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CHAPTER
ONE
INTRODUCTION TO GRAPHENE

1.1

Introduction

Carbon is one of the most abundant elements on the earth. It is unique in many ways; besides
being a crucial element for life, as the human body is for a large extent made up from carbon, it is also used in many new fields of nanotechnology. [1–9] The whole scientific organic
chemistry world entails carbon-based compounds. Pure carbon compounds are found in a variety of allotropic forms in nature, which have extensive options for potential applications and
therefore, carbon allotropes are intensively studied in the field of physics as well. The most
famous examples are diamond, fullerenes, carbon nanotubes, graphite and graphene (Figure
1.1). Graphene is a monolayer sheet of carbon atoms arranged in a hexagonal shape, which is,
intrinsically, a two-dimensional thin layer with one atomic size thickness. Since 2004 when
K. S. Novoselov et al. [2] reported the creation of stable monolayer graphene films on top of an
oxidized Si wafer under ambient conditions, it was assumed that graphene cannot exist by itself. This discovery received great attention from many researchers due to unique extraordinary
properties of graphene in thermal, mechanical and electrical properties. Later, in 2010, the Nobel Prize in physics was awarded to Andre K. Geim and Konstantin S. Novoselov [10] for their
work on the producing and characterizing graphene. Owing to the remarkable characteristics
of graphene, scientists have investigated graphene-based nanofabrication in approach to a variety of applications from electronics to energy storage. [3–9] One of the most interesting features
of graphene, which makes it unique among other traditional materials like 2D semiconductors,
is the zero gap property, while traditional semiconductors have a finite bandgap. In graphene,
conduction and valence bands are in contact at the Dirac point which overlaps with the Fermi
level. The Fermi level in traditional semiconductors often lies within the bandgap and, consequently, charge motion studies in semiconductors need different doping materials. In addition,
the energy dispersion relation is linear in graphene, which is the origin of many of the unique
physical and electronic properties of graphene. Due to this peculiar configuration of the energy
1

Chapter 1. Introduction to Graphene

(a)

(b)

(c)

(d)

(e)

Figure 1.1: Carbon allotropes: (a) diamond, (b) fullerene, (c) carbon nanotube, (d) graphite, and (e)
graphene.

bands, charge carriers behave as “massless particles”. Also, electrons cannot be backscattered
which leads to a high conductivity and mobility. Unlike in conventional semiconductors, electrons in graphene reflect the behaviour analogous to Klein tunnelling. [11–13] Moreover, it is
found that graphene has a finite minimum conductivity, [14,15] which is an important issue in
field-effect transistors as it gives rise to relatively low on/off ratios. Additionally, graphene is
a much thinner 2D material in comparison to a traditional 2D electron gas (2DEG), meaning
that conducting electrons are much more restricted in movements along the z direction. These
findings have led to search for utilizing graphene in many applications. Below some of the
interesting applications are mentioned.

1.2

Graphene Applications

Graphene is considered as an important material in many mechanical and electrical devices.
In optoelectronic devices, like organic light-emitting diodes and displays, flexible electronic
components are more versatile. In commercial optoelectronic devices, indium tin oxide (ITO)
is used as electrode because of its relatively good conductivity and optical transparency, but
it is not flexible. In this regards graphene is a promising candidate as it is flexible as well as
transparent. Indeed, the transparency of graphene is superior to that of ITO and graphene has
high carrier mobility (>103 cm2 V-1 s-1 ) and high carrier density even though it is even cheaper.
Currently, graphene, as an electrode, has been demonstrated in touch-screen sensors, [3] organic
light-emitting diodes [4] and organic photovoltaic devices [5] (Figure 1.2). Moreover, graphene
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the surface and at the edges, so the function rates varies by the coverage of the surface. By
adding this to the excellent electrical conductivity of graphene, a very high capacitance of
550 F g-1 is predicted theoretically. [7] Presently, the experimental reported values (200-300 F
g-1 ) [17] are less than the theoretical ones, but higher than the current capacitors of activated
carbon materials which have a capacitance of about 100 F g-1 . [7] Using graphene as an anode
and cathode in Li-ion batteries needs more investigations as it has a lower capacity compared
to commercial graphitic material batteries. On the other hand graphene in transistors sounds
great as the speed of transistor becomes twice to that of a comparable silicon transistor. [18] To
that aim, graphene, technically, has to become a semiconductor. One way to induce a gap in
the electronic band structure of graphene is chemical functionalization such as hydrogenation.
Graphene is also desirable for high frequency transistors because of the higher speed of electron movement in graphene than that in silicon. In this regard, the development in lithography
techniques is crucial to fabricate graphene based integrated circuits.
Although graphene has been studied vastly for many years, because of its high potential for
application, there are still exciting properties to be investigated. The aim of this thesis is to
study a new prospective in graphene which is the magnetic behaviour. Creating magnetic
moments in graphene makes it as an exciting material for spintronic applications. Following is
an introduction to the graphene-based spintronics.

1.2.1

Graphene Spintronics

Spintronics, as is clear by the name, deals with the spin of electrons in addition to their charge,
with the aim of utilizing the electron spin degree of freedom in data storage and transfer. In
this way, spintronics would offer a new generation of data storage which is much faster with
higher capacity at lower power. Finding materials with high spin relaxation time and spin relaxation length, providing a spin transport channel, could be a great technological advancement
in spintronic devices. [19,20] Graphene has many properties appropriate to spintronics requirements; besides the high carrier mobility [21,22] it also reveals a long spin coherence time and
length. [23–28] Results of experimental spintronics studies on graphene indicate the advantages
of spin-dependent properties of it to the metals and semiconductors which are summarised
in Ref. [20] . In graphene spintronic devices, spin injection and extraction from graphene, and
also diffusion of the spin current, determine the efficiency of the device. Therefore, technical challenges are to improve tunnel barriers, for instance in spin injection and in integration
of ferromagnets, and also to increase the spin diffusion length and amplifications. [30–32] Efforts on spin transport in suspended graphene [33,34] or graphene on a hexagonal boron nitride
(hBN) [27,31] reveal a significant increase of the spin lifetime (exceeding 3 ns) and length (exceeding 10 µm at room temperature) in comparison to those of graphene on SiO2 . Investigation
on this field is progressive; for instance introducing exchange fields and spin-orbit coupling in
graphene creates new physical properties like new topological quantum spin Hall effect and
the quantum anomalous Hall effect. [35–40] One of the major challenges in graphene spintronics
is creating a magnetic moment in graphene. Local magnetic moments in graphene could be
created by local defects like vacancies or adatoms on the surface. Hydrogen and fluorine are
the two lightest atoms studied as adatoms for graphene functionalization. Hydrogenation is
4
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the mechanism which is used in this thesis to induce magnetism in graphene. This changes the
electronic band structure of graphene and creates exchange split localized states close to the
Fermi level. There is experimental evidence of ferromagnetism in hydrogenated graphene at
room temperature, [41,42] so ferromagnetic graphene would be expected to have a high Curietemperature. There are also several theoretical studies on functionalized graphene to understand the underlying mechanism of magnetization. The goal of this research is to investigate
and understand the magnetic mechanism in hydrogenated graphene together with experimental evidence. Here, hydrogenation carried out using a thermal H-gas cracker inside an ultra
high vacuum system. The working principle is passing molecular hydrogen gas through a
hot capillary tube made of tungsten to form atomic hydrogen. However, our results show the
signature of tungsten on the graphene surface. The unexpected tungsten element as a heavy
transition metal affects the magnetic behaviour significantly. Also, it is shown that the silicon
carbide (SiC) substrate plays crucial role in posing the ferromagnetic behaviour. [43] Therefore,
epitaxial graphene (EG) grown on SiC substrate is studied in this thesis.

1.3

Graphene on SiC Substrate

There are different techniques to produce graphene. A very primary and simple way is to
exfoliate single crystal graphite using scotch tape and transfer it onto an arbitrary substrate.
Substrates such as a SiO2 /Si wafer or, a very smoother one, SiO2 /Si wafer coated by hexagonal
boron-nitride (h-BN) [43,44] are used for this purpose. Despite the simplicity of the production
manner, it is not possible to control the quality such as number of the layers and the size at the
large scales. One way of producing graphene on larger scale is the chemical vapour deposition
(CVD) growth technique on a metal substrate, [45,46] which is used for industrial applications. In
this technique, after the growth of graphene it has to be decoupled from the metal substrate and
transferred to an appropriate substrate. So, a defect free monolayer of graphene is not likely.
Another low cost technique is reduction of graphene oxides (GO). [47] While this method seems
suitable for printed electronics and chemical applications, defects and remaining functional
groups are unavoidable. A promising graphene growth technique, which does not need the
transfer to a substrate and directly can grow graphene on a semi-insulating SiC wafer, is the
epitaxial growth which performed by the thermal decomposition of silicon carbide. In this way
there is a desired control on the quality of the graphene layer; the number of layers is under
control and the growth quality is very homogeneous. SiC wafers have two faces; one is C and
the other one is Si terminated. While graphene grown on the C face shows a higher mobility
than on the Si face, growing graphene on Si face has significant advantages. The graphene
thickness can be easily controlled by optimizing the growth temperature at which graphene is
grown on the Si face. Graphene on the Si side of SiC has been used in a field-effect transistor
with Ti/Au electrodes and Al2 O3 gate insulator where in high magnetic fields the quantum
Hall effect is revealed. [48] Also, graphene on the Si-face of SiC is utilized in fabrication of a
high-frequency transistor with 300 GHz cut off frequency. [49]
Epitaxial graphene on SiC is affected by the substrate, due to spontaneous polarization of
SiC and band-bending it is n-doped. [50] The mobility reaches the highest value at the Dirac
5
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point which is below the Fermi level in epitaxial graphene. Therefore, efforts were made on
hydrogen intercalation to decouple graphene from substrate and to increase the mobility. [51]
Surprisingly, ferromagnetic behaviour in hydrogenated graphene is shown only for epitaxial
graphene grown on SiC and not for the intercalated one. [42]

1.4

Outline of the Thesis

This thesis focuses on the magnetic response of epitaxial graphene when it is exposed to hydrogen atoms. The sample preparation and experimental techniques with the working principles
used to characterize the sample are explained in Chapter 2. While extensive research on magnetic behaviour of carbon based materials has increased the knowledge in this regards, there
are still open questions in fully understanding of ferromagnetic graphene. For instance, while
hydrogenated epitaxial graphene on SiC shows ferromagnetic behaviour, the hydrogenated
quasi-free standing one does not behave as a ferromagnet. The effect of the substrate is studied
in Chapter 3; the ferromagnetic behaviour of epitaxial graphene is attributed to the formation
of curved regions of carbon sites with Si-dangling bonds underneath. These are favourable
sites for hydrogen adsorbents on one sublattice and fulfils the Lieb precondition for ferromagnetism. Density functional theory (DFT) calculations of hydrogenated epitaxial graphene,
using the Siesta code, show localized electron states, behaving as pseudo-Landau levels which
are also near the K-point of bandwidth in the photoemission spectrum. The n = 0 pseudoLandau level forms a spin polarized narrow state at the Fermi energy which results in a high
Curie temperature.
In Chapter 4, the hydrogenation treatment is investigated. Prepared samples with different
hydrogen treatments are presented and characterized by atomic force microscopy (AFM) and
X-ray photoelectron spectroscopy (XPS). The surface morphologies exhibit fractal structures
after hydrogenation. The fractal structures are attributed to clusters of tungsten oxide (WO3 )
based on XPS measurements. It is discussed that a charge phase separation is likely to take
place due to the creation of localized states close to the Fermi level during hydrogen/tungsten
absorption. Metallic tungsten lines are present 5 eV lower than the expected energy in the XPS
spectra due to graphene plasmon screening. Snowflake like structures appear to adjust between
Coulomb repulsion of charges and the kinetic energy.
Chapter 5 presents the magnetic measurements of hydrogenated/tungstenated epitaxial
graphene exhibiting fractal structures. Samples show superparamagnetism of which the magnitude is varied with the size of fractal structures on the surface. The fractal shaped regions do
not contribute to magnetism, so the magnetic behaviour comes from the parts in between the
fractal shapes containing small clusters of H/W-C. The magnitude of magnetism is reinforced
by trapped tungsten atoms in between the graphene layers. It is demonstrated that increasing
the dose of hydrogenation leads to an enhancement of the coercivity of the sample.
Raman spectroscopy is one the common powerful techniques in characterization of the quality of the graphene sheet. This issue is investigated in Chapter 6. Due to the influence of
the SiC substrate on the electronic structure of epitaxial graphene and the creation of an interface layer between substrate and graphene, Raman characterization of epitaxial graphene
6
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is still challenging. Therefore, the Raman spectra of pristine/hydrogenated epitaxial graphene
are compared with pristine/hydrogenated quasi-free standing monolayer graphene. Thereafter,
defects resulted from the hydrogenation were studied by measuring the evolution of the defect
peak in Raman spectra of different hydrogen/tungsten treated epitaxial samples. It is shown
that the defect peak is not recognizable even in the sample with decent amounts of fractal
structures unless the sample surface is fully occupied by the fractals. Therefore, the defect
peak is assigned to the graphene parts restricted between the fractal structures, where the finite
crystalline size of restricted regions activates the defect phonon mode in Raman spectrum. Raman measurements indicate that the fractal parts are considerably structural disordered regions
which do not contribute to the Raman spectrum.
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CHAPTER
TWO
BASICS, SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

Abstract
This chapter provides an overview of the basic issues for introducing the properties of
graphene and epitaxial graphene. For epitaxial graphene, special attention is drawn to the
epitaxial growth of graphene on Si-terminated SiC as this is the system which is studied
throughout this thesis. The experimental procedure to fabricate and characterize the hydrogenated epitaxial graphene on 6H-SiC(0001) is introduced. The standard characterization
methods are described and the basic issues are highlighted for the understanding of the
hydrogenated epitaxial graphene features which are discussed in the next chapters.
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2.1. Introduction to graphene

2.1

7

Graphene

Graphene is a monolayer sheet of carbon atoms in a hexagonal honeycomb structures revealing
interesting electronic properties. In a pristine graphene, each C atom contributes to the crystal
structure by three sp2 hybridized orbitals and one pz orbital. This remaining pz orbital plays
an important role in the electronic properties of graphene. Each C atom is bound to the three
nearest neighbour C atoms by constructing three σ−sp2 and one π bonds (Figure 2.1). As a
result, graphene has a planar configuration. The hexagonal structure of graphene is defined by
a unit cell consisting of two equivalent sublattices denoted by A and B in Figure 2.2(a). The
reciprocal lattice is shown in Figure 2.2(b). Two base vectors b~1 and b~2 define the first Brillouin
zone (BZ) of graphene in k space. The high symmetry points of the Brillouin zone are Γ (at
0
the center of BZ), K and K (the adjacent corners) and M (at the middle of the corners). The
energy band structure of graphene is commonly presented along these high-symmetry cuts as
is shown in Figure 2.3(a). The sp2 orbitals are responsible for the σ bonds and, as they have
a filled shell due to the Pauli principle, they are located deep and far away from the Fermi
energy. The pz orbitals create π bands which are half filled and, as a result, are responsible for
the conductivity in graphene. The bonding and anti-bonding π states touch each other where
the energy equals zero, i.e. E(k) = 0. This point is the Dirac point which coincides with the
0
Figure
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are formed by the in-plane sp 2 -orbitals as sketched in Fig. 2.3. These bonds are responsible for
the robustness of graphene's lattice structure. As the σ -bands have a lled shell due to the
Pauli principle, they form a deep valence band far away from the Fermi level. The unaected
pz -orbital is oriented perpendicular to the planar structure and forms covalent π -bonds with the
New-Fig2-3
neighbouring carbon atoms. These bonds result
in the π -band, which is half lled and responsible
for the conductivity in graphene.
The hexagonal graphene lattice is displayed in top view in Fig. 2.4 (a) and exhibits a basis
of two atoms per unit cell. As a consequence, graphene consists of two equivalent sublattices
(b)
(a)
marked A (green) and B (red). The lattice vectors of graphene can be written in the following
way:
a √
a √
~a1 = ( 3, −3), ~a2 = ( 3, 3),
(2.1)
2
2
with a ≈ 1.42 Å being the C-C bond length. The corresponding reciprocal lattice of graphene
and its Brillouin zone is shown in Fig. 2.4. The reciprocal lattice vectors are
√
√
~b1 = 2π ( 3, −1), ~b2 = 2π ( 3, 1).
(2.2)
3a
3a
The corners of the Brillouin zone are of particular importance for the physics of graphene. Due
0
to the two graphene sublattices these corners are the K- and K -point, respectively and are often
designated as dierent "valleys".
The electronic band structure can quite easily be determined from an analytical tight binding
approach. The rst tight binding description was already given by P.R. Wallace in 1947 [6] and
all the
outstanding
properties
of graphene's
electronic
structure. P.R.approach
Wallace considered
Figure contains
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band
structure
of graphene
by the tight-binding
[Reprinted figure
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nearestandThree
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interaction forofthe
grapheneband
pz -orbitals,
from Ref.
]. (b)
dimensional representation
graphene
diagrambut
as neglected
calculatedtheby tightoverlap between wave functions centered at dierent atoms. The nowadays probably better known
binding approach [Reprinted figure from Ref. [8] ]. The zoomed region clearly shows the linear dispersion
tight binding approximation by Saito et al. [19] includes this overlap integral, but considers only
at K point.
interactions between nearest neighbors within the graphene sheet. The dispersion relation E (k)
of the π -bands as calculated from the original description by P.R. Wallace is given by:
q
0
E± (~k) = ± t 3 + f (~k) − t f (~k),
(2.3)
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Figure 2.4: (a) Schematic of 6H-SiC(0001) substrate and the grown buffer layer (6 3 × 6 3)R30◦ and
monolayer EG on top. [19] (b) Angle-resolved photoemission spectroscope of monolayer EG on SiC(0001)
substrate exhibiting linear dispersion of π band at K point. [20] It is shown that Dirac energy lies ∼0.4 eV
below Fermi energy. [Figures are reprinted with the permission of APS Publishing]

2.2

Epitaxial Graphene

Silicon carbide (SiC) crystal is a material containing silicon and carbon, which is used as a
substrate to create graphene layers. It consists of C and Si in equal parts with a tetrahedral
crystal configuration resulting in alternating layers of C and Si atoms. Commercial SiC wafers
are available with an orthogonal cut to the C-direction, providing that one side is terminated
with C (SiC (0001)) while the other surface is terminated with Si atoms (SiC(0001)). Epitaxial
graphene can be obtained from both sides, however it is found to be very difficult to control the
number of layers on the C side. So, as is the case in this thesis, the Si-face of SiC is typically
used to develop the graphene layers. The technique of growth, which will be described in
more detail in the following section, is graphitization of the surface by sublimation of Si atoms
through annealing of the SiC substrate. [10,11] The starting point is etching√the surface
√ with
hydrogen to remove SiO2 . Initial steps of annealing would result in a (6 3 × 6 3)R30◦
reconstruction of the carbon layer which is called the buffer layer. [12–16] This layer has the same
honeycomb structure as graphene but is covalently bounded to the SiC underneath, therefore
it does not show graphene band structure, and instead it possesses a small band gap. [16] The
reconstruction results from the the mismatch in the different lattice parameters of graphene
(2.46 Å) and the SiC substrate (3.08 Å), so some Si-dangling bonds are left below the C rich
layer. In the continuation of the annealing procedure, another layer of graphene is grown on
top of the buffer layer [17,18] [see Figure 2.4(a)]. This layer is referred to as monolayer graphene
which exhibits the properties of graphene. The photoemission band structure measurements of
epitaxial graphene on SiC shows the linear crossing of the band structure at the K point (Dirac
point) ∼420 meV below the Fermi energy, [18–20] indicating the intrinsic n-doped characteristic
of monolayer epitaxial graphene (Figure 2.4(b)). The strong electron doping is ascribed to the
electron transfer from interface buffer layer to the graphene layer. [21]
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2.3
2.3.1

Sample Fabrication
Growth of Monolayer Epitaxial Graphene on SiC(0001)

The epitaxial graphene samples are grown on the Si-face of the SiC substrate from II-VI Inc.
The growth method is conform the procedure reported in Ref. [22] which is based on thermal
decomposition of SiC. The SiC substrate is 4×4 mm2 in size. Prior to the graphene growth,
the substrate is cleaned with acetone and isopropanol in an ultrasonic bath and, subsequently,
placed in a graphite suszeptor inside an oven. The first step in the treatment is etching the
substrate by heating the sample at 1550 ◦ C under a hydrogen flow after degassing which takes
place at 825 ◦ C for 15 minutes. The etching step removes surface defects and impurities and
results in straight terraces. After 40 minutes at this temperature, the sample is cooled down at a
rate of 60 ◦ C/min. Before starting the growth process, the system is kept in vacuum for at least
40 minutes. The graphene growth step starts initially with degassing and then the temperature
is increased up to 1650 ◦ C and kept at this temperature for 15 minutes under a constant argon
flow. During this step, the Si atom sublimation occurs while a layer of carbon atoms is left
behind due to a different evaporation temperature of Si and C atoms. Under these conditions,
a buffer layer overgrown with a carbon monolayer is formed on the surface, which is called
monolayer epitaxial graphene. The impressive improvement of the growth quality under argon
flow compared to graphitization in UHV condition is described in Ref. [22] . The growth time at
this stage is an important issue regarding to the number of graphene layers. In order to produce
wide terraces the cooling rate appeared the effective parameter. The optimal rate was found 90
◦
C/min under our experimental conditions. [23] Finally, before removing the sample from the
oven, it is cooled down in vacuum for at least 40 minutes. The quality of the produced epitaxial
graphene is characterized by different techniques as AFM and Raman spectroscopy described
in the following sections.

2.3.2

Growth of Quasi-Free Standing Monolayer Graphene (QFMG)

As discussed before, epitaxial graphene is affected by the substrate through a buffer layer. In
order to avoid the influence of the substrate, a hydrogen intercalation method is used to create
a quasi-free standing monolayer graphene (QFMG). [24] To do that, first, a buffer layer or zero
layer epitaxial graphene is fabricated instead of a mono layer epitaxial graphene. This can be
achieved if the same procedure of epitaxial graphene fabrication, introduced above, carried out
with lower temperature in growth step, i.e. 1450 ◦ C. Thereafter, the sample is heated up to
700 ◦ C while subjected by molecular hydrogen (H2 ) flow for 75 minutes at this temperature.
This allows the hydrogen molecules to penetrate between the buffer layer and the substrate,
making Si-H bonds by breaking the bonds between Si and C of buffer layer. Subsequently, the
buffer layer is lifted and a quasi-free standing monolayer of graphene is created [it is shown
schematically in Figure 2.5]. The quality of created QFMG is investigated in Chapter 6 using
Raman spectroscopy and XPS methods.
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(a)

(b)
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Figure 2.5: (a) Buffer layer on SiC substrate (there are some Si-dangling bonds underneath). (b) Quasifree standing monolayer graphene (QFMG) created by hydrogen intercalation. [Reprinted figure from
Ref. [24] , with the permission of AIP Publishing]

2.3.3

Hydrogenation of Graphene

The graphene samples are hydrogenated using a thermal gas cracker (TGC-H) designed for
use in an UHV environment (Figure 2.6(a)). It provides a stream of highly reactive hydrogen
atoms. The working principle of the thermal gas cracker is to dissociate hydrogen molecules
into hydrogen atoms by passing the hydrogen gas through a tungsten capillary tube which is
heated by electron bombardment. The electron beam is extracted from a heated filament placed
less than 1 cm away from the capillary tube, and directed to the capillary tube by applying a
high voltage (1 kV) between the capillary tube and the hot filament. The hydrogen atoms are
achieved after passing the molecular hydrogen gas through the heated capillary tube. The flow
of hydrogen atoms entering into the vacuum chamber will cause adsorption of H at the surface
of the graphene sample which is perpendicularly located at ∼10 cm away from the apex of the
capillary tube [it is schematically shown in Figure 2.6(b)]. The efficiency of the dissociation
of the cracker considerably depends on the temperature of the capillary tube and the hydrogen
molecules flow rate. [25] The temperature of the tube is determined by the amount and energy
of the electrons emitted from filament. As mentioned, there is a field gradient between the
filament and capillary, which would result in the acceleration of electrons from filaments to
the capillary tube. This emitted electron beam is known as emission current which can run at
up to 6 mA giving a total available power of approximately 60 W. Indeed, by controlling both
the applied voltage to the filament and the applied high voltage, one could achieve the desired
emission current and as a result the desired temperature. The instrument is equipped with a PID
controller, so after setting the parameters for desired temperature, the temperature will be kept
constant during experiment using the PID controller. In addition, the flow of hydrogen gas is
controlled by a digital flow controller. The experiments discussed in this thesis are performed
in a (2-3)×10−6 mbar, room temperature environment.
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(b)

(a)

Tungsten Gas
Filament capillary admission

Atomic
hydrogen
Cooling shroud
EG sample
Figure 2.6: (a) Thermal gas cracker (TGC-H) design [Image is taken with permission from SPECS]. (b)
Inside schematic of the gas cracker [Figure is taken from scientaomicron].

2.4
2.4.1

Experimental Methods
Atomic Force Microscopy (AFM)

The atomic force microscope (AFM) is a versatile tool in surface studies which can be operated
in vacuum, ambient conditions and liquid. AFM probes the surface of a sample with a sharp
tip. The working principle relies on the atomic force interactions between the AFM tip and
sample surface, making it as a useful technique to study the topography of electrically nonconductive materials. [26] There are different modes under which the tip and sample interact:
contact mode, non-contact mode and intermediate mode (tapping mode). The tapping mode
in ambient conditions is used to do AFM measurements in line with the purpose of this thesis.
Tapping mode is a combination of contact and non-contact modes, avoiding the disadvantages
of both. The tip is mounted at the end of an elastic cantilever oscillating with amplitude of hundreds of nanometer on top of the sample surface, so barely hits the surface without damaging
it. The tip oscillation amplitude changes in response to the interaction with the sample surface due to attractive or repulsive forces as the tip to surface distance varies. The modification
of vibration amplitude during the surface scanning is recorded by a sensitive photo detector
collecting the laser beam reflection from the backside Al coated of cantilever. The measured
cantilever deflections provide a map of surface topography via computer. In general, tapping
mode AFM is found as an effective technique to image the large scan sizes which may contain greater variation in topography. Also, it provides the opportunity to monitor the surface
mechanical properties, referred to as phase imaging, simultaneously as the map of topography
is being collected. Figure 2.7 shows the AFM image of a pristine epitaxial graphene on SiC
as a typical sample used in our experiments. The topography image is shown in Figure 2.7(a)
and the phase image is presented in Figure 2.7(b). The atomic force micrograph, scanned over
a 13×13 µm2 surface size, exhibits main SiC terraces on which the graphene layer is grown.
The corresponding phase image in Figure 2.7(b) shows that unintentional regions of bilayer (or
17
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(c)

(b)

Height (nm)

1LG

G3

2LG 3LG

G2
G1

SiC

Cross section (µm)
Figure 2.7: (a) AFM morphology image of EG on SiC(0001) substrate. As illustrated in the inset (taken
from Ref. [27] with the permission of Elsevier Publishing), the graphene layer follows the main substrate
terraces and covers the SiC surface. (b) The corresponding phase image of the EG sample. The bright
edges indicate more layers of graphene grown at the edges of main terraces which is schematically shown
in inset of panel (c) taken from Ref. [28] with the permission of Springer Nature Publishing. (c) The height
cross section of line plotted in panel (a). It shows the width and the height of main terraces in EG.

multilayer) are formed mainly on the terrace edges (visible as brighter areas). From the cross
section plotted in Figure 2.7(c), one can see that terraces are ∼7 µm wide and ∼10-12 nm high
under the growth conditions described above.

2.4.2

Superconducting Quantum Interference Device (SQUID)

One of the most commonly used magnetization characterization techniques is the superconducting quantum interference device (SQUID). [29] The technique is based on the detection of
magnetic flux induced by the sample. The sample whose size is much smaller than the diameter of the detection coils, is positioned inside the detection coils interrupted by Josehpson
junctions. The detection coils are configured as so-called second order (4 spires) gradiometer
to improve the sensitivity (Figure 2.8). In a vibrating sample magnetometer (VSM) mode, the
sample vibrates in a constant magnetic field produced by superconducting coils. So, the current
in the detection coils is a function of the sample position, which is inductively coupled to the
instrument’s SQUID. The SQUID is equipped with an extremely sensitive current-to-voltage
converter. The SQUID voltage is amplified and finally analyzed by the computer to determine the absolute magnetic moment of the sample. The MPMS-SQUID VSM from Quantum
Design with a specified sensitivity of 10−11 A.m2 is used for magnetic measurements in this
thesis. It utilizes a superconducting magnet to produce magnetic fields up to 7 Tesla. Using
liquid helium the temperature can be decreased from 400 K to 1.8 K. It is important to note that
with this type of measurements it is very essential to position the sample properly at the center
of the detection coils for accurate magnetic measurements. So, the supplied sample mounting
station is used to mount the sample at the proper location on the quartz holder. The sample is
mounted in such a way that it is subjected by the in-plane magnetic field parallel to the SiC
18
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terraces shown above. Then, the centering scan has been done by the software to analyze the
coil response in a certain applied magnetic field to locate the sample. In order to obtain the
magnetic moment measurements presented in Chapter 5, the magnetic signature of the SiC
substrate, which is a diamagnetism response (red curve in Figure 2.9), is subtracted from the
total signal (blue curve in Figure 2.9).
New
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Sample Position

Sample

Detection Coils
SQUID

Figure 2.8: Superconducting quantum interference device (SQUID) detection schematic. [29]
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Figure 2.9: The raw data of hydrogenated/tungstenated EG magnetic moment (blue curve) as a function
of the applied magnetic field at room temperature. The red curve demonstrates the diamagnetic background associated to SiC substrate which is subtracted from the collected data to analyze the magnetism
response of hydrogenated/tungstenated graphene.
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2.4.3

Raman Spectroscopy

Raman spectroscopy is a light scattering technique that uses a monochromatic laser to interact
with molecules or materials in which incident photons are inelastically scattered by phonons.
In an inelastic scattering, photons leave the material with lower energy (Stokes process) or
higher energy (anti-Stokes process) with respect to its incident energy. Raman spectra reported
in most literatures are based on Stokes scattering; it is plotting of emitted light intensity as a
function of energy loss (Raman shift). [30] The energy loss must correspond to a phonon energy
in the sample, therefore, starting with explanation of phonon dispersion in graphene causes to
understand Raman measurement of that.

Phonon Dispersion of Graphene
Since the graphene unit cell consists of two atoms, it provides six phonon branches involving three acoustic (A) and three optical (O) phonons. [31,32] Two of each acoustic and optical
phonons are in-plane (i) and the rest two ones are out-of-plane (o). These phonon modes are
known as transverse (T) if the direction of the zone-center mode is along the C-C bonds, or
called longitudinal (L) if it is perpendicular to that. The six phonon branches are plotted in
Figure 2.10 with the labels. The main Raman bands of graphene, introduced in the following,
originate from the iLO and iTO phonons close to the Γ and K points.
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Figure 2.10: Calculated six phonon branches of graphene phonon dispersion relation. [Reprinted figure
from Ref. [31] , with the permission of APS Publishing]
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Fig2-11

Raman Spectrum of Graphene
Figure 2.11 shows the Raman spectra of pristine graphene flakes together with that of defective
graphene. The main Raman active peaks for pristine graphene are the G-peak and the 2D0
peak. [33] In the presence of disorder, other Raman peaks such as the D-peak, D -peak and
0
D+D -peak appear next to the primary bands. [33] The G-peak, the main first order peak in

(b)
Intensity (a.u.)

Intensity (a.u.)

(a)

Relative Wavenumber (

)

Relative Wavenumber (

)

Figure 2.11: A typical Raman spectra of (a) pristine graphene flake, and (b) damaged graphene flake.
0
0
Extra peaks, i.e. D-peak, D -peak and the combination of them; D+D -peak, appear in the disordered
graphene flake. [Reprinted figure from Ref. [33] , with the permission of IOP Publishing]

graphene and other sp2 carbon materials appearing at ∼1580 cm−1 , comes from the doubly
degenerate in-plain (iTO and iLO) stretching of sp2 carbons (belonging to E2g symmetry) at the
Γ point in the first Brillouin zone center (Figure 2.12(a)). [32–34] Upon incidence of a photon, a
virtual electron-hole pair is created due to resonant excitation of an electron. Thereafter, the
electron or hole are scattered inelastically by a phonon and they recombine radiatively followed
by emission of a red-shifted photon. The mechanism is schematically shown in Figure 2.12(b).
If the wave vector and frequency of the incoming photon and those at of scattered photon are
denoted by kL , ωL = ckL (c is the speed of light) and kSc , ωSc = ckSc , respectively, then energy
and momentum conservations give: [30]
ωL = ωSc + Ωνq ,

(2.1)

kL = kSc + qνq ,

(2.2)

where, q and Ωνq are the wave vector and frequency of phonon of branch ν. As visible, Raman
measurements are performed in the range of 1.2-5.4 eV, and kL , kSc  π/a (a is lattice parameter ∼1.42 Å in graphene) [35] thus, conservation equations suggest q π/a. So, in first order
scattering only q ∼ 0 (Γ point) contributes to the measurements. This principle is known as the
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Figure 2.12: (a) Raman G band phonon vibration modes of graphene. (b) Schematic diagram of G band
mechanism in Raman spectrum of graphene. [Reprinted figure from Ref. [33] , with the permission of IOP
Publishing]

fundamental Raman selection rule. [30] The 2D-peak, the strongest peak in the Raman spectrum
of monolayer graphene, is the second order scattering at ∼2700 cm−1 measured with 2.41 eV
laser energy. [32,33] This band is due to the in-plane breathing-like mode of the carbon rings for
which iTO phonons at the K point are responsible (Figure 2.13(a)). The mechanism includes
two inelastic phonon scattering events, either scattering of an excited electron from the K to
0
0
the K point and backscattered from K to K, or scattering of both the excited electron and hole
0
from K to K , after which the process ends with recombination of the electron and hole. The
former is called double resonant and the latter is known as the triple resonant process [see Figure 2.13(b)]. Since in this second order process two phonons with q and −q wave vectors are
involved, fundamental Raman selection rule (q + (−q) = 0) is always satisfied, so the 2D band
exists in the Raman spectrum of graphene like materials under any condition. Interestingly, the
lineshape of 2D-peak is used to learn about the number of layers in graphene.
In disordered graphene, extra peaks, attributed to the defects, appear. The D-peak (defect
peak), also originating from iTO phonons at the K point, is due to a second order process
in which only one phonon contributes in the scattering process. So, in order to satisfy the
0
selection rule, a defect is required to backscatter the excited scattered electron from K to
K, and as a consequence scattering becomes Raman active. However, unlike scattering by
a phonon, scattering via a defect is elastic [see figure 2.13(c)]. The D-peak is positioned at
∼1350 cm−1 in response to 2.41 eV excitation energy laser. [32–34] Here, defect refers to any
breaking of graphene lattice symmetry and it can be provided by, for instance, a sp3 hybridized
defect (e.g. hydrogenated graphene), [36] vacancy sites (e.g. ion-bombarded graphene) [37] or
grain boundaries, [38] etc.. The evolution of this disorder-induced peak with amounts of disorder
will be emphasised in Chapter 6 in particular.
0
0
Finally, the D and 2D -peaks are respectively the analogues of the D and 2D-peak caused by
0
intravalley K or K scattering events with considerable lower intensities. [33] Figure 2.14 shows
0
0
0
the schematic mechanism of D -peak and 2D -peak. As for the D-peak, the D -peak needs a
defect to be observed.
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Figure 2.13: (a) Sketch of phonon vibration modes contributing to the D and 2D band of graphene.
(b) Schematic diagram of 2D band mechanism through a double resonance or triple resonance, and (c)
double resonant process in generating D band mediated by a defect. [Reprinted figure from Ref. [33] ]
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Figure 2.14: The schematic of intravalley double resonant process in (a) 2D band, and (b) D band of
graphene Raman spectrum. [Reprinted figure from Ref. [33] , with the permission of IOP Publishing]

Raman Spectroscopy Measurements
The Raman microscope used in our experiments is a Renishaw inVia Raman system. A typical
sample response to a 514 nm laser (2.4 eV) collected by a 1800 l/mm grating is depicted in
Figure 2.15(a). The Raman spectrum shown with the blue curve belongs to epitaxial graphene
on SiC, so the spectrum of SiC substrate, which is plotted in red curve, should be subtracted
from the sample spectrum. To do this more precisely, we have employed a method proposed
by Kunc et al. [39] to be used for epitaxial graphene on SiC. It requires multiple spectra taken
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stepwise from a few microns above the sample surface to few microns underneath. In our
experiments 51 spectra were collected starting from 10 µm above the sample surface passing
through the sample with 0.4 µm steps to 10 µm below the surface. As the graphene is a
monolayer of atoms on top of the sample surface, the spectrum at the first point is mostly
from the graphene and the spectrum which is collected underneath the surface is dominated
by the SiC contribution. The algorithm proposed by Kunc et al. uses non-negative matrix
factorization (NMF) [40] to determine the ratio of the contributions of the substrate and graphene
components at in each spectrum [see the inset of Figure 2.15(b)] and, finally, specifies the pure
graphene and pure SiC spectra (Figure 2.15(b)).
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Figure 2.15: (a) Raw data of epitaxial graphene Raman spectrum on SiC (blue curve) and SiC Raman
spectrum (red curve). (b) Pure Raman spectrum of epitaxial graphene (blue curve) determined by the
method described in Ref. [39] . The inset in the graph is the ratio contribution of graphene and SiC spectra
in the measured spectra as a function of the focal plane position.

2.4.4

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is one of the surface sensitive techniques used to determine
the elemental composition of a material. In this technique the sample surface is illuminated by
a monochromatic soft X-ray source exciting the core electrons of sample atoms. The mechanism is explained by Einstein’s photoelectric effect. Under the condition in which the X-ray
energy (hν) is larger than the sample’s workfunction (Φs ), the excited electrons escape to the
vacuum. As only the electrons close to the surface can leave the material without losing energy, this technique is very surface sensitive. The emitted photoelectrons are collected by an
analyzer and the kinetic energy (Ekin ) of them is measured. Using Equation 2.3, the binding
energy, which is element specific, can be determined to identify the elements present in the
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sample.
EB = hν − Ekin − ΦA ,

(2.3)

where, ΦA is workfunction of the analyzer. XPS measurements reported in this thesis are
performed with a Thermo Fisher Scientific K-Alpha XPS setup. The set up equipped with a
Al Kα X-ray source which has an energy of hν = 1486.6 eV. The 1s orbital of C is measured
to investigate the type of C bonds in epitaxial graphene and quasi-free standing monolayer
graphene. To this aim, the pass energy was set to E0 = 50 eV with the spot size of 400 µm.
The results shown in Chapter 6 are fitted with a Shirley background and Voigt line shape peaks.
A certain degree of asymmetry presenting in graphene peak (G-peak), which is a DoniachSunjich line shape, is ascribed to its metallic behaviour. [41]
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CHAPTER
THREE
ORIGIN OF ROOM TEMPERATURE FERROMAGNETISM
IN HYDROGENATED EPITAXIAL GRAPHENE ON
SILICON CARBIDE

Abstract
The discovery of room temperature ferromagnetism of hydrogenated epitaxial graphene
on silicon carbide challenges for a fundamental understanding of this long range phenomenon.
Carbon allotropes with their dispersive electron states at the Fermi-level and a small spin-orbit
coupling are no obvious candidates for ferromagnetism. Here we show that the origin of
ferromagnetism in hydrogenated epitaxial graphene with a relatively high Curie temperature
(>300 K) lies in the formation of curved specific carbon site regions in the graphene layer,
induced by the underlying Si-dangling bonds, and the hydrogen bonding. Hydrogen adsorption is therefore more favourable at only one sublattice site, resulting in a pseudo-Landau
levels appearing in the density of states as is revealed by photoemission spectroscopy. The
n = 0 level forms a spin polarized narrow band at the Fermi energy leading to a high Curie
temperature.
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3.1

Introduction

In the last decade, chemical functionalization of graphene attracted a lot of attention among
scientists for various reasons. [1–22] The common aspect in each motivation, which has been
studied vastly, is the modification of electronic properties of graphene due to the functionalization. The electronic properties are much more affected under the influence of covalent
functionalization, which encourages researchers to focus on studying the decoration of various defects in graphene. [3,5,6,10,13,15] In this way it is also possible to make graphene spintronic
devices with the aim of utilizing spintronics technology. [3,4,6,8–10,12,15,21] An important issue
in exploring graphene-based spintronics is how to introduce magnetic order in graphene and
in particular ferromagnetism. In this approach, ferromagnetism was predicted theoretically
for hydrogenated graphene. [4,17,23] For example, using spin-polarized density functional theory (DFT), Zhou et al. [17] have shown that semi-hydrogenated graphene, a layer of graphene
in which half of the carbon atoms (all belonging to one sublattice) are bonded to a hydrogen
atom, is a ferromagnet with an estimated Curie temperature between 278 K and 417 K. They
explained a mechanism in which the coupling of unpaired localized electrons, present at nonhydrogenated carbon atoms due to the breaking of the π bonding network of graphene, is the
driving mechanism for ferromagnetic behaviour. Their calculations showed that a ferromagnetic configuration is the ground state of the system. In principle, defects associated with lattice distortions, vacancies or chemical functionalization, introduce localized states at the Fermi
level in graphene. [2] Coulomb on site interactions between electrons lead to spin-polarization
of these dispersionless flat states at the Fermi level and thus the existence of local magnetic
moments. The magnetic properties of graphene are determined by the interaction of the above
mentioned localized states. In the relevant literature, several different mechanisms have been
proposed for ferromagnetism of graphene. In Ref. [4] the authors have studied this issue by
applying first principles electronic structure calculations. By assuming two different types
of defects, the hydrogen chemisorption defect and the vacancy defect, itinerant magnetism is
shown to originate from the coupling of defect-induced extended states either ferromagnetically or antiferromagnetically, depending on whether the defects are distributed on the same
or on different sublattices of the graphene lattice, respectively. In this last approach, room
temperature ferromagnetism is explored theoretically for hydrogenated graphene, but experimentally it was only obtained for epitaxial graphene on silicon carbide (SiC). [24] This was the
motivation to study the interplay between the structural property of epitaxial graphene on SiC
and the electronic property of hydrogenated epitaxial graphene on SiC. We will show that in
the case of epitaxial graphene specifically on SiC, the presence of Si-dangling bonds creates
preferential sites for hydrogen adsorption. [25] This leads to a one sublattice carbon occupation
of H which is necessary for ferromagnetic behaviour. In addition, Si-dangling bond states
modulate the electronic properties of graphene and enhance ferromagnetism in hydrogenated
graphene. Hence, in the following, at first the structural properties of epitaxial graphene on
SiC and the effect of that on hydrogen chemisorption and, as a result, on magnetic ordering
will be discussed. Later, our ab initio calculations of the electronic structure of the system will
be shown.
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3.2
3.2.1

Results and Discussions
Preferential Hydrogen Adsorption Sites in Epitaxial Graphene on
SiC

Upon annealing SiC at high temperature while growing graphene on the Si face of 6H-SiC substrate, as described in Chapter 2, a first carbon layer strongly bonded to the substrate is formed.
This layer does not represent the electronic properties of graphene, since it is interacting with
the substrate by means of the covalent bonds between the C atoms of this layer and the Si
atoms of the substrate surface. However, not all the C atoms bind to the Si atoms, so there are
some Si-dangling bonds existing underneath. This layer is well known as the buffer layer. The
first layer of the C sheet on top of the buffer layer is considered as the first layer of graphene
which shows the linear dispersion relation at the Dirac point. Characteristic for STM images of
epitaxial graphene on SiC is the observed Moiré
√ pattern
√ due to the presence of the buffer layer
below the graphene layer. [26] Instead of a (6 3 × 6 3)R30◦ reconstruction, expected from
a reconstruction point of view with respect to SiC lattice observed in the low energy electron
diffraction (LEED) pattern of epitaxial graphene, [27] STM images show only a superstructure
with a quasi-(6×6)SiC periodicity (∼ 1.8 nm) due to electron interference effects [see Figure
3.2(d)]. [28] This superstructure is related to the existence of intrinsic curved regions in epitaxial
graphene. [28] Ab-initio calculations have shown that the Si-dangling bonds in the buffer layer
induce these curved regions and, consequently, the graphene layer mimics this morphology to
form a quasi-(6×6)SiC pattern of bright spots observed in the STM image (Figure 3.2(d)). To
clarify that, the total charge density of the buffer layer states is shown in Figures 3.1(a)−3.1(c).
As can be seen from Figure 3.1(a), an apparent quasi-(6×6)SiC modulation, denoted by the full
line diamond cell, is recognized in the total charge density of buffer layer states. Patterns with
dark regions are separated from each other by brighter boarders. The dark regions represent
the C atoms which are covalently bound to the Si atoms of the substrate and the bright spots
are associated with the C atoms with no interaction with the substrate, so leaving the Si atom
as a dangling bond underneath. Figure 3.1(b) shows a few of these irregular hexagonal shapes
and the cross section of those is depicted in Figure 3.1(c). Here one can see the curving of
the surface due to the existence of Si-dangling bonds. These convex regions are mimicked by
the first layer of graphene, as is shown in Figure 3.2(a); therefore, the total charge modulation
density of graphene layer states illustrates a honeycomb lattice plane containing corrugations
[see cross section in Figure 3.2(c)] with the quasi-(6×6)SiC periodicity. Corrugations in the
graphene layer are smoother than that of the buffer layer. There is some evidence which indicates that these convex regions are favourable sites for hydrogen adsorption. [25] STM images
of an epitaxial graphene on SiC before and after hydrogenation are displayed in Figure 3.3.
According to Ref. [25] , hydrogenation is performed with a very low coverage of 0.76 ± 0.17%
of the surface. Comparing Figures 3.3(a) and 3.3(b), they clearly show protrusions at the corners of (6×6)SiC superstructures after hydrogenation process. This observation indicates that
hydrogen atoms preferentially attach to convexly curved regions of monolayer graphene grown
on SiC(0001) but not to the concave areas. Thereafter, the sample is heated and it is shown
that above ∼630◦ C, hydrogen atoms start to desorb from the surface, and as a result the height
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of the protrusions decreases and at the point where the sample is annealed up to 680◦ C, the
corrugations retained as that of a pristine graphene. A (6×6)SiC superstructure with respect to
SiC surface has a periodicity of ∼1.8 nm, corresponding to ∼7.5 times of the lattice parameter of graphene (0.24 nm), and recent theoretical work has shown that hydrogen adsorption is
more favourable at only one sublattice (A or B) with sublattice distances larger than 1 nm. [29]
Since magnetic moments arise from this hydrogen adsorption on graphene (see below), an imbalance of occupied sublattice sites will lead to a ferromagnetic ground state obeying the Lieb
theorem, [30] which defines the ground state total spin angular momentum of the system with
a bipartite lattice and a half-filled band based on the difference in the number of sites in the
A and B sublattices, i.e. S = 1/2kA| − |Bk, yielding itinerant-electron ferromagnetism with
|A| 6=| B |; in the case of hydrogenated graphene, the difference is between occupation of A
or B sublattice sites with hydrogen. In epitaxial graphene the Si-dangling bond induced curving of the graphene layer creates a superlattice for hydrogen adsorption, preventing a random
occupation of both sublattices which would be the case in hydrogenated quasi-free standing
Fig3-1
epitaxial graphene that does not show a ferromagnetic
response. [24]

(a)

(d)

(b)

(c)
Figure 3.1: Buffer layer structure on top of the Si-terminated SiC surface [Reprinted figure from Ref. [28] ,
2
with the permission
√
√of APS ◦Publishing]. (a) 11×11 nm image of the total ab initio charge density; the
common (6 3 × 6 3)R30 SiC unit cell is shown by the dashed line diamond cell and the modulated
(6×6)
is denoted by full line diamond cell. (b) The irregular hexagonal patterns inside
√SiC incommensurate
√
a (6 3 × 6 3)R30◦ SiC unit cell with a cross section along the defined dashed line shown in (c). (d)
12×12 nm2 STM image of the buffer layer (V = − 2.0 V and I = 0.5 nA); the super structure (6×6)SiC
is clearly visible.
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(d)

(a)

(b)

(c)

(a)

Length (nm)
Pristine graphene

(b)

Height (pm)

Height (pm)

Height (pm)

Height (pm)

Figure 3.2: The first graphene layer on top of the buffer layer of Si-terminated SiC surface [Reprinted
figure from Ref. [28] , with the permission
APS Publishing]. (a) 11×11 nm2 image of the total ab
√ of √
initio charge density; the common (6 3 × 6 3)R30◦ SiC unit cell and the incommensurate (6×6)SiC
modulation are
cell respectively. (b) The total charge density
√ defined
√ by dashed line and full line diamond
Fig3-3
inside the (6 3 × 6 3)R30◦ SiC unit cell. (c) The cross section of the dashed line defined in (b). (d)
12×12 nm2 STM image of the monolayer graphene (V = − 0.2 V and I = 0.1 nA); the periodicity of
(6×6)SiC is indicated by full line.

(c)

Length (nm)

Hydrogenation graphene

Length (nm)

After heating 630 ℃

(d)

Length (nm)

After heating 680 ℃

Figure 3.3: Room temperature STM images of pristine monolayer graphene and hydrogenated graphene
on Si terminated SiC [Reprinted figure from Ref. [25] , with the permission of ACS Publishing]. (a) Pristine
graphene (V = 115 mV and I = 0.3 nA), (b) hydrogenated graphene with a low coverage of 0.76±0.17%
(V = 50 mV and I = 0.3 nA), (c) hydrogenated graphene after annealing for 5 min at 630◦ C (V = 50
mV and I = 0.3 nA), (d) hydrogenated graphene after annealing for 5 min at 680◦ C (V = 50 mV and I =
0.3 nA). The cross sections, shown below each STM image, indicate the increase of corrugation at the
corners of the quasi-(6×6) superstructure after hydrogenation and decreasing of them by annealing the
hydrogenated graphene due to desorption of hydrogen atoms. Scale bar is 2 nm and the sizes of images
as well as the cross section lines are the same.

33

Chapter 3. Origin of Room Temperature Ferromagnetism in Hydrogenated EG on SiC

3.2.2

Room Temperature Ferromagnetism in Hydrogenated Epitaxial
Graphene on SiC

Here, electronic and magnetic properties of hydrogenated graphene on SiC based on Density
Functional theory (DFT) calculations using the SIESTA code will be discussed. Firstly, in
order to understand the influence of hydrogen chemisorption, the importance of the role of
SiC and the buffer layer, as argued above, will not be considered explicitly in the calculations but will be simulated by the curved graphene layer. The graphene layer is considered
as a curved layer to retain the induced rippling with (6×6)SiC superstructure of the underlying
buffer layer. In order to simulate the quasi-(6×6)SiC pattern, a curved (7×7)G cell containing
98 carbon atoms is introduced (the subscript “G” is used to indicate that the lattice parameter is
7 times the lattice parameter of graphene, i.e. 0.24 nm). This is a reasonable choice for a DFT
calculation of the electronic structure, since it has a periodicity close to the quasi-(6×6)SiC
periodicity observed in STM images of epitaxial graphene on SiC (Figure 3.2(d)). According
to the observations of Ref. [25] , hydrogen atoms preferentially bind to sites where the lattice is
maximally convexly curved, so we added one hydrogen atom to the highest carbon atom in the
lattice unit cell of calculations. The relaxed structure of the curved (7×7)G graphene cell with
one H adatom is shown in Figure 3.4(a). The adsorbed H atom breaks a π bond and slightly
pulls out the carbon atom below due to a covalent bond interaction. This carbon atom changes
its hybridization state from sp2 to sp3 and the overall structure changes, causing a structural
modulation, as was discussed in Ref. [4] . The corresponding DOS (black solid line in Figure
3.4(b)) exhibits relatively intense peaks compared to the DOS of the curved (7×7)G (red dot
line). The state at the Fermi energy (which is the position of the Dirac point (ED )) is assigned
to the carbon hydrogen bond [4] , nevertheless, the presence of states symmetrically around it
reflects that it has another nature. Interestingly, similar as in Ref. [31] , the contributing peaks
can be fitted to a series of Landau levels in graphene (Figure 3.4(c)), satisfying the relation:
q
En = ED ± 2eνF2 ~Bs | n |,
(3.1)
where, ED is the Dirac energy, e is the elementary charge, νF is the Fermi velocity, ~ is the
reduced Planck constant (h/2π) and Bs is the pseudo-magnetic field. This indicates that the
observed peaks in the DOS can be assigned to pseudo-Landau levels (PLLs). It is worth to
note that the H-induced PLLs are not only caused by “mechanical” strain (as is clear from red
dashed line of Figure 3.4(b) which belongs to curved graphene cell) but the redistribution of
the hopping integral values is also changed by the chemical change from sp2 to sp3 in a similar
way as for strained graphene with a triangular symmetry. [31,32] As interpreted in Refs. [33,34] ,
structural modulations cause a perturbation in the hopping parameter such as t→t+δt for a C
atom experiencing a strain. As a result, the energy eigenvalues of the system change with the
wave vector of ~k → ~k + δ~k. In analogy to a 2D epitaxial graphene submitted to a perpendicular
~ (A
~ is the
magnetic field where the momenta of the electrons are shifted like ~k → ~k + (e/h)A
3
vector potential), the modulation in the hopping parameter t due to the C-H sp hybridization
induces an effective vector potential (pseudo-vector potential) and, hence, a pseudo-magnetic
field. Using a Fermi velocity of 1.0×106 ms−1 , the resulting pseudo-magnetic field extracted
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Figure 3.4: Pseudo Landau Levels in hydrogenated epitaxial graphene. (a) Relaxed curved (7×7)
graphene cell upon hydrogen adsorption. (b) The total density of states of the structure in (a) (black
line) which exhibit changes compared to the total DOS of curved graphene (red dashed line). (c) Fitting
of the localized state appearing at the Dirac point and other states symmetric to it using the Landau levels
dispersion in graphene. (d) Spin polarized DOS showing that the pseudo Landau levels are exchanged
split.

from the fit is ∼250 T and its value increases for higher hydrogen coverage and vice versa. This
is in agreement with the previous theoretical results. [32] From thep
value of the pseudo magnetic
field, it is also noteworthy that the magnetic length (lb ∼
= 26/ B[T] nm) is comparable to
the distance between the hydrogen atoms, i.e. the unit cell used in the calculations. This is
interesting, since it indicates that the entire region between the hydrogen atoms is affected by
the magnetic field. Nevertheless, the dependence of the magnetic field magnitude on the cell
leads to an extremely inhomogeneous magnetic field distribution on the surface that contributes
to the localization of graphene quasiparticles. [35]
By including exchange interactions between the C and H atoms in the calculations, similar
as what was shown by Yazyev and Helm, [4] the half filled localized state at the Fermi level
(PLL n = 0) will split into two states; a filled state (spin up) and an empty state (spin down)
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denoted by red and blue lines in Figure 3.4(d), respectively. In this case, the spin-splitting is
∼200 meV corresponding to the coverage of ∼1% which is expected to increase for higher
coverage. [4] So, it can be concluded that the exchange interaction, which leads to ferromagnetic behavior, arises from the C-H chemisorption induced localized states close to the Fermi
level in hydrogenated graphene. One should note that, according to Lieb theorem, [30] the necessary condition to have a net magnetic order is an unequal occupation of A and B sublattices
by hydrogen. This statement is clearly illustrated in Figure 3.5; the exchange interaction of
localized electron states leads to a texture of magnetic states on the H site and the odd nearest
neighbors of the carbon atom below H, which exhibits a triangular symmetry and extends to
similar regions around the H atoms. Nevertheless, as discussed in the previous section, the
discrimination in occupation of graphene sublattices occurs in epitaxial graphene on SiC due
to the existence of Si-dangling bonds underneath, i.e. the corners of the quasi-(6×6)SiC superstructure; as the Si-dangling bonds appear periodically below the graphene surface, it turns out
that one of the two sublattices of graphene is preferential for hydrogen to adsorb on, then, the
exchange coupling between curved hydrogenated regions with the localized states leads to the
ferromagnetic behavior. In Figure 3.6(a), the isosurface of the spin density distribution resulted
from four hydrogen atoms, occupying an A sublattice at the corners of the quasi-(6×6)SiC superstructure, is presented. The attached hydrogen atoms (remarked by arrows in the figure) are
separated from each other by ∼1.7 nm, and, clearly seen, the localized electron states extend
over a few graphene unit cells around the H atoms. The long range magnetic coupling is therefore attributed to these spin polarized quasi-localized state connected regions.

Figure 3.5: Spin density distribution of hydrogenated graphene with two hydrogen attachment on A
sublattice and one hydrogen chemisorption on B sublattice of graphene [Reprinted figure from Ref. [4] ,
with the permission of APS Publishing]. Red and blue assign to two opposite spin directions.
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Figure 3.6: (a) Isosurface representation of the spin density distribution around 4 Hydrogen adatoms
on sublattice A sites (indicated by arrows). (b) Spin polarized band structure of hydrogenated (7×7)
graphene cell. Spin up bands are in red and spin down bands are in blue.

Very unexpectedly, experimental results of hydrogenated epitaxial graphene show room temperature ferromagnetism. [24,36] However, s-p electron systems can show ferromagnetism with
relatively high Curie temperatures if a narrow bandwidth of localized states is formed in a
gap, or a pseudo gap, which leads to a high value of magnon stiffness so that the low-lying
spin fluctuations do not reduce the critical ordering temperature in such systems. [37] The (spinpolarized) band structure of hydrogenated graphene is shown in Figure 3.6(b). It is obvious that
the hydrogenation process leads to disappearance of the linear dispersion of pristine graphene
at the K point and opens a gap. In addition, the PLL n = 0 gives rise to two exchange split
states lying in a band gap which is defined by the energy difference between the PLLs n = −1
and n = 1. The bandwidth of the filled (spin up) band is ∼0.1 eV and the empty (spin down)
band is almost flat. This is in agreement with Ref. [37] , therefore, the Curie temperature can be
deduced from the exchange splitting of the PLL n = 0 which is ∼200 meV. This value is well
above kB T (kB is the Boltzmann constant) at room temperature.

3.2.3

Substrate Effect on the Electronic Properties of Hydrogenated Epitaxial Graphene

In the previous sections the origin of room temperature ferromagnetic property of hydrogenated graphene on SiC was, for simplicity, discussed excluding the effect of the SiC substrate
and buffer layer in the electronic structure calculations. Up to our knowledge, ferromagnetic
behaviour is reported only for hydrogenated graphene which is grown on a SiC substrate, [24]
so it is important to include the effect of SiC as√
well as√the buffer layer, explicitly, in the calculations. For the most realistic calculation a (6 3 × 6 3)R30◦ unit cell with respect to SiC
should be taken into account, which means a cell of (13×13) graphene units. This is a large
cell and
√ a time
√ consuming calculation, therefore,
√ it is√very common in calculations to replace
the (6 3 × 6 3)R30◦ cell periodicity with a ( 3 × 3)R30◦ SiC cell which contains (2×2)
37
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(a)

(b)

√
√
Figure 3.7: (a) Side view and (b) top view of hydrogenated epitaxial graphene. The (2 3 × 2 3)R30◦
SiC substrate (violet for Si atoms and gray for carbon atoms) is saturated by hydrogen atoms (black)
and compressed to host a (4×4) graphene cell to model the buffer layer (orange atoms). The epitaxial
graphene layer (green atoms) is in a Bernal stacking with the buffer layer and has the same dimensions
(4×4).
22-1-2017

/ name of department
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[38,39]
graphene
In order to get commensurability between a (2×2) graphene cell and a
√ √ units.
( 3× 3) SiC cell rotated by 30◦ , stretching of graphene layer by 8% is needed. This approximation introduces one Si-dangling bond out of 3 Si atoms present in the unit cell. In our study,
the main drawback of this model, when including the hydrogen atom, is an initial overestimation of the C-C bond which will be broken through the transition from sp2 to sp3 hybridization
due to
absorption. To avoid this restriction, instead of stretching the graphene cells,
√ hydrogen
√
the ( 3× 3)R30◦ SiC is compressed by 7%. Despite the successfulness of this modification,
as adding the H adatom will lead to a high coverage of hydrogen
(∼12% ), the unit cell was re√
√
placed by a (4×4) graphene cell commensurate with a (2 3 × 2 3)R30◦ SiC substrate while
keeping the 7% compression of substrate to get the commensurability between the two lattices.
Then, adding one H atom to this unit cell would result in ∼3% hydrogen coverage. The relaxed structure in the presence of the H adatom is shown in Figure 3.7. From the side view
of the structure in Figure 3.7(a), it is clear that 2 compressed bilayers of 6H-SiC were used
such that the dangling bonds on the bottom C-face were saturated with the hydrogen atoms.
On top of the SiC layers, a (4×4) graphene honeycomb lattice is added to model the buffer
layer, and then a second (4×4) graphene lattice is added in a Bernal stacking with the first one
to form the epitaxial graphene layer. The curving of the graphene layer is not so clear due to
the small cell that we used. Ab initio calculations were performed based on the density functional theory (DFT) within the generalized gradient approximation (GGA) as implemented in
the SIESTA computational code [40] within the Perdew-Burke-Ernzerhof (PBE) form. [41] The
core electrons were replaced by Troulier-Martins pseudopotentials. [42] A double−ζ basis set
of localized atomic orbitals was used for the valence electrons. Sampling of the Brilouin zone
takes place by a (10×10×1) shifted Monhorst-Pack grid, [43] while a mesh cutoff energy of 200

38

3.2. Results and Discussions

Ry has been imposed for real-space integration. All structures have been relaxed until forces
were less than 0.05 eV/Å. The influence of SiC substrate was introduced by an extra HubbardU term to account for electron correlations and as a result the Coulomb interaction between
Si localized electrons. [44] Therefore, this correction which is an effective potential defined by
Ueff = U − J, where U and J are the Coulomb and the exchange parameters, [45] is only applied
to the 3p orbitals of the Si-dangling bonds. In the calculations, Ueff is considered equals to
3 eV as reveals a good agreement with the experimental results [44] and a vacuum interval of
more than 10Å was used to avoid the interaction between the periodic slabs.
The spin unrestricted calculated band structure of epitaxial graphene and hydrogenated epitaxial graphene on SiC are shown in Figures 3.8(a) and 3.8(b), respectively. In Figure 3.8(a),
the n-doped characteristic of epitaxial graphene on SiC is clearly evidenced by the position of
Dirac point shifted to ∼0.5 eV below the Fermi level at K point, this is consistent with the
previous experimental and theoretical works. [27,39] Note that, unlike other work, [38] our calculations result in a spin polarized band structure for epitaxial graphene. However, this could be
regarded as a side effect of the defined unit cell in the calculations in which the SiC substrate
is compressed, and as a result it may not be properly treated. On the other hand, it may also
be attributed to the resulting of Coulomb interactions between the localized electrons in the
Si-dangling bonds. Looking closely, while no spin polarization was obtained for the graphene
π-electrons, each localized state attributed to the Si-dangling bonds [38,39] splits into two spin
polarized states, one filled and one empty. This may explain the paramagnetic response of
the buffer layer ascribed to the presence of the
Si-dangling bond localized states in the buffer
Fig3-8
layer, [24] resulting in a total magnetic moment of ∼4µB per unit cell considered in the calculations. Comparing the spin polarized band structure of hydrogenated epitaxial graphene (Figure
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Figure 3.8: Influence of the SiC substrate and the buffer layer on the band structure of epitaxial graphene
and hydrogenated epitaxial graphene. (a) Spin polarized band structure of epitaxial graphene (red curve
for up spin, blue curve for down spin). The Dirac point is situated 0.5 eV below Fermi energy. (b) Spin
polarized band structure of hydrogenated epitaxial graphene (red curve for up spin, blue curve for down
spin).The arrows indicates the spin split pseudo Landau level n = 0.
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3.8(b)) with epitaxial graphene (Figure 3.8(a)) shows notable differences. First, as shown in
the previous section as well, the linear dispersion relation at Dirac point disappears. Second,
additional narrow spin polarized bands (indicated by arrows in Figure 3.8(b)) appear besides to
the remaining intact (or with a small position change) spin polarized bands of the Si-dangling
bonds. These extra two spin polarized bands correspond to the split PLL n = 0. In the geometry we used, the hydrogen coverage is ∼3%, this leads to the observation of a filled (majority
spin) pseudo level n = 0 at about 0.3 eV below the Fermi energy at the K point. This value
may decrease if the hydrogen coverage is less and vice versa. [4] Another remarkable feature
in the band structure of hydrogenated epitaxial graphene in Figure 3.8(b) is the spin split PLL
n = −1 at the energy of about −1 eV with a parabolic shape. As stated above, the energy
“gap” between the PLLs n = 0 and n = −1 decreases when the hydrogen coverage is reduced
since it is related to the pseudo magnetic field.
To verify the DFT results discussed above, a primary measurement of angle-resolved photoemission spectroscopy (ARPES), which is shown in Figure 3.9(a), has been performed on one of
our hydrogenated epitaxial graphene samples and is compared to the pristine epitaxial graphene
shown in Figure 3.9(b). The typical linear dispersion around the K-point of graphene, but also
a second contribution, as specified with the dashed parabola curved line as a guide for the eye,
is indicated. Since hydrogenation is probably inhomogeneous on the surface and the photoemission experiment measures the band structure over an average of several square millimeters,
the linear band originates from the clean graphene parts. A clear p-doping effect becomes
manifest by the shift of the Fermi level from approximately 0.42 eV above the Dirac point
[see Figure 3.9(b)] to 0.1 eV. This implies that the adsorbed hydrogen atoms act as p-dopants,
which is in agreement with the experimental results of Bostwick et al. [19,20] where according
to the photoemission spectra of the hydrogenated epitaxial graphene hydrogen atoms saturate
the pz orbitals and remove “free” electrons from the graphene. Moreover, magneto transport
measurements of this hydrogenated sample in a Van der Pauw geometry reveals a negative
slope in the Hall resistance which is the opposite sign compared to the pristine sample [see
Figure A.2 in Appendix], indicating mainly p-doping of graphene. The relative high intensity
of the combination of peaks at (∼ − 0.1 eV) and at − 0.6 eV in Figure 3.9(a) hints to pseudo
Landau levels as discussed in the theoretical part of this chapter; the n = 0 and n = −1 pseudo
Landau levels are highlighted in the figure, which is in agreement with the band structure obtained by DFT calculations, however, one should note that modifying the coverage of hydrogen
could lead to different positions of the pseudo Landau levels and also broadening of them. The
presented DFT calculation results are also supported by photoemission experimental results of
Bostwick et al. [19] where they have shown that the difference between angle-integrated spectra
−1
of clean and hydrogenated epitaxial graphene, acquired at 0.3 Å away from the K point,
provides a pronounced peak at 0.2 eV below Fermi energy (Figure 3.10). This peak supports
as well the broadened filled PLL n = 0 arising from regions with different hydrogen coverage. Based on our experiences, a homogeneous hydrogenation over a graphene surface of
4×4 mm2 (the size of the SiC substrate used to grow graphene on top in this research) is not
straightforward to achieve by the used hydrogenation technique which we used in this study
[see Section 2.3.3]. For instance, as the photoemission measurement of Figure 3.9(a) implies,
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the signature of a combination of the p-doping phenomenon, localized states and the linear
energy dispersion at the Dirac point clearly indicates an inhomogeneity of the hydrogen coverage over the surface. This can also suppress the ferromagnetic response due to the small
hydrogenated regions, resulting in e.g. a superparamagnetic behaviour in some samples. An
important criterium for ferromagnetism in epitaxial graphene is, as shown by Lieb, that a majority of the same carbon sublattice site is occupied by hydrogen. The measured PES in Figure
3.9(a) is showing more agreement with Figure 3.11(b) than with Figure 3.11(c) (calculations
of Ref. [46] for hydrogenated graphene), so more evidence for a single sublattice site occupied
than for both sites. In particular, the parabola shape with a top at − 0.6 eV and the contribution
close to the Fermi-level are present in Figure 3.11(b), which are not present for both sublattice
sites occupied (Figure 3.11(c)).
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Figure 3.10: Angle-integrated spectra of clean and hydrogenated EG on SiC (0001) [Reprinted figure
from Ref. [19] , with the permission of APS Publishing]; The difference between the spectra of them shows
a pronounced peak at 0.2 eV below Fermi energy.
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42 formation of the localized states and the gap
The effects of additional H atoms on the
opening strongly depend on their relative adsorption sites. Due to the unique wave function
amplitudes, the localized states are decoupled if the H atoms are selectively adsorbed at the same
sublattice sites, resulting in the nearly degenerate levels at the neutrality point (figure 1(b)).
Meanwhile, the gap opening occurs with a tendency for increasing with n H , where n H is the

3.3. Conclusion

In addition, the calculated total magnetic moment without neither the SiC nor the buffer layer
but with a simulated electron doping, is 0.5 µB per H adatom. This value is less than the one
obtained when the Si-dangling bonds are present, which is 0.7 µB per H adatom. This means
that Coulomb interactions between localized Si-dangling bond states and the quasi-localized
PLL n = 0 could play a role leading to an increase in the exchange splitting of this latter and,
hence, gives rise to a larger magnetic moment.

3.3

Conclusion

In conclusion, theoretical considerations in combination with experimental evidence results
in a coherent picture to understand the observed room temperature ferromagnetism in hydrogenated epitaxial graphene on SiC. We have theoretically shown that specific carbon sites, due
to the presence of Si-dangling bonds in the underlying buffer layer, result in a quasi (6×6)SiC
superstructure of epitaxial graphene, which leads to favourable one sublattice sites for hydrogen atoms to adsorb. The chemical modification of the graphene layer by H adatoms and strain
like effects generate a pseudo magnetic field and, consequently, localized pseudo Landau levels in the electron density of states. Extended spin polarized electron states from the pseudo
Landau level n = 0 give rise to long range ferromagnetic coupling. The relative high Curie
temperature is obtained due the narrow bandwidth of these states formed in a bulk energy gap
leading to a high magnon stiffness. [37] Furthermore, Coulomb interactions between the pseudo
Landau level and the Si-dangling bond states can lead to an increase of the total magnetic moment. The presence of localized electron states close to the Fermi level is evidenced by photoemission spectroscopy measurements, which also indicates p-doping of epitaxial graphene
due to hydrogenation.
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CHAPTER
FOUR
FRACTAL TUNGSTENATED STRUCTURES ON
EPITAXIAL GRAPHENE

Abstract
The morphology of tungsten fractal structures on epitaxial graphene is studied in this
chapter. Atomic force microscopy (AFM) is employed to collect the surface morphology.
AFM experiments on a graphene sample grown on a SiC substrate reveal a fractal density of
charge states when the sample is covered by a tungsten/hydrogen mixture. Localized electron
states of the initially adsorbed tungsten adatoms drive the formation of self-organised fractal
patterns by increasing deposition. The exhibition of fractal structures on the surface occurs
above a certain tungsten coverage, thereby increasing the screening potential of the correlated
electron states close to the Fermi level by fractal formation.
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4.1

Introduction

The interesting room temperature ferromagnetism property of hydrogenated epitaxial graphene
was introduced in the previous chapter. It was shown that the ferromagnetic behaviour of hydrogenated graphene owes to the modified structure of epitaxial graphene grown on SiC substrate. Moreover, the magnetic behaviour is depending on the coverage of hydrogen, which experimentally could be challenging. As discussed, density functional calculations (DFT) show
that hydrogen chemisorption on graphene leads to transition from sp2 to sp3 hybridization, [1]
which itself gives rise to the localized pseudo Landau levels. This introduces a system containing strongly correlated electrons. Such compressibility at the Fermi level in rippled graphene
is studied by F. Guinea et al. in Ref. [2] , where they have calculated the modified electronic
structure and have shown that electronic phase separation occurs due to the electron-electron
interactions. Here, using AFM technique at room temperature, we will show peculiar features
resembling snowflake shapes on the surface by accidently adsorbing tungsten with hydrogen
on epitaxial graphene at various concentrations. The fractal shapes emerge at a certain tungsten coverage and grow as the coverage increases. We discuss that these patterns on the surface
appear as a result of an improving screening capability of the localized, correlated electrons of
the tungsten-carbon structures formed in the first stage of tungsten deposition.

4.2
4.2.1

Results and Discussions
Experimental Results

Figure 4.1 shows a collection of atomic force micrographs of tungsten/hydrogen adsorbed epitaxial graphene samples, which are treated for different deposition parameters. As introduced
in Section 2.3.3, the hydrogenation process carried out by exposing the graphene surface to
a hydrogen atomic beam inside a UHV chamber. Atomic hydrogen is produced by passing
H2 gas through a hot capillary tube made of tungsten. So, the efficiency of the cracker or the
number of out coming H atoms depends on the flow of the incoming H2 gas, the temperature
of the capillary tube, as well as the base pressure of the chamber under which the cracker is
running. [3] In our experiments, the base pressure was ∼(1.5-2.5)×10−8 mbar for all samples
presented in Figure 4.1. The flow of H2 gas was set to 0.05 sccm, and the temperature varies
from starting temperature of 520 ◦ C up to 620 ◦ C and 720 ◦ C, respectively, from left to right
panels in Figure 4.1 [for these settings, apparently also tungsten was evaporated [see XPS plots
in Figures 4.3 and 4.4]. The first row in Figure 4.1 corresponds to the samples which are hydrogenated for 3 minutes, and the second row belongs to the samples treated for 30 minutes
of hydrogenation. The covered parts are visible by the colour contrast in the AFM images; the
bright features are attributed to the tungsten/hydrogen regions as shown from the XPS spectra. In Figure 4.1(a), the surface of the sample is covered by almost unvisible tiny bright dots
distributed inhomogeneously on the entire the surface, which we attribute to the nanoscale
clusters of hydrogen/tungsten-carbon character. By increasing the temperature of the capillary
tube of the cracker, it is expected that more hydrogen atoms are produced. So, while the hy48
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drogen treatment time is kept constant, the temperature of the capillary tube is increased to
620 ◦ C (Figure 4.1(b)) and 720 ◦ C (Figure 4.1(c)). By looking to the Figure 4.1(b), we observe a dramatic change in surface morphology compared to Figure 4.1(a). In Figure 4.1(b),
the tungsten parts showed up as clusters with the size of less than 50 nm. When the cracker
temperature increased to 720 ◦ C, these clusters grow in size and density as is shown in Figure
4.1(c). The cross-section graphs below each image indicate a height variation of the clusters
between 0.6-2.5 nm, which is much larger than the size of a hydrogen atom, obviously assigned
to tungsten-oxide clusters which oxidation could have happened initially during hydrogenation
then after taking the samples to the air for characterization. Apparently, by increasing the dose
of hydrogenation, the morphology of the surface shows clear snowflake shape features. This is
checked also by increasing treatment time (Figures 4.1(d)-4.1(f)). The effect of hydrogenation
in Figures 4.1(d)-4.1(f) are after for 30 minutes treatment. By comparing the AFM images of
the 3 minutes treated sample at a certain temperature to the corresponding 30 minutes treated
sample at the same treatment temperature, it becomes clear that with increasing treatment time
the size of the clusters increases in addition to the emergence of new small clusters. For hydrogenation at a cracker temperature of 520 ◦ C, nucleation is formed after hydrogenation for 30
minutes (Figure 4.1(d)). So, this observation can rule out the assumption of nucleation due to
only increasing of diffusion as a result of increasing temperature of cracker. Moreover, since
the sample in Figure 4.1(d) already passed the phase shown in Figure 4.1(a) (as it is hydrogen treated for 30 minutes under the same condition under which the sample of Figure 4.1(a)
is treated), in the background of Figure 4.1(d) we would expect also the presence of the tiny
spots of Figure 4.1(a), which are not visible now. Therefore, it is possible that the background
of other images also contains the tiny spots. This is more clearly observed in Figure 4.2, which
is another snapshot of sample presented in Figure 4.1(e). Looking closely to Figure 4.2, it
shows the difficulty of recording these tiny spots with the AFM technique; in the top part of
the image the tiny spots are more visible than in the rest, as the tip condition changes during the
scanning over surface in such a way that in the last part of the image no spot is recognized by
the tip. Another point of regarding the morphology of the tungsten decorated graphene surface
is that the snowflake shapes are distributed on the entire surface of the graphene sample either
on the bilayer edges and the monolayer regions of the graphene terraces; however, nucleation
can take place faster and easier at the structural defects or grain boundaries as can be seen in
Figures 4.1(b) and 4.1(c).
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Figure 4.1: 700×700 nm2 AFM images of hydrogenated/tunstenated epitaxial graphene samples on
SiC(0001) under different conditions of hydrogen/tungsten treatment: first raw are treated for 3 minutes at
(a) 520 ◦ C, (b) 620 ◦ C and (c) 720 ◦ C temperature of cracker. Second raw are hydrogenated/tungstenated
for 30 minutes at (d) 520 ◦ C, (e) 620 ◦ C and (f) 720 ◦ C cracker temperature. The cross-sections below
each image show the vertical growth of fractal shapes.
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Figure 4.2: 700×700 nm2 AFM image of epitaxial graphene hydrogenated/tungstenated for 30 minutes
at 620 ◦ C cracker temperature. The tiny bright dots between the snowflacke islands indicate the presence
of adatoms at the dark background.

The XPS spectra of low (Figure 4.1(c)) and high (Figure 4.1(f)) density fractal structures are
shown in Figures 4.3 and 4.4. The corresponding magnetic moment curves of these samples are
presented in Chapter 5 (Figures 5.3(a) and 5.3(b)). The XPS results show different W4f spectra
for the samples. For the sample with the low density fractal structure a broadened, 2.5 eV wide,
“doublet” (35.5-38 eV) of which only the 4f-7/2 line is visible due to broadening is observed.
This peak is probably corresponds to the WO3 (assigned to fractal structures). In addition, a
broadened contribution at 26 eV is visible, corresponding to probably a W-metal contribution
shifted 5 eV to a lower binding energy. The W4f doublet lines of metallic tungsten are expected
at 31.3 eV and 33.5 eV binding energy for the 4f-7/2 and 5/2 spin-orbit split states respectively,
but in our case they seem to be downshifted with 5 eV and also only the 4f-7/2 line is present.
There are no core level lines or satellites of other elements known in this energy region, so a
possibility is that a strong π-graphene plasmon screening effect of single/bilayer graphene [4,5]
is active [see Figure 4.5]. The spin-orbit split doublet is not well resolved, broadened and an
unexpected small intensity ratio of 4f-7/2 versus the 5/2 line is shown. These are characteristic
features for atomic structures in which multiplet features due to jj- or LS coupling affect the
spin-orbit splitting induced by Coulomb interaction between the 5d electrons in tungsten. [6–8]
These electron correlation effects will affect both the energy splitting of the multiplet and the
relative peak intensities. The splitting is reduced, because even at the Hartree-Fock level the
higher-spin (lower-energy) state has less electron-electron repulsion between the f electron
and the d electrons; their parallel spins keep them apart spatially through the Pauli principle.
Electron correlation in real systems, therefore, lowers the energy of the lower-spin (higherenergy) state more and reduces the splitting, e.g. in XPS theory for rare-earth materials like
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Eu-4d states, XPS spectra measured with a spin-orbit ratio which is 2.5 times larger than
expected for SO-coupling only. [7]
The large shift of 5 eV to lower binding energy of the W4f doublet lines is quite unique for
chemically unreactive, passive for charge transfer molecular species, like Ar atoms, adsorbed
on metal surfaces with strong surface plasmons like aluminium and silver. The XPS spectra
show a plasmon satellite shifted to lower binding energies, corresponding to the plasmon energy. The Van der Waals interaction between adsorbate and metallic surface provides a large
dipole screening capability by the metal surface plasmon if a core hole is created in the adsorbed specie. In our case the whole spectrum is shifted with 5 eV to lower binding energy,
indicating a strong screening effect. The reduction of the XPS binding energy position is equivalent to the metal surface plasmon energy provided by the π-graphene plasmon. These surface
plasmon polaritons propagating on a plane surface reveal an electromagnetic field which is
strongly localized in one dimension, i.e. normal to the surface/interface. Kerker [9] has shown
that the solutions of the Laplace equation in the quasi-static approximation of the electric field
of an oscillating dipole in the near-field zone can be described by exactly the electrostatic field
of a point dipole, which oscillates in time and, thereby, providing the screening capability to
increase the kinetic energy of the XPS electrons.
Another possibility is that the graphene plasmon couples strongly to the valence 6s electrons
of atomic tungsten to effectively screen the localized atomic 4f-electrons states. This would
be consistent with the observation that the 4f-electrons belonging to WO3 are not screened
because the W-6s electrons are absent in WO3 .
In the XPS C1s line of the low density fractal sample (Figure 4.3(b)) there is a relatively intense
satellite peak at 288.6 eV, which is caused by the generated graphene 5 eV surface plasmon
and has shifted from 284.4 eV of graphene due to the necessary excitation energy of the surface plasmon. The two other peaks correspond to the C1s of graphene (284.4 eV) and SiC
(281.8 eV), respectively. The C1s peak of SiC peak at slightly lower binding energy than as
found by Speck et al. [10] is due to band bending [11] and indicates that graphene is present as
quasi-free standing graphene. The graphene layers, buffer layer and the graphene layer, are
decoupled from the SiC substrate. The intensity ratio of the graphene and SiC C1s contribution supports the presence of bilayer graphene as well. [10] This clearly shows that the W/H
treatment has decoupled graphene from the substrate. Bostwick et al. [12] discussed the large
screening difference between epitaxial graphene and quasi-free standing graphene due to the
large polarisability of the dangling bonds in the buffer layer. Therefore, in epitaxial graphene
the plasmarons, the coupling of electrons with a plasmon, can not be resolved in photoemission
spectra, but are clearly visible for quasi-free standing graphene. This indicates that for quasifree standing graphene the role of the plasmons is much stronger than for epitaxial graphene,
which is consistent with the strong screening capability and the plasmon energy shift of the
W4f core levels.
The W4f and C1s XPS core levels of epitaxial graphene with the high density fractal structures
corresponding to Figure 4.1(f) are shown in Figure 4.4. For the W4f, the WO3 contribution
(35-40 eV binding energy), a contribution of WO2 (30 eV) and possibly a contribution of the
shifted metallic tungsten at 25 eV binding energy are visible. Compared to the lower density
fractal surface the WO2 is now present. The WO2 is shifted to lower binding energies with
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Figure 4.3: (a) W4f and (b) C1s XPS spectra of hydrogenated/tungstenated sample with the low density
fractal structures.
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Figure 4.4: (a) W4f and (b) C1s XPS spectra of hydrogenated/tungstenated sample with the high density
fractal structures.
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Figure 4.5: The optical conductivities of pristine graphene, with (blue) and without (purple) electronelectron interactions taken into account: pristine bilayer graphene (red), doped graphene (pink), doped
bilayer graphene (dark green) and fluorographene (black). [Reprinted figure from Ref. [5] , with the permission of Springer Nature Publishing]

2.9 eV, slightly smaller than for the metallic 4f level. WO2 still contains W-6s electrons
which can screen the core levels states and therefore consistent with the larger 5eV shift for
metallic tungsten. The C1s line is comparable for both samples, only the C1s of the SiC is not
visible anymore due to the thick tungsten oxide fractal structures.
In the case of the non-magnetic hydrogenated graphene samples of which as an example the
result of a sample is presented in Figure 4.6, one W4f doublet is present at 34-39 eV, corresponding to well structured WO3 (W6+ ) fractal shapes. This shows that the XPS spectra in
Figures 4.3 and 4.4 indicate that the W/H treatment at 720 C and low H-flux was very different
compared to treatments at lower temperature and/or different H-flux (the non-magnetic sample
is hydrogenated under temperature of 625◦ C and hydrogen flow of 0.07 sccm). We will discuss
the effects of the high temperature W/H treatment on the magnetic behaviour in Chapter 5.
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Figure 4.6: W4f XPS spectra of a non-magnetic hydrogenated/tungstenated epitaxial graphene.

4.2.2

Fractal Structures of Tungstenated Epitaxial Graphene

From previous growth morphology studies, it is well known that fractal features are created
in the growth of metal atoms on crystalline metal surfaces. As an example, Brune et al. [13]
have shown nicely fractal structures of silver atoms deposited on Pt(111) substrate in a UHVSTM study. Nevertheless, our emphasis is the growth of adatoms on graphene. Several literatures demonstrated clustering of various metals grown on graphene. [14–21] They have shown
that the obtained growth patterns strongly depend on the substrate on which the graphene is
grown. Metal surfaces are used as catalysts for graphene formation, showing Moiré supercells
as a result of the strong interaction with graphene, which is supported by the STM images of
Refs. [14,16,18,20,21] . The growth morphology of metals, transition metals as well as rare earth
metals on graphene show the template of a graphene Moiré pattern on Ru(0001) [16,18,20] and
Ir(111) [14,17,19,21] substrates. An explicit snowflake produced shape growth of metal deposition
on graphene is found for the growth of gold nanostructures on graphene oxide, immobilized
on an amine-silanized silica substrate [22] and for the growth of Gd on epitaxial graphene with
Si-terminated 6H-SiC base. [23]
In our tungstenated graphene system, similar as for H-atoms, the Si-dangling bonds in the
buffer layer play an important role for the initial adsorption due to a strain induced small corrugation of the graphene layer above. For the hydrogenation process these sites are preferential
positions, resulting in strongly localized pseudo Landau levels at the Fermi level. The emergence of the fractal structure for longer hydrogenation times, is a scientific challenge to understand. Usually diffusion limited aggregation (DLA) thermo-dynamic models [24] are referred
to for a phenomenological explanation for fractal formation, but a less phenomenological idea
based on charge screening of localized electron states can be a possible route for understanding
the formation of fractals. There are two examples of a comparable fractal nano-cluster appearance, viz. Gd and now W on epitaxial graphene. For Gd only the nano-cluster formation is
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shown without magnetization results, [23] but for W/graphene we know that there is a first stage,
before fractal forming, of W atom intercalation which generates the large magnetic moment
[see Chapter 5].
Nanoscale charge phase separation is obtained in oxide systems, like Ca doped La1-x Cax MnO3
(with x of about 0.3) single crystals, with scanning tunnelling spectroscopy experiments. [25]
Theoretically, Malvezzi et al. [26] showed that small nano-sized islands of one electronic phase
are embedded in the other phase, behaving like a charge-density-wave (CDW) arrangement of
charge with fractal-like shapes. For the hydrogenation of epitaxial graphene in the presence
of W, localized states are probably formed near the Fermi level. The large magnetic moments
are related to intercalated W-atoms in between the graphene layers and can be transformed to
fractal structures for higher W coverage as soon as the graphene plasmon screening disappears
as tungsten covering affects the electron structure of the graphene top layer and extended electron states should provide the screening. Macia et al. [27] showed for a Koch fractal lattice,
a snowflake like structure, that the fractal growth favors the presence of extended electronic
states. Phase separation occurs as a compromise between the Coulomb interactions between
charges, localized electrons, and the kinetic energy. By fractal formation with more extended
electron states, the Coulomb interaction is reduced by delocalization of the charges. Thereby,
increasing the long-range screening probably by forming larger fractal structures. Samples
with large fractal shaped graphene structures also reveal magnetic phase separation. As will be
discussed in Chapter 5, the total magnetic moment is reduced with more H/W atom treatment
and this scales with the snowflake fractal area, indicating a vanishing of the magnetic moment
in the fractal structures in the AFM pictures.

4.3

Conclusion

In order to study the growth procedure of hydrogen/tungsten adatoms on epitaxial graphene,
several hydrogenated/tungstenated epitaxial graphene samples were prepared with different
hydrogenation treatments. Atomic force microscopic technique was used to investigate the
morphology of the hydrogenated surface. In a very low coverage of hydrogen/tungsten, the
affected regions are hardly visible in atomic force micro-graphs while increasing the hydrogen/tungsten dose initiates aggregation or nucleation of tungsten atoms. Electron spectroscopy
shows evidence for the decoupling of the buffer layer from the SiC substrate as well as indications for atomic tungsten intercalation in between the graphene layers in the initial stage of
hydrogenation. Finally, AFM images exhibited exotic features alike snowflake shapes as the
hydrogenation progressed. The fractal structures phenomenologically are explained by DLA
models, but the underlying mechanism of the phenomenon is probably charge phase separation as a consequence of localized tungsten electron states close to the Fermi level which
can not be screened anymore by the plasmons of the top graphene layer and subsequently are
screened by extended electron states by the fractal structure formation. The samples containing
snowflake-like islands shown here, spontaneously, display nonmagnetic-superparamagnetic regions separated from each other [see Chapter 5]. This experimental realisation of exotic charge
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and spin structures separation opens the path to investigate correlated electron phenomena in
quantum-fractal structures and their possible collective charge and spin phenomena.
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[15] J. Coraux, A. T. Ńdiaye, M. Engler, C. Busse, D. Wall, N. Buckanie, F.-J.M. Heringdorf,
R. Gastel, B. Poelsema, and T. Michely, New J. Phys. 11, 023006 (2009). [DOI]
[16] Z. Zhou, F. Gao, and D. W. Goodman, Surf. Sci. 604, 31 (2010). [DOI]
[17] C. Vo-van, Z. Kassir-Bodon, H. Yang, J. Coraux, J. Vogel, S. Pizzini, P. BayleGuillemaud, M. Chshiev, V. R. L. Guisset, P. David, V. Salvador, and O. Fruchart, New
J. Phys. 12, 103040 (2010). [DOI]
[18] Y. Xu, L. Semidey-Flecha, L. Liu, Z. Zhou, and D. W. Goodman, Faraday Discuss. 152,
267 (2011). [DOI]
58

References Chapter 4

[19] C. Vo-van, S. Schumacher, J. Coraux, V. Sessi, O. Fruchart, N. B. Brookes, P. Ohresser,
and T. Michely, Appl. Phys. Lett. 99, 142504 (2011). [DOI]
[20] L. Liu, Z. Zhou, Q. Guo, Z. Yan, Y. Yao, and D. W. Goodman, Surf. Sci. 605, 47 (2011).
[DOI]
[21] D. F. Förster, T. O. Wehling, S. Schumacher, A. Rosch, and T. Michely, New J. Phys. 14,
023022 (2012). [DOI]
[22] K. Jasuja, and V. Berry, ACS Nano 3, 2358 (2009). [DOI]
[23] X. Liu, C. Z. Wang, M. Hupalo, Y. X. Yao, M. C. Tringides, W. C. Lu, and K. M. Ho,
Phys. Rev. B 82, 245408 (2010). [DOI]
[24] T. A. Witten, Jr., and I. M. Sander, Phys. Rev. Lett. 47, 1400 (1981). [DOI]
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CHAPTER
FIVE
ROOM TEMPERATURE FERROMAGNETISM IN
TUNGSTENATED EPITAXIAL GRAPHENE IN THE
PRESENCE OF HYDROGEN

Abstract
In this chapter, we show experimental evidence of ferromagnetism in hydrogenated/
tungstenated epitaxial graphene grown on SiC. To investigate the magnetic properties, several
samples with different doses of hydrogen and tungsten were studied. Magnetic measurements,
carried out at room temperature, show a transition from superparamagnetism to weak
ferromagnetism for increasing hydrogen/tungsten concentration. Atomic force microscopy
reveals fractal structures formed on graphene, and the evolution of the fractal size and density
correlates with a decrease of the magnetic moment while the coercivity increases. A brief
paragraph on the electronic structure of tungsten adsorbed/intercalated on graphene will
introduce a discussion on the large measured magnetic moments of tungstenated epitaxial
graphene and provide scenarios for understanding the large magnetic moments.
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5.1

Introduction

Despite of the recent scientific scenarios [1–4] explaining the fundamental understanding of
magnetism in non-magnetic carbon materials, clear evidence of the existence, the reproducibility and the stability at high temperatures is of particular interest for applications; this will be
discussed in this chapter. Magnetism is verified experimentally in various carbon based materials such as fullerenes, [5,6] graphite, [7–12] carbon nanotubes [13] and graphene. [14–17] Magnetization in most of the “carbon magnet” observations is attributed to boundaries and edges or
various defects such as vacancy, topological defects and chemical functionalization. [18–23] In
the literature, defects in systems are created by e.g. ion bombardments to study the magnetism
response. [10,18] In this way, mostly vacancy-like defects are created. One of the prominent
examples is highly oriented pyrolytic graphite (HOPG) irradiated with high-energy protons
which shows a ferromagnetic behaviour at room temperature. [10] Another kind of defect can
be produced by chemical functionalization such as hydrogenation. [13,15,17] In 2011, ferromagnetism in partially hydrogenated epitaxial graphene grown on 4H-SiC(0001) substrate was
reported. [15] In this work, hydrogenation governed by radio frequency hydrogen plasma treatment (10 W, 1 Torr) at room temperature. As can be seen in Figure 5.1(a), the resulted magnetic
measurements exhibit a maximum magnetic moment of ∼ 0.2 µB per benzene ring, where µB
is the Bohr magneton, under an applied magnetic field of ∼ 0.04 T. Here, the magnetic mechanism is ascribed to the formation of unpaired electrons in non-hydrogenated carbon atoms in
which long range coupling among unpaired electrons is facilitated by the remnant delocalized
π bonding network in hydrogenated parts. Two years later, room temperature ferromagnetism
was also observed in hydrogenated epitaxial graphene on 6H-SiC(0001). [16] An interesting feature of this study is the demonstration of the important role of interaction between the substrate
and hydrogenated surface; a ferromagnetic signal is recorded only for a hydrogenated monolayer graphene sample which includes buffer layer as an interface layer between monolayer
graphene and SiC substrate [see Figure 5.1(b)]. The maximum magnetic moment achieved in
this work is about 0.9 µB per hexagon projected area which is higher than that of presented in
Ref. [15] mentioned above.
Due to the weak ferromagnetic signal of carbon-based materials more experimental effort for
reproducibility and stability of the phenomenon is necessary; this issue still remains challenging in experimental research. Here, we will present tungstenated epitaxial graphene experiments in the presence of hydrogen gas. The intention was to hydrogenate epitaxial graphene,
but the very low atomic hydrogen flow in combination with a relative high temperature of the
hydrogen cracker resulted in tungsten deposition on graphene. This unexpected deposition of
tungsten explains the unusually large magnetic moment as is found, and the role of tungsten in
the presence of hydrogen will be discussed in the context of the observed magnetic behavior.
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Figure 5.1: (a) Magnetic hysteresis of hydrogenated epitaxial graphene at 300K [Reprinted figure from
Ref. [15] ]. (b) Magnetic hysteresis for different configurations of the sample; black curve belongs to
hydrogenated epitaxial graphene (including buffer layer), red curve: clean epitaxial graphene, green
curve: clean quasi-free standing mono layer graphene (QFMG), dark blue: hydrogenated quasi-free
standing monolayer graphene (hQFMG), blue curve: clean buffer layer (BL), pink curve: hydrogenated
buffer layer (hBL) [Reprinted figure from Ref. [16] , with the permission of APS Publishing].

5.2

Sample Preparation

Epitaxial graphene samples were grown through thermal decomposition of C atoms on Si face
of 6H-SiC substrate as described in Section 2.3.1. Afterwards, following the hydrogenation
procedure explained in Section 2.3.3, samples were exposed to an atomic hydrogen beam extracted from thermal gas cracker inside the UHV chamber (base pressure is 10−8 mbar). The
hydrogenation process can be controlled by different parameters as: the temperature of the
capillary tube and the flow of incident H2 gas. Based on our experiences any small deviation
of these parameters may give rise to a different hydrogenation treatment; so during all our
experiments reported in this chapter we tried to keep these parameters constant (Tcracker = 720
◦
C and Flow = 0.05 sccm), unless stated otherwise, and control the dose of hydrogenation
by controlling the time of exposure. As mentioned before, under these setting parameters,
unexpected tungsten atoms also deposited on the sample surface.

5.3

Experimental Results

The AFM images after the hydrogen/tungsten treatments are shown in Figure 5.2 in which the
samples in Figure 5.2(a) and in Figure 5.2(b) are hydrogen/tungsten treated for 3 minutes and
30 minutes, respectively. The bright features appear after hydrogenation and the AFM images
display apparent fractal structures as discussed in the previous chapter. They grow in size and
density by increasing the exposure time. After 30 minutes, the entire surface is covered by
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these highly complex fractal shapes (Figure 5.2(b)). Here, we will present the corresponding
magnetic behaviour of these interesting morphologies.
In order to investigate the magnetic properties of the hydrogenated and tungstenated graphene
samples, a commercial superconducting quantum interference device (SQUID) with a sensitivity of 10−11 A.m2 is employed. To determine the magnetic response of hydrogenated and
tungstenated graphene, the linear background, related to the bulk SiC diamagnetism, is subtracted by a linear fit to the high field part of the curve [see Section 2.4 for details]. The results
after subtraction are displayed in Figure 5.3. At room temperature (300 K) the magnetic moment curves show an extremely small coercivity of 0.3 mT and a remanent magnetic moment
(mr ) of ± 1 × 10−10 A.m2 after 3 minutes hydrogenation as a function of an in-plane applied
magnetic field (red curve in Figure 5.3(a)). The saturation magnetic moment (ms ) of ± 75 ×
10−10 A.m2 , achieved in a relatively low applied magnetic field (± 0.5 T), is 3 times higher
than what is reported for hydrogenated epitaxial graphene in Ref. [16] . Here, the amount of
saturation magnetic moment implies ∼ 2.5 µB per hexagon projected area (including the interface layer). We attribute the differences in magnetic behaviour of current study sample with
that of reported in Ref. [16] to the extreme conditions under which the hydrogenation has been
performed; in fact the adsorption of tungsten on graphene. The influence of hydrogen flux on
the magnetic behaviour will be discussed for several some examples.
For the magnetic measurements, the sample was cooled down from 300 K to 5 K in an applied
magnetic field of 1 T (1 TFC). The collected data at low temperature (5 K) show a considerable increase in the magnetic moment of the sample with an intermediate coverage of fractal
features (blue curve in Figure 5.3(a)) compared to 300 K. The magnetic moment reaches the
maximum value of ± 16 × 10−9 A.m2 . An increase of the coercivity (1.4 mT) and the remanent magnetic moment (± 3.5 × 10−10 A.m2 ) is also notable. The magnetism response of
30 minutes hydrogen/tungsten treated sample is shown in Figure 5.3(b). Comparing Figures
5.3(a) and 5.3(b) indicates a reduction of the saturation magnetic moment down to ± 45 ×
10−10 A.m2 at room temperature by increasing the time of hydrogenation, which achieved at
lower applied magnetic field (± 0.35 T) with respect to that of 3 minutes hydrogen treatment.
Although the saturation magnetic moment has been decreased, the coercive field, HC = 3.5 mT,
with the remanent magnetic moment equals to 2.3 × 10−10 A.m2 is enhanced. The magnetic
behaviour at 5 K for this sample is the same as at the room temperature.
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Figure 5.2: AFM image of hydrogenated and tungstenated epitaxial graphene with the exposure time of
(a) 3 minutes, (b) 30 minutes. Bright features on the surface appear after hydrogenation/Tungstenation.
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Figure 5.3: Magnetic moment of the hydrogenated and tungstenated epitaxial graphene samples with
different times of hydrogen treatment, (a) 3 minutes and (b) 30 minutes, as a function of magnetic field.
Red curves collected at 300 K and blue curves performed at 5 K while samples are cooled down in applied
magnetic field of 1 T. The inset shows a zoom of the coercive field and remanent magnetic moment.
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5.4

Discussion

According to our magnetism measurements in combination with AFM images, it is clear that
for increasing fractal area, the magnetic moment is reduced. In the initial stage of hydrogen
and tungsten deposition, no considerable fractal structures in size and amount are seen [for
instance see Figure 5.4(a)], but the magnetic measurements show a strong saturation value
(∼9.66 µB per projected hexagon ring for sample of Figure 5.4(a)). However, XPS results,
presented in the previous chapter, show clearly a tungsten oxide (WO2 ) contribution growing
with hydrogenation treatment time, so we clearly have deposited tungsten. Consider Figure
5.3, the ratio of the saturation magnetic moment at room temperature of the sample with intermediate fractal features (Figure 5.2(a)) to that of the highly covered fractal shaped one (Figure
5.2(b)) is ∼1.66, where the ratio of the dark background areas is determined also about 1.7
using WSxM software. [24] Hence, by assuming that the magnetism is related to the dark background, room temperature data acquisition from Figures 5.3(a) and 5.3(b) results in a value of
∼2.94 µB and ∼3.0 µB per hexagon projected dark background area, respectively, which impossibly can be assigned to carbon-hydrogen bonds only. This would be result to 0.7 µB /H as
was previously shown in Chapter 3. Even considering an ideal ferromagnetic ordered hydrogenated graphene, i.e. 3 hydrogen occupied 3 C-sites of the same graphene sublattice sites in a
hexagon, would provide 1 µB per hexagon. [25] Therefore, a magnetic contribution of tungsten
is necessary. Tungsten weakly bonded to graphene should be largely responsible for the large
magnetic moment, and the tungsten fractal structures do not or very little contribute because
the fractal structures are oxidized to predominantly WO3 /WO2 . The WO3 formation probably
happened after the samples were taken into the air for the magnetic measurements, but an initial oxidation of tungsten could have happened during the hydrogenation. [26] We propose two
scenarios for which large magnetic moments may be expected in the presence of tungsten:
1. Tungsten atoms are very loosely chemically connected to the 3 H-atoms of the same
sublattice graphene atoms, so that tungsten has an atomic like electronic structure to provide
the maximum of 5d-up spin magnetic moment to the graphene hexagon. The 6s spin-up is
assumed to be involved in the weak W-C interaction. The carbon-hydrogen contribution results
in 1 µB per hexagon [25] with the contribution of the Si-dangling bond in the buffer layer of 1
µB per hexagon [16] gives a total of 7.0 µB per hexagon.
2. Tungsten atoms are intercalated in between the graphene and buffer layer. These
W atoms are well protected against oxidation and form a Van der Waals type of interaction
with the surrounding carbon atoms, providing a 6 spin-up magnetic and a carbon-hydrogen
contribution of 1 µB per hexagon resulting in 7 µB per hexagon.
Scenario 1 seems unlikely due to chemical reactivity of tungsten with oxygen and graphene,
so that no “metallic tungsten” would be present. Scenario 2 is more likely. There are several
examples of manganese and rare-earth atom intercalation in epitaxial graphene. [27,28] In these
examples the atoms are deposited on the graphene surface and by annealing the atoms diffuse
into the graphene lattice and intercalate by decoupling the buffer layer from the substrate. This
was supported by the C1s peak shift of the SiC contribution, similar as was discussed in Chapter 4. Then, two quasi-free standing graphene layers are formed and the photoemission results
for ytterbium intercalation [29] of epitaxial graphene show two corresponding π bands contain66
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ing different amounts of doping as seen from the energy positions of the Dirac points. After
the intercalation two Yb-4f localized electron states at 1 and 2 eV appear with almost no hybridization with the π band. The ytterbium atom has a full occupied 4f shell and 6s2 electrons,
so the 4f electrons are well protected from chemical reactivity and therefore only hybridization
between the π band and Yb-6s can occur, resulting in doping. The disappearance of the buffer
layer indicates an elimination of this layer upon Yb intercalation, causes electron doping and
the downward shift to 2 eV. There is also a second Dirac cone with the Dirac point at 0.5 eV,
but the dispersion near the Dirac point is strongly modified, renormalized as is discussed by
Nair et al. [30] for a partly monolayer gold and small cluster intercalation between the graphene
layers and ascribed to gold intercalation between the two graphene layers, thereby modifying
the band structure near the K-point by giving rise to a saddle point at 2.3 eV. Marchenko et
al. [31] showed localized Au-states between 2-4 eV for a single Au-intercalated layer of epitaxial graphene (forming a single continuous gold monolayer). These unexpected flat bands over
a large part of the Brillounzone can explain the giant Rashba type spin-orbit splitting of ∼ 100
meV if they belong to atomic Au-5d states.
To explain the large magnetic moment for the W/H intercalated epitaxial graphene system,
the maximum number of 5d-electrons should be available to carry the magnetic moment, e.g.
W-5d5 , so that only the W-6s electron is available for the chemical interaction with graphene.
Tungsten atoms decoupling the buffer layer from the substrate are not sufficient to achieve this
large magnetic moment; if the saturation of the very reactive Si-dangling bonds and the broken
Si-C bonds will be realized by the W-5d electrons, their magnetic moments will be reduced.
For instance for manganese, each Mn atom will be chemically bounded to three Si atoms,
thereby completely quenching its spin polarization of the Mn-3d5 states. [28] Additional Mn
atoms intercalating the buffer layer result in a 3 µB spin configuration per Mn atom as is shown
in Figure 2 of Ref. [28] . Manganese is chemically comparable with tungsten, each has five
electron of 3d and 5d character respectively, although the 5d electrons are more delocalized.
To maximise the magnetic moment for each intercalated W-atom, hydrogen intercalation of
some of the Si-bonds is more favourable in combination of W-intercalation with the remaining
Si-bonds. Additional W-atoms can intercalate in a similar way as the additional Mn atoms
providing a 3 µB spin configuration per W atom. Even if these W-atoms would have a 3 µB spin
configuration, we cannot explain the experimental magnetic moment. Tungsten intercalating
of the second graphene layer would be necessary with a minimal chemical interaction of the
W-5d electrons with the graphene π band, in other words 5 atomic W-5d electrons and one
W-6s electron which may hybridize with the π band of graphene. An important argument
for keeping the W-5d electrons atomic like and prevent hybridization with the π band is that
as otherwise the π band will loose its screening capability of the conduction electrons and
in particular the 0.5 eV and 5 eV plasmon of bilayer graphene. Our XPS spectra show that
the intensity ratio of the W4f spin-orbit split doublet points to atomic electron states. Also
the strong screening capability of the graphene 5 eV plasmon for the W4f states indicates
that the graphene π band is still intact and not heavily hybridized with the W-5d states. This
supports the idea that the W-atom intercalated in the second graphene layer is only chemically
integrating with graphene via the W-6s electron. This would results in doping the graphene
and improving the screening of the atomic W-atom. This would give the maximum of (3 (BL)
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+ 5.92 (spin + orbit contribution atomic W, see below)) µB per projected graphene hexagon.
The total magnetic moment of 5d5 :
p
µ = L(L + 1) + 4S(S + 1)µB = 5.92µB
(5.1)

with L = 0, where L is the sum of the magnetic quantum number, and S = 5/2 is the total spin.
In this discussion to explain the large magnetic moment for W/H intercalated epitaxial
graphene, the presence of atomic W-5d electron states of a tungsten intercalated monolayer
between the quasi-free standing graphene layers and the screening of these states is essential.
Very localized electron states with a small hybridization with their surrounding atoms apple a
relatively large Coulomb interaction on each other which energetically is very unfavourable.
Delocalization of the electrons reduces the Coulomb energy but increases the kinetic energy.
In our case the large screening of the Coulomb interaction can be strongly reduced by the
quasi-free standing graphene layer plasmon contribution and delocalization is not needed. The
monolayer Au intercalation of epitaxial graphene as well as the indications of Yb intercalation
not only of the buffer layer but also in between the graphene layers by Watcharinyanon et al. [29]
indicates that very localized electron states are already shown, in particular the giant Rashba
spin-orbit coupling provides evidence. The renormalization of the electron structure near the
second Dirac point, as mentioned above for Au and Yb intercalation in between the graphene
layers, is probably attributed to the release of the compressive strain of the top graphene layer
by decoupling induced by the high density of the intercalated metal atoms, and directly providing the plasmon screening.
For the ferromagnetic behaviour, coercivity is another important feature. The magnetic hysteresis loop of Figure 5.3(a) shows an extremely small coercivity close to zero at room temperature. Such behaviour of the hysteresis loop is characteristic for superparamagnetic behaviour. [32,33] Superparamagnetism is caused by an ensemble of small ferromagnet particles,
known as single-domain particles, which are separated from each other having a negligible
magnetic inter-particle interaction. For thermal energies higher than the activated energy, the
ensemble behaves as a paramagnet with a large magnetic susceptibility, hence called a superparamagnet, and exhibits a “S” shape magnetization curve versus an applied magnetic field. [33]
In analogy to the Curie temperature in ferromagnetism, a blocking temperature (TB ) is defined
as the characteristic temperature for a superparamagnetic material. Below TB the magnetic
moments become frozen or blocked which causes an increase of the magnetic moment when
the system is cooled down in an applied magnetic field. [32–35] Moreover, at temperatures below
the blocking temperature, a permanent total magnetic moment appears at zero magnetic field,
which is ascribed to the ferromagnetic ordering inside each ferromagnet particle. In our experiments, the superparamagnetic behaviour indicates ferromagnetic behaviour of small particles
or clusters. Low temperature magnetic measurements presented in Figure 5.3(a) supports a
superparamagnet below blocking temperature. We observe a significant increase of the magnetic moment as the temperature is decreased in the presence of 1 T applied magnetic field. In
such field-cool down measurements, the saturation magnetic moment is two times higher than
at room temperature and a small coercive field (1.4 mT) is emerged. So, here, the blocking
temperature is between 5 K and 300 K.
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Interestingly, the change in morphology, from a low coverage of fractal features to the high
coverage of enlarged fractal structures, reveals a magnetic hysteresis loop with a small coercivity at room temperature (HC ∼ 3.4 mT). We call it “weak ferromagnetism” to emphasise the
enhancement in the coercivity and attribute this to larger anisotropy due to larger corrugation
of the system, although the total magnetic moment is reduced due to the growing of the fractal
structures which assigned to the clustering of W atoms, therefore reducing the contributing
magnetic moment. The same trend is observed for other samples with similar AFM collected
structures (Figure 5.4). Here, the hydrogenation was performed for a 0.07 sccm flow of
hydrogen gas at Tcracker = 720 ◦ C. Figures 5.4(a)−5.4(c) are hydrogenated/tungstenated for 3,
30 and 150 minutes, respectively. Comparing the morphology of hydrogenated/tungstenated
samples of Figure 5.2 with those with the same H/W exposure time as in Figure 5.4 exhibits
a significant effect of a small increase in the hydrogen flux parameter on the growth process.
This shows not only the difficulty in the sample hydrogenation process reproducibility but
also supports the abovementioned scenario in the interpretation of the observed magnetic
behaviour: for this series of samples (Figure 5.4), the growth of the fractal structures also
leads to a reduction in the total magnetic moment and an enhancement in the coercivity.
Figure 5.5 summarizes the magnetism response of the samples. The sample of 3 minutes
hydrogen/tungsten exposure time shows a maximum magnetic moment of ± 29 × 10−9
A.m2 saturating at low magnetic field of ± 0.3 T, which indicates a momentum of ∼9.66
µB per projected hexagon ring. This large magnetic moment per hexagon projected area
is surprisingly high. From the corresponding curves, a coercive field of HC = 3 mT and a
remanent magnetic moment of ± 2.6 × 10−10 A.m2 is extracted for 30 minutes treated sample
(red curve) with the saturation magnetic moment of ± 85 × 10−10 A.m2 . Finally, the magnetic
moment drops dramatically by further increasing the time of hydrogen/tungsten treatment
(pink curve). This stage of hydrogen/tungsten treatment is interesting in regards to Raman
active peaks, the phase where the defect peak emerged. This will be discussed in the next
chapter.
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Fig5-5a

(a)

Fig5-5b

(c)

(b)

)

Figure 5.4: 700×700 nm2 AFM image of hydrogenated and tungstenated epitaxial graphene with the
exposure time of (a) 3 minutes, (b) 30 minutes and (c) 150 minutes.
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Figure 5.5: Magnetic moment of the hydrogenated and tungstenated epitaxial graphene samples with
different times of hydrogen/tungsten treatment as a function of magnetic field at 300 K. The inset shows
a zoom of the coercive field and remanent magnetic moment.
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Fig5-5c

5.5. Conclusion

5.5

Conclusion

Magnetism in hydrogenated/tungstenated epitaxial graphene has revealed large magnetic moments and superparamagnetic behaviour in epitaxial graphene on SiC. The observed magnetic
moment was much larger than what is possible and known for hydrogenated graphene in the
literature [15,16] and ascribed to a chemical species of single tungsten atoms loosely chemically
connected to graphene and H or intercalated tungsten atom(s) in between graphene and the
graphene buffer layer. The evolution of the tungstenated process was investigated by atomic
force microscopy and the magnetic response was obtained by SQUID. The atomic force micrograph presented exotic fractal shapes on the sample surface. It has been shown that there
is an enhancement in coercivity together with a reduction in saturation magnetic moment as
fractal structures developed. Low temperature magnetic measurements showed a remarkable
increase in magnetic moment of samples reflecting the superparamagnetic behaviour. Considering the AFM sample surface morphology together with the corresponding magnetic behavior suggests that the possible tungsten-carbon/H adsorbates or W/H-intercalates in between
the fractal structures are responsible for the appeared magnetism. At low coverage, these regions behave similar to individual atoms or small clusters, representing a superparamagnetic
behaviour. Increasing the deposition time enhances cluster formation of W-atoms, resulting in
a stronger magnetic anisotropy of the system which leads to a weak ferromagnetic behavior
with a lower magnetic moment.
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CHAPTER
SIX
RAMAN SPECTROSCOPY OF
HYDROGENATED/TUNGSTENATED EPITAXIAL
GRAPHENE ON SILICON CARBIDE

Abstract
Raman spectroscopy of graphene like materials is studied vastly both experimentally
and theoretically, but the investigation on epitaxial graphene on SiC is not prevalent. In
this chapter, initially, the Raman spectrum of pristine epitaxial graphene is discussed, since
the epitaxial graphene is highly affected by the interface layer known as buffer layer. The
influence of the substrate is evidenced by the changes in the Raman active peak position,
width and intensity in comparison to suspended monolayer graphene and also by XPS
measurements. These differences are attributed mainly to the compressed surface due to strain
and to the electron doping characteristic for epitaxial graphene on SiC. Raman spectroscopy
is employed also to study the effect of adatoms, i.e. hydrogen/tungsten, on epitaxial graphene.
Hydrogenated/tungstenated epitaxial graphene samples with different hydrogen/tungsten
doses show evolution of a defect peak in the samples exhibiting high dense fractal structures
on the surface. In the Raman spectrum, the defect contribution is attributed to the phonon
mode which becomes Raman active mode as a consequence of limiting size of the graphene
structures in between the fractal structures. Therefore, defect peak is emerged upon high dose
of hydrogen/tungsten treatment.
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6.1

Introduction

Magnetism in hydrogenated graphene has been attributed to defects induced by covalent C-H
bonds on the surface. [1] Defects are investigated in graphene by Raman spectroscopy, which is
a nondestructive method with the capability to detect defects and also to provide relevant information such as the number of layers, disorder and type of edge boundaries. [11–16] Graphene,
as a sp2 carbon sheet, has a very high lattice symmetry which makes the Raman spectrum of
that very sensitive to symmetry-breaking. Vacancies, created by ion bombardment, or sp3 hybridized distortions, due to chemical functionalization, can be detected by Raman spectrum.
0
The nature of defects can be identified by the ratio of the D-peak intensity to the D -peak intensity in the Raman spectrum of the sample; this corresponds a specific ratio to each type
of defect as demonstrated in Ref. [14] . As we discussed in previous chapters, hydrogenated
graphene generally would not result in a ferromagnetic response, only the phases which obey
the criteria described in details in Chapter 3. In our experiments, magnetism is mostly related
to the tungsten adatoms, so it is useful to investigate the hydrogenated/tungstenated graphene
samples based on defects.
There are vast informative studies on Raman characterization of disordered graphene like materials. [8,14,16,17] In general, Ferrari et al. [18] have classified the disorder of these materials in
three stages. Disorder considered in their work involves the whole range of defects starting
from a very low density to a very high destructive density by comparing graphite to amorphous
carbon. Stage one describes graphite to nanocrystalline graphite, stage two includes nanocrystalline graphite to low sp3 amorphous carbon and stage three contains low sp3 amorphous
carbon to high sp3 amorphous carbon. Note that this classification is obtained in the visible
optical range of Raman data on disordered, amorphous and diamond-like carbon. Graphene
studies are mostly categorized in the first two stages. The evolution of Raman spectra in stage
one is characterized by the appearance of the D-peak (defect peak) whose intensity is increased
0
by increasing disorder followed by the appearance of the D -peak. Larger amounts of defects
0
result in a D+D -peak as well. At the end of this stage, all the peaks broaden in such a way
0
0
that the G-peak and D -peak merge to each other and the D -peak is no longer distinguishable
[see Section 2.4.3 for detail information on the full range of Raman active peaks in graphene].
In Ref. [19] Lucchese et al. used the technique of Ar+ bombardment in low energy to produce point defects in single layer graphene. By imposing a different dose of bombardment
they could represent the evolution of different disorder stages discussed above. In stage one,
the I(D)/I(G) intensity ratio increases as the density of defects increased. On the other hand,
for a high intense defects, sp2 carbon hexagonal structure starts to disappear, thus I(D) will
decrease. Considering that I(G) is roughly constant [see Section 2.4.3], I(D)/I(G) now, in contrast to stage one behaviour, reduces by increasing disorder. Thus, one would expect to pass a
maximum ratio of I(D)/I(G) through transition from stage one toward stage two, [8,17–19] meaning that two different defect densities may represent same value of I(D)/I(G). Note that in this
stage there is no well-defined 2D-peak. This was shown also in similar work done by Cancado
et al.. [8] The same trend of I(D)/I(G) was reported for fluorinated graphene; [17] a disordered
graphene with another type of defects (sp3 hybridized defect).
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Despite of the work mentioned above, [8,17,19] our Raman measurements of hydrogenated/ tungstenated epitaxial graphene do not show a non-monotonic dependence of the D-peak on defect
density even though the samples were impacted by a considerable dose of adatoms according
to corresponding magnetism response and AFM images. It is notable that most of the Raman
spectroscopy studies for characterizing the properties of defective graphene have been carried
out on exfoliated graphene, which is micromechanical exfoliation of single-crystal graphite
flakes on Si/SiOx or on graphene grown on metals by CVD technique. In both cases the
graphene layer is not affected by the substrate, however, epitaxial graphene on SiC is strongly
influenced by the substrate through the buffer layer. This makes the interpretation of Raman spectrum of epitaxial graphene more complicated. In particular, knowing that epitaxial
graphene on SiC is n-doped, [20,21] the influence of doping on Raman spectrum also should
be taken into consideration. Here, we will show and discuss such differences of epitaxial
graphene Raman spectra and compare them with quasi-free standing monolayer graphene
followed by the evolution of the defect peak contribution in the Raman spectra of hydrogenated/tungstenated epitaxial graphene samples. Here, defect peak arises upon the appearance of large fractal shapes touching each other according to AFM images. This assigned to
symmetry breaking of graphene parts limited in between the fractals which activates phonon
modes leading to a D-peak in Raman spectrum.

6.2

Experiments and Discussions

As mentioned above, Raman spectroscopy measurements of (hydrogenated/tungstenated)
graphene samples with different electronic structures are discussed. Samples under study
are quasi-free standing monolayer graphene (QFMG) and epitaxial graphene (EG). Epitaxial graphene and buffer layer samples were grown as described in Section 2.3.1. To produce
QFMG, the created BL was successfully treated by a molecular hydrogen intercalation procedure [see Section 2.3.2]. In order to ensure the effectiveness of intercalation procedure and
thus the existence of QFMG, Raman spectroscopy and XPS were performed. Thereafter, hydrogenation takes place according to Section 2.3.3.

6.2.1

Pristine Monolayer Graphene

Quasi-Free Standing Monolayer Graphene
Raman spectra of BL and QFMG are shown in Figures 6.1(a) and 6.1(b), respectively. As we
expect, in BL (Figure 6.1(a)) a broad D-peak (at 1350 cm−1 with FWHM 137.17 cm−1 ) and Gpeak (at 1577 cm−1 with FWHM 79.64 cm−1 ) can be seen together with a broad 2D-peak and
0
a D+D -peak, which are overlapping and extending from 2600 cm−1 to 3250 cm−1 . The large
D-peak and, as a consequence, a large I(D)/I(G) ratio indicates numerous structural defects,
so-called sp3 C atoms, due to Si-C bonds with the SiC substrate. [18,22] In contrast, the Raman
spectrum of QFMG (Figure 6.1(b)) displays a sharp 2D-peak of a pristine graphene at 2678
cm−1 with FWHM = 24.06 cm−1 . Also, a narrow G band appears at 1586 cm−1 with FWHM
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= 7.79 cm−1 . The peak positions and widths are in agreement with the measured Raman
spectrum of a single layer graphene flake resting on a silicon oxide substrate which is reported
in Ref. [12] . The Raman characteristics of pristine exfoliated monolayer graphene supported on
the SiO2 substrate is compared to that of suspended exfoliated graphene by Berciaud et al. [23]
and they concluded that the former is hole-doped. First, the G-peak is blue-shifted (1587 cm−1 )
with narrower width (6 cm−1 ) in the case of the supported sample compared to the suspended
one. [23] Second, the 2D-peak obtained from supported graphene is upshifted (2680 cm−1 ) with
respect to the free-standing graphene. [23] However, the differences in peak position and width
of the samples could be related to the strain, experienced by the supported sample, as well.
Moreover, in Ref. [23] , it is shown that the peak intensity ratio of 2D to G, i.e. I(2D)/I(G), of
free-standing sample is about 4 times higher than what is observed for supported graphene,
which is ∼1.6. In our experiment, the ratio of I(2D)/I(G) is 2.46. The Raman response of
graphene sample on SiO2 is very close to what we obtained for QFMG sample. So, we can
conclude that our QFMG may be hole-doped due to hydrogen intercalation. This conclusion
can be also derived by comparing our observations to the Raman spectra of “doped” graphene
presented in Refs. [3,16,24–27] . There is a small peak at 1342 cm−1 (D-peak) which may imply
the residue of C atoms bonded to the SiC or low amount of localized defects.
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Figure 6.1: Raman spectrum of (a) Buffer Layer, (b) QFMG (spectrum is normalized to the G-peak).
Clear reduction in D-peak and pronounced sharp G-peak and 2D-peak are exhibited after intercalation of
BL.

In Figure 6.2, C1s XPS data of QFMG and the BL are compared. The largest peak at 282.6
eV (SiC-peak) belongs to the bulk sp3 hybridized carbon bonded to silicon in the SiC substrate, and the peak at 284.2 eV (G-peak) is related to the sp2 hybridized C-C bonds, i.e. the
graphene layer. The S1-peak and S2-peak represent the sp3 and sp2 hybridized carbon atoms
in the buffer layer, respectively. [28] A significant increase of the graphene component coinciding with a reduction of the buffer layer signature, i.e. the S1-peak and the S2-peak in the
XPS measurements, indicates the creation of QFMG. Some oxidation contributions on both the
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graphene and the buffer layer are signalled by the CO peak. Due to the decoupling of the SiC
substrate from the buffer layer in QFMG sample, the electronic energy bands at the interface
of SiC and buffer layer bend and the energy levels at the surface shift up in energy. [29] This is
manifested by a shift of QFMG SiC-peak towards lower binding energy of 0.7 eV. Also, the
graphene peak (G-peak) lies about 0.2 eV below the value for bulk graphite which is 284.4
eV. [30] As the binding energy is measured relative to the Fermi level, down shifting of the
graphene layer binding energy is another indication of hole-doping of the QFMG sample [29,31]
consistent to the Raman behaviour discussed above.
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Figure 6.2: XPS measurements of QFMG (bottom plot) compared to that of BL (top plot). It is clear
that the S1 and S2 components, which are related to buffer layer, have disappeared in QFMG and the
graphene peak (G) is more intense in QFMG due to intercalation.

Epitaxial Graphene on SiC
Prior to investigating the hydrogenated samples, it is important to monitor the Raman spectrum of epitaxial graphene and compare the Raman spectra of pristine graphene samples with
different electronic structures. The Raman spectrum of EG (Figure 6.3(a)) shows the main 3
peaks of graphene. Comparing this spectrum with the spectrum of QFMG (Figure 6.1(b)), reveals slightly broader peaks with reduction in the intensity ratio of I(2D)/I(G) (∼1.12), which
is understandable, since epitaxial graphene consists of a mono layer of graphene on top of a
buffer layer, so below these graphene features the broad D and G bands, previously found on
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the buffer layer, remain (simply attenuated). [22] Besides the intensity and width of the peaks,
the position of the peaks in epitaxial graphene is different from that of quasi-free standing
graphene. There is a blueshift of 13 cm−1 and 48 cm−1 in the G-peak (1599 cm−1 ) and 2Dpeak (2726 cm−1 ) of EG, respectively. As previously mentioned, the QFMG sample reveals a
hole doping signature, so it is preferable to compare the EG Raman result to that of suspended
graphene reported in Ref. [23] . Referring to the free-standing graphene data of Ref. [23] , the
G-peak and 2D-peak of EG are blue-shifted by ∼12 cm−1 and ∼46 cm−1 , respectively. This
indicates that there is a phonon hardening in EG.
It is known that, the shape, the position and the relative intensity of the G and 2D peaks change
with number of graphene layers. [11] The 2D-peak in the monolayer graphene can be fitted by
a single Lorentzian peak [32] which indeed is the case in our EG sample, so the possibility of
peak changes, compared to monolayer graphene, due to being bilayer or multilayer graphene
are ruled out. The energy shift in Raman spectrum also can reflect the alteration in the electronic structure affecting electron-phonon interaction. The Dirac point of EG grown on SiC
is approximately 0.42 eV below the Fermi level, [20,33] which implies intrinsic n-doped characteristic of EG. From room temperature Hall resistance measurements on EG sample, prepared
in the same manner as the one used here, an electron carrier concentration of 2×1013 cm−2
has been reported. [33] In addition, the C1s XPS measurement of EG, which is shown in Figure 6.3(b), reveals a G-peak at 284.8 eV which is ∼0.4 eV higher than that of graphite. [30]
This indicates that EG is electron doped. Hence, we have to consider charge doping as one
of the factors shifting the phonon energy we observe by the Raman spectra. The influence
of doping on the graphene Raman spectrum is studied vastly in Refs. [16,24–26,34] . One of the
consequences of doping is the reduction in intensity ratio of I(2D)/I(G). This is in agreement
with what we observe through going from QFMG to EG. Stiffening of the G-peak due to the
both hole and electron doping is also shown in all relevant literatures, which is the case in EG
Raman measurements. In contrast, the FWHM of G-peak in EG (16.17 cm−1 ) is broader than
that of quasi-free standing graphene (7.79 cm−1 ), which is expected to become narrower due
to charge doping. [24,26,34,35] Moreover, the 2D-peak response in EG is not consistent with what
is reported for electron doped graphene. [25] The 2D-peak behaves different from the G-peak
in response to electron doping. For electron doping, unlike hole doping, the position of the
2D-peak initially (up to 3.2×1013 cm−2 electron concentration) is slightly increased in energy (∼1 cm−1 ) while it is significantly downshifted (∼20 cm−1 ) for higher electron doping
levels. [25] Comparing our observations with those reported for electron doped graphene with
doping level comparable to EG on SiC, for instance data of Ref. [25] , shows that charge doping
alone cannot explain the significant phonon hardening in both G-peak and 2D-peak which are
stated in Ref. [25] only about 14 cm−1 and 1 cm−1 , respectively, compared to 12 cm−1 and 46
cm−1 that we measure. Raman spectroscopy of EG on SiC is investigated in Refs. [4,22,36] as
well. They also observe a comparable blueshift as we measure in the G and 2D peaks. Ni et
al. [36] have attributed the upshifting in frequencies mainly to the compressive strain originating from the lattice mismatch between the substrate and graphene layer. Compressive strain is
considered as a main factor of Raman active phonon frequency stiffening also by the authors of
Refs. [4,22] . Here, the room temperature compressive strain is ascribed to the mechanical strain
created when the sample is cooled down after growth. It is a consequence of the different
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Figure 6.3: (a) Raman spectrum of pristine epitaxial graphene (spectrum is normalized to the G-peak)
and (b) C1s XPS measurements of EG. S1 and S2 components, which are related to buffer layer, are
visible in the XPS measurements of EG.

thermal expansion coefficients of SiC and graphene which is larger for SiC. [4]

6.2.2

Hydrogenated/Tungstenated Monolayer Graphene

Both samples (QFMG and EG) were exposed to atomic hydrogen simultaneously; so they have
experienced the same hydrogen/tungsten atom treatment (T= 700 ◦ C, Flow = 0.05 sccm, 30
minutes). Right after, Raman spectroscopy is performed on each sample. In fact, Raman spectroscopy is employed to investigate the adatom induced defects on the samples for which the
intensity ratio of I(D)/I(G) is important. As introduced in Section 2.4.3, a D-peak appears provided that an excited electron, which has been firstly inelastically scattered by a phonon, is scattered elastically by a defect. [3] On the other hand, it is shown that upon absorption of H atom to
the graphene, the underneath C atom experiences the transition from sp2 to sp3 hybridization
which is known as sp3 defect and can be detectable as a D-peak. [1] In Figure 6.4, the Raman
spectra of samples before and after hydrogenation are plotted. Since the D-peak is assigned to
defects, only the D-peak is plotted to compare with that of the non-hydrogenated samples. All
spectra are normalized to the G-peak corresponding to each spectrum. As can be seen in Figures 6.4(a) and 6.4(b), the D-peak rises only in the case of hydrogenated/tungstenated QFMG,
even though both samples experienced the same hydrogen/tungsten treatment. To verify the
results, several spectra have been collected on different spots of the surfaces and all exhibited
comparable results (as an example two spectra of each hydrogenated/tungstenated sample are
shown; a small deviation in the intensity ratio is due to the inhomogeneity in the adatom distribution). What causes the differences in the Raman spectra of the two samples may be related
to the already existing differences in the samples due to the different electronic structures. As
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shown in the previous section, there is an obvious difference in the Raman active peaks of
monolayer graphene of QFMG and EG type in the sense of the position and the intensity ratio
to the G-peak. The dependency of the D-peak to doping of graphene is investigated in Ref. [24]
and is demonstrated that the D-peak intensity has a maximum value where the Dirac-point is
situated at the Fermi energy and is decreased by doping the system. In our experiment both
graphene samples undergo the same treatment of hydrogen/tungsten and we assume the same
amount of adatom is adsorbed on both sample surfaces, but initially the pristine graphene is
electron doped in epitaxial and slightly hole doped in QFMG case. So, comparing two systems based on doping level is complicated. Noteworthy that DFT calculations of Chapter 3
and the photoemission measurements on hydrogenated graphene in Ref. [37] evidence that localized states lie between a created gap, so in our system it is doubt to observe the system from
the doping sight. In conclusion, due to these fundamental differences in the sample properties
which make understanding of D-peak origin in hydrogenated/tungstenated graphene even more
complicated, in the following we will focus only on the results of hydrogenated/tungstenated
EG samples with different dose of defects.
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Figure 6.4: D-peak (defect peak) of (a) QFMG and (b) EG. In each figure, D-peak of two different
regions in hydrogenated/tungstenated sample is compared with that of corresponding clean sample (blue
curve). It is clear that D-peak rises in QFMG sample after hydrogen/tungsten treatment process.

82

6.2. Experiments and Discussions

6.2.3

Origin of the D-peak in Raman Spectrum of Hydrogenated/ Tungstenated Epitaxial Graphene

In order to have different density of defects in EG samples, they were exposed to hydrogen
atoms for different times of exposure under the same hydrogen treatment conditions (T=
625◦ C, Flow = 0.07 sccm). As mentioned before, however samples are exposed to the hydrogen atom on purpose, after hydrogenation, tungsten atoms are also evidenced by the XPS.
The morphology of the samples is displayed by AFM measurement in Figure 6.5. Clearly,
increasing the hydrogen/tungsten exposure time leads to a higher coverage of fractal structures
on the surface. Figure 6.6 summarizes the corresponding Raman spectrum of each sample
treated from 3 minutes up to 30, 90 and 150 minutes. Interestingly, the results exhibit the
enhancement of the D-peak as the fractal features grow in size or density (Figure 6.7(a)). Consider that highly dense adatoms inside the fractal features lead to structural distortion which
are responsible for the defect peak. Thus, increasing the fractal features size or density would
result in raising the D-peak intensity. Since the D-peak is developed by increasing the dose of
hydrogenation, the disorder in the system is in the first stage (according to Ref. [18] discussed
above), meaning that the lattice structure is still preserved. This is supported by a well defined 2D-peak in the Raman spectra as discussed in Ref. [19] . The main result of the work done
by Lucchese et al. [19] is applying a phenomenological model which describes the I(D)/I(G)
behaviour as a function of the defect density (or defect distance) in the whole regimes of a
well-established amorphization trajectory for graphitic materials (i.e. stages 1 and 2). They
attributed the non-monotonic dependence of D-peak on defect density to the competition between two disorder-induced mechanisms contributing to the Raman D band. The two mechanisms are introduced by two affected regions around each defect point: disordered area and
activated area. Disordered area presents the structural disorder surrounding the impact point
with rs < 1 nm, and activated area with radius of ra (rs <ra <3 nm) nominates the area in
which the lattice structure still preserved, but due to vicinity to the defect causes breaking
of the selection rules and, as a result, enhances D-peak intensity. Indeed, in this model as
activated area is responsible for a rising defect peak, in initial steps by increasing defects, activated areas grow in terms of number of defects, leading to increasing of I(D), in higher density
of defects where LD (defect distance) becomes less than 4 nm, defects create clusters such a
way that disordered area dominates to the activated area, giving rise to reduction in I(D) [see
Ref. [19] for more details]. In our experiments (Figure 6.7(c)) the 2D-peak intensity is reduced
for the sample with the highest hydrogen/tungsten dose with respect to that of other samples.
So, our observations indicate that the disorder is close to the end of the stage one by the sample
shown in Figure 6.5(d). This means that for the sample mainly covered by the fractal features
the structural disorder shows up. Based on our observations it seems that contrary to other
studies on defective graphene, [8,17,19] it is not so easy to reach the second stage of disordering in hydrogenated/tungstenated epitaxial graphene, as the sample of Figure 6.5(d) is almost
fully occupied by the hydrogen/tungsten/oxygen atoms and still shows a reasonable 2D-peak.
0
Furthermore, the Raman spectra of the samples (Figure 6.6) show that the D+D -peak, positioned at ∼2970 cm−1 , emerges for the two samples at high coverage of fractal shapes (Figures
6.5(c) and 6.5(d)). Thus, the increase in FWHM of the G-peak in response to increasing the
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0

hydrogen/tungsten dose, plotted in Figure 6.7(b), indicates the merging of the D -peak with
the G-peak. However, it is questionable that why the sample with the morphology of Figure
6.5(b), where ∼60% of the surface is covered by fractal shapes (coverage is determined by
WSxM software), does not show any development in the D-peak of the accordance Raman
spectrum with respect to that of pristine EG? This could be the reason to consider the origin of
the defect peak in the dark background of the sample image, which implies that reduction in the
dark background of the surface morphology gives rise to an increase of the D-peak intensity.
This supports the findings of Tuinstra et al. [38] where they have shown that the D-peak rises
in the Raman spectrum of graphite materials with small crystallite sizes due to a breakdown
of the k-selection rule. Actually, they have described the phenomenon such that certain new
phonon modes become active in the selection rules for Raman scattering for “finite” crystallites. It is shown that the intensity ratio I(D)/I(G) of these materials is inversely proportional
to the crystalline size (La ); I(D)/I(G) = C(λ)/La , where the coefficient C(λ) is a constant for
a given laser excitation energy. Therefore, they interpret the defect intensity as the amount of
crystallite boundary, however, this relation breaks down for a very small crystallite size (a few
nanometers). [7] The sample surfaces of figure 6.5(c) and 6.5(d) are covered mainly by fractal
structures, which are almost touching each other, and the backgrounds are seen as borderlines
of the fractal features (fractal parts are separated from each other by few nanometers). These
samples exhibit a pronounced D-peak. Therefore, the intense D-peak may be ascribed to the
narrow graphene regions in between the fractal features. So, unlike other studies on disordered
graphene, [8,17,19] in tungstenated/hydrogenated epitaxial graphene, similar as in Ref. [38] , specific phonon modes become Raman active due to the limited graphene regions in between the
fractal parts, resulting in a sudden appearance of D-peak in Raman spectrum. The 2D-peak is
still reasonable, as small flakes of graphene with an intense defect peak (due to the borders)
show a clear 2D-peak. [39] We emphasise that the core areas of the fractal parts do not contribute to the Raman response due to the high structural disorder assumed in these regions. So,
inside the fractal parts there is no large enough sp2 carbon hexagonal rings to be Raman active,
because it contains mainly WO3 , consistent with the magnetic behaviour discussed in previous
chapter where was shown that the size of the magnetic moment amount has an inverse relation
with the fractal size.
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Figure 6.5: AFM image of hydrogenated/tungstenated epitaxial graphene which is hydrogen/tungsten
treated for (a) 3 min., (b) 30 min., (c) 90 min., and (d) 150 min. Bright features associated to highly
affected parts grow in size and density by increasing the hydrogen/tungsten exposure time.
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Figure 6.6: Raman spectra of EG samples with different hydrogen/tungsten exposure time. D-peak intensity is increasing for longer treatment time. All plots are normalized to the G-peak of each corresponding
curve.
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Figure 6.7: (a) Intensity ratio of I(D)/I(G), (b) FWHM of the G-peak and (c) intensity ratio of I(2D)/I(G)
of hydrogenated/tungstenated epitaxial graphene samples are plotted versus the hydrogen/tungsten treatment time. The defect peak intensity increases by increasing the exposure time while 2D-peak intensity
reduces.
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6.3

Conclusion

Raman spectroscopy of pristine and hydrogenated/tungstenated quasi-free standing/epitaxial
graphene was investigated in this chapter. The epitaxial graphene Raman spectroscopy was
compared with the Raman measurements of quasi-free standing monolayer graphene which
were performed by intercalating the buffer layer with hydrogen molecules. The quality of the
quasi-free standing monolayer graphene was confirmed by Raman spectrum and XPS measurements. The Raman characteristic of epitaxial graphene on SiC exhibited blue-shifted Raman
active peaks, which are broadened, and the intensity of the 2D-peak is decreased. The influence of the buffer layer was observed by XPS measurements of epitaxial graphene as well.
The origin of these differences was discussed based on charge doping and strain due to the
SiC substrate. Both QFMG and EG were exposed to the hydrogen/tungsten atoms. The D(defect) Raman peak reaches high intensities for high densities of fractal structures, whereas
for QFMG, the increase is apparent from the early beginning of hydrogen/tungsten treatment.
We assign the D-peak in tungstenated/hydrogenated epitaxial graphene to contributions from
the graphene regions restricted in between the fractal parts. The D-peak intensity increases,
since the crystalline size of graphene between the fractals become smaller and “finite”, so causing a new Raman active phonon mode (∼1355 cm−1 ). The fractal structures do not contribute
to the Raman spectrum due to disappearing of sp2 graphene in such heavily disordered regions.
Therefore, in contrary to other studies on disordered graphene, [8,17,19] defective graphene, in
the regime where fractal structures are formed, stays in the first stage of disordering and do
not show the non-monotonic evolution versus defect density. The Raman findings are in accordance with the magnetic detections of the previous chapter, where it was shown that magnetism
collapsed by increasing the fractal shape density.
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Appendix

Magnetotransport Measurements
The transport measurements of the pristine and the hydrogenated epitaxial graphene samples
were performed in a Van der Pauw geometry shown in Figure A.1. The measurements have
been done at 4.2 K. The cooling down process took place gradually in two steps in order to
avoid the breaking or disconnecting the electrical contacts from the sample surface due to
thermal contraction. Firstly, the chamber, containing the sample, was pumped to 10−5 mbar.
Then, it was cooled down to approximately 200 K in 2 hours. When 200 K is reached, the
chamber was filled with helium gas which reduces the temperature down to 4.2 K in 5 minutes.
The external applied magnetic field is generated by a supermagnetic coil which can produce a
maximum field of 15 T. The data are collected under a sweep applied magnetic field with the
rate of 1 T/min. The applied alternating current has an amplitude of 100 nA and a frequency of
11.73 Hz to avoid any interferences with surrounding electrical devices. The magnetic field is
applied perpendicular to the sample surface. In this situation, as graphene is resemble the two
dimension electron gas (2DEG) subjected to the strong perpendicular magnetic field at low
temperature, the so-called quantum Hall effect (QHE) [1–5] is reflected to the results; which is
the quantized conductance:
σH = νe2 /h,
(1)
where ν is an integer number (ν = 1, 2, ..), e is the elementary charge and h is the Planck
constant. These quantized conductance values manifested by plateaus in the Hall resistance
measurements (Rxy = 1/σH = (1/ν)h/e2 = (1/ν)25.8 KΩ). In fact, the applied perpendicular
magnetic field introduces a Lorenz force perpendicular to the current, which diverts the charge
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(b)

Vxy

(a)

I

Vxx
Figure A.1: (a) The sample which is glued to the LLC chip carrier holder and mounted to the Hall probe
in between the two screws; the electrical contacts are manually fabricated with 200 µm (diameter) copper
wire and droplets (≤500 µm) of silver paste. (b) The Van der Pauw configuration; the contacts are placed
on the corners and at the middle of the four sides of the sample. The blue arrow indicates the direction of
the applied current. The voltage can be measured parallel or perpendicular to the applied current.

carriers in the system and leads to a charge accommodation at the edges. Hence, measuring
the potential difference perpendicular to the current direction results the Hall resistance by:
Rxy = Vxy /Ixx (sample is considered in xy plane, current in x direction and magnetic field is
in z direction). As in a quantum Hall regime the energy of the system is quantized, known as
“Landau levels” [2–7] which are highly degenerate in order to accommodate all the electrons,
υ is defined as a filling factor to quantify the number of occupied Landau levels changing by
increasing the external magnetic field, i.e.: [2]
ν = ne h/eB,

(2)

where ne is the electron sheet density. Inserting Equation 2 into 1, one can see through a linear
fit of Rxy versus B (where the Hall resistance behaves linear with the magnetic field strength),
the carrier density of the graphene device can be determined by:
ne =

1 ∂B
(
).
e ∂Rxy

(3)

Hall resistance of the pristine epitaxial graphene and the hydrogenated one (investigated in
Chapter 3 by photoemission measurement) are shown in Figure A.2. A clear plateau can be
observed in both curves. In clean epitaxial graphene, the plateau is approximately at 11.5 KΩ
which presumably corresponds to filling factor ν = 2 ascribed to the lowest Landau level [3–5,7]
and is in agreement with other works on epitaxial graphene. [8–12] Comparing two curves, the
most interesting feature is the different sign of the Hall resistance slop in the hydrogenated
sample which suggests that the sample becomes p-dopes after hydrogen treatment. The charge
carrier density of samples, extracted from the corresponding cures, are ∼1.8×1011 cm−2 and
∼2.5×1011 cm−2 for the clean and the hydrogenated graphene, respectively.
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EMERGENT MAGNETISM IN
INTERCALATED EPITAXIAL GRAPHENE
BY HYDROGEN AND TUNGSTEN

Summary

Graphene has been studied vastly for many years. Due to potential applications it is an exciting
material to be investigated. The aim of this thesis is to study a new prospective in functionalized graphene which is the magnetic behaviour. Creating magnetic moments in graphene
introduces the option for spintronic applications. Graphene has many properties appropriate
to spintronics requirements; besides the high carrier mobility it also reveals a long spin coherence time and length. Hydrogenation is the treatment which is used in this thesis to induce
magnetism in graphene, although, the samples are affected by tungsten as well. Chemisorption of hydrogen changes the electronic band structure of graphene and creates exchange split
localized states close to the Fermi level. The ferromagnetic response has been found for hydrogenated epitaxial graphene grown on SiC, but there is no clear understanding of the underlying
mechanism. Therefore, hydrogenated epitaxial graphene on SiC is investigated in this thesis.
The ferromagnetic behaviour of epitaxial graphene is attributed to the formation of curved regions with specific carbon sites with Si-dangling bonds underneath. This leads to favourable
sites for hydrogen adsorbents at only one sublattice providing the Lieb theorem condition of
ferromagnetism. DFT calculations of epitaxial graphene, using the Siesta code, show localized
electron states, behaving as pseudo-Landau levels as observed in the density of states in photoemission spectra. The n = 0 pseudo-Landau level forms a spin polarized narrow state at the
Fermi energy with high Curie temperature.
The second part of the thesis is mainly focussed on the experimental methods to characterize
the sample and to analyze the magnetic behaviour. Very surprisingly, the X-ray photoelectron
spectroscopy (XPS) measurements show the presence of tungsten (W) on the sample surface.
The unexpected W atoms could have been deposited accidently during the hydrogen treatment
in which a thermal H-gas cracker, made of a tungsten capillary tube, is used. The existence
of W does not only affect the magnetic response, which is very large in comparison to other
similar studies, but also leads to the formation of fractal structures on epitaxial graphene. XPS
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measurements of the samples evidence the formation of quasi-free standing layers of graphene;
decoupling of the buffer layer from SiC substrate and intercalation of graphene layer above the
buffer layer by, high probability, W atoms. Atomic W, captured in between the graphene layers,
is seen in 5 eV lower binding energy than the expected binding energy which is ascribed to the
screening by graphene plasmon. Increasing the W dose leads to accommodation of W atoms
bellow the surface, thereby increasing the correlated electron states close to the Fermi level
which can not be screened anymore by the plasmons of the top graphene layer and eventually
are screened by extended electron states via the formation of fractal structure. These snowflake
like structures are exhibited by AFM. In Chapter 5, using room temperature magnetic measurement, it is confirmed that the fractal structures, which are mainly tungsten oxide (WO3 ), do
not contribute to the magnetic moments; the evolution of the fractal size and density correlates with a decrease of the magnetic moment. We discuss the role of tungsten in affecting the
magnetic behaviour. The large magnetic moment achieved in the hydrogenated/tungstenated
samples is ascribed most likely to the tungsten atoms trapped in between the graphene layers
which are protected to be oxidized. The W atoms are screened by the graphene plasmon, so
they are present as metallic configuration. The large magnitude of magnetism can be explained
provided that the W atoms contribute to the magnetism via their high spin configurations 5d5
and interact with π-graphene plasmon through 6s1 electron. Moreover, an enhancement in
coercivity is seen as fractal structures developed. This is attributed to the larger anisotropy resulted from larger corrugation of the system. So, a transition of superparamagnetism to weak
ferromagnetism is observed for increasing hydrogen/tungsten concentration.
Furthermore, in the Chapter 6, Raman spectroscopy for tungsten/hydrogen treated epitaxial
graphene with different hydrogen/tungsten doses show the evolution of a defect peak for high
dense fractal structures on the surface. The defect contribution is attributed to the phonon mode
which becomes Raman active as a consequence of the limiting size of the graphene structures
in between the fractal structures. Our findings imply that the fractal regions do not contribute
to the Raman spectrum due to heavily structural distortion. This indicates that the fractal parts
comprise substantial proportion of adatoms, which is in accordance with our discussions on
explaining the fractal growth and corresponding magnetism response.
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Outlook

In this thesis, we attempted to evidence and understand the underlying mechanism of magnetic
behaviour of hydrogenated epitaxial graphene. The main challenge during this research was
the reproducibility of the samples. Though, DFT calculations in Chapter 3 provide a coherent
understanding of the observed magnetic response reported in previous works, the lack of sufficient samples with fully controllable hydrogen coverage prevents to have extensive evidential
prove of the theory.
In addition, the XPS spectra of Chapter 4, obviously show the presence of tungsten atoms
in the sample. We interpreted the screening due to graphene plasmons as a consequence of
the presence of atomic tungsten and attributed the appearance of fractal features, observed by
AFM, to the phase separation phenomenon resulted from Coulomb repulsive interaction due to
localized electron states close to the Fermi level. So, it would be very valuable to demonstrate
the aforementioned phenomena by, for instance, photoemission spectroscopy and scanning
tunneling spectroscopy.
The sample reproducibility challenge became a more acute restriction in our research for understanding the observed large magnetic moment in the samples. Systematically treated samples
would have made it possible to make more solid conclusions. Therefore, in continuing this
work it is very important to focus on the preparation sample part to be able to fully control
the hydrogen coverage systematically. Moreover, related to the large magnetic moment, the
hydrogen atoms play an important role as the tungsten atoms which is very interesting to be
fully understood. Also, superparamagnetism was addressed to this thesis which needs more
extensive temperature dependent magnetic measurements.
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first time I met you in Groningen, eight years ago, I remember you with a big smile on your
face. In addition to your top level scientific knowledge, your friendly character makes it more
valuable and joyful to work in a group headed by you. Thanks for your guidance and patience
especially during my thesis preparation period. I really impressed by your critical and precise
comments which were crucial in the last stages.
I would like to acknowledge all my committee members, prof.dr. P. Rudolf, prof.dr.ir. H.J.M.
Swagten, dr. A.A. Bol, prof.dr.ir. B.J. van Wees, and dr. A.J.M. Giesbers, for spending time in
reading and approving my thesis.
Definitely, support of many people has led to this thesis, whom I wish to appreciate. This work,
experimentally was very problematic which without generous supports of expert technicians,
Wijnand Dijkstra and Marco van der Sluis, would not have been possible. I take the opportunity
to express my gratitude to them for their continues supports during my PhD project. Wijnand,
your commitment in work, and Marco, your sense of humor, always made it promising to
overcome the problems. Indeed, I should also thank the technicians and members of the group
Physics of Nanostructures (FNA) for their support in the Magnetic characterization laboratory,
as the most crucial experimental measurement of this research has been carried out in the FNA
group lab. Moreover, many thanks go to Igor and Mohamed for their worthwhile contribution
in this work. Igor, as a colleague and officemate you were always welcoming to me and I am
deeply grateful to you for your help in the first stages to get to know the equipments and tests.
Mohamed, your key discussions and your passion to this subject, which resulted in one of the
chapter of this thesis, are really appreciated. Next, I also have to mention and thank all the
students who joined to my research and had valuable input to the project. Calvin, Imre, and
Geert, it was a pleasure to supervise you, making me realize that I need to try and do better, I
101

Acknowledgments
wish you success in your further career. I would like to extent my acknowledge to my all group
members, friendly colleagues, who created a positive, relaxing and warm work atmosphere.
Thank you all for sharing your knowledge in the group meetings and your interesting chats
during coffee breaks. Also, many thanks to our great secretary Margot Gordon for being so
kind and helpful to me, specially in facilitating all administrative processing during last year
of my PhD time.
It is also noteworthy to express my deepest gratitude to the friends who made my life in The
Netherlands more enjoyable. Upon my arrival to The Netherlands, Groningen, I was welcomed
by lovely couple Dick and Anneke. The two friendly faces who warmly supported me in every
moments of my life in Groningen. Anneke, thank you for your care and warm wishes I receive
from you which encourage me to be resolute on my way. The pleasant memories of Ameland
trip are always with me and my family. Solmaz, we met each other in Groningen and since
then you became a great friend of mine. I am thankful of all pleasant moments, full of laugh
and fun, we had together during our trips. Certainly, my PhD life could not have been easy and
joyful without my very nice friends in Eindhoven. Thank you all for being kind and supportive
as part of a family.
My special thanks go to the people who fulfill the meaning of friend and make the distances
meaningless. Davood, Leila, and Mahboubeh, I am very grateful to you for all your support
during last years. I am thankful of all the moments you spent for me, you were always available
for me at the moment I needed. The most reliable friends for many things, thanks for being
such patient, kind and caring.
Finally, I cannot say how grateful I am to my family who are always there for me. My sisters
are part of me, sweet memories of childhood, whom I played with, laughed with, grew up with,
and cannot imagine how could be the life without them. I am sincerely thankful of your truly
love, continuous support and endless kindness. My dear brothers, I cannot forget the roles you
have played in my life. Your constant care for me and unconditional support for me during
the entire my life, and now even from so far away from each other, are highly appreciated. I
wish you a joyful life together with your families. My lovely cute nieces and nephews, thanks
for filling all the moments of my family visiting time full of joy. My beloved Negar, you were
my cute doll when I started my university education and you became one of my close friends
during my PhD. I am very proud that YOU designed the cover of my thesis.
Maman, baba, I certainly owe a lot to you for what I achieved so far. There are insufficient
words to express my gratitude to you for your unconditional endless kindness, love and support.
Thanks for your sacrifice and trust in giving me all the freedom to choose my own way of life,
believing in myself and pursuing my dreams. I wish to be as strong as you, as committed as
you, as patient as you and as nice as you, in my life and to the society. No matter how far I live
from you, you are always in the deepest part of my heart.

Ameneh Najafi
Eindhoven, July 2018

102

