formation of very stable linear hydrogen adsorbate structures.
This scheme opens up the possibility for forming nanoscale integrated cir-
cuits and thereby molecular electronics on graphene by locally adjusting
the size of the bandgap. Furthermore, the approach presented here could
in principle extend the proven method of bandgap engineering in graphene
on Ir(111) by chemical functionalization to free standing graphene and gra-
phene on substrates, more suitable for production of electronic devices.



3.5. GRAPHENE COATINGS 59

3.5 Graphene Coatings

Coatings, and in particular anti-corrosion coatings, has been an active
research area for decades [115–118]. Metal corrosion on its own is for
example estimated to cost US industries more than 200 billion dollars
annually [119, 120]. Several different coating solutions have been used,
including protective layers made of inert metals [115], conductive poly-
mers [116] and thiol-based monolayers [117]. However, the thiol-based
monolayers are only stable up to ca. 100◦C and cannot be assembled onto
all metals [118]. By applying the relatively thick polymeric coatings, the
physical properties of the coated system might be changed. Due to the
limitations of the different coating materials available today, the coating
community has been searching for new coating material candidates.

Graphene has several exceptional properties, which makes it uniquely
suited as a coating material: excellent mechanical stability, low chemical
reactivity, impermeability to most gasses, transparency, flexibility as well
as very high thermal and electrical conductivity [44]. Moreover, graphene
can be grown directly on a range of metal surfaces and is even able to
cover step edges and small defects in metal surfaces in a carpet like fash-
ion [33,36,121]. As a result, research into graphene as a coating material,
is now rapidly intensifying [120–131]. Investigations are now focusing on
the limitations of graphene coatings caused by defects and domain bound-
aries in the graphene [120,121,124,126,130,131]. Graphene coatings have
been observed to reduce the electrochemical corrosion rate of nickel and
copper [120, 126] and to protect copper and copper/nickel alloys from air
oxidation under ambient conditions [124]. Furthermore, recent results have
demonstrated the extreme impermeability of graphene toward gas [132]
and even superheated water [133]. However, O2 was observed to interca-
late under graphene coatings on Ru(0001) at elevated temperatures [121],
and CO was observed to intercalate under graphene on Pt(111) at room
temperature [130]. Surprisingly, it has been demonstrated that graphene
might promote rather than inhibit wet corrosion on copper when left for
longer periods at ambient conditions [134].

3.5.1 Graphene coatings on Pt(100)

This section contains an STM investigation of the effectiveness of a gra-
phene coating on the reactive, hex-reconstructed Pt(100) surface towards
CO, O2, H2S, H and some combinations hereof at a wide range of partial
pressures. In addition, we tested the limitations of the graphene coating
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on Pt(100) by exposing it to hot atomic hydrogen and investigated the re-
sulting structures with STM measurements, TPD spectroscopy and DFT
calculations. The Pt(100) surface was chosen as substrate, because the
reconstruction of the surface is lifted if the surface reacts with e.g. CO,
O2, H2O or hydrogen atoms [63, 135]. Furthermore, the reconstruction of
the Pt(100) surface is still present under the graphene coating and can be
depicted (through the graphene) by STM [33]. The presence of the recon-
struction can therefore be used as an indicator to determine if the coating
is effective towards various gasses.

Exposure to CO and O2

An STM image of a Pt(100) surface partially coated with graphene is dis-
played in Figure 3.22a. The upper right terrace is the clean reconstructed
Pt(100) surface, whereas the lower left terraces are covered with graphene.
The fact that the graphene sheet is formed continuously over the step
edges [33] results in a nearly perfect coating without any defects, whereas
a few defects are observed at the uncoated terrace. By in situ exposure
of the partially graphene-coated Pt(100) surface, held at room tempera-
ture, to CO while imaging the surface by STM, the real-time development
can be followed. The same area imaged after 3 L of CO and 63 L of CO
is shown in Figure 3.22b and Figure 3.22c, respectively. It is seen that
the reconstructed Pt(100) surface gradually reacts with the CO molecules,
which induces a lifting of the reconstruction, visible by the formation of
bright irregular islands. However, no change is observed on the graphene-
coated Pt(100) terraces, even after exposures as high as 500 L and at gas
pressures as high as 3 · 10-7 mbar. Even at the edge of the graphene sheet,
towards the unprotected area of Pt(100), the coating withstands the ex-
posure of CO and the reconstruction of the Pt(100) surface is undisturbed
under the graphene coating. From these findings we deduce that graphene
is a very efficient coating towards CO at these partial pressures.

Similar experiments were performed by exposing a partially graphene-
coated Pt(100) surface held at room temperature to O2 molecules. The
results are shown in Figure 3.22d to Figure 3.22f. Figure 3.22d shows the
unexposed surface, in which the right terrace is the clean reconstructed
Pt(100) surface and the left terraces are graphene-coated. Figure 3.22e
and Figure 3.22f show the same area after 25 L of O2 and 40 L of O2,
respectively. As for CO exposure, the Pt(100) reconstruction is lifted in
the unprotected areas after exposure to O2 as expected [63], whereas the
graphene coating protects the Pt(100) surface, also after doses up to 500 L
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Figure 3.22: STM image of a Pt(100) surface partially coated by graphene. For all
images, the terrace at the right side is uncoated, whereas the rest is coated by graphene
(indicated by a blue boundary). (a)-(c) The partially coated surface exposed to 0 L,
3 L and 63 L of CO, respectively. (d)-(f) The partially coated surface exposed to 0 L,
25 L and 40 L of O2, respectively. All the images have been differentiated to enhance
the contrast. Imaging conditions [Vt , It]: (a)-(c) [4.6 mV, 0.44 nA]; (d)-(f) [4.3 mV,
0.48 nA]. Published in [34].

of oxygen.
To investigate the coating effect towards CO and O2 at higher partial

pressures, the same type of experiments were performed with pressures
up to 1.7 · 10-4 mbar. The results are presented in Figure 3.23. In Figure
3.23a, an area containing a graphene-coated part on the right hand side and
an unprotected part on the left hand side is depicted before exposure. After
exposure to 800 L and 4.4 · 10-7 mbar CO, the reconstruction is lifted in the
uncoated area, whereas no detectable change is observed for the graphene-
coated area (Figure 3.23b), exactly as presented in Figure 3.22c. However,
after exposure to 2,400 L of CO and 2.2 · 10-6 mbar, the reconstruction
is lifted in the lower left part of the graphene-coated area (Figure 3.23c).
By increasing the pressure even further, the reconstruction is lifted in the
whole area after 7,000 L of CO and 2 · 10-5 mbar (Figure 3.23d). The
inset in Figure 3.23d shows that the basal plane of the graphene is still
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intact in the areas, where the reconstruction has been lifted indicating
that CO has been intercalated. A similar effect has been observed for the
graphene-Pt(111) system [130].

Figure 3.23: STM image of a Pt(100) surface partially coated by graphene. For im-
ages (a)-(d), the terrace at the right side is coated by graphene (indicated by a blue
boundary), whereas the rest is uncoated. (a)-(d) The partially coated surface exposed
to 0 L, 80 L and 4.4 · 10−7 mbar, 2,400 L and 2.2 · 10−6 mbar, and 7,000 L and
2 · 10−5 mbar of CO, respectively. The inset in (d) shows a high resolution depiction
of the area, where the reconstruction has been lifted under the graphene. (e)-(f) The
partially graphene-coated surface exposed to 90 L and 2.6 ·10−7 mbar and 45,000 L and
1.7 · 10−4 mbar of O2, respectively. Imaging conditions [Vt , It]: (a) [52 mV, 0.19 nA] ;
(b) [-3.4 mV, 0.14 nA] ; (c)-(d) [-57 mV, 0.06 nA] ; (d) inset [-4.3 mV, 0.09 nA] ; (e)-(f)
[54 mV, 0.13 nA]. Published in [34].

Figure 3.23e shows a similar area, where the platinum surface is partly
coated by graphene, after exposure to 90 L of O2 and 2.6 · 10-7 mbar. The
result is similar to what was observed in Figure 3.22f, namely the lifting
of the reconstruction in the uncoated areas, whereas the coated area is
undisturbed. The same finding is observed after exposing the surface to
45,000 L of O2 and 1.7 · 10-4 mbar (Figure 3.23f), which demonstrates the
high coating efficiency of graphene towards O2 under these conditions.
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Exposure to H2S

The same type of experiments was performed by exposing a partially
graphene-coated surface to H2S. The results are presented for partial pres-
sures below 3 · 10−7 mbar of H2S in figure 3.24.

Figure 3.24: STM image of a Pt(100) surface partially coated by graphene. For all
images, the right side is coated by graphene (indicated by a blue boundary), whereas
the rest is uncoated. (a)-(f) The partially coated surface exposed to 0 L, 2 L, 4.5 L,
10 L, 80 L and 490 L of H2S, respectively. During the entire experiment, the partial
pressure of H2S was maintained below 3 · 10−7 mbar. Imaging conditions [Vt , It]:
(a)-(f) [3.1 mV, 0.4 nA].

The right terrace is coated with graphene, whilst the left part is the
uncoated Pt(100) surface. By gradually increasing the exposure from 0 L
to a maximum of 490 L H2S, the reconstruction of the uncoated area is
lifted, whereas the graphene-coated area is undisturbed. Previously, the
same behaviour was observed for low partial pressures of CO and O2 (figure
3.22). The exposure of the uncoated area to H2S is observed to result in a
sulphur-platinum (2× 2)-structure as reported previously [136–138]. The
(2×2)-structure is, however, disturbed by the excess platinum atoms from
the lifting of the reconstruction forming islands on top (figure 3.22).

Figure 3.25 displays results for increasing partial pressure of H2S. Fig-
ure 3.25a shows the unexposed surface: in the right side of the picture the
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surface is coated with graphene whereas in the left side of the picture it is
uncoated. It is observed how the uncoated area reacts with the rest gas in
the chamber causing a lifting of the reconstruction in some areas. Figure
3.25b-f show the same area for increasing exposure, ending at an accumu-
lated exposure to 50,000 L and 1.3 · 10−4 mbar (figure 3.25f). As can be
seen from figures 3.25b-f, no change was observed for the graphene-coated
area for partial pressures of O2 up to 10−4 mbar. This same behviour was
observed for exposure to O2 (figure 3.23).

Figure 3.25: STM image of a Pt(100) surface partially coated by graphene. For all
images, the right side is coated by graphene (indicated by a blue boundary), whereas
the rest is uncoated. (a)-(f) The partially coated surface exposed to 0 L, 9 L and
2 · 10−8 mbar, 180 L and 5 · 10−7 mbar, 670 L and 2 · 10−6 mbar, 7,000 L and
1.6 · 10−5 mbar, and 50,000 L and 1.3 · 10−4 mbar of H2S, respectively. Imaging
conditions [Vt , It]: (a)-(f) [1.8 mV, 0.15 nA].

From these results we conclude that CO can intercalate under the
graphene layer at partial pressure above 10-6 mbar, whereas O2 and H2S
are not observed to intercalate.
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Exposure to O2 and H2S

By repeating the H2S exposure experiments from Figure 3.24 and subse-
quently dosing O2, no change was observed in the graphene-coated areas
for the pressure range tested, partial pressure of O2 up to 10-4 mbar was
used.

Finally, the surface was exposed first to O2 and subsequently to H2S.
Figure 3.26a shows the partially graphene covered surface after exposure
to 410 L of O2. The lower left terrace is coated by graphene and thus
left intact by the O2, while the reconstruction is lifted in the remaining
uncoated part of the surface. The oxygen gas was then evacuated from
the chamber, before the surface was exposed to H2S.

Figure 3.26: STM image of a Pt(100) surface partially coated by graphene. For all
images, the bottom part of the picture is coated by graphene, whereas the rest is
uncoated. The surface has been exposed to 410 L of O2, before the exposure to H2S
starts. (a)-(f) The partially coated surface (pre-exposed to 410 L of O2) exposed to 0 L,
6 L, 7 L, 61 L, 1,050 L and 1,050 L of H2S, respectively. (f) shows a high resolution
depiction of the area, where the reconstruction has been lifted under the graphene in
(e). Imaging conditions [Vt , It]: (a)-(f) [-1.5 mV, 0.5 nA].

Figure 3.26b depicts the surface after only 6 L of H2S. Already at
this low exposure the striped reconstruction structure under the graphene
coating is observed to be disturbed. This disturbance of the striped struc-
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ture is caused by the lifting of the reconstruction underneath the graphene
coated area. Figure 3.26c-e illustrate the surface after 7 L, 61 L and
1,050 L of H2S, respectively. Figure 3.26f is a high resolution STM im-
age of the graphene-coated area with the lifted reconstruction underneath
as observed in the lower part of figure 3.26e. The continuous graphene
sheet with atomic resolution of the honeycomb structures is discernible,
demonstrating that the basal plan of the graphene sheet is intact.

From the experimental results it can therefore be concluded that nei-
ther O2 or H2S exposure nor H2S exposure with subsequent O2 exposure
can lift the reconstruction in the graphene-coated areas, whilst O2 ex-
posure with subsequent H2S exposure lifts the reconstruction under the
graphene-coating after only a few Langmuir of H2S.

To obtain an understanding of these experimental results at the atomic
level, a series of DFT calculations were performed. Since the exact atomic
configuration of the edge of the graphene sheet binding to the hex-recon-
structed Pt(100) surface is unknown and probably very complex, the sim-
pler model system of a graphene edge on a Pt(111) surface was chosen.
For the graphene edge the zigzag termination was investigated, since both
experimental [67, 139, 140] and computational [141] studies suggest that
this is the dominant edge termination during CVD growth. It is known
that graphene on Pt(111) exhibits a large number of moiré structures all
characterized by different rotation angles [142]. For reasons of computa-
tional efficiency we have based our calculations on the smallest possible
moiré cell with a 30◦ rotation between the graphene sheet and the Pt(111)
surface.

In figures 3.27a-c we compare the adsorption of oxygen on the plat-
inum surface to the adsorption on the graphene edge. The most stable
geometry of the oxygen atoms is a closed-edge conformation, see figure
3.27b, where the oxygen atoms bridge between carbon atoms in the gra-
phene edge and platinum atoms in the surface. The energy gained in this
structure compared to adsorption on the platinum surface is 0.77 eV /
oxygen atom, whereas the energy cost for breaking the O-Pt bonds and
opening up the edge, see figure 3.27c, is 0.24 eV / oxygen atom. The com-
putational finding of a significant endothermicity of the edge opening by
O would infer a significantly activated process supporting recent experi-
mental studies [121, 143, 144], which reported that elevated temperatures
around 400-600 K are needed to intercalate oxygen on graphene on tran-
sition metal surfaces, as well as the present experimental results where no
oxygen intercalation was observed at room temperature.
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Figure 3.27: Structures (top view and side view) and relative energies for (a-c) 2 x O,
(d-f) S and H, (g-i) S-H and H and (j-l) 2 x O-H binding to the Pt(111) surface, the
graphene edge in a closed conformation and the graphene edge in an open configuration,
respectively. All energies are given relative to the energy of adsorption on the platinum
surface. Platinum atoms are light blue, carbon atoms are grey, oxygen atoms are red,
sulphur atoms are yellow and hydrogen atoms are white.

In figure 3.27(d-f) and figure 3.27g-i we investigate the binding of sul-
phur atoms and mercapto (S-H) groups to the graphene edge. Since sul-
phur atoms are larger than oxygen atoms, it is not possible to accommo-
date one sulphur atom per edge carbon atom like for oxygen atoms. Instead
we consider the alternating binding of hydrogen atoms and sulphur atoms
or mercapto groups. The results demonstrate that the separate adsorption
of sulphur and hydrogen on the Pt(111) surface is between 0.11 eV and
0.82 eV more favourable than adsorption on the graphene edge in closed
or open configurations. Thus, it is unlikely that the dosing of H2S should
affect the graphene edge or lead to any intercalation in good agreement
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with the experimental results.
Finally we consider the experiment where O2 is dosed followed by H2S.

As demonstrated in figure 3.27a-c we expect some oxygen atoms to move
to the graphene edge and insert between the Pt-C bonds, since this is ener-
getically favourable compared to adsorption on the platinum surface. The
subsequent dosing of H2S is known to cause a replacement of the oxygen
atoms on the platinum surface by sulphur atoms, after which oxygen and
hydrogen atoms desorb as water [145]. During the H2S dose we identify
two possibilities for the mechanism by which H2S is able to intercalate
under the graphene sheet: i) the weakening of Pt-O bonds at the gra-
phene edge due to the stronger interaction of sulphur with the platinum
surface leading to edge opening and ii) the attack of hydrogen atoms re-
leased during the dissociative adsorption of H2S on the edge-bound oxygen
atoms accompanied by the formation of hydroxyl groups and Pt-O bond
breaking.

In order to justify mechanism i) we consider in figure 3.28 whether a
0.25 ML layer of (a-b) sulphur atoms and (c-d) oxygen atoms adsorbed
near the graphene edge influences the bonding of the oxygen atoms at the
graphene edge to the platinum surface. In the absence of adsorbed atoms
we previously found an energy cost of 0.24 eV / oxygen atom for opening
up the edge, compare figure 3.27b and c. The presence of adsorbed sulphur
atoms decreases this energy cost to 0.12 eV / oxygen atom, compare figure
3.28a and b, whereas the presence of oxygen atoms only decreases this
energy cost to 0.17 eV / oxygen atom, compare figure 3.28c and d. Thus,
there is a pronounced difference between the influence of adsorbed sulphur
and oxygen atoms near the graphene edge, which might explain why the
dosing of O2 followed by H2S is observed to lead to intercalation whereas
the sole dosing of O2 is not.

The alternative mechanism ii) involves an attack of hydrogen atoms on
the edge-bound oxygen atoms with the subsequent formation of hydroxyl
groups. In figure 3.27(j-l) we consider the binding of hydroxyl groups to
the graphene edge. The lowest energy structure is an open edge configura-
tion, where the oxygen atoms are released from the Pt(111) surface. This
structure is by 1.02 eV per hydroxyl group more stable than the adsorp-
tion of hydroxyl groups on the Pt(111) surface and by 0.78 eV per hydroxyl
group more stable than the closed edge conformation. Thus the formation
of such a structure would explain the subsequent easy intercalation of H2S
observed in the experiment.

In conclusion we demonstrated from our experimental results that O2
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Figure 3.28: Structures (top view and side view) and relative energies for (a-b) 2 x
S and (c-d) 2 x O adsorbed in front of the graphene edge bonded to O in a closed
and open configuration, respectively. All energies are given relative to the closed edge
configuration. The colouring of the atoms is as described in the caption to figure 3.27

and H2S cannot intercalate under graphene on Pt(100) when exposed to
the surface individually, whereas a sequential dose of O2 and H2S was
able to intercalate. However, if the surface was first exposed to H2S and
subsequently to O2 no intercalation was observed. Our DFT calculations
indicate that it is energetically favourable for an oxygen atom to disrupt
the C-Pt bond at the edges of the graphene, however, the edge remains
closed, which explains why oxygen cannot intercalate on its own at room
temperature. Sulphur, on the other hand, is hindered in making this con-
figuration due to its larger size and stronger binding to the Pt(111) surface.
However, in the experiment where the surface is exposed to O2 and sub-
sequently H2S, we speculate that sulphur can weaken the Pt-O bond at
the edge of the graphene, due to its stronger interaction with the platinum
surface, or alternatively that hydrogen atoms released during H2S adsorp-
tion can bind to the oxygen atoms bridging the metal and the graphene
edge to form hydroxyl groups. This mechanism would result in Pt-O bond
breaking, thus explaining the observed intercalation.

Exposure to hot atomic hydorgen

A completely graphene-coated Pt(100), as described in section 3.3.2, was
exposed to atomic hydrogen. In figure 3.29a, the surface is depicted after
having been exposed to 2 s of hydrogen. The bright protrusions observed
after the hydrogen exposure are similar to the protrusions depicted on hy-
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drogenated HOPG [23] and graphene grown on SiC [146] and are therefore
ascribed to dimers of hydrogen atoms. By exposing the graphene surface
to a 5 s hydrogen dose (figure 3.29b), the amount of bright protrusions
increases, however, the protrusions are mainly dimers and small clusters
after 5 s, which is also the case after a 10 s hydrogen dose (figure 3.29c).

Figure 3.29: STM image of hydrogenated graphene on Pt(100). (a)-(f) Graphene ex-
posed to 2 s, 5 s, 10 s, 20 s, 25 s and 60 s, respectively. The small bright protrusions
are clusters of hydrogen atoms adsorbed to the graphene sheet. The extended bright
protrusions are expected to be related to the lifting of the reconstruction. Imaging con-
ditions [Vt , It]: (a) [-0.23 V, 0.27 nA], (b) [-1.44 V, 0.43 nA], (c) [-0.73 V, 0.20 nA], (d)
[-0.97 V, 0.27 nA], (e) [-0.84 V, 0.29 nA] and (f) [-0.53 V, 0.31 nA]. Published in [34].

These experimental results are contrary to the assumption that hydro-
gen cannot bind on the basal plane of graphene on Pt(100) as stated by
Zecho et al. based on TPD experiments without any local probe informa-
tion [65].

Larger protrusions start to appear after ca. 20 s of hydrogen dose
indicated by white arrows in figure 3.29d. After a 25 s hydrogen dose,
the larger protrusions are more wide-spread and it is noticed that they
become elongated (figure 3.29e). The surface after a 45 s dose of hydro-
gen is displayed in 3.29f. At this coverage, only extended protrusions are
depicted.
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A high-resolution image of an area with hydrogen atoms is displayed
in figure 3.30 for low coverage (2 s dose, corresponding to figure 3.29a).
Two lines, one following the centre axis of the hydrogen protrusion and one
following the direction of the rows of hexagons, are drawn on the picture.
The angle between the two lines is 30◦. Two black squares, separated
by the lattice constant, 2.46 Å, are drawn on the protrusion. The exact
structure of the hydrogen protrusion cannot be determined, however, due
to the size of the protrusion it can be identified as a hydrogen dimer. The
orientation of the dimer reveals that it is either a para- or an ortho-dimer,
which is in agreement with the theoretical finding that para- and ortho-
dimers are more stable than monomers and meta-dimers for graphite-like
systems [23].

An estimate of the coverage of hydrogen atoms after 2 seconds of hy-
drogen exposure was made by counting the hydrogen protrusions on a
large scale image. The protrusion identified as a dimer in figure 3.30 was
used for calibration. The coverage, hydrogen atoms per carbon atoms, was
found to be ca. 2% after 2 seconds of hydrogen exposure.

Figure 3.30: STM image of hydrogenated graphene on Pt(100) after 2 s of hydrogen
exposure. The two white lines follow the direction of a typical hydrogen protrusion and
a hexagon-hole direction, respectively. The two black squares are placed on the centre
axis of the protrusion separated by 2.46 Å. Imaging conditions [Vt , It]: [-0.49 V, 0.26
nA]. Published in [34].

Deuterium TPD curves of the hydrogenated graphene surface are dis-
played in figure 3.31, including the curves with dose times corresponding
to the STM pictures in figure 3.29. At low coverage (below 25 s), the peak
temperature is increasing gradually from ca. 480 K to ca. 540 K with
increasing coverage indicating a stabilizing effect for higher coverage. For
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Figure 3.31: Temperature programmed desorption curves for hydrogen (D2) from the
graphene surface. The low temperature peak below 400 K was related to the surround-
ings of the graphene surface. The peak shifting from ca. 480 K to ca. 540 K was
ascribed to desorption of hydrogen from the graphene surface, where the reconstruction
of the platinum surface was not lifted, whereas the high temperature peak was ascribed
to desorption of hydrogen from the regions, where the reconstruction of the platinum
surface was lifted. Temperature ramp 1 K/s. Published in [34].

the 20 s peak a small shoulder is observed above 600 K, whereas for 25 s,
two peaks are clearly observed and the low temperature peak is shifted
up to ca. 570 K, whereas the high temperature peak is observed above
600 K, indicating a clear stabilization. For even higher coverage the high
temperature peak becomes the main peak. For saturation coverage the
main peak is observed about 660 K.

The dimer formation of hydrogen on the surface after 2 s with the
corresponding TPD peak at 480 K is very similar to hydrogen on HOPG
[23]. The TPD peak at 660 K for saturation coverage is more similar to the
desorption temperature for hydrogen on graphene grown on Ir(111) [31].
The stabilization of hydrogen on graphene on Ir(111) is facilitated by the
alternating binding of the graphene sheet to a hydrogen atom above the
graphene sheet and an iridium atom below the graphene sheet.

A similar mechanism is suggested for graphene on Pt(100) for coverage
corresponding to more than 20 s of hydrogen exposure: in this picture
the main shift in the desorption peak temperature is induced when the
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Figure 3.32: The desorption energy distribution calculated from the TPD curves in
figure 3.31. For each of the TPD curves in figure 3.31, the relative population with a
certain desorption energy is plotted.

graphene sheet starts to bind to the reconstructed platinum substrate,
whereby the reconstruction is lifted. This is in excellent agreement with
the observations of extended bright protrusion, which are ascribed to ex-
tra platinum atoms below the graphene surface originating from the lifting
of the reconstruction. By increasing the hydrogen coverage, the lifting of
the reconstruction continues, which further stabilizes the hydrogen struc-
tures resulting in higher desorption temperatures as observed in the TPD
measurements. The hypothesis, that the reconstruction in the platinum
surface is lifted when the bigger protrusions start to appear in the STM
images, is corroborated by LEED measurements presented in figure 3.33.

The LEED images in figure 3.33a-c are obtained with a kinetic energy of
the incoming electrons of 275 eV corresponding to the kinetic energy for the
LEED image presented in figure 3.5a, at which energy mainly the platinum
is probed. The LEED pattern in figure 3.33a is obtained from a graphene
covered surface with a low hydrogen coverage as illustrated in figure 3.33d.
At this hydrogen coverage, the (5× 20) pattern is still observed indicating
the presence of the reconstruction. The LEED image in figure 3.33b is
obtained with an intermediate hydrogen coverage, for which the bigger
protrusions start to appear (figure 3.33e). At this coverage the LEED
pattern is dominated by the (1 × 1) spots with the (5 × 20) being less
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Figure 3.33: (a-c) LEED images taken with a kinetic energy of 275 eV at varying
hydrogen coverages on graphene on Pt(100). (d-f) STM images at similar coverages as
in the LEED images (a-c)

distinct. At saturation coverage of hydrogen (figure 3.33c and f), only
the (1 × 1) pattern is observed in the LEED image confirming that the
reconstruction is lifted.

From the TPD curves, the desorption energy distribution is calculated
as indicated in section 2.2. The distributions are displayed in figure 3.32.
For the low coverage regime, below 25 s, the desorption energy is observed
to increase for increasing coverage. A gradual shift from a peak about
1.38 eV for the 2 s dose to a peak about 1.56 eV for the 20 s dose is
observed. For the high coverage regime, 25 s and above, the main peaks
are within the range 1.8-1.9 eV. The relative population at energies lower
than the main peak is decreasing with increasing coverage, which is in
agreement with the hypothesis stated above: the high (low) desorption
energy peaks correspond to the area with (without) lifted reconstruction
which increases (decreases) for increasing coverage.

The assignment of the dimer and small cluster structures to the low
temperature peak and the extended protrusions to the high temperature
peak is supported by annealing a graphene sample with an intermediate
coverage, figure 3.34a, to 573 K, figure 3.34b. As can be seen from figure
3.34b, mainly the extended protrusions are left after annealing, whereas
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the dimer structures are desorbed. By annealing the sample above 700 K
the clean graphene on the reconstructed platinum surface was reformed as
depicted in figure 3.4. All STM pictures and TPD curves were obtained
from the same graphene sample, i.e. the graphene was annealed between
each experiment and not regrown.

Figure 3.34: Scanning tunneling microscope image of hydrogenated graphene prior to
and after annealing to 573 K. (a) Hydrogenated graphene with a mixture of regions
with and without the reconstruction lifted due to the intermediate coverage. (b) The
hydrogenated graphene surface after annealing to 573 K (1 K/s). Mainly the big pro-
trusions corresponding to the regions with the reconstruction lifted are left. Imaging
conditions [Vt , It]: (a) [-0.58 V, 0.27 nA] and (b) [-0.46 V, 0.25 nA]. Published in [34].

The estimated hydrogen coverage as a function of exposure time is
displayed in figure 3.35. The saturation coverage is observed to be ca.
14% and the lifting of the reconstruction starts to appear at ca. 9%.

The hypothesis that a lifting of the reconstruction becomes favourable
for a hydrogen coverage about 9% is corroborated by DFT calculations
carried out within the generalized gradient approximation (GGA). The
hex-reconstructed Pt(100) surface was described by the commonly used
approximate unit cell consisting of a (1×5) Pt(100) slab with a quasi-
hexagonal layer on top compressed by 4% in one direction, but uncom-
pressed in the other direction [70]. From our findings in section 3.3.2, it is
known that the graphene layer can have different rotations with respect to
the reconstructed Pt(100) surface. For these DFT calculations, however,
only the two most commonly observed rotations with either the graphene
armchair (rotation 1) or the graphene zigzag (rotation 2) direction aligned
with the close-packed direction of the hex-reconstructed layer were taken
into account.

The obtained structure is similar to previously proposed graphane-



76 Chapter 3. Graphene

Figure 3.35: The hydrogen coverage H/C as a function of dose time. The coverage is
obtained from the ratio between the integrated areas of the TPD curves, figure 3.31,
and calibrated to a coverage of 2% after 2 s as estimated previously in this thesis.
(The dominating uncertainty arises from the judgement of the cluster size when the
calibration coverage is found). Published in [34].

like clusters formed on graphene on transition metal substrates [31]; how-
ever, due to the specific rotation of the graphene sheet, a true graphane-
like structure, where every other carbon atom binds to a hydrogen atom
above and every other to a platinum atom below, cannot be realized. In-
stead, the structure is comparable to the proposed boat-like configuration
of graphane [100]. In the side view it is seen how the interaction with the
substrate lifts platinum atoms somewhat out of the hex-reconstructed layer
(red arrows), which is expected to facilitate the lifting of the reconstruc-
tion. The lower right structure in figure 3.36 (Idimer

high ) corresponds to dimers
of adsorbed hydrogen atoms with no substrate interaction (see side view),
which in the STM images was identified as the dominant configuration at
low hydrogen coverage. The experimental uncertainty in determining the
initial configurations, and thereby the uncertainty in the calculated energy
difference when lifting the reconstruction, is illustrated with the filled grey
area in the graph in figure 3.36.
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Figure 3.36: DFT calculated graph of the energy difference per surface area as a function
of the H/C coverage, θ, between the final (F) Pt/graphene/H configurations, where the
reconstruction is lifted and the extra platinum atoms arranged in an island (top left
structures), and the initial (I) configurations on rotation 1, where the Pt(100) surface
reconstruction is preserved underneath the graphene (right structures). Top views and
side views cut through the middle of a cluster. Platinum atoms in (100) [(111)] layers
are coloured light [dark] blue, carbon atoms are grey, and hydrogen atoms are red.
The energy difference, ∆E, is defined as ∆E = E(Fθ)− E(Iiθ) + ∆Eµ), where θ is the
H/C coverage, i refers to either cluster or dimer initial configurations, and ∆Eµ adjusts
for the different number of atoms in the structures to be compared and includes the
chemical potentials of a graphene layer on an unreconstructed and on a reconstructed
Pt(100) surface with no hydrogen attached (see the manuscript for additional theoretical
details [34]). The filled grey area in the graph illustrates the uncertainty in determining
the initial configuration from the STM images in figure 3.29. The two limiting cases
are dimer (blue dots) and cluster (red dots) initial configurations. Published in [34].



78 Chapter 3. Graphene

For the final configurations (after lifting the reconstruction) the extra
platinum atoms were arranged in an island and the hydrogen atoms were
placed on the graphene covering this island (top left structures in figure
3.36). The structures shown were found to be the most energetically stable
from a systematic search, varying both the size and shape of the platinum
islands and the configuration of the hydrogen atoms. An elongated shape
of the platinum islands was found to be most favourable, in good agreement
with the structures observed in STM after lifting the reconstruction (see
figure 3.29e and f). The obtained structures are almost graphane-like with
an alternating bonding of the carbon atoms to hydrogen atoms above and
to platinum atoms in the island below. However, due to the mismatch
between the graphene and platinum lattice constants, it is favourable to
introduce an extra row of hydrogen atoms along the central row of platinum
atoms in the island. Such details in the configuration of the hydrogen
atoms cannot be examined in the STM images in figure 3.29.

In evaluating the energetics of lifting the reconstruction, three different
values of hydrogen coverage were investigated, and, for each, the energy
difference was evaluated with respect to both the dimer and cluster type
of initial configuration. Overall, the results indicate that if the initial
configuration is dimers of adsorbed hydrogen atoms, the reconstruction
lifting is favourable at all values of hydrogen coverage investigated (4-10%)
by between 0.2 and 1.9 eV/nm2, whereas if the initial configuration is large
clusters stabilized by substrate interaction, the lifting of the reconstruction
becomes favourable for a hydrogen coverage around 7%, reaching a value
of 0.2 eV/nm2 at 10% coverage. This is in excellent agreement with the
experimental results.

The results for rotation 2 are given in figure 3.37. For this rotation only
the highest coverage was investigated. The results indicate that if the ini-
tial configuration is dimers of adsorbed hydrogen atoms, the reconstruction
lifting is favourable by 1.3 eV/nm2, whereas if the initial configuration is
large clusters stabilized by substrate interaction, the reconstruction lift-
ing is unfavourable by 0.2 eV/nm2. The main difference from rotation 1
is that when the graphene zigzag direction is aligned with the platinum
close-packed direction, true graphane-like clusters can be formed in the
initial (Icluster) configuration (before lifting the reconstruction). These
clusters are more stable than the large clusters that can be formed on ro-
tation 1, whereby the lifting of the reconstruction becomes unfavourable.
A minor difference from rotation 1 is that for the dimer initial configura-
tion, it can be favourable for the carbon atoms next to a hydrogen dimer to
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bend downward and bond to the underlying platinum atom (see side view).
This depends on the exact position of the carbon atoms with respect to
the hex-reconstructed Pt(100) layer beneath.

Figure 3.37: DFT calculated graph of the energy difference per surface area between
the final (F) Pt/graphene/H configuration, where the reconstruction is lifted (upper left
structure), and the dimer and cluster initial (I) configurations on rotation 2, where the
Pt(100) surface reconstruction is preserved underneath the graphene (two structures
at the right-hand side), for high (9.6%) H/C coverage. Top views and side views cut
through the middle of a cluster. Platinum atoms in (100) [(111)] layers are coloured
light [dark] blue, carbon atoms are grey, and hydrogen atoms are red. See caption to
figure 3.36 for a definition of ∆E. Published in [34].

Overall, the experimental data suggest that the lifting of the recon-
struction occurs over the entire surface, whereas the computational re-
sults suggest that there could be a difference between differently rotated
domains. However, the computational results will be in agreement with
the experimental results if it is assumed that the initial configuration on
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both domains corresponds to dimers or a combination of dimers and larger
clusters, as suggested by the low coverage STM images. The exclusive ar-
rangement of all hydrogen atoms into large graphane-like clusters before
the lifting of the reconstruction seems unrealistic, since such structures re-
quire a registry between the graphene and the hex-reconstructed Pt(100)
surface with carbon atoms directly on top of platinum atoms (see cluster
initial configurations for rotation 1 in figure 3.36 and for rotation 2 in fig-
ure 3.37). After the lifting of the reconstruction, the extra platinum atoms
on the surface have more degrees of freedom to assemble into clusters on
areas of the Pt(100) surface, where the registry with graphene facilitates
the formation of graphane-like structures.

Calculated barriers for H2 desorption also corroborate that the recon-
struction is lifted at high coverage. For the final configuration at high
coverage (Fhigh in figure 3.36), barriers for H2 desorption were calculated
for different sets of hydrogen atoms in the cluster. It was found that the
outer rows of hydrogen atoms desorb with barriers around 1.6 eV, whereas
the hydrogen atoms toward the centre of the cluster desorb with a barrier
around 2.1 eV. From the TPD curves the barriers for H2 desorption at
the highest coverage were found to be within the range 1.8-1.9 eV (see
figure 3.32a). There is a good qualitative agreement between calculations
and experimental results, since the peaks at high coverage in the TPD
spectrum (see figure 3.32a) are observed to have a long tail toward lower
binding energies, which could correspond to looser bound hydrogen at the
edges of the clusters.

Conclusion

In summary, we have shown that graphene can work effectively as a corrosion-
inhibiting coating on metal surfaces against O2 and H2S exposure at partial
pressures as high as 10−4 mbar, whereas the coating effect was observed
to break down for partial pressures of CO above ca. 1 × 10−6 mbar, due
to intercalation of CO.

However, if the surface was first exposed to O2 and subsequently to
H2S, the coating effect was observed to break down after only a few Lang-
muir of H2S, while an exposure to H2S and a subsequent exposure to O2
did not cause a breakdown of the coating effect. A mechanism was sug-
gested for the coating breakdown for the sequential dose of O2 and H2S
with support from DFT calculations.

In the extreme case of 2000 K hot atomic hydrogen exposure, the
graphene coating was observed to react with the hydrogen atoms, and
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at coverage above 8-10%, the hydrogen adsorbates were seen to induce a
lifting of the reconstruction.

While for the CO-induced lifting and the O2 plus H2S-induced lifting
of the reconstruction, the molecules were observed to intercalate under the
graphene and get in direct contact with the metal surface, the hydrogen-
induced lifting of the reconstruction involved no direct contact between
the metal surface and the hydrogen atoms. Rather, DFT calculations sug-
gested a graphene-mediated mechanism, where carbon atoms in the gra-
phene sheet bend downward and bond to the platinum atoms below. Even
after extensive exposure to 2000 K hot atomic hydrogen (i.e. figure 3.29f),
the hex-reconstruction of the metal surface and the graphene coating could
be completely recovered by a simple thermal anneal to above 700 K. This
demonstrates that the basal plane of graphene stays intact even under the
harsh conditions of 2000 K atomic hydrogen exposure and prevents direct
interactions between the substrate and the hydrogen atoms.





Chapter 4

Polycyclic aromatic
hydrocarbons

This chapter will first give a short introduction to the role of polycyclic
aromatic hydrocarbons in the interstellar medium, in particular their po-
tential catalytic role in the formation of molecular hydrogen from atomic
hydrogen. The focus will be on coronene on surfaces, as an introduction
to our results for coronene molecules on Cu(100). The well-defined, self-
assembled structure of coronene on Cu(100) will be used to investigate the
hydrogenation of coronene by STM.

The results presented in this chapter are unpublished at present. I con-
ducted the experiments under the supervision of Liv Hornekær.
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4.1 Introduction

The formation of the most abundant molecule in the universe, H2, is still
not fully understood. H2 cannot be formed efficiently from a gas phase
reaction between two hydrogen atoms, because the release of excess en-
ergy from the formed homonuclear molecule via radiative decay is forbid-
den by selection rules. Furthermore, the density of atoms is too low in
the interstellar medium (ISM) to explain an efficient formation rate via
gas-phase three-body reactions. The formation of molecular hydrogen is
therefore expected to happen by a reaction between two hydrogen atoms
on interstellar dust grains [147, 148]. The reaction has been observed ex-
perimentally for physisorbed hydrogen atoms at surfaces below ca. 20 K
and accordingly verified from theoretical calculations [149–156]. Another
process involving a state with hydrogen atoms chemisorbed to a surface
has been demonstrated for regions with gas temperatures of several hun-
dred kelvin [23, 157–159]. However, a satisfying scheme for the formation
of hydrogen molecules at intermediate temperatures has not been pre-
sented [156].

Polycyclic aromatic hydrocarbon (PAH) molecules are expected to
catalyse the formation of hydrogen molecules as well as bigger molecules
at these intermediate temperatures [9]. This hypothesis is supported by ob-
servations of a correlation between vibrationally excited hydrogen molecules
and PAHs in photodissociation regions [160, 161]. Furthermore, the ob-
served 3.4 µm emission aliphatic band in low UV flux regions can be re-
lated to infrared spectra of superhydrogenated PAHs isolated in an argon-
matrix [162]. The experimental observations indicate that the state of the
PAHs is strongly influenced by the UV flux [163,164]. The work presented
in this thesis will focus on neutral PAHs on surfaces and superhydrogena-
tion of those by interaction with hot atomic hydrogen without the influence
of UV light [165]. Coronene was chosen as the target, PAH molecule for
reasons explained in the following sections.
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4.2 Coronene

The coronene molecule consists of 24 carbon atoms arranged in 7 benzene-
like rings terminated with 12 hydrogen atoms at the edges. A model of
the coronene molecule is seen in figure 4.1. Coronene was chosen for the
experimental investigations mainly because of its physical properties; the
molecule is big enough to ensure stability on the surface making STM in-
vestigations possible also after hydrogenation, and still small enough to
make deposition of the molecule possible by thermal sublimation of a solid
sample of molecules. Furthermore, theoretical calculations for hydrogena-
tion of coronene were available in the literature [166]. However, it has been
found that PAHs with fewer than ca. 50 carbon atoms are expected to
be destroyed by the UV radiation present in the parts of the ISM, where
the PAHs are mainly observed. Coronene is therefore expected to be de-
stroyed within a few years in these regions, wherefore bigger PAHs would
have been more relevant from an astrochemical point of view.

Figure 4.1: A model of the coronene molecule, grey balls represent carbon atoms and
white balls represent hydrogen atoms.

DFT calculations performed on the neutral coronene molecule indicate
that the barrier for addition of a hydrogen atom is relatively small. More-
over, the barrier for subsequent addition (and abstraction by Eley-Rideal
mechanism) of hydrogen is low or vanishing [166] (see figure 4.2). This
suggests that coronene can act as a catalyst for H2 formation. The inter-
action between hydrogen and coronene will be presented in section 4.2.2,
however, prior to that the self-assembly of the coronene molecules on the
copper surface will be introduced.
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Figure 4.2: Reaction pathways for H2 formation on coronene from atomic H (normal
incidence). The total number of H atoms involved in each step is shown on the right
hand side of the figure. Abstraction reactions branch off to the left (dash-dotted lines),
the most favourable sticking reactions form the centre line. The resulting structures
are described via abbreviations: “oe” denotes H atoms attached to outer edge sites,
“e” to edge sites, “c” to centre sites; “t” denotes the top side of the molecule, and “b”
the bottom side. To the right the Hn-coronene structures of the central reaction line
are shown. Dark dots indicate H atoms adsorbed on the front side of the molecule,
while brighter dots indicate H atoms adsorbed on the backside of the molecule. Crosses
indicate that this atom is involved in an abstraction reaction with the next incoming H
atom. Reprinted from [166].

4.2.1 Coronene on Cu(100)

Self-assembly at all scales has been an active research area for several
decades [167]. Here we investigage, with STM, the self-assembly of coronene
on Cu(100). To our knowledge, there has been no previous STM investiga-
tion of this system. A fundamental understanding of coronene on Cu(100)
is interesting in itself, however, our main objective for this investigation is
to obtain a stable system for studies of the interaction between coronene
and hydrogen atoms.

Self-assembly of coronene on different substrates including Cu(100),
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HOPG, MoS2, Ag(111) have been investigated [168–171]. For coronene
on Cu(100) it has been found from LEED experiments that the coronene
molecules at the surface repel each other for submonolayer coverage, whereas
at monolayer coverage a structure that appears to be six-fold symmet-
ric turns out to be slightly asymmetric: b1=10.22 Å and b2=10.30 Å.
The packing is a 2×1 superstructure with molecules along one crystallo-
graphic axis forming a commensurate arrangement with the substrate, and
molecules along the other axis of the copper substrate being commensurate
with the substrate for every second coronene (see figure 4.3) [168].

Figure 4.3: Proposed packing of coronene on Cu(100) from LEED experiments. The
packing is a 2×1 superstructure with b1 = 10.22 Å, b2 = 10.30 Å. Reprinted from [168].

The nearest neighbour distance of coronene on other substrates has
been found to be larger, e.g. for coronene on Ag(111) it is 11.5 Å, which
is very close to the Van der Waals radius for coronene [171]. The dense
packed structure formed on Cu(100), induced by the interaction with the
substrate, may be due to partial interdigitation of the hydrogen atoms
of adjacent molecules [168]. A similar mechanism has been suggested for
benzene on Ni(111) [172].

In the present work, the coronene molecules were thermally sublimated
onto the clean Cu(100) surface. A sublimation temperature of 180◦C was
used, which corresponded to the formation of a monolayer in ca. 30 s. In
figure 4.4, STM images of increasing submonolayer coverage are displayed.
At very low coverage, figure 4.4a, the coronene molecules are observed
to form a row of molecules along the step edges. Furthermore, different
features are observed at the terraces. We assume that these features are
stabilized by defects in the copper substrate. Lackinger et al. observed
standing waves from single coronene molecules on Ag(111) at room temper-
ature [171]. However, here we see different structures (A-E) and at present,
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Figure 4.4: STM images of increasing submonolayer coverage of coronene on Cu(100).
(a) Very low coverage, coronene observed along step edges. Different features on the
terraces are marked A-E, which will be discussed further in the text. (Vt = -1.4 V, It =
0.11 nA). (b) Intermediate coverage, more rows of coronene near step edges and defects.
(Vt = -1.4 V, It = 0.13 nA). (c) Almost monolayer coverage, coronene molecules are
observed to repel and form an open structure. (Vt = -1.2 V, It = 0.14 nA). The surface
was cooled to ca. 110 K in all three cases.

support from theoretical calculations is not available for further interpre-
tation of these structures. At higher coverage, figure 4.4b, more rows of
coronene molecules are depicted near step edges. When the coverage ap-
proaches a monolayer, figure 4.4c, the molecules become detectable with
STM even on the terraces. It is seen that the molecules repel and thereby
form an open structure, which is disordered on a large scale, whereas local
order is observed. The molecules tend to form rows in two perpendicular
directions along the unit vectors of the substrate, which is in agreement
with previous results showing that the molecular self-assembly structure
is strongly influenced by the substrate [168].

At monolayer coverage, we observe a close-packed structure that seems
to have hexagonal symmetry, figure 4.5a. Unfortunately, due to the uncer-
tainty of the STM (ca. 5%), it cannot be determined if it is asymmetric
with ca. 1% as observed by Schuerlein et al. [168]. However, it is found
that one row of molecules tend to be aligned with a crystallographic axis of
the substrate. This configuration gives rise to two possible domains on the
surface rotated by 90◦, equivalent to a 30◦ rotation. A domain boundary
between the two possible domain orientations is observed in figure 4.5b.

In contrast to the agreement about the orientation of the molecular
layer on the substrate with the results of Schuerlein et al., we have not
observed the very densely packed structure with unit cell vectors of 10.2-
10.3 Å. In our experiments the unit cell vectors have been found to be in
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Figure 4.5: STM images of monolayer coverage of coronene on Cu(100). White arrows
indicate the crystallographic axis of the substrate (the apparent change in the substrate
orientation between the two images is due to a rotation of the STM). (a) High reso-
lution of a monolayer with an average nearest neighbour distance of ca. 13 Å. (Vt =
-3.5 V, It = 0.26 nA). (b) Two domains of coronene molecules on one terrace. In both
domains the self-assembly structure of molecules has a row of molecules along one of
the crystallographic axis of the substrate. (Vt = -1.4 V, It = 0.26 nA).

the range 11-13 Å. The densely packed structure might be obtained by
increasing the coverage. Another difference is that in our experiments the
molecules were dosed at room temperature or below, whereas Schuerlein
et al. were dosing at a substrate held at 100◦C. However, for the investi-
gation of the interaction of the coronene with atomic hydrogen, a densely
packed structure with partial interdigitation of the hydrogen on adjacent
molecules is not desired. A thorough investigation of the packing density
as a function of coverage would be interesting, but it is beyond the scope
of this thesis.

In conclusion, we have obtained a procedure to form a stable monolayer
of coronene on Cu(100). For low coverage the molecules were observed to
be stable at step edges and near defect sites, whereas molecular resolution
could not be obtained at the terraces due to the mobility of the molecules.
At intermediate coverage the molecules were observed to have a preference
for forming rows of molecules aligned with the crystallographic axis of the
substrate. At monolayer coverage a hexagonal structure was formed with
one row of molecules along one of the crystallographic axis of the substrate.
Different unit cell sizes were observed, however, the dense packed structure
observed by Schuerlein et al. was never observed.
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4.2.2 Hydrogenation of coronene on Cu(100)

The hydrogenation of PAHs has been a research area for decades as out-
lined in the introduction to this chapter. However, only a relatively small
amount of research has been dedicated to a fundamental understanding
of the interaction between hydrogen atoms and PAH molecules on sur-
faces [173, 174]. Xi et al. have studied the addition of deuterium to ben-
zene [173] and the abstraction of H from cyclohexane [174] by exposing the
molecules to atomic deuterium on a Cu(111) substrate. For both systems
they suggest an Eley-Rideal mechanism based on their TPD experiments.

To our knowledge, no investigation on a single molecule level of PAH
molecules exposed to hydrogen atoms has been carried out, until now only
averaging techniques have been applied. Here we present an STM study
of coronene on Cu(100) exposed to atomic deuterium. The results were
carried out on the well-ordered self-assembly structure of coronene with a
unit cell in the range of 11-13 Å as described in the previous section.

An STM picture of the surface after being exposed to 2100 K hot
atomic hydrogen1 is depicted in figure 4.6a. The surface does not look
significantly different compared to before the hydrogen exposure; however,
it is observed that the image contains more noise. The requirement for
the tip quality was observed to be significantly higher to obtain high res-
olution pictures after hydrogen exposure. Accordingly, the stability of the
tip, while scanning the hydrogen exposed surface, was observed to de-
crease dramatically. Figure 4.6b displays an STM picture of the central
part of the area scanned in figure 4.6a. The submolecular resolution re-
veals asymmetric protrusions on the coronene molecules (examples marked
A-E). These features have never been observed for coronene on Cu(100)
without atomic hydrogen exposure. The bright protrusions are therefore
assigned to hydrogenation of the coronene molecules.
An exact structure for the different hydrogenated coronene molecules can-
not be determined without comparison with simulated STM pictures based
on DFT calculations. Preliminary DFT calculations have been performed,
though convincing agreement is not obtained at present, however, with the
resolution provided by STM, we are optimistic that future DFT studies
will result in an atomic assignment.

In parallel with the performance of these local probe experiments, an-
other subpart of our research group has investigated the hydrogenation of
coronene on HOPG by TPD experiments [175]. The TPD results support

1The surface was exposed to ca. 1013 atoms/(cm2s) for 28 seconds.
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Figure 4.6: STM images of monolayer coverage of coronene on Cu(100) exposed to
deuterium atoms for ca. 3 s. (a) A large area without clear sign of hydrogenation.
(Vt = -1.9 V, It = 0.19 nA). (b) Submolecular resolution of the central part of the area
depicted in figure (a) with clear sign of hydrogenation. Examples of hydrogenation are
marked with A-E. (Vt = -1.9 V, It = 0.21 nA).

our findings that the coronene molecules get superhydrogenated by the
exposing conditions used.

In conclusion, we have obtained submolecular resolution of superhy-
drogenated coronene molecules on Cu(100) by STM. The hydrogenated
coronene were produced by exposing a monolayer of coronene to hot atomic
hydrogen atoms. A tentative analysis of the observed structures indicates
that several different hydrogenation structures were produced.





Chapter 5

Topological insulators

This chapter contains a brief general introduction to topological insulators
followed by a short description of the topological insulator, Bi2Se3. Subse-
quently, our results for Bi2Se3 are presented. This work will only involve
three-dimensional topological insulators [176].

The following chapter is based on unpublished work performed in the Green
chamber and at the Milano chamber in Professor Jose Ignacio Pascual’s
group. I did the STM experiments that were performed at the green cham-
ber, while the STM and STS results from Professor Jose Ignacio Pascual’s
lab were conducted together with Anna Strozecka and Raphael Hellwig.
The second part of the chapter is based on our manuscript Hatch et al.
[177]. I performed the STM experiments to support the ARPES results,
which were obtained by Professor Philip Hofmann’s group.
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5.1 Introduction

A topological insulator is a material with insulating bulk properties but
with conducting surface states. These surface states are topologically pro-
tected, which means that their spin and momentum are correlated. An
idealized band structure for a topological insulator is displayed in figure
5.1: the Fermi level falls within the band gap between the valance band
and the conduction band, as it does for a normal insulator. However,
topologically protected states are present in the band gap.

Figure 5.1: Idealized band structure for a topological insulator. The arrows symbolize
the spin of the electrons.

The fact that the spin is locked to the momentum in the topological
states and that no other states are available within the band gap implies
that backscattering is not possible for electrons in the topological states
without breaking time-reversal symmetry. Time-reversal symmetry and a
strong spin-orbit interaction are expected to be the main reasons for the
existence of the topological states [178]. The strong spin-orbit interac-
tion is present in heavy elements such as mercury, bismuth and antimony.
A simple, illustrative description of topological insulators compared with
normal insulators and the quantum Hall effect is depicted in figure 5.2.

The existence of three-dimensional topological insulators were pre-
dicted independently by three theoretical groups in 2006 [11, 180, 181].
Subsequently, the topological state was predicted for real materials in
2007 [182], which led to the experimental discovery for Bi0.9Sb0.1 by Hsieh
et al. [12]. In 2009 the so-called second generation of topological insula-
tors were realized, for which the topological state is present at room tem-
perature without the presence of magnetic fields [183–185]. The second
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generation of topological insulators, including Bi2Se3 [186–188], Bi2Te3
[184,187,189,190] and Sb2Te3 [187], have a larger band gap and a simpler
band structure including the characteristic Dirac cone [185].

Since the realization of the first three-dimensional topological insula-
tor, the field has attracted enormous interest. The topological state of
matter is expected to have applications ranging from spintronics to quan-
tum computation [176], moreover, topological insulators combined with
superconductors are predicted to be able to host Majorana fermions [176].
Majorana fermions were predicted in 1937 by Ettore Majorana, who proved
the possibility of the existence of fermions that were their own antiparti-
cle [13]. A detailed discussion of these exotic phenomena are present in
the litterature [176].

Two fundamentally different production methods for topological insu-
lators have been developed, viz. bulk crystals grown by heating stoichio-
metric mixtures of the two (or more) elements [184] and crystals grown
as thin films by molecular beam epitaxy (MBE) [191]. In this work the
Bi2Se3 crystals were grown as bulk crystals by Professor Bo Brummerstedt
Iversen’s group.
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Figure 5.2: (a) The insulating state is characterized by an energy gap separating the
occupied and empty electronic states, which is a consequence of the quantization of
the energy of atomic orbitals. (b) In the quantum Hall effect, the circular motion of
electrons in a magnetic field, B, is interrupted by the sample boundary. At the edge,
electrons execute “skipping orbits” as shown, ultimately leading to perfect conduction in
one direction along the edge. (c) The edge of the “quantum spin Hall effect state” or 2D
topological insulator contains left-moving and right-moving modes that have opposite
spin and are related by time-reversal symmetry. This edge can also be viewed as half
of a quantum wire, which would have spin-up and spin-down electrons propagating in
both directions. (d) The surface of a 3D topological insulator supports electronic motion
in any direction along the surface, but the direction of the electron’s motion uniquely
determines its spin direction and vice versa. The 2D energy-momentum relation has a
“Dirac cone” structure similar to that in graphene. Reprinted from [179]
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5.2 Bismuth selenide (Bi2Se3)

Bi2Se3 has a rhombohedral crystal structure as shown in figure 5.3. The
unit cell contains five atoms, viz. two bismuth atoms and three selenium
atoms. Figure 5.3a,c illustrates that Bi2Se3 is a layered structure. The
red squares in the figure emphasises a so-called quintuple layer. The in-
teraction between the five layers within a quintuple is stronger than the
interactions between the quintuple layers. The interaction between the
quintuple layers is predominantly of the van der Waals type [191–193].
The weak interaction between the quintuple layers facilitates cleaving be-
tween two quintuple layers resulting in an atomically flat surface. The
height of a quintuple layer is ca. 9.5 Å [192, 194]. The symmetry within
the individual layers is triangular as illustrated in figure 5.3b with a lattice
constant of ca. 4.1 Å [192,194].

Figure 5.3: (a) Crystal structure of Bi2Se3 with three primitive lattice vectors denoted
as t1, t2 and t3. A quintuple layer with Se1-Bi1-Se2-Bi1’-Se1’ is indicated by the red
square. (b) Top view along the z-direction. The triangle lattice in one quintuple layer
has three different positions, denoted as A, B and C. (c) Side view of the quintuple
layer structure. Along the z-direction, the stacking order of Se and Bi atomic layers
is · · · -C(Se1’)-A(Se1)-B(Bi1)-C(Se2)-A(Bi1’)-B(Se1’)-C(Se1)-· · · . The Se1 (Bi1) layer
can be related to the Se1’ (Bi1’) layer by an inversion operation in which the Se2 atoms
have the role of inversion centres. Reprinted from [185]
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A calculated band structure for Bi2Se3 reprinted from [185] is depicted
in figure 5.4. The bulk energy bands and the surface states are seen in red.

Figure 5.4: Calculated energy and momentum dependence of the LDOS for Bi2Se3 on
the [111] surface. The warmer colours represent higher LDOS. The red regions indicate
bulk energy bands and the blue regions indicate bulk energy gaps. The surface states
can be clearly seen around the Γ point as red lines dispersing in the bulk gap. Reprinted
from [185]

5.2.1 Pristine Bi2Se3(111)

The Bi2Se3 crystals used for the research presented in this thesis were
grown by Jianli Mi under supervision of Professor Bo Brummerstedt Iversen.
Details regarding crystal growth can be found in [195]. The Bi2Se3 sam-
ples were cleaved under UHV conditions prior to each experiment. The
actual cleaving was performed by scotch tape adhered to the crystal before
inserting it into UHV conditions. Immediately after cleaving, the samples
were transferred to the STM or the ARPES manipulator. For ARPES,
the samples were transferred to a precooled manipulator (60 K), to reduce
the development of time-dependent band bending [187, 195]. However,
STM investigations conducted at the Green chamber were performed at
room temperature, because insertion of a room-temperature sample into a
precooled STM would induce disturbing drift, which would make it chal-
lenging to obtain satisfying data directly after insertion. I.e. we estimated
that the time lost due to drift from insertion of a room temperature sam-
ple into a precooled STM would not be counterbalanced by the extra time
gained from slowing down the band bending by cooling the STM. The first
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measurements were typically acquired ca. 10 minutes after cleaving the
sample for both setups. For the STM and STS data obtained at the Milano
chamber, the samples were normally precooled to ca. 80 K in the loadlock,
before the actual cleaving was performed. Immediately after cleaving, the
samples were introduced to the cryogenic STM, which was normally cooled
to ca. 5 K.

Represetative images of the pristine Bi2Se3(111) surface are depicted
in figure 5.5. Figure 5.5a shows a large scale image at relatively high bias
voltage (1.8 V); an atomically flat surface with a few bright protrusions
are visible. For these surfaces, step edges were not observed, in agreement
with preferential cleaving between quintuple layers. [191–193].

Figure 5.5b shows a large scale image at relatively low bias, from which
it is observed that no round bright protrusions are visible, however, tri-
angular protrusions are present. The bigger protrusions in figure 5.5a are
expected to be small particles that have emerged from the bulk. They
are expected to have a significant bandgap due to quantum confinement.
Consequently, they are only depicted at relatively high bias voltages, but
not at low bias voltages. Further details about the triangular defects will
be provided together with figure 5.7.

Figure 5.5c displays an overview image of a sample with step edges.
This phenomenon has only been observed at one specific crystal ones.
The surface had step edges distributed over the surface with less than
micrometre spacing. Since these findings are related to a unique cleave
and/or crystal, they should not be interpreted as a general feature of the
crystals, but only as an inspiring result indicating the possibility of obtain-
ing topological nanoribbons under specific conditions [193]. Step heights
corresponding to one and two quintuple layers have been observed. The
height of the nanoribbon in figure 5.5c corresponds to two quintuple layers.
The fact that the observed step edges corresponds to an integer number of
quintuple layers supports the assumption that the cleaving preferentially
happens between the quintuple layers [191–193].

The close-packed hexagonal atomic structure is revealed in figure 5.5d.
The image is obtained in an area without any defects, except for the rim
of a triangular defect in the upper left corner. The unit vectors for the
hexagonal packing were observed to be in agreement with the expected
4.1 Å [192,194].

An STS spectrum obtained from a defect-free area is presented in figure
5.6 together with ARPES measurements of 2D constant energy contour
maps for different binding energies and the electronic dispersion along
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Figure 5.5: STM imagess of the Bi2Se3 surface. Figures (a), (c) and (d) were obtained
at the Green Chamber, whereas figure (b) is obtained at the Milano Chamber. (a)
Overview image obtained at a relatively high bias voltage (V = 1.8 V, I = 0.18 nA)
showing a flat surface with a few protrusions. (b) Overview image at a lower bias voltage
(V = 70 mV, I = 0.81 nA) displaying triangular features, but not the bigger protrusions
visible in (a). (c) Overview image depicting step edges (V = -13 mV, I = 0.27 nA).
(d) Atomically resolved image revealing the hexagonal structure (V = -3.1 mV, I =
0.19 nA). Figure (b) is adapted from [196].

the symmetry direction Γ − K [195]. The three sets of data have been
aligned with respect to energy. The Dirac point and the onset of the bulk
conduction band are marked in the STS spectrum. The position of the
Dirac point near a binding energy of 300 meV, obtained from ARPES,
is in agreement with the STS spectrum, where the dI/dV curve has its
minimum about -300 meV, corresponding to the lowest LDOS. The onset
of the conduction band is found from ARPES to be about a binding energy
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of 100 meV (the energy, where the intensity inside the upper Dirac cone
appears), whereas the corresponding increase in LDOS is observed about
+50 meV in the STS spectrum. This apparent shift of ca. 150 meV may be
due to tip effects, however, a meticulous study to address this phenomenon
was never performed.

Figure 5.6: dI/dV spectrum on Bi2Se3 together with ARPES measurements (from
[195]), showing 2D constant energy contour maps at different binding energies and the
electronic dispersion along the symmetry direction Γ − K. The Dirac point and the
onset of the bulk conduction band are marked. Adapted from [196]

Figure 5.7 shows high resolution STM images of different triangular de-
fects and a corresponding STS spectrum from one of these defects. Figure
5.7a reveals two types of triangular defects obtained at 3 mV bias voltage:
the two defects in the bottom part of the image appear bright with highest
intensity in the middle; whereas the two defects in the upper part of the
image appear dimmer with highest intensity near the three apexes. The
later type of defect is depicted at -603 mV in figure 5.7b. Three triangular
defects, depicted at cryogenic temperature and 210 mV bias voltage, are
depicted in figure 5.7c. Because of problems with the tip stability (proba-
bly due to the quantum dot-like defects discussed above), only a fraction
of an images was obtained before the tip changed.

Figure 5.7d shows a topographic image of a triangular defect obtained
at -464 mV sample bias. STS spectrum near the apex of the defect (figure
5.7e) shows a clear peak near this voltage, whereas the spectrum obtained
far from any defects shows no sign of a peak about this voltage. The ob-



102 Chapter 5. Topological insulators

Figure 5.7: STM images of triangular defects together with an STS spectrum near
the apex of one of them. Figures (a) and (b) are obtained at the Green Chamber,
whereas figures (c)-(e) are obtained at the Milano Chamber. (a) STM image showing
two different types of triangular defects (V = -3.1 mV, I = 0.19 nA). (b) STM image
obtained at higher bias voltage for a triangular defect (V = -603 mV, I = 0.19 nA). (c)
STM image of three triangular defects obtained at cryogenic temperature (V = 210 mV,
I = 0.07 nA). (d) STM image depicted with a bias voltage corresponding to defect states
located near the apexes (V = - 464 mV, I = 22 pA). (e) STS spectrum near the apex of
a triangular defect together with a spectrum obtained far from any defects. The peak
for the spectrum obtained at the defect are in agreement with figure (d). Figure (c)
and (d) is adapted from [196].

served peak in the STS spectrum obtained near the apex of the triangular
defect is therefore ascribed to defect states located near the apexes. This
assignment is clearly supported by figure 5.7d, where the apexes are very
prominent.

A detailed investigation of these triangular defects is present in the
literature showing that the defects can be assigned to atomic defects, for
example substitutional BiSe impurities five atomic layers below the surface.
[186,193,197,198]. The goal of the experiments presented above, performed
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at the Green chamber, was therefore primarily to confirm that our crystals
showed the same characteristics as the ones in the literature and to get
an overall feeling for the materials, in particular how to perform STM and
STS on them. This experience was the basis for the research presented in
the following section, which was performed on the Coal chamber and the
Milano chamber.

The goal of the cryogenic STM experiments performed at the Milano
chamber was to detect the two-dimensional electron gas that evolves at the
surface after time according to Bianchi et al. [195]. For these experiments,
the sample was kept at room temperature for 2-3 hours after the cleaving
to let the two-dimensional electron gas evolve. However, no convincing
indications of the presence of the two-dimensional electron gas were ob-
served. Topographic images at various bias voltages (e.g. 5.5b and 5.7c,d)
and dI/dV-image were recorded near defects, which could induce standing
waves. Figure 5.8b shows the best dI/dV image that we obtained together
with the topographic image of the same area (Figure 5.8a). No signature of
the two-dimensional electron gas is observed from figure 5.8b, however, a
thorough investigation including dI/dV-images of larger spatial extent and
at different voltages would be necessary for making a definitive conclusion.

Figure 5.8: STM image of triangular defects (a) together with a dI/dV-image of the
same area obtained simultaneous (b). (V = 132 mV, I = 0.047 pA). Adapted from [196]

5.2.2 Stability of the Bi2Se3(111) topological state

In this section we investigated the stability of the topological state in
Bi2Se3 towards additional surface defects induced by a gentle sputtering
process, by STM and ARPES measurements. Previous experiments have
shown that the topological state is undisturbed by a low coverage of surface
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adsorbates [187, 199], however, Butch et al. demonstrated that strong
surface scattering processes do occur [200]. Our results show that the
topological state is non-detectable with ARPES after introduction of a
low density of extra surface defects.

The Bi2Se3 samples were cleaved under UHV conditions prior to each
experiments as described in section 5.2.1, however, in contrast to the ex-
periments performed in section 5.2.1, the STM and ARPES experiments
were first performed after the formation of the two-dimensional electron
gas, to eliminate the effect of the band bending occurring within the first
hours after cleaving [187, 195]. After obtaining the desired data for the
pristine sample, additional defects were induced by 15 seconds of sputter-
ing (0.7keV acceleration voltage, PNe = 3× 10−6mbar). Figure 5.9 shows
ARPES result for (a) a pristine sample and (b) the sample after sputtering.

Figure 5.9: The effect of defect creation on the surface. Differences between (a) a
pristine surface and (b) a sputtered surface. Each panel shows a 3D representation of
the electronic structure obtained by taking data as a function of photon energy. Images
corresponding to the centre of the bulk Brillouin zone are shown separately. Adapted
from [177].

A three-dimensional representation of the electronic structure is dis-
played for both samples to distinguish surface states from bulk states:
surface states do not disperse with respect to kz whereas bulks do dis-
perse [177]. Three surface states are identified: the topological state, an
M-shaped feature at a binding energy of ca. 0.75 eV and a two-dimensional
electron gas. For each sample, a two-dimensional cut is presented corre-
sponding to the centre of the bulk Brillouin zone. The three surface states
can be identified in this two-dimensional cut shown in figure 5.9a. The
two-dimensional electron gas is formed in the quantum well between the
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vacuum and the bulk conduction band, the M-shaped state is identified at
a binding energy of 0.75 eV, whereas the topological state is identified by
its linear dispersion.

After the sputtering, all three surface states are not detectable by
ARPES. The disappearance of the two-dimensional electron gas and the
M-shaped state can be explained by a change in the surface; however,
the topological state was expected to be robust against a small density of
surface defects. One explanation for the disappearance of the topological
state could be a momentum broadening due to reduction of the mean-free
path of the surface electrons ∆k‖ = 1/λeff [177].

STM images of the pristine and sputtered surface is depicted in figure
5.10. The density of defects, depicted as bright protrusions, increases
significantly after the sputter cycle. The average distance between the
defects is estimated to be 425 Å and 85 Å for the pristine and sputtered
sample, respectively.

Figure 5.10: The effect of defect creation on the surface. Differences between (a) a
pristine surface and (b) a sputtered surface. The bright protrusions in the STM images
are the defects of interest. (V = 1.84 V, I = 0.18 nA)

By assuming that every defect acts as a scattering centre, the momen-
tum broadening can be found to be ∆k‖ = 0.002 Å-1 and ∆k‖ = 0.012 Å-1

for the pristine and sputtered sample, respectively. However, this momen-
tum broadening is too small to explain the disappearance of the topological
state in the ARPES results.

Consequently, we conclude that the topological state is strongly per-
turbed by the additional surface defects, which is in agreement with the
findings of Butch et al. [200].





Chapter 6

Summary and Outlook

This chapter provides a summary of the results presented in this thesis
together with an outlook. The summary and outlook is written in such a
way that it can be read independent from the rest of the thesis and can
therefore be viewed as an abstract to the entire thesis.

107



108 Chapter 6. Summary and Outlook

6.1 Graphene

The enormous potential for graphene and the amazing progress made since
the pioneering work published in 2004 [1] were accentuated by the Nobel
prize in physics 2010 awarded to Andre Geim and Konstantin Novoselov for
their “groundbreaking experiments regarding the two-dimensional material
graphene”.

In this thesis, I have presented experimental results for graphene on
Ir(111) and Pt(100). While the growth of graphene on Ir(111) was well-
documented in the literature, the STM investigation of the growth of gra-
phene on the reconstructed Pt(100) presented here is, to the best of our
knowledge, the first of its kind on a reconstructed surface. Therefore, a
detailed description of the Pt(100)-graphene system was presented and
supported by DFT calculations. It was found that a continuous sheet of
graphene can be grown across domain boundaries and step edges. Fur-
thermore, the graphene was observed to reside on top of the reconstructed
Pt(100) surface, even though the exposure to ethylene normally lifts the
reconstruction.

The graphene grown on Ir(111) was the basis for our band gap engi-
neering experiments: we demonstrated that a band gap in graphene on
Ir(111) can be opened by hydrogenation of the graphene. By exposing
the graphene on Ir(111) to hot atomic hydrogen, an ordered pattern of
chemisorbed hydrogen atoms following the Moiré structure of the Ir(111)-
graphene system was observed by STM. From our ARPES results, a band
gap of at least 0.45 eV was identified. The introduction of a band gap
by periodic hydrogenation was confirmed by tight binding calculations.
Furthermore, the periodic adsorption of hydrogen was explained by DFT
calculations to happen because of the interaction between the graphene
sheet and the Ir(111) substrate: in the HCP and FCP regions energeti-
cally favourable graphane like structures can be formed, where the carbon
atoms are alternatingly bound to an iridium atom below or a hydrogen
atom above the graphene sheet, whereas this structure is not possible in
the atop regions. The importance of the periodic structure of the hydro-
gen with respect to the band gap opening in graphene was corroborated
by an ARPES study of hydrogenated graphene on Pt(100). The hydrogen
is observed to adsorb in an disordered structure on graphene on Pt(100)
and consequently no band gap opening was detected upon hydrogenation.

The above mentioned templating of hydrogen on Ir(111) is strongly de-
pendent on the interaction with the substrate. We tested another method,
where a monolayer of self-assembled molecules on an HOPG surface was
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used as a template for the hydrogen exposure. By this approach, we lo-
cally observed straight lines of adsorbed hydrogen atoms on the HOPG
surface. A refinement of this method could provide a tool for local band
gap engineering in graphene, which would be independent of the subjacent
substrate. Future research will hopefully provide a better understanding of
the templating process at an atomic level and thereby facilitate the devel-
opment of templates that will result in any desired hydrogen arrangement.

The graphene grown on Pt(100) was used for our coating experiments,
because the reconstructed Pt(100) surface underneath the graphene sheet
could be used as an indicator for intercalation of some gases, since e.g.
O2, CO and H2S are known to lift the reconstruction. This approach was
used to investigate the coating properties of graphene on Pt(100) by STM.
No intercalation of O2 and H2S for partial pressure as high as 10-4 mbar
was observed, whereas CO was observed to intercalate under the graphene
for partial pressure higher than ca. 1 × 10−6 mbar. Furthermore, it was
found that O2 and H2S did not intercalate when exposed individually,
the same is true when the surface was exposed to H2S and subsequently
to O2. However, intercalation did occur when O2 and subsequently H2S
was dosed. A mechanism for these observations was suggested from DFT
calculations.

The properties of the graphene coating on Pt(100) were also inves-
tigated by exposing the coated surface to 2000 K hot atomic hydrogen.
The graphene coating was observed to react with the hydrogen atoms and
at a hydrogen coverage of 8-10% (H to C ratio), the reconstruction of the
Pt(100) surface was observed to be lifted underneath the graphene coating.
After annealing the hydrogenated surface to above 700 K, the graphene
coating and the reconstruction of the substrate were completely recovered.
This shows that the basal plane of the graphene sheet stays intact under
the harsh conditions of 2000 K atomic hydrogen exposure. DFT calcula-
tions support this observation and demonstrate how the reconstruction is
lifted due to the enhanced interaction between the graphene sheet and the
platinum substrate after the adsorption of hydrogen.

An interesting area for future research is the breakdown of the coating
near defects and edges. While the results in this thesis have contributed
to a better understanding of some edge effects, much is still to be discov-
ered. Future discoveries will hopefully provide an understanding of the
breakdown at the atomic level, which can be used to develop a method for
“sealing” the graphene edges and defects. This may be realized by reacting
the edge of the graphene with molecules or atoms that will make a stronger
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bond to the substrate.
The investigations of graphene as a coating material have until now

mainly focused on the ability of graphene to coat the substrate from vari-
ous gases and liquids, however, investigations of the mechanical properties
of the graphene coating are also needed. For many industrial applications
the coating will not only be exposed to gases and liquids but also to me-
chanical forces; graphene therefore seems like an obvious candidate due
to its mechanical strength. However, the strength of the adhesion to the
substrate might become the limiting factor.

The ability to produce high quality graphene at a large scale is crucial
for the ability to utilize the promising properties of graphene industrially.
Part of this challenge is to find techniques to grow graphene on or trans-
fer high quality graphene to any desired substrate. However, the recent
progress in this field gives hope that future research might reveal suitable
processes.

6.2 Polycyclic aromatic hydrocarbons

Our research in the field of polycyclic aromatic hydrocarbons (PAHs) has
mainly been focussed on understanding the potential catalytic role of PAHs
in the formation of molecular hydrogen in the interstellar medium. We
conducted the experiments with coronene molecules on a Cu(100) surface.
The first part of the research investigated the self-assembly behaviour of
coronene on Cu(100) for submonolayer and monolayer coverage by STM.
A monolayer of coronene on Cu(100) was then exposed to hot atomic
hydrogen. STM pictures with submolecular resolution of the resulting
system revealed several different molecular structures after hydrogenation.
These different structures were assumed to be different hydrogenated states
of coronene; however, an assignment at the atomic level has not been
possible at present.

Future research will hopefully be able to identify the atomic struc-
tures for these superhydrogenated coronene molecules. Comparison of our
STM images to simulated STM images based on density functional theory
calculations might be a way to identify the atomic structures. Another
approach might be to repeat our experiments at a cryogenic STM/AFM
setup, at which higher resolution might be obtained so that the atomic
assignment can be done directly from the experimental results.
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6.3 Topological Insulators

Topological insulators represent a new field of research that has attracted
substantial interest after the first experimental realization of a topological
insulator in 2007 [201]. We present STM characterization of freshly cleaved
Bi2Se3 at room temperature, the time-development of the surface after the
cleave and how a short sputtering affects the surface [177]. The topological
state was not observable by ARPES after the surface had been sputtered.
However, from STM experiments it was found that the average distance
between the induced defects was too large to explain the disappearance by
a momentum broadening. Therefore, it was concluded that the topological
state was strongly perturbed by the induced defects.

Furthermore, we performed STM and STS characterizations of the
samples at 4 K, with the aim of observing the two-dimensional electron
gas observed to develop at the surface after the cleaving of the sample
by ARPES experiments. However, we were not able to obtain results
that unambiguously demonstrated the presence of the two-dimensional
electron gas. Future STM studies will hopefully be able to identify the
two-dimensional electron gas.





Chapter 7

Dansk Resumé

Dette kapitel giver et kort resumé af udvalgte dele af afhandlingen skrevet
på dansk. Formålet er at give en beskrivelse, der kan læses af personer
uden nogen særlig kendskab til de omtalte emner. Det må således også for-
ventes, at nogle beskrivelser er forsimplet væsentligt, idet det udelukkende
tilstræbes at give en simpel, intuitiv forståelse af de omtalte fænomener.

Af hensyn til kapitlets begrænsede udstrækning medtages ikke en be-
skrivelse af alle de forskellige eksperimentelle teknikker, men kun en be-
skrivelse af den mest anvendte teknik i mit Ph.d.-forløb; scanning tunnel
mikroskopi (STM). Derefter gengives de centrale resultater for graphen,
polyaromatiske kulbrinter (PAH’er) og topologiske isolatorer.
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7.1 Scanning tunnel mikroskopi

Scanning tunnel mikroskopet(STM) blev opfundet i starten af 1980’erne.
Det er i stand til at afbilde f.eks. metaloverflader med atomar opløsning.
Dette gøres ved at føre en meget skarp tip meget tæt henover den over-
flade, som ønskes afbildet. I en forsimplet analogi kunne man forestille sig,
at hvis tippen sluttede i netop ét atom, ville den kunne afbilde overfladen
med atomar opløsning på samme måde som en finger, der føres henover en
æggebakke kan “mærke” æggebakkens struktur. I virkeligheden er der ikke
mekanisk kontakt mellem overfladen og den skarpe tip. I stedet benyttes
det faktum, at for meget små afstande kan elektroner “tunnelere” gennem
luften, hvis der pålægges en spændingsforskel mellem overfladen og tip-
pen. Elektronernes evne til at “tunnelere” gennem luften afhænger ekspo-
nentielt af afstanden mellem tippen og overfladen. Denne eksponentielle
afhængighed er med til at give STMet sin høje opløsningsevne. Navnet
“scanning tunnel mikroskopi” kommer netop af denne tunneleringseffekt.
En forsimplet illustration af princippet bag STM er illustreret i figur 7.1.

Figure 7.1: En illustration af princippet bag STM.

En atomar afbildning af en rekonstrueret platin-overflade (Pt(100))
foretaget med STM er vist i figur 7.2. Den angivne længdeskala benytter
enheden nanometer. Der skal en million nanometer til at udgøre en mil-
limeter. Det bemærkes fra billedet, at STMet kan afbilde små runde lyse
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forhøjninger, der er mindre end én nanometer. Disse runde forhøjninger
repræsenterer de enkelte atomer. Derudover ses en stribe-struktur med en
periodicitet på knap to nanometer. Denne struktur kaldes en rekonstruk-
tion, hvilket er grunden til, at overfladen benævnes en “rekonstrueret”
Pt(100) overflade.

Figure 7.2: En rekonstrueret Pt(100) overflade afbildet vha. STM.

Dette STM-billede illustrerer, hvordan STMet er i stand til at opnå
information om en given overflade med atomar præcision, hvilket ellers er
helt umuligt med almindelige lysmikroskoper.

Eftersom STMet netop muliggør en atomar afbildning af ledende over-
flader, har det været et helt centralt værktøj i de eksperimenter, der er
præsenteret i denne afhandling. STMet har blandt andet været brugt til
at se, hvorvidt groningen af graphen på en given overflade er lykkedes og
hvilken kvalitet denne graphen har på atomar skala.

I de følgende afsnit vil nogle udvalgte af de undersøgte systemer blive
introduceret.
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7.2 Graphen

Graphen er et materiale, der består af kulatomer. Det består med andre
ord af de samme slags atomer, som findes i grillkul, blyanter osv. Det
specielle ved graphen er, at det kun består af ét lag kulatomer. Det svarer
således til en blyantsstreg, der kun er ét atom tykt. Teoretikere havde
forudsagt, at et sådant to-dimensionelt materiale var et fantasimateriale,
idet deres beregninger forudsagde, at det ikke ville være stabilt. To forskere
fra Manchester i England lykkedes dog med at fremstille graphen i 2004.
Grunden til, at dette kunne lade sig gøre, er, at graphen ikke er helt
to-dimensionel. Det “buler” nemlig lidt ind i den tredje dimension, som
illustreret i figur 7.3. I denne figur repræsenterer hvert af hjørnerne i
sekskanterne et kulatom.

Figure 7.3: En model af et stykke graphen.

Den første fremstilling af graphene i 2004, som blev udført af Andre
Geim og Konstantin Novoselov, blev udført med et almindeligt stykke tape.
De to forskere tog et stykke grafit (svarende til en høj kvalitet af det, som
er i almindelige blyanter) og påklistrede et stykke almindeligt tape. Noget
af grafitten satte sig fast på tapen og ved at gentage denne handling på
den del grafit, der sad på tapen, lykkedes det dem at ende med et stykke
grafit, der kun bestod af et lag kulatomer. Dette simple eksperiment var
det grundlæggende gennembrud, som banede vejen for en række eksperi-
menter, der medførte, at Geim og Novoselov modtog nobelprisen i fysik i
2010.

Grunden til, at Geim og Novoselov fik nobelprisen for deres forskning
inden for graphen, er, at graphene på mange måder er et helt enestående
materiale. Bl.a. kan nævnes:

• Det er kun ét lag atomer tykt.

• Det er det materiale, der kendes, som har den højeste elektriske
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ledningsevne ved stuetemperatur.

• Det er ca. 200 gange så stærkt som stål.

• Det er fleksibelt og kan således deformeres op til 20% uden at gå i
stykker.

• Det har en meget høj varmeledningsevne.

• Det er stabilt i forhold til de fleste kemiske stoffer.

• Det er næsten helt transparent (absorberer ca. 2% af lyset).

Kombinationen af disse fantastiske egenskaber har medført forudsigel-
ser om, at graphen bl.a. vil revolutionere produktionen af elektriske kred-
sløb, hvor det forventes at kunne supplere silicium med hurtigere, mindre
og bedre komponenter til følge. Ligeledes er graphen også udset til at få
en central rolle i produktionen af “touch screens” pga. de gode elektriske
egenskaber kombineret med det faktum, at det er næsten helt transpar-
ent. Samsung har allerede demonstreret, hvordan graphen kan benyttes
til dette formål.

Det faktum, at graphen er stabilt i forhold til de fleste kemiske stoffer,
fleksibelt, mekanisk stærkt, næsten helt transparent samt enormt tyndt,
har medført en interesse i forhold til at benytte graphen som en over-
flade “coating”. En sådan kunne f.eks. anvendes til at beskytte mod rust-
dannelse på metaloverflader.

I denne afhandling har vi blandt andet undersøgt, hvordan graphen kan
fremstilles direkte på metaloverflader ved at varme disse metaloverflader
op til 700-1200◦C i en kulstofholdig gas. Endvidere har vi demonstreret,
hvordan man kan ændre på graphens elektroniske egenskaber ved at sætte
hydrogenatomer på graphen i et velordnet mønster. Endelig har vi testet,
i hvor høj grad graphen kan fungere som coating materiale på en plati-
noverflade i forhold til O2, H2S, CO, H2 og kombinationer af nogle af
disse. Figur 7.4 viser en billedserie af en platinoverflade, som er delvist
dækket med graphen. Området markeret med blåt i figur 7.4a er dækket
med graphen, mens resten ikke er dækket. Figur 7.4b-f viser det samme
område, efterhånden som overfladen udsættes for svovlbrinte.

Som det ses af billedserien, reagerer den ubeskyttede overflade med
svovlbrinten, mens den graphen-coatede overflade ikke påvirkes af svovl-
brinten. Mens graphen-coatingen var god i forhold til de fleste gasser
(som illustreret for H2S i figur 7.4), var CO i stand til at trænge ind under
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Figure 7.4: STM billeder af en Pt(100) overflade, der er delvist dækket med graphene
(angivet med den blå linje). (a)-(f) Den delvist coatede overflade efter at den har været
udsat for stigende mængder svovlbrinte (0 L, 2 L, 4.5 L, 10 L, 80 L and 490 L H2S).

graphenen. Ligeledes kunne gas trænge ind under graphene, når graphen-
coatingen først blev udsat for O2 og derefter for H2S, mens hverken O2
eller H2S kunne trænge ind under graphenen alene.

Fremtidige eksperimenter vil forhåbentlig medvirke til udviklingen af
en teknik til at forsegle kanterne på graphen-coatingen, således at gasser
ikke kan trænge ind under graphenen og dermed reagere med metalover-
fladen. For at komme en sådan løsning et skridt nærmere, har vi vha.
atomare beregninger forsøgt at afklare, hvordan denne indtrængning foregår
på atomart niveau.
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7.3 Polyaromatiske kulbrinter

Polyaromatiske kulbrinter (PAHer) er navnet på en gruppe af to-dimensio-
nelle molekyler, der består af kulatomer med hydrogenatomer på kanten
som illustreret i figur 7.5. Disse molekyler dannes bl.a. ved ufuldstændige
forbrændinger, f.eks. kan de dannes i stor stil, når der grilles ved for
høj varme og for lidt opsyn. Fokus for vores forskning med PAHerne
har dog ikke været grill-tilberedning, men derimod dannelse af molekylært
hydrogen i det interstellare medium.1

Figure 7.5: En model af et coronene-molekyle. De grå kugler repræsenterer kulatomer
mens de hvide repræsenterer hydrogenatomer.

Hydrogenmolekylet består af to hydrogen atomer og er det mest fore-
komne molekyle i universet. Det har dog været et stort mysterium, hvor-
dan så mange hydrogenmolekyler er blevet dannet. Problematikken op-
står, fordi to hydrogenatomer ikke bare kan støde sammen og danne et
hydrogenmolekyle. Pga. energi og impulsbevarelse vil to hydrogenatomer,
der støder sammen, blive frastødt igen som to billardkugler. For at de
to hydrogenatomer kan forblive sammen og dermed danne et molekyle,
kræver det, at et tredje objekt er involveret til at tage noget af den over-
skydende energi. Dette kunne f.eks. være et tredje hydrogenatom, men
sandsynligheden for, at tre hydrogenatomer mødes samtidigt, er for lille til
at forklare den store produktion af hydrogenmolekyler, som foregår. Der er
derfor enighed om, at såkaldte støvkorn virker katalyserende på dannelsen

1Dvs. langt ude i verdensrummet - imellem de enkelte “solsystemer”.
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af hydrogenmolekylerne. Dette sker ved, at hydrogenatomerne mødes på
et støvkorn, hvorved støvkornet kan absorbere den overskydende energi.

PAHer forventes at udgøre en del af disse støvkorn i rollen som ka-
talysator for hydrogendannelsen. Vores undersøgelser i laboratoriet har
derfor haft til hensigt at afdække, hvorvidt hydrogenatomer kunne binde
sig til sådanne PAHer. Vi har konkret gjort dette for PAHen coronene,
som der er vist en model af i figur 7.5. Vi demonstrerede vha. STM, at
hydrogenatomerne kan binde til coronene-molekylerne, som det kan ses i
figur 7.6. Teoretiske beregninger og andre typer eksperimenter har vist,
hvordan dette netop kan indgå som et fundamentalt skridt i dannelsen af
hydrogenmolekyler katalyseret af coronene-molekylerne.

Figure 7.6: Figur (a) viser den velordnede struktur af coronene-molekyler på over-
fladen (hver lys cirkel er et molekyle), mens figur (b) viser et tilsvarende område efter
at overfladen er blevet bombarderet med hydrogenatomer. De ekstra lyse pletter på
coronene-molekylerne forventes at være brintatomer.

Vores forskning har således bidraget til en bedre forståelse af, hvordan
hydrogenmolekyler kan dannes ude i verdensrummet.
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7.4 Topologiske isolatorer

Topologiske isolatorer er en ny type materialer, der blev fremstillet for
første gang i 2007. Materialerne kendes således ikke fra dagligdagen, men
findes på nuværende tidspunkt hovedsageligt i forskningsmiljøet. Materi-
alerne er specielle, fordi de inden i materialet er elektrisk isolerende, mens
deres overflader kan lede strøm. Det, der gør topologiske isolatorer unikke,
er, at der for de ledende elektroner på overfladen gælder en sammenhæng
mellem deres impuls og spin. I en simpel analogi kan elektronernes spin
betragtes som en farve på elektronen, mens impulsen angiver hvilken vej
den bevæger sig. Hvis halvdelen af elektronerne var røde og den anden
halvdel blå, så kunne de blå kun bevæge sig til højre, mens de røde kun
kunne bevæge sig til venstre. Dette får afgørende konsekvenser for elek-
tronernes opførsel. F.eks. kan en rød elektron, som rammer en forhindring
på sin vej mod venstre, ikke ryge tilbage, idet den så ville bevæge sig den
samme vej som de blå elektroner. I stedet vil den røde elektron fortsætte i
den oprindelige retning mod venstre på trods af forhindringen. Man taler
derfor om en “topologisk beskyttelse”.

Fordi topologiske isolatorer først blev fremstillet i 2007, har vores
forskning været fokuseret på at opnå en grundlæggende forståelse af ma-
terialerne. Vi har arbejdet med den topologiske isolator Bi2Se3, hvor vi
benyttede STMet til at afbilde overfladen, og dermed til at give os en ind-
sigt i overfladens struktur og defekter deri. Et par af billederne fremgår af
figur 7.7.

Figure 7.7: STM billeder af overfladen af den topologiske isolator Bi2Se3, som viser den
atomare struktur samt nogle trekantede defekter.
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Billederne viser den atomare struktur af overfladen. Det kan således
fra billederne afgøres, at overfladen har en hexagonal struktur. Endvidere
afslører STM billederne, at der forekommer forskellige trekantede defekter
i overfladen. Især evnen til at afsløre tilstedeværelsen af og strukturen af
sådanne lokale defekter på nanometer-skalaen er en af STMets helt store
styrker i forhold til andre måleteknikker.

Efter at have opnået en god indsigt i overfladens struktur, forsøgte
vi at modificere materialet for at undersøge, hvor kraftig den såkaldte
“topologiske beskyttelse” er i forhold til ekstra defekter i overfladen. Vi
bombarderede derfor overfladen med neon-ioner, hvilket resulterede i flere
defekter i overfladen. Mængden af defekter i overfladen kunne kontrolleres
ved at ændre på den tid, som overfladen blev udsat for bombardementet
i.

Figure 7.8: STM billeder af overfladen af den topologiske isolator Bi2Se3 hhv. før og
efter bombardement med neon-ioner.

Figur 7.8a viser overfladen før bombardementet, mens figur 7.8b viser
overfladen efter bombardementet. Billederne viser tydeligt, hvordan der
er blevet væsentligt flere defekter (afbildet som lyse forhøjninger). Ud fra
billederne kan den gennemsnitlige afstand mellem defekterne også bestem-
mes, hvilket er relevant i forhold til de elektroniske egenskaber.

En af vores samarbejdspartnere udførte elektroniske målinger på ma-
terialet, før og efter de ekstra defekter var blevet introduceret. I den
forbindelse observeredes, hvordan den såkaldte “topologiske beskyttelse”
var blevet ødelagt af bombardementerne. Ud fra de afstande mellem de-
fekterne, som blev observeret med STM, kunne en forståelse af defekternes
indvirkning på den “topologiske beskyttelse” dermed klarlægges.
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