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Abstract

The unique physical properties of the two-dimensional carbon crystal graphene may
lead to technological advancements in many fields, thus they garner attention beyond
the scientific community from industry and public. Since graphene is predicted to host
magnetic edge states, while supporting long spin coherence lengths, graphene based spin-
tronic devices may enable a revolution in computer performance. Such spin-polarization
on graphene nanoribbons with zigzag edges (zGNR) is theoretically well established,
but there is a lack of clear experimental evidence. The aim of this work is to clarify
the existence of spin-splitted edge states and thereby contribute to the development of
novel spintronic devices by understanding graphene zigzag edge states and the necessary
conditions for them to become spin-polarized.

In this work, graphite and epitaxial graphene samples on the C-terminated (SiC(0001))
and the Si-terminated (SiC(0001)) faces of SiC were anisotropically etched by hydrogen
plasma, creating hexagonal nanopits with monolayer depth. These edges, which are
aligned in zigzag directions and for which termination by hydrogen is ensured, were
studied by scanning tunneling microscopy and spectroscopy. In addition to nanopits,
the etching was found to produce quasi-free-standing graphene on SiC(0001). On the
surface of graphite and epitaxial graphene on SiC(0001), the edges were found to host lo-
calized electronic zigzag edge states. Thus, zGNRs synthesized in between two hexagonal
nanopits were investigated. On graphite, a splitting on the order of 50 meV of the edge
state LDOS peak was observed as well as some additional peak structures. The splitting
only occurred on parallel zGNRs narrower than 23 nm and is inversely proportional to
the nanoribbon width. Since this is in good agreement with a theoretical calculation for
edge state spin-splitting considering the interaction, with a graphene substrate, these
results are strong experimental indications of the elusive spin-polarized edge state. At
zGNRs on SiC(0001), with relatively strong doping, we observed a similar, but slightly
different edge state splitting. In accordance with the increased interlayer distance by
3%, and edge state peak width by 70 mV compared to etched graphite, we observed a
larger spin-splitting by as much as 220 meV, while some splitting results overlapped.
The wider variations of the edge state splitting than on graphite surface we observed,
which is probably caused by doping and morphology variations, may be indicative of the
theoretically predicted transitions among different magnetic edge states.

These findings conclusively show that zigzag edge states on graphene nanoribbons can
become spin-polarized. Furthermore, they show that magnetized states can be modified
or prevented by substrate influence. Our experimental results may stimulate further
theoretical work, and are an important step towards realizing novel spintronic devices.
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Chapter 1

Introduction

1.1 Graphene

1.1.1 History of graphene

Graphene is a sheet of carbon atoms that form a two-dimensional crystal with a hon-
eycomb lattice structure. It consists purely of carbon, which is an element with a high
degree of versatility. Its four valence electrons let it form a great number of different
compounds and, famously, it is the building block of life as we know it. Versatility is
also a feature found among its allotropes, from insulating and transparent diamond to
opaque graphite. Due to their differences it often took a long time to understand that
they are made-up from the same element. A. Lavoisier discovered in 1772 that diamond
and charcoal consist of the same element and gave it the name carbon. Soon thereafter,
at the end of the decade in 1779, C. W. Scheele found that graphite is another allotrope
of carbon. However, about a century passed until filaments consisting of carbon were
reported in 1889 by T. Hughes and C. Chambers, which have been only identified as
carbon nanotubes by L. Radushkevich and V. Lukyanovich as recently as 1952 [1].

After that, it took almost four decades until broad scientific interest in carbon nano-
tubes was kindled following the publication of S. Iijima’s observation of them in 1991 [2].
Fullerenes were discovered more recently in 1985 by R. Curl, H. Kroto and R. Smalley [3]
for which they were later awarded the Nobel Prize in chemistry. Graphite, carbon nan-
otubes and fullerenes are all based on carbon atoms that are arranged in a hexagonal
lattice, which is either stacked, rolled, or curled into a ball, respectively (an exception
exists in the case of fullerenes, where some hexagons are replaced by pentagons). Con-
ceptually, the most basic form of this arrangement is a single hexagonal lattice sheet
that is now called graphene. The electronic band structure of graphene was already
calculated as early as 1947 by P. Wallace [4]. However, strong general interest peaked
more than five decades later, after it was isolated and identified in a laboratory in 2004
by A. Geim and K. Novoselov via mechanical exfoliation of graphite, the ‘scotch tape’
method [5]. For this achievement they were awarded a Nobel Prize, too, this time in
physics. They found that despite having the thickness of only a single atom, a sheet of
graphene is stable even in atmospheric conditions, and can be exfoliated from a stack of
graphene layers. Today, these key discoveries over the course of the last thirty-five years
have firmly anchored graphene and the carbon materials based on it in the scientific
mainstream [2, 3, 5].
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1.1.2 Graphene nanoribbons with zigzag edges

Graphene possesses many spectacular electronic and mechanical properties. These in-
clude ballistic electronic charge transport and a higher charge mobility than silicon, the
half-integer quantum hall effect [5-8], a higher tensile strength than steel and being sta-
ble at atmospheric conditions despite consisting of only a single atomic layer, to name a
few examples. The extraordinary qualities of graphene have inspired many to conceive
of possible applications in future technologies. One of these qualities, that is interesting
from both a scientific and an application perspective is the electronic edge state that
appears at graphene zigzag-type edges.

The hexagonal lattice of graphene contains two triangular sublattices, where each
neighboring atom belongs to a different one. At lower energies the electronic states on
graphene possess independent solutions for the electronic states on the sites of the two
sublattices, giving rise to the pseudo spin degree of freedom [9]. At graphene edges,
depending on edge direction, the atoms near the edge can belong exclusively to one of
the two sublattices (zigzag edges) or in equal parts to both sublattices (armchair edges).
In the case of zigzag edges, the imbalance of atomic orbitals on the two sublattices
was predicted theoretically to rise to localized electronic states with exponential decay
lengths within 2 nm, that do not occur on armchair edges [10]. This prediction was ex-
perimentally confirmed by scanning tunneling microscopy and spectroscopy (STM/STS)
measurements [11-13]. Furthermore, these localized states are theoretically confined on
the majority sublattice [9, 14].

The high density of states that exists at the Fermi energy due to zigzag edge states
may give rise to magnetic ordering [10]. This has not been found on single edges where
it is too unstable, but on graphene nanoribbons with parallel zigzag edges (zGNR) the
interaction of different edge states is predicted to stabilize spin-polarization of the edge
states [15, 16]. If two zigzag edges terminate on different sublattices, the edge states
occupy different sublattices as well and can interpenetrate. For this, the direction of
the edges is crucial. Edge states on both sublattices occur on parallel zGNRs, as is
shown in Fig. 1.1(a). Inside the nanoribbon, the local density of states (LDOS) from

Aand’ B edge states 1 up and § down spins

Figure 1.1: Schematic of a zigzag graphene nanoribbon with A- and B-sublattice atoms in red
and blue, respectively. Cartoon of edge state (a) LDOS intensity and (b) magnetic moments
on the atomic sites. Circle/arrow size is proportional to LDOS/magnetization at each atom.

the two edge states on different sublattices are overlapping, since they occupy different
sites, enhancing the magnetic interaction between the two edge states. Theoretically,
the most stable spin configuration is a ferromagnetic alignment of spins along each edge
state, and an anti-ferromagnetic alignment between the two edges, as is shown in (b).



1.2 Motivation

The magnetic moments on the edge sublattices extend across the zGNR and increase
somewhat on the opposite edge, as it is stabilized by the stronger magnetic interaction
with the opposite edge state.

This polarized state is interesting from both a scientific and an application perspec-
tive. Since these spin-polarized zGNRs are predicted to become half-metallic [17, 18],
and since bulk graphene supports long spin coherence lengths, such zGNRs may enable
the development of graphene-based spintronic devices, that could lead to revolutionary
improvements in computer performance [19, 20]. However, while the spin-polarization is
theoretically well-established, the experimental results so far have been inconclusive. Ex-
perimental difficulties arise due to the nano-scale at which the edge states occur, which
complicates both the measurement and the preparation of atomically precise edges with
controlled terminations. Furthermore, the edge states are expected to be changed by
the substrate influence, but different experimental results are sometimes conflicting on
what effect the substrate has [21-23]. Experiments on graphene edge states have been
constrained by the difficulties and limitations to obtain nanoribbons with controlled,
atomically precise zigzag edges.

A promising avenue to fabricate zigzag edges is by chemical reactions, particularly,
by anisotropic hydrogen (H-) plasma etching. With this technique, graphene is etched
layer-by-layer, and hexagonal nanopits with straight zigzag edges are created [24-28|,
which are terminated by one hydrogen atom per edge atom [29]. In this work, we use
H-plasma etching to create hexagonal nanopits with zGNRs between them on graphite,
and on the epitaxial graphene on the C-face and Si-face of SiC.

1.2 Motivation

The question whether graphene zigzag edges can become spin-polarized has not been
conclusively answered so far. In the case that this can be answered in the affirmative,
spin-polarized edge states introduce magnetic order in usually non-magnetic carbon ma-
terials. This is of both scientific and practical interest, e.g., for potential application in
novel spintronic devices.

Although spin-polarization is theoretically well-established to occur on zigzag gra-
phene nanoribbons, previous experimental studies, for several reasons, have not yielded
results that allow reaching a firm conclusion about its existence. In some of these previous
studies, the edge shape or termination could not be controlled. This makes it doubtful
whether the samples host clean zigzag edge states [21, 23] that can support magnetic
order [30]. Some studies used a bottom-up nanoribbon fabrication method to fabricate
precise nanoribbons with zigzag edges, which only yielded nanoribbons of one certain
width [22]. Unfortunately, this prevents the study of expected width-dependent features.
Also, exponential decay of the edge state into the ribbon center, which is an important
fingerprint of the edge electronic state, is not reported in this study. Another factor that
seems to play an important role for spin-polarized edge states is the interaction with the
substrate [18, 31]. In some experimental studies, influence by the substrate modified the
edge state results [22] and inconsistent and uncertain sample interactions cast doubts
on other results [21, 23]. The influence of the substrate is of particular importance with
view to potential technical applications of graphene nanoribbons.

In this work, we tried to avoid the difficulties and limitations of other sample fab-
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rication methods by using an anisotropic etching technique to create graphene zigzag
nanoribbons on graphite. This is a well-known substrate, whose interaction with a
graphene nanoribbon above it and the magnitude of the sublattice symmetry breaking
are both well known and uniformly realized. In addition, we fabricated graphene nanorib-
bons on epitaxial graphene on the C-face of SiC, where we may expect the variation of
the substrate interaction and sublattice symmetry breaking caused by the variation of
rotation angle between the nanoribbon and the substrate graphene. By probing different
systems, substrate dependent effects will be uncovered, which is important to understand
in order to design devices that make use of the exotic properties of graphene nanorib-
bons. Analyzing the properties of edge states on graphene nanoribbons and proving the
existence or absence of spin-polarized edge states in the examined systems provides im-
portant experimental evidence for this fascinating phenomenon that remained elusive for
so long. Furthermore, conclusive results of graphene zigzag edge states and the necessary
conditions for them to become spin-polarized can stimulate further work that may pave
a way towards applications, such as novel spintronic devices.

1.3 Outline of the Thesis

In Chapter 2, the theoretically and experimentally established properties known from
previous works on graphene are presented. Specifically, the edge states on graphene, and
possible spin-polarization of the edge states are discussed. Furthermore, the anisotropic
hydrogen plasma etching technique by which graphene zigzag edges can be fabricated is
introduced. In Chapter 3, we explain the specific hydrogen plasma etching technique,
that is used in this work, as well as the individual etching conditions used to prepare dif-
ferent samples. We also describe the low-temperature STM/STS measurement technique
that was mainly used for the experiments in this work. In Chapter 4, we show the mea-
surement results obtained on the etched surface of graphite. The results on bulk terraces,
on single edges and on graphene nanoribbons that are formed by two etched edges are
discussed. In Chapter 5, we show the results of etching epitaxial few-layer graphene on
SiC(0001). We discuss the effects of etching on this sample, including the properties on
bulk terraces. The results on single edges and on nanoribbons are discussed as well. In
Chapter 6, our results of the effects of hydrogen etching on epitaxial monolayer graphene
on SiC(0001) are shown. The effects of etching on the bulk terrace properties of this
sample, and the fabricated nanopits are discussed. The main experimental findings of
this work and the conclusions are presented in Chapter 7.



Chapter 2

Theoretical and Experimental
Knowledge of Graphene

The following Section 2.1 introduces some of the properties of graphene, as well as
the specific systems that we studied, epitaxial graphene on SiC(0001) and SiC(0001)
and graphite. The main interest of this work are electronic zigzag edge states, some
background on them is given in Section 2.2. Afterwards, in Section 2.3, the possibility of
magnetism on graphene nanoribbons with zigzag edges is discussed. Finally, Section 2.4
introduces the anisotropic hydrogen plasma etching techniques, that is used to prepare
the samples in this work.

2.1 Properties of Graphene

2.1.1 Physical properties of graphene

In the graphene lattice, three of the four valence electrons of each carbon atom are sp?
hybridized and form covalent o-bonds with three neighboring carbon atoms. Due to the
repulsion between the electrons the three sp? orbits arrange themselves in a plane with
an angle of 120° between them to maximize the inter-orbit distance at each atomic site.
Thus, a flat hexagonal lattice is formed with the shortest distance between covalently
bonded carbon atoms being 0.142 nm. The fourth valence electron of each carbon atom
occupies a p-orbital that is perpendicular to the plane of the covalent bonds and does
not interact with them. The interaction between p-orbitals on different carbon atoms
forms 7 bonds which dominate the electronic properties of graphene at lower-energies.
The Bravais lattice that describes the honeycomb lattice of graphene is a two-
dimensional triangular lattice whose unit cell contains two atoms. These are commonly
called A and B atoms and form triangular A and B sublattices, respectively. A model
graphene lattice with A/B atoms differentiated by color is shown in Fig. 2.1(a). When
multiple layers of graphene are stacked on top of each other, their atoms remain sp?
hybridized in their respective layers and the layers are coupled by van der Waals forces.
This interlayer interaction is much weaker than the in-plane covalent bonding, therefore
it is possible to exfoliate graphene sheets intact. When two graphene layers are stacked
commensurately, which is schematically shown in Fig. 2.1(b), then all atoms in one
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(a)

—

® A-site atom
® B-site atom

0.2'@‘ /0.142 nm

Figure 2.1: Schematic view of Graphene. Carbon atoms on the A/B sublattice are represented
as red/blue dots and covalent bonds shown by black lines. (a) hexagonal graphene lattice. (b)
top view of AB stacked bilayer graphene (no color in second layer). (c) three graphene layers
with AB stacking.

sublattice are located on top of an atomic site of the other layer and the atoms of the
other sublattice are located above a hollow sites of the other layer. This is called Bernal
or AB stacking, where the atoms on top of atoms sites in the lower layer are called A,
and atoms above hollow sites are called B atoms. The interlayer distance of two such
graphene sheets in graphite is 0.335 nm. If a third commensurate graphene layer is added
to an AB stack, then two arrangements are possible: one of the sublattices of the layer in
the middle can either be sandwiched between atomic sides of both the upper and lower
layers, this is called ABA stacking, or it can be positioned between an atomic and a
hollow site on the two other layers, this is called ABC or rhombohedral stacking. Figure
2.1(c) schematically shows the unit cell of three graphene layers with ABA stacking,.

When the surface of an AB graphene stack is scanned by Scanning Tunneling Mi-
croscopy (STM), in constant height mode, the tunneling current [ is larger at atoms of
the B sublattice than at atoms of the A sublattice. Analogously, in constant current
mode, the STM tip height is higher at atoms of the B sublattice than at atoms of the A
sublattice. This is a result of the stronger localization of 7 electrons on the B sites, since
electrons on the A sites interact more strongly with the lower graphene sheet via the
carbon atoms directly below them. On the B-sublattice, the 7 electron orbit therefore
extend farther above the upper sheet. The sharp increase of I on atoms above hollow
sites means that STM scans of AB graphene usually only reveal that half of the surface
atoms, namely those belonging to the B sublattice. The space in between the closest
three B sites is either an A site or a hollow site. In a STM image, the A site atoms do
not appear clearly. However, at the A site triangular spaces [ is slightly higher than at
hollow ones, which makes it possible to determine the relative positions of the A and B
sublattices by STM (this is discussed in Section 4.3).
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2.1.2 Electronic properties of graphene

To describe the triangular Bravais lattice of graphene, the lattice vectors a; » = §(3, +/3)
are often used, where a = 0.142 nm is the shortest interatomic distance [8]. From this
the nearest neighbor vectors 81, = 4(1,4v/3) and 85 = a(—1,0) can be defined. These
vectors are shown relative to the graphene lattice in Fig. 2.2(a). In momentum space
the reciprocal lattice of graphene can be described by the vectors by o = 3—2(1, +/3),
that are derived from a;, using the condition a; - b; = 27d;;. In (b), these vectors
are shown in relation to the first Brillouin zone, which is the unit cell at the origin
of the reciprocal lattice. The corners of the first Brillouin zone are described by the
vectors K, K’ = ?,)—Z(l, +1/+/3). These are the Dirac points, which have a special signif-
icance for the electronic properties that will be shown later. The electronic properties

(b)
ky A b1
K
F »
Mk,
K,
b,

Figure 2.2: (a) Hexagonal lattice consisting of two triangular sublattices, A (red) and B (blue),
and (b) first Brillouin zone of the corresponding reciprocal lattice. The lattice unit vectors
a2, the NN vectors 8123, and the reciprocal lattice vectors by o are shown.

of graphene at low energies are dominated by the 7 electrons on the atomic sites of the
two-dimensional Bravais lattice. It is possible to model them by using a Tight-Binding
(TB) model which assumes that wavefunctions do not overlap, thus the 7 electrons are
confined at the graphene atomic sites. This derivation was first shown by P. Wallace [4]
and has also been described elsewhere [8, 9, 32]. In the TB model electronic charges move
by hopping’ between atoms. In order to hop an energy barrier is overcome, the strength
of which determines the probability of hopping. For 7 electrons on pristine graphene the
hopping is most likely between nearest-neighbor atoms (NN) of the same sheet, expressed
by the energy parameter t. The next highest hopping probability on pristine graphene
is between next-nearest-neighbor atoms (NNN) and can be represented by parameter ¢,
where t' < t. The TB model can also include weaker hopping parameters, that represent
interactions between sites with larger separation. However, they are routinely ignored in
calculations since they are less relevant for low-energy electronic properties. Considering
interactions between the first two nearest neighbors the Hamiltonian can be written as
8]:

H=—tY afbj—t Y (afa;+bb;)+ He., (2.1)

<ij> <<ig>>

where the creation/annihilation operators of an electronic excitation at atomic site ¢ on
the A and B sublattices are written as a; /a; and b} /b;, respectively. The sum over
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< 17 > only count the NN and that over << ¢7 >> only count the NNN sites. Because
neighboring sites belong to different sublattices ¢ only relates to hopping between and ¢
only to hopping within sublattices. Therefore, it can be useful to write the wavefunctions
in spinor notation as ¥y = (gbﬁ qu), where the amplitudes of the A and B sublattices
are contained in the vectors ¢i and @2, respectively. To solve Schrodinger’s equation,
multiplying vy on the left of Hiyy = Ety yields:

Hk = Ek Sk (22)

where Hy is a 2 X 2 matrix that contains the hopping probabilities between sublattices
on the diagonal and on the same sublattice on the off-diagonal terms. In the overlap
matrix Sy the non-diagonal terms are zero, since the TB model excludes overlap between
sublattices, and normalizing the wavefunction imposes that the diagonal terms are each
equal to 1. If the model is simplified to only include NN hopping (excluding NNN
hopping and setting ' = 0), then no hopping occurs within the same sublattice. This
truncation results in a description of low-energy properties. In this case, the diagonal
terms of Hy become zero and Eq. 2.1 becomes:

Ey t¢ﬁ¢1§*> _
(torsp 5k =0 29

The off-diagonal terms only include the the translations to the three NN sites. The prod-
ucts can thus be written as tgp P = ¢, %% =ty and top oL =t >, e 0 = tvf,
where [ and !’ indicates the sum over the three NN of A and B sublattice sites. The
dispersion obtained by solving Eq. 2.3 thus becomes:

Ek ==+t ’)/k’}/lt s (24)
3 3
where Yy =3+4 cos(§a k,) cos(ga ky) 4 2 cos(v3a k)

In the low-energy regime, where NN interaction ¢ dominates, this equation describes
many important aspects of graphene relatively accurately. The energy dispersion of
Eq. 2.4 is plotted in Fig. 2.3(a). Conduction and valence bands are symmetric and touch
at six points in momentum space, which are the Dirac points at K and K'. Expanding
Eq. 2.4 in the vicinity of the Dirac points using 0k = k — K, and similarly for K’, yields

a linear dispersion:
3at

2h
The different signs + refer to the expansions of the conduction (+) and valence (—)
bands. Together they form the Dirac cones, one of which is shown in Fig. 2.3(b). A
result of this equation is that if the Fermi energy (FEf) is close to the energy of the
Dirac points (Ep), then low-energy excitations follow the linear dispersion of the Dirac
cones and produce ballistic electronic transport. In that case charge carriers behave
as massless Dirac fermions that move at a constant speed given by the Fermi velocity
vp ~ 10° m/s [7]. Therefore, an effective ultra-relativistic Dirac equation can be used
to describe the electrons and predict some novel effects in graphene. Expansion of
the spectrum at the Dirac points up to the second order in dk yields an additional

EL(0k) = £hvp|0k|, where vy = (2.5)
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(@

Energy

E, |(Dirac point)

Ky

ky

Figure 2.3: (a) Bulk graphene dispersion relation derived using the TB model with only 1st
NN interaction (Eq. 2.4). The Dirac points and hexagonal first Brillouin zone is indicated in
red. (b) Magnified dispersion obtained by expanding near the Dirac points (Eq. 2.5). These
results have been shown in Ref. [4, 8, 9, 32].

term F(2 a?¢ sin(3 tan ~*(p,/py)) [0k[* in Eq. 2.5. This introduces a dependence on the
direction of dk with a threefold symmetry, which is therefore called trigonal warping.
The dispersion is modified if NNN interactions are also considered in Eq. 2.2. Solving it
then yields:

By = £ty /%y — t' (e — 3) (2.6)

Expansion of this near the Dirac points introduces a summand +3t" into Eq. 2.5. This
shifts the bands to higher energies (for positive ¢ and t'), thereby breaking the electron-
hole symmetry.

When multiple graphene layers are commensurately stacked, the electronic properties
change with the number of layers and the stacking order. This can be derived via a
TB hamiltonian by introducing hopping terms between the graphene layers, which is
known as the Slonczewski-Weiss-McClure model [8, 9, 33]. To calculate the dispersion,
the wavefunction can be expanded to have A and B sublattice components from both
layers. On two AB stacked graphene layers, which is the most stable stacking, the most
significant inter-layer hopping ¢, is between A-sites that lie directly on top of each other
on different layers. The simplest model is thus realized by adding a transition term
between the A sublattice of the layers to the hamiltonian in Eq. 2.1. This yields two
bands that touch at the Dirac points:

By ~ +0ik? [t (2.7)

The dispersion is not linear, but parabolic. Two additional bands that are shifted from
the Dirac point by ¢, also exist. If an electrochemical potential U, is applied between
the layers then different constant on-site potentials can be added to the upper and lower
layer, respectively [8]. Including £ U, in the first and second layer diagonal terms of the
hamiltonian, respectively, breaks the symmetry between the layers. For U. << t this
can be expanded to:

Fyx ~ (U, — U2k Jt, + vik* /262 U,) (2.8)
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Thus an energy gap is opened between the conductance and valence band, that depends
on U.. This gap can be modified in experimental systems if a static field is applied
below the bilayer graphene by a substrate due to electronic doping or a backgate. If
there are more AB stacked layers, the dispersion relation depends on the number of
layers N and the stacking order [8]. For Bernal stacking (ABAB ...) with an even N,
N/2 parabolic electron and hole states appear that touch at the Dirac point. For odd
N, there are (N — 1)/2 parabolic states, as well as one linear state. For rhombohedral
stacking (ABCABC ...), at the Dirac point two states follow the relation |dk|", while
2N — 2 states are linear.

2.1.3 Epitaxial graphene on SiC

Graphene can be obtained by thermal decomposition on SiC(0001), the C-terminated
face of SiC, and on SiC(0001), the Si-terminated face. Both of them are schematically
shown in Fig. 2.4. On the C-face, there are dangling C bonds, whereas the Si-face
features dangling Si bonds. Epitaxial graphene is created when the Si atoms on the
C-face or Si-face of 4H-SiC or 6H-SiC crystals are sublimated at temperatures above
1100°C (C-face), 1250°C (Si-face) [34]. After the Si atoms have desorbed, the remaining
C atoms of approximately three bilayers of SiC can form one graphene layer on the
crystal’s surface. The growth of the epitaxial layers depends upon the face of SiC (C- or
Si-face), the temperature (which promotes C-enrichment and surface diffusion) and the
gas flow and pressure of desorbed Si and of the inert gas atmosphere, if it is used. On
the Si-face, a C-rich layer with a C-atom density similar to graphene that is covalently
bonded to the Si atoms on the SiC surface is formed. This is called the buffer layer.
If more C-rich layers are grown, the higher layers assume the properties of graphene.
On the C-face, the substrate does not strongly bond to the C-rich layer and graphene
is formed even directly above the SiC surface. During epitaxial growth, the annealing
pressure can control the C-enrichment by different mechanisms: if the sample is engulfed
by Si gas, then the pressure directly adjusts the Si flow from the sample; if an inert gas
environment, such as argon, is used, then the inert buffer gas reduces the probability of
desorbed Si atoms returning to the sample surface and promotes C-enrichment [35, 36].

SiC(0001)
direction

O Siatom
© Catom

Figure 2.4: Schematic side view of 4H-SiC, the C- and Si-face of SiC(0001) are marked by red

lines. A similar schematic depiction is shown in Ref. [35].
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Epitaxial Graphene on SiC(0001)

On the C-face, the graphene growth is faster than on the Si-face and initially separate
graphene domains are formed, which eventually cover the whole sample surface. During
the epitaxial growth the number of layers also increases. On the C-face, the growth rate
and thus the number of graphene layers differs locally [34]. On different domains the
direction of the graphene lattice grown on the C-face can differ, in contrast to the Si-face.
For multi-layer epitaxial graphene, results showing rotational misalignment between lay-
ers inside the graphene stacks (i.e. not AB or AA stacked layers) have been reported.
This can be seen in the STM image Fig. 2.5(a) [37], that shows several different Moiré
patterns, which are formed by misaligned lattices. However, a different study found

(b)

2.47 nm

by

-1.85 nm

Figure 2.5: (a) STM image of epitaxial graphene/SiC(0001) (grown by annealing in vacuum at
1800°C for 60 s). "B” and "C” mark Moiré patterns with periodicities 0.79 nm and 1.46 nm,
respectively. From Naitoh et al., 2003 (https://doi.org/10.1142/50218625X03005165) [37].
(b) STM image of epitaxial graphene/SiC(0001) (grown by annealing in vacuum at about
1150°C for 15 min). From Varchon et al., 2008 (http://dx.doi.org/10.1103/PhysRevB.77.
165415) [38]. The boxed "B” and "P” mark examples of bead and pleat features, respectively.

that inside of domains AB stacking occurs and that rotational misalignment only exists
between different domains at different positions [39]. The authors of that study claim
that earlier LEED and x-ray diffraction studies concluded that rotational misalignment
exists within stacks because they always measured several domains at once [34, 40, 41].
Nevertheless, many studies using STM, which is a local probe on the atomic scale, have
found rotational misalignment of the top two [37] and of the top three surface layers [42]
of epitaxial graphene. If different rotations only occurred between different epitaxially
grown domains, then rotations between layers could only be expected near the domain
boundaries. The authors of Ref. [39] suggest that epitaxial graphene grown at relatively
lower temperatures may have smaller domains, and thus a greater portion of the surface
may be covered by inter-domain boundaries, where the rotated layers routinely observed
by STM could be expected.

Other surface features are also frequently observed by STM, including pleats (with
height 0.5-2.0 nm) and beads (with height of about 0.2 nm) [38]. They are visible in
both STM images in Fig. 2.5. The tall pleats may be created by Si gas of sublimated Si
that forms beneath the initially epitaxial layers. In that case, they may be precursors to
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carbon nanotubes that be formed on SiC(0001) [37, 43]. Alternatively, it has been pro-
posed that pleats may be created the different thermal contraction of epitaxial graphene
and SiC after annealing [44].

2.4 nm ‘! 1.1 nm
= —

WbreH
WbreH

Figure 2.6: STM images of graphene (grown at 1475°C). (a) Rough graphene region (left),
smooth graphene region (right). (b) Morphology of the rough graphene. (c) Atomic image on
the rough region, hexagonal lattice with lattice parameter a = 0.245 nm is indicated. STM
parameters: bias voltage V = (a) 72 mV, (b)(c) 100 mV, tunneling current I = (a) 5.0 nA,
(b)(c) 3.0 nA. From Biedermann et al. (2009). (http://dx.doi.org/10.1103/PhysRevB.79.
125411) [45].

The STM results in Fig. 2.6 show atomically smooth graphene terraces, however
terraces with rough morphologies have been observed as well [45]. In Fig. 2.6(a) it can
be seen that the rough terrace is separated from the smooth one by a step-edge. The
corrugation on the rough terrace showed peak-to-valley heights of about 0.2-0.5 nm.
Nevertheless, atomic resolution STM images confirm the graphene lattice, as seen in
Fig. 2.6(b). By increasing the growth temperature, which increases the average num-
ber of layers, less rough areas were observed. The roughness may be induced by the
substrate, on areas with inadequate chemo-mechanical polishing before the epitaxial
graphene growth. Thus, when more epitaxial layers are grown the substrate influence is
mitigated and the rough area reduced.

The electronic properties of epitaxial graphene on SiC(0001) are dominated by the
epitaxial graphene inside the band gap of the SiC substrate, which is 2.43 eV (4H), or
2.20 eV (6H) according to ab initio calculations [46]. Several experiments suggest that
epitaxial graphene stacks have similar dispersions as single layer graphene. Among these
are electronic transport measurements on about 10-20 layer graphene [47, 48] and Scan-
ning Tunneling Spectroscopy (STS) in magnetic fields on about 10 epitaxial layers [49].
This is not expected on AB stacked graphene, but could be explained by rotational
misalignment [50]. Thus, a significant coverage of rotated graphene layers is apparently
present on many epitaxially grown samples, which could possibly depend on growth
conditions.

Different electronic doping has been obtained on epitaxially grown graphene on the
C-face, including both n-type and p-type doping. Several studies found n-type dop-
ing, with the Dirac point about 300 meV [53] or 200 meV [54] below the Fermi energy.

12


http://dx.doi.org/10.1103/PhysRevB.79.125411
http://dx.doi.org/10.1103/PhysRevB.79.125411

2.1 Properties of Graphene

-100 0 100
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Figure 2.7: Tunnelling dI/dV (in nano-
Siemens) versus bias voltage on epitaxial
graphene/SiC(0001) at 7' = 13 mK. Two min-
ima appear (at V = —125 mV and V = 0).
STS parameters: initial bias voltage V =
—250 mV, tunneling current I = 200 pA, mod-
ulation voltage V;,0q = 250 ©V. Reprinted
by permission from Springer Nature: Nature
”High-resolution tunnelling spectroscopy of a
graphene quartet”, Young Jae Song et al.,
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Figure 2.8: (a) Hall mobility versus car-
rier density, extracted by three-carrier anal-
ysis, for 13 different Hall bar devices on
graphene/SiC(0001). (b) Schematics of the
epitaxial graphene/SiC(0001) layers involving
three dominant channels and (c) of the Dirac
cones, shifted by doping. Reprinted from Y.-
M. Lin, et al., Applied Physics Letters 97,
112107 (2010), with permission of AIP Pub-
lishing [52].

(2010) [51].

Variations of n-type doping can stem from different amounts H-atoms bonded to the SiC
surface [55], as well as shielding by the lower graphene layers [42]. As an example, Fig. 2.7
shows dI/dV measured by STS on few-layer epitaxial graphene [51]. At stronger bias
voltages, the dI /dV increases approximately linearly with |V|, as expected. Two dI/dV
minima were obtained, one near the Fermi energy, and one at V' = —125 mV. The latter
one is likely due to the lower density of states (DOS) at the Dirac point, which is shifted
below the Fermi energy by doping. The additional minimum close to the Fermi en-
ergy is often observed by STS, even on other samples including graphene/SiC(0001) [56]
and mechanically exfoliated graphene on SiO [57]. However, it has not been well-
explained. Since such a DOS minimum is not indicated by ARPES measurements on
graphene/SiC(0001) [39, 54], it may be related to inelastic tunneling modes of the tun-
neling current or be the consequence of an anomaly at zero bias voltage [9]. In a different
STS experiments, the Dirac point on about 10 epitaxial layers it was found close to but
above the Fermi energy, signifying weak p-doping [49].

Hall transport measurements found different carrier channels by fitting the measured
electronic resistivities with different types of doping [52]. The extracted Hall mobilities
and carrier densities are shown in Fig. 2.8(a), they reveal two hole channels with strong
and weak p-doping, and an electron channel with relatively strong n-doping. The sub-
strate induces n-type doping, thus the electron channel can be expected on graphene
layers near the substrate. The channel with relatively strong p-type doping probably
lies on top of the graphene stack, where p-doping can be induced by adsorbates on the
surface. The weakly doped channel can exist on intermediate layers. This scenario is
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illustrated in the cartoon in Fig. 2.8(b) and (c). On the surface, p-type doping can
be induced at ambient conditions, likely due to an electrochemically-mediated electron
transfer between oxygen and the sample [58].

Epitaxial Graphene on SiC(0001)

On the Si-face, the epitaxial layers are formed above the buffer layer, that possesses a
C-atom density similar to graphene, however, it is covalently bonded to the SiC surface.
Therefore, its morphology and electronic features are different from graphene. The buffer
layer features a (6v/3 x 6/3)R30° superlattice and a band gap of about 400 meV [59].
The superlattice is formed by the substrate structure and periodicity of covalent bonds.
The epitaxial layers above the buffer layer are shielded from the substrate and form
graphene. On the first few graphene layers the (64/3 x 61/3)R30° corrugation due to
the buffer layer appears, but its amplitude rapidly decreases with increasing number of
layers [56, 60, 61]. The (6v/3 x 64/3)R30° lattice on the covering graphene layers contains
two high symmetry points. Therefore, many authors define a (6 x 6) quasi-lattice that
is more readily observed by STM, for example [50]. The strong interaction with the
substrate during the initial phase of the growth of an epitaxial layer results in uniform
alignment of the graphene layers, thus graphene grown on SiC(0001) are uniformly AB
stacked. The electric properties of these layers are typical of graphene, within the band
gap of the SiC substrate. However they become n-type doped by the substrate, which
is strongest on the first layer above the buffer layer. The Dirac point has been reported
at different values below —400 meV (with respect to the Fermi energy), and weakens on
subsequent layers due to shielding. The authors of Ref. [56] reported results of STS that
showed the Dirac point at —310 meV on the 2nd, —190 meV on the 3rd, and —140 meV
on the 4th graphene layer. df/dV mesurements by STS usually obtain a minimum close
to the Fermi energy. Since such a minimum is not indicated by ARPES measurements
on graphene/SiC(0001) [62] it probably does not stem from the sample propertiesbut
from the measurement technique [9], as discussed for graphene/SiC(0001).

It is possible to decouple the buffer layer from the substrate by passivating the dan-
gling Si bonds. This has been achieved by exposing the epitaxial graphene/SiC(0001)
to atomic H at temperatures between 600-1000 C° [62, 63]. As a result the buffer layer
behaved an additional graphene layer. Thus, a sample with zero layers after atomic H
treatment would become a single graphene layer, a single epitaxial layer would become
bi-layer, and so on. Furthermore, since the Si-bonds are passivated by H-atoms the sub-
strate does not induce strong doping and the graphene Dirac point is nearby the Fermi
energy [63]. Because of the weak interaction between decoupled graphene and the SiC
substrate it is termed quasi-free-standing graphene.

2.1.4 Graphite surface

Graphite is a crystal of graphene layers with Bernal stacking, since there are three distinct
stacking positions the size of the unit cell may vary, for example it may be hexagonal
(ABAB ...), as shown in Fig. 2.1(c), or rhombohedral (ABCABC ...). Crystals of graphite
occur naturally and can also be artificially created. In this work, most graphite samples
are highly oriented pyrolytic graphite (HOPG), that is synthesized by a thermolytic
process. Inside the graphene planes, it has a crystallite domain size in a is between
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1 to 10 um. Perpendicular to the graphene planes, it is highly ordered in the c-axis,
but it has many stacking faults [64, 65]. One of the samples is Kish graphite, which is
formed on the surface of molten iron. Differently from HOPG, it can be considered to
have a semi-infinite thickness [64].

The electronic properties of graphite depend on the stacking order and on the effec-
tive number of electronically coupled layers [66]. On the surface of graphite, the states
at the Fermi energy are dominantly located on the sites without lower-layer neighbors.
Thus, constant height STM on graphite measures a higher I on one sublattice, as on any
AB stacked graphene layers [67]. When more layers determine the electronic properties
of a graphene stack, the states at the Fermi energy increases accordingly. However, the
effective number of layers is reduced by inhomogeneous charge distribution between lay-
ers. These can occur due to stacking faults. In such a case, only a few graphene layers
on top can dominate the electronic surface properties of graphite [68]. A study com-
bining STS measurements and first principles calculations of graphite in magnetic fields
found different effective thicknesses for different graphite samples [64]. Kish graphite
and HOPG were probed by STS and the results simulated by calculations. For Kish the
experimental results were well reproduced by a model of an infinite stack, but for a result
on HOPG the best match was obtained by assuming a 40 layer stack. A different study
of the out-of-plane conductivity found that the top 60 layers contribute to the electronic
properties on the surface [65] This is consistent with the lower density of stacking faults
expected on Kish.

Nevertheless, on the surface of graphite, the the topmost layer dominates the local
electronic properties. Thus, when features on the surface of graphite are probed by
STM/STS, then a two-dimensional, single layer graphene model is often sufficient to
describe the most significant properties that can be observed, e.g., for single vacancy
states [69] or for zigzag edge states [11-13] (see Section 2.2.3). Because of the AB
stacking, the graphene sublattice symmetry is broken. Thus, as on AB stacked graphene,
on the surface of graphite, hyperbolic dispersions on both sides of the Dirac point can
be obtained, which is at the Fermi energy [32]. In the present work, STM/STS was
utilized to probe the surface of graphite samples. Since the graphene layers at the
surface dominate the features that were measured, no significant difference between Kish
graphite and HOPG was found.

2.2 Graphene Zigzag Edge State

2.2.1 Zero-energy modes in graphene

The TB model (introduced in Section 2.1.2) not only gives good approximation of the
electronic properties of pristine graphene at low energies, but it also reveals a condition
for the presence localized electronic states in disordered graphene. In the low-energy
approximation of the TB model, where only the hopping parameter ¢ is non-zero, the
solutions can be separated into parts that have non-zero amplitudes only on one of the
two sublattices. Such a system is described by a bipartite lattice, where the wavefunctions
that exist on the A sublattice do not interact with wavefunctions on the B sublattice,
and all solutions thus have thus two independent parts. In pseudo-spin notation that
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was introduced in Section 2.1.2 the bipartite Hamiltonian can be written as:
s e o) (5 Tar) (08) - & 29)
AB Pk Kk

If the number of sublattice sites is equal, then so is the number of amplitudes in the
vectors ¢yt and ¢£, and the solutions are also symmetric. However, if the dimension of
the two vectors is not equal, then there exist more solutions on the majority sublattice,
whose number is equal to the imbalance of the amplitudes on the sublattices [70, 71].
These states, created by the defects in the graphene lattice, are thus related to the
difference in the number of orbitals contributing to the wavefunctions on the sites of
the two respective sublattices, which can be called the sublattice imbalance. This can
occur, e.g., if there is a single atomic vacancy or a chemical bond that removes one 7
electron orbit from the system. Then, the number of amplitudes in ¢y of the minority
sublattice is reduced by one and there exists a state on the majority sublattice that can
be localized at the origin of the sublattice imbalance [70, 71]. In general, any difference
of the number of 7 orbitals on the two sublattices induces a proportionate number of
defect-induced states on the majority sublattice. Thus, if an imbalance of 7 orbitals
exceeding one exists, then more than one defect-state can be induced. On the other
hand, if atomic sites are missing on both sublattices, the number of defect-states may be
less than if defects exist only one sublattice. Because defect states decay away from the
defect [70], the local distribution of defects, which determines the sublattice imbalance,
also determines the distribution of localized electronic defect states.

The simplest instance of a zero-energy mode is a single vacancy, for this case there
are both theoretical [70] and experimental results [69]. At a single vacancy an electronic
state appears that decay away from the vacancy following an inverse power law.

The simulated DOS at single vacancies on graphene using the TB model [14] is shown
in Fig. 2.9. The figs.(a)-(c) show results of a system with one isolated single vacancy, the
LDOS indicates the density of states close by the vacancy, whereas the DOS indicates
an average of the whole system, where the vacancy states have little influence compared
to the bulk states. The case ¢ = 0 (where higher order interactions are also zero)
describes a perfect bipartite system with electron-hole symmetry. At the Dirac point, at
E = 0, appears a resonance peak due to the vacancy states (see (a)). The interaction of
states on the two sublattices when ¢’ # 0 breaks the particle-hole symmetry, and both
the Dirac point and the resonance peak are shifted from E = 0 (see (b)(d)). Notably,
the peak is shifted to an energy that is closer to the Fermi energy than the Dirac point.
Figures 2.9(d)(e) show results for a graphene system with concentrations (x) of randomly
distributed single vacancies, since there is a greater number of vacancies they significantly
affect the DOS that is averaged over the whole system. In the case of many, randomly
distributed single vacancies, the resonance also appears, but it is accompanied by an
increase of the spectral weight at surrounding energies. Although overall the sublattices
have the same number of atomic sites, since vacancies occur on both equally, the localized
character of the vacancy states causes them to appear at local clusters with sublattice
imbalances. The increase of the DOS in an energy range has also been derived using a
coherent phase approximation [72].

A random distribution of vacancies does not create a great imbalance between the
sublattices, however a larger imbalance is created if vacancies preferentially distributed
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Figure 2.9: Numerical results for the density of states in the vicinity of (a)-(c) a single vacancy
or (d)-(f) many random vacancies on graphene with vacancy concentration z. Calculations (a)-
(d) without and (b)(c)(e)(f) with next-nearest-neighbor interaction (mediated by t’) are shown.
From Pereira et al., 2006 (http://dx.doi.org/10.1103/PhysRevLett.96.036801) [14].

on one sublattice. DOS of graphene with vacancies on only one sublattice was inves-
tigated by numerical calculations that use the TB model [70]. It was found that in
addition to the resonance peak at the Dirac energy a suppression of the DOS appears
(see Fig. 2.10(a)). Furthermore, the DOS gap is approximately proportional to the
square root of vacancy concentration on one of the two sublattices (see (b)).
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Figure 2.10: (a) Calculated DOS of graphene with a distribution of single vacancies on one
sublattice. Calculation of a TB model with only nearest-neighbor interaction (¢ = 0) and with
4 x 105 atomic sites. (b) Half-gap energy versus vacancy concentration (x) on one sublattice
with a least square fitting. From Pereira et al., 2008 (http://dx.doi.org/10.1103/PhysRevB.
77.115109) [70].

To check this behavior single vacancies distributions with a greater number on one

sublattice was also simulated (Fig. 2.11) [70]. This allows the variation of the degree of
sublattice uncompensation p without changing the total vacancy concentration. n indi-
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Figure 2.11: Simulated DOS of random single vacancies that are preferentially distributed
on one of the two sublattices with degree of uncompensation n versus energy, with vacancy
concentration = 0.01 vacancies/atoms. From Pereira et al., 2008 (http://dx.doi.org/10.
1103/PhysRevB.77.115109) [70].

cates the the distribution between the sublattices, with n = 1.0 signifying all vacancies
on one sublattice and n = 0.0 equal vacancies on both sublattices. The depression energy
range is gradually filled by DOS that is proportional to 1. At higher concentrations z
this becomes more significant at lower 7. Therefore, the DOS depression near the Dirac
point is proportional to the sublattice imbalance created by the vacancies.

2.2.2 Theory of the graphene zigzag edge state

Graphene edges, excluding lattice reconstructions, form one of two different structures,
that are named armchair edges and zigzag edges (as shown in Fig. 2.12). At armchair
edges the neighboring edge atoms alternatively belong to both sublattices. Thus, the
atoms that are missing beyond the edge also belong to both sublattices and there is no
imbalance between A and B sublattices along the edge. At zigzag edges all edge atoms
belong to the same sublattice and all missing atoms beyond the edge belong to the other
sublattice. Because of this, there is a high sublattice imbalance at zigzag edges and
localized electronic states exist, but not at armchair edges.

(a) (b)

Zigzag edge Armchair edge

Figure 2.12: Schematic graphene (a) Zigzag edge and (b) Armchair edge. Red/blue dots show
C-atoms on the A/B sublattice, black lines represent valence bonds.

Zigzag edge states have been first theoretically predicted by Fujita et al. in 1996

[10, 73] and later they were experimentally confirmed in 2005 [11, 13]. The first calcu-
lated band structures [10] that showed flat bands due to edge-localized states were of
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Figure 2.13: Infinite Graphene nanoribbons schematics (a)(b) and corresponding simulated
band structures (c)(d). GNRs with (a)(c) armchair edges and (b)(d) zigzag edges are shown.
The bottom numbers label the lateral position of (a) dimers or (b) zigzag chains. In (a)(b) the
rectangles show the unit cells and the labels indicate the position and sublattice of the atomic
sites in them. The width of the calculated nanoribbons is N = 20 (about 4.1 nm). From Fujita
et al., 1996 (https://doi.org/10.1143/jpsj.65.1920) [10].

infinitely long one-dimensional graphene nanoribbons (GNR) with zigzag or armchair
edges (see Fig. 2.13), these used the TB model and considered 1st NN interaction only.
The unbonded electrons at the edge atoms are ignored in the calculations and did not
contribute to the electronic band structure, which is effectively similar to assuming that
the edge atoms are each passivated by a single hydrogen atom. The electronic bands of
the armchair ribbon in Fig. 2.13(c) resemble the band of bulk graphene when projected
onto the armchair edge direction. However, for the band structure of the 7 electrons on
the zigzag ribbon (Fig. 2.13(d)) a remarkable difference appears between the wavenum-
bers 2m/3 < |k| < 7, where valence and conduction bands form a degenerate flat band
at the Dirac point energy (£ = 0). This band is flat at k = m and becomes dispersive
when k reaches below 27 /3, where the Dirac point of bulk graphene is located. The flat

(a) (b) (c)
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Figure 2.14: Calculated band structures of GNRs with zigzag edges with (a) N = 4 zigzag
chains (width about 0.7 nm), (b) N = 5 (width about 0.9 nm), (¢) N = 6 (width about
1.1 nm). From Nakada et al., 1996 (http://dx.doi.org/10.1103/PhysRevB.54.17954) [73].

band remains stable even when the ribbon width is increased. Actually, the flat band

region of k increases with the ribbon width (see Fig. 2.13(d) and 2.14). Therefore, the
real space distribution of the edge state becomes wider with the nanoribbon width, at
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Figure 2.15: (a) Schematic representation of the analytic solution of the zigzag edge state on
the edge sublattice (solid circles) near the edge is shown. (b)-(e) Schematic representation of
the real component of the analytical state in the flat bands near the zigzag edge. The black
and white circles represent the difference in sign. The solutions for (b) k = 7, (c) k = 87/9,
(d) k = 7r/9 and (e) k = 27/3 are shown. From Fujita et al., 1996 (https://doi.org/10.
1143/psj.65.1920) [10].

least as long as the GNR width is sufficiently narrow [73]. Since it does not disappear at
larger widths it becomes clear that the flat band is not a feature of the GNR, but instead
it arises alone from the zigzag edges. In this simulation states on different sublattices do
not interact and the flat band states are thus confined to the edge sublattice. In parallel
direction to the zigzag edges the states undergo a band inversion when crossing the bulk
graphene Dirac points, which increases the robustness of the edge-localized states [9, 74].

Fujita et al. derived an analytical solution for this flat band state, which is shown in
Fig. 2.15. This solution can be constructed as a linear combination of atomic orbitals on
the edge-sublattice sites, which satisfies two conditions: for the flat band states at £ =0
the sum of the complex wavefunction over neighboring sublattice sites must be zero,
and, because of the translational symmetry, the Bloch components on successive edge
sites must differ by a phase factor e’*, for the lateral wavenumber k. In this semi-infinite
system, the convergence condition for the wavefunction becomes |2 cos(£)| < 1, and the
state of the flat bands only exist in the range allowed by this convergence condition (i.e.
21/3 < |k| < 7). The analytical solution confirms the range of the flat bands that was
obtained by the simulations (Fig. 2.13). Figure 2.15(b)-(e) show the real component of
the analytical solution at various values of k£ within the convergent range. It can be seen
that in the flat band regime the flat band function decays exponentially away from the
edge, where the decay constant depends on k and is smallest at £ = w. Therefore, these
electronic states are localized on the zigzag edge of graphene. TB simulations by Niimi et
al. of mixed zigzag and armchair edges show that the zigzag edge state is robust on edges
with finite length, even when small zigzag segments are in close proximity of armchair
segments [12]. These simulations yielded an exponential decay length of £ = 0.5 nm at
pure zigzag edges and found an increase up to £ = 1.2 nm near armchair segments. At
mingled zigzag and armchair edges they also found that the calculated local density of
states (LDOS) is increased on a (v/3 x v/3)R30° superlattice (relative to the graphene
lattice). Both the longer decay constant &€ = 1.2 nm and the (v/3 x v/3) R30° superlattice
are experimentally supported [11-13], which is discussed in the next section.
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2.2 Graphene Zigzag Edge State

2.2.3 Experimental results of graphene zigzag edge states
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Figure 2.16: STM/S measurements of zigzag and armchair rich step-edges on ZYX graphite.
(a)(b) dI/dV versus bias voltage V at different distances from each edge (at P < 2 x 107 Pa,
T =177 K). (¢)/(d) STM images near zigzag/armchair rich edges (in air, "= 300 K, V' = 0.1
V, I = 0.1 nA). The graphene sublattice and the (v/3 x v/3)R30° superlattice unit cells are
marked by a white hexagon and diamond shape, respectively, the dashed lines highlight the
edge and the superlattice directions. From Niimi et al., 2005 (https://doi.org/10.1016/j.
apsusc.2004.09.091) [11].

Due to the zigzag edge state, the electronic density of states near the Dirac point
energy is increased on the edge sublattice of zigzag edges. This LDOS peak can be
measured by combined scanning tunneling microscopy and spectroscopy (STM/STS).
Such a study was first reported by Niimi et al. in 2005 [11], some results of which
is shown in Fig. 2.16. They observed a dI/dV peak near the Fermi energy that only
appeared on naturally existing zigzag step-edges, and not on the armchair ones, on the
surface of ZY X-grade exfoliated HOPG with single crystalline sizes between 100-200 nm.
Step-edges have the monatomic height of one graphene layer. This peak of the measured
dl/dV decays exponentially with distance from the edge (Fig. 2.16(a)) with decay length
of 1.240.5 nm [12]. By comparing experiment and theory, they concluded that the LDOS
peak is a result of the zigzag edge state [11, 12].

A similar result was reported by Kobayashi et al. in the same year [13], who studied
HOPG that was repeatedly heated (to 800°C in UHV) and exposed to atomic hydrogen.
This group also found d//dV peaks that only appeared on zigzag-direction edges. In the
former experiments by Niimi et al. [11, 12], the localization of the LDOS peak only at
the zigzag edge and its decay into the bulk terrace were clearly observed, showing good
agreement with the theoretically predicted edge state. However, the edge termination is
unclear. On the other hand, in the latter experiment [13], edge termination by hydrogen
can be safely expected, but unfortunately the spatial variation of the peak was not
observed. In addition, in both of these studies, the atomically resolved topographical
structure on the edge was difficult to determine directly by STM. This is presumably due
to the increased LDOS along the edge. Thus, the direction of straight edges is compared
with the atomic rows in the bulk away from the edges instead. Both experimental
studies observed the (v/3 x v/3)R30° superlattice that is associated with mixed zigzag
and armchair edges (see Figs. 2.16(c)(d)), thus it is more accurate to call the edges
they studied zigzag-and armchair-rich edges. On zigzag edges, few, short armchair edge
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segments may occur despite edges having approximately zigzag-direction. This may be
the case if an edge atom is missing. The edge feature may also be changed by different
chemical bonding on the edge atoms. When the third sp? atom at the edge atoms is not
bonded, dangling bond states are expected to contribute to the dI/dV spectrum close
to the Fermi energy. This would occur at both the zigzag and armchair edges. Since the
studies shown here did not observe a dI/dV peak at armchair edges, the sample edges
are probably passivated. Noting the narrowness of the measured LDOS peak (~ 80 meV)
Niimi et al. [12] concluded that the termination is by a single hydrogen at each edge
atom. On the other hand, it is noted that the peak width observed in Ref. [13] is about
two times wider.

2.3 Graphene Zigzag Nanoribbon

2.3.1 Theory of the spin-polarized edge state
Free standing graphene

Due to the high density of states, the electron-electron interaction becomes important
on zigzag edges. In the case of a weakly doped graphene zigzag edge, the LDOS at the
Fermi energy becomes relatively high. Therefore, qualitatively the Stoner criterion for
magnetic ordering can be satisfied [75] and ferromagnetic alignment of the electron spins
of the edge state can be favored over a paramagnetic state. The first published calcula-
tion of the zigzag edge state [10] already examined the possible polarization of the edge
states on graphene nanoribbons with zigzag edges (zGNR) by calculating the magnetic
moment of the edges (using the Hubbard model with a Hartree-Fock approximation).
Their calculations showed that a zGNR with a width of 10 atomic chains (about 2.0 nm)
would have finite magnetization independently of the on-site potential. Based on the
Stoner criterion, magnetic ordering appears possible even on isolated zigzag edges that
are not nearby another zigzag edge. However, according to the Mermin-Wagner the-
orem [76] magnetic ordering would not be stable on such a one-dimensional structure
at temperature T' # 0 or even at T = 0. Indeed, DFT calculations have shown that
magnetic order would be limited by thermally induced spin-wave fluctuations within
magnetic correlation lengths that increase exponentially when 7" decreases below 10 K,
and decay with T—! at higher T [77]. At T = 300 K, first principle calculations suggest
a magnetic correlation length of about 1 nm. However, on zGNRs two different edge
states on opposite edges can have magnetic interactions that may stabilize the magnetic
order at T # 0 [16]. This is possible, since the different sublattices, and thus the differ-
ent edge states, interleave on the zGNR. When the spin coherent length and edge state
decay length is sufficiently long, and the zGNR sufficiently narrow, magnetic interaction
between the edges that stabilizes spin-polarization can occur.

It should be noted that, apart from zigzag edges, magnetic order can also be induced
in graphene by vacancy states [78] which carry a magnetic moment [79]. Similarly to the
results on zGNRs, first principles calculations show that different interactions between
defect states on the same and on different sublattices create magnetic order [80]. Fur-
thermore, magnetic order has been predicted on nano-graphene bilayer structures [81].

For zGNRs, the energy of different spin configurations of the edge state electrons was
calculated using a local spin density approximation [15]. It was found that energetically
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favorable spin alignments are those in which spins along each edge are aligned. This is
possible with either parallel alignment on opposite edges (i.e. ferromagnetic alignment,
FM), or anti-parallel alignment on opposite edges (i.e. anti-ferromagnetic alignment,
AM). A representation of these two spin configurations is shown in Fig. 2.17. Among the
two states, AM is more stable, yielding an energy lower by 2.3 meV /atom than for FM.
Compared to a paramagnetic state, AM reduces the system’s energy by 239.9 meV /atom.
Furthermore, the calculated energy difference between AM and FM was reduced by
increasing the zGNR width, which was also derived in other theoretical studies [82].

(a) Ferromagnetic state (FM) (b) Anti-ferromagnetic state (AM)

Figure 2.17: Schematics of zGNRs (width 1.6 nm, 8 atomic chains) with calculated spin den-
sities of the edge states (up/down shown in red/blue colors) for (a) FM and (b) AM configu-
rations. From Lee et al., 2005 (http://dx.doi.org/10.1103/PhysRevB.71.193406) [15].

The stability of the spin polarized state depends on the electronic doping, as well
as the zGNR width. This has been investigated using a m-orbital Hubbard-model self-
consistent field theory [83, 84]. According to these calculations, increasing the doping
can change the ground state. For weak doping, the ground state changes from AM to
a canted inter-edge spin alignment to FM (the canted state has relative inter-edge spin
angle that is between 180° (AM) and 0° (FM). For a zGNR of width 2.0 nm, doping
must shift the Dirac point by more than 1 eV away from the Fermi energy to induce a
transition to a paramagnetic state [83, 84].
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Figure 2.18: (a) Calculated band structure of a zGNR of width N = 12 atoms (about
2.4 nm), the direct band gap (AY) and the gap at wavenumber k = 7/a. (A!) are indicated
(aec = 0.246 nm). (b) A? and A for different zGNR widths W are shown. The solid line is a
fit of A? of the form 9.33/(W + 15.0). From Son et al., 2006 (http://dx.doi.org/10.1103/
PhysRevLett.97.216803) [16].
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2.3 Graphene Zigzag Nanoribbon

When the edge states on a zGNR are spin-polarized, the electronic band structure
is changed. In the AM configuration, the states on nearest-neighbor sites on the zGNR
have opposite spin-alignment, thus a band gap is expected for AM (but not for FM) [85].
The electronic band calculated by local spin-density approximation (LSDA) [16] is shown
in Fig. 2.18(a). The lifting of the spin degeneracy of the edge states opens a band gap.
The band splitting can be defined by a direct gap A® at k = 0.757/ac and a larger gap
Al at k = 7/ac, where a, = 0.246 nm is the the lattice constant. The same theoretical
study investigated the change of the band structure with different widths W. The two
splittings are plotted against W in (b). For zGNRs with W > 0.5 nm, A° decreases
and A! increases with increasing W. Whereas A! rapidly reaches a saturated value at
0.53 eV, A® continues to decrease even at wider W, following a 1/ decay.
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Figure 2.19: (a) Band structure and (b) local density of states (LDOS) calculated for a zGNR
with width N = 20 atomic chains (about 4.1 nm) by LSDA. In (a), the solid line is the AM
polarized state, and the dashed line is the non-magnetic state. In (b), the solid line shows
LDOD on the edge atoms, the dashed one that on the third, the dot-dashed line that on
the fifth atoms from the edge. A° and A! are indicated. From Jiang et al., 2008 (http:
//dx.doi.org/10.1103/PhysRevLett.101.246803) [86].

Another LSDA calculation of the spin-split edge states on a zGNR is shown in
Fig. 2.19(a) [86]. This shows the bands for both the spin-polarized ground state (solid
line) and for the paramagnetic state (dashed line). These results are similar as those
obtained by the previous study, however the spatial distribution of the states across
the zGNR is considered as well. The LDOS of the first three edge sublattice sites is
shown in (b). The states at k¥ = 7/a,, that form Al are strongly localized on the edge
atoms, and A' is not dependent on W, as seen in Fig. 2.18(b). Thus this gap stems
purely from the edge state spin-alignments. On the third and fifth atomic row from the
edge, only the more extended states near k = 0.75m/d, appear, which form A°. Since
AY is proportional to 1/W (see Fig. 2.18(b)), this gap stems from the confinement of
the states on the zGNR and becomes dominant in the LDOS at positions not exactly
on the edge atoms. According to these calculations, A° would appear on a wider area
than Al, and that the higher energy LDOS peak would be sharper than the lower one,
at least theoretically. These results are worth noting, when considering local tunneling
spectroscopy measurements (STS).

For better comparison with experimental data, the effects of zGNR width, edge
defects and environmental screening on spin-polarized edge states were investigated via a
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first-neighbor TB model (with hopping integral ¢) including e-e interaction [31]. Different
chiral edges were considered. Zigzag and armchair edges are mixed on regular intervals
on chiral edges, e.g., 8 zigzag edge sites followed by 1 armchair site. Thus, chiral edges
form an angle 6 with zigzag edges, which increases with the amount of armchair segments.
These calculations for chiral edges can suggest the effect of edge impurities on a zigzag
edge state. The substrate screening is incorporated in the on-site Coulomb repulsion
parameter U. The results of the gaps A and A! at various # and W are shown in
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Figure 2.20: Calculated electronic band gaps A% Al and A, versus edge direction 6 of spin-
polarized edge states on nanoribbons with chiral edges. AY and A! are the spin and confinement
induced gaps of the spin-splitted edge states. A, is the band gap derived from tight binding
calculations. (a) shows results for different nanoribbon widths w and U/t = 1. (b) shows results
for different U and w = 6. The unit of w is the number of atoms across the nanoribbons,
W = 6, 12, 18 is about 1.1, 2.4, 3.7 nm, respectively. From Yazyev et al., 2011 (http:
//dx.doi.org/10.1103/PhysRevB.84.115406) [31].

Fig. 2.20, where (a) shows results for several nanoribbon widths W, and (b) for several
U. The tight binding gaps A4, which are not related to the edge states, are also plotted.
As derived previously [16], Al is relatively independent of W, while A® increases with
decreasing W. Both gaps decrease as the amount of armchair segments increases and
both disappear for angles between 15° — 25°. Al is more sensitive to 6 than A°. The
results of Ref. [31] show that the presence of some armchair segments does not greatly
change A° of a spin-polarized edge, especially on wider zGNRs. This is because A is
due to confinement, and thus mainly depends on W. The results of different U was only
investigated for W =~ 1.1 nm, on which it drastically changed the results of both A and
A', showing the importance of the substrate influence. The confinement gap A, appears
when the edge states seize to dominate the low energy properties of the zGNRs. Thus,
A, is zero for small values of 6 and reaches a maximum at ¢ = 30°, which corresponds
to the armchair edge, where no edge states exist.

Graphene on substrate

Although the substrate effect was considered by taking account of the screening effect in
the previous theoretical works [31, 84], the substrate was more directly considered in the
work of Chen and Weinert [18]. They simulated the electronic states band structure of
spin-polarized graphene nanoribbons on top of an infinitely large single graphene layer
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(with AB stacking), i.e., a graphene substrate, by density function calculations [18].
Thus, this is the simplest model of our experimental system, like ZGNRs on graphite.
The results of these calculations are presented in Figs. 2.21(a)(b). In (a), a schematic of
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Figure 2.21: Calculated band structure from Ref. [18] of a spin-polarized zGNR with a width
of 32 zigzag chains, i.e. W = 6.7 nm, on top of a graphene layer with Bernal stacking. (a)
Schematic of the model zGNR (green lattice) on top of graphene (brown lattice), adapted with
modifications from Ref. [18]. The black rectangle marks the unit cell used for calculations.
The large red/black arrow are next to the edge that terminates on the A/B sublattice with
majority spin up/down. (b) Calculated band structure, spin up states (red curves) and spin
down states (black curves). Labels indicate the states close to Energy = 0 on the A and the B
sublattices. Adapted from Chen and Weinert, 2016 (http://dx.doi.org/10.1103/PhysRevB.
94.035433) [18].

the simulated zGNR and graphene are shown. (b) shows the simulated band structure
of a spin-polarized zGNR with W = 6.7 nm. Due to the AB stacking the sublattice
symmetry is broken, thus spin up and down bands are non-degenerate on the different
sublattices. In the simulated model, close to Energy = 0, the valence band states on the
A sublattice host down spins, while those on the B sublattice host up spins. The spins
are reversed on the conduction bands. In (b) close to the Fermi energy, the spin down
states are gapped with a gap of about 49 meV, however the spin up states only feature a
negligibly small gap. Thus, according to this calculation the spin-polarized zGNR, that
is AB stacked on graphene, is half metallic, i.e. conductive for spin up states but not
for spin down states.

2.3.2 Experimental results of graphene zigzag nanoribbons

Several experimental works have examined nano-structures with zigzag edges and have
claimed that they observe spin polarized edge-states. However, the experimental evi-
dences are not conclusive enough, thus warranting further studies. The various reasons
for that are, for example, the lack of atomic precision of the edge shape, information on
edge termination or measurements of decay character or width dependence of the states,
etc. Moreover, some of them do not report reproducibility of their data with others
obtained in many similar nanostructures.
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Figure 2.22: (a) STM image of an (8,1) chiral nanoribbon with W = 15.6 £0.1 nm on Au(111)
and (b) schematic of the same zGNR section. (¢) STS result across the edge, on the black
dots shown in (a). The inset shows the edge spectrum at a (5,2) chiral nanoribbon with
W =15.6 £ 0.1 nm. (d) dI/dV peak separation (gap) at the edges of different nanoribbons,
angles refer to the nanoribbon edge directions with respect to the zigzag-direction. Shaded
region shows calculated spin gap for nanoribbons with angles 0° < # < 15°. Measurements at
T = 7 K. Reprinted by permission from Springer Nature: Nature Physics ”"Spatially resolving
edge states of chiral graphene nanoribbons”, Chenggang Tao, et al., (2010) [23].

Tao et al. [23] reported a STM/STS studies on nanoribbons with chiral edges ob-
tained by unzipping carbon nanotubes that showed a width dependent edge state peak
separation. The samples were fabricated via oxidation at 500° and sonification of car-
bon nanotubes in an organic solution, which mechanically ‘unzipped’ them. Afterwards,
they were transferred to an Au(111) substrate. The nanoribbons usually did not posses
pure zigzag edges, but chiral edges, which consist of a mixture of zigzag and armchair
edge segments, as explained in the previous Section 2.3.1. Figures 2.22(a)-(c) show the
results on a nanoribbon of width W = 15.6 £ 0.1 nm and a (8,1) chiral edge (8 zigzag,
followed by 1 armchair edge site, schematically shown in (b)), thus the nanoribbon pos-
sesses zigzag-rich edges. The nanoribbon is considered to be curved and floated near the
edges (see (a)(b)), which may indicate strong interaction of the edge with the substrate.
STS across the nanoribbon edge, in (c), reveals mainly two dI/dV peaks, and outside
of the curved region these peaks appear only faintly. It is not clear if the peaks stem
from hybridization of graphene and Au(111), or from a graphene edge state. They also
probed other nanoribbons with different widths and obtained multi-peak spectra at the
edges for W < 20 nm. From this, the peak separation was found to be inversely pro-
portional to W, as shown in (d). The peak splitting for different W in (d), which the
authors called a ‘gap’, was compared with the calculated gap due to spin-polarization in
Ref. [31]. Though the peak separations on different W are consistent with the calcula-
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Figure 2.23: (a) STM image of a graphene nanoribbon with zigzag-direction edges and width
W = 6.5 nm on Au(111). (b) Band gap obtained on such nanoribbons with different W by tun-
neling I-V measurements, and calculated band gap on spin-polarized zGNRs. Measurements
were made at room temperature. Reprinted by permission from Springer Nature: Nature
"Room-temperature magnetic order on zigzag edges of narrow graphene nanoribbons”, Gabor
Zsolt Magda, et al., (2014) [21].

tions of spin-polarized nanoribbons, the unknown edge termination make it necessary to
clarify the properties of zGNR edge states in a new study that avoids these difficulties.

Another possible indication of spin-polarization was obtained from spectroscopy mea-
surement on zGNRs prepared by using the STM tip with a high applied V' to cut graphene
on a Au(111) substrate [21]. An example of the STM image is shown in Fig. 2.23(a). By
the same method, armchair nanoribbons were also fabricated. At room temperatures,
the STM tip was held at constant height above the nanoribbon centers while sweeping
V' and measuring the tunneling current (7). On zigzag nanoribbons, a band gap was ob-
served that decreases in size with the ribbon width (W) until no gap was measured for
W > 7 nm as shown in Fig. 2.23(b). This transition related to W was not observed on
armchair nanoribbons. The figure also shows band gap calculations, which used a mean
field Hubbard model. The calculations are consistent with the measured W-dependence
of the gap and the transition between the capful and gapless states. However, while this
result is suggestive, it does not directly show any edge state properties like the local-
ized nature of the edge. Furthermore, only the direction of the nanoribbon edges was
controlled. The atomic edge structure appears significantly disordered.

So far, the discussed zGNRs were those fabricated by the so-called top-down method.
Instead, the zGNRs (1.1 nm width) in the study by Ruffieux et al. [22] were synthesized
via a bottom-up method and deposited on a Au(111) with insulating NaCl monolayer
islands (see Figs. 2.24(a)-(d)). The dI/dV of the zGNRs could be probed on two sub-
strates, the insulating NaCl islands and Au(111), in (a). On the NaCl islands several
dI/dV peaks surrounding the Fermi energy were obtained, as shown in (b). Only the
surface states of the substrate were observed on Au(111), shown in (c¢). The multi-peak
dZ/dV spectrum on NaCl may consist of three peaks, although the third one is not
clearly observed. The authors found consistency between the experimental results and
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Figure 2.24: (a) STM image of a zGNR on Au(111) and NaCl monolayer islands. dI/dV
spectra taken at the (b) colored dots, (c) triangles, (d) circle. (d) also includes calculated DOS
at a spin-polarized graphene zigzag edge. Measurements at T'= 7 K. Reprinted by permission
from Springer Nature: Nature "On-surface synthesis of graphene nanoribbons with zigzag edge
topology”, Pascal Ruffieux, et al., (2016) [22].

a calculated spectrum for a spin-polarized zigzag edge state. The calculation used the
GW approximation (using Green’s function and assuming screened interaction) of the
many-body perturbation theory, which yielded a better fit than mean-field calculations.
The synthesized zGNRs in this study have well controlled zigzag edges, however a draw-
back of this method is that only a single zGNR width can be obtained. Thus the width
dependence, expected for spin-polarized edge states, cannot be confirmed. Furthermore,
no spatial distribution was shown, which could differentiate states of the sample edge
and bulk. The absence of edge states on edges on the Au(111) substrate in this study
is in severe contradiction with the results presented in Refs. [21, 23], which were also
obtained on Au(111) substrates, and even with the theory [30].

2.4 Hydrogen Plasma Etching

One of the main difficulties in studying zigzag edge states is obtaining clean and ver-
satile graphene zigzag edges, as discussed in the previous section. These difficulties
were recently overcome by the development of a method based on anisotropic etching
by hydrogen plasma (H-plasma), which can produce highly accurate zigzag edges with
known edge termination [24-29]. This is used to prepare the samples in this work. Ad-
ditionally, such an etching technique is of special interest, because it can produce clean
zigzag edges on pre-patterned structures with less controlled edges [24]. Etching occurs
due to chemisorption of H-radicals in the H-plasma. These can form covalent bonds
with C-atoms of graphene at surface defects. Afterwards, the remaining C-C bonds of
a hydrogenated C-atom can be broken by other H-radicals. The stability of the C-C
bonds depends on the configuration of the edge atom and differs on zigzag and armchair
edges, this gives rise to the etching anisotropy [24, 25]. The etching product is probably
methane [87]. Several studies investigated etching of graphene by hydrogen plasma. The
H-plasma etching parameters are summarized in table 2.1. This includes the results by
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our group, by Matsui et. al. [28], which were used in the present work, and is shown to
provide an overview of the different published techniques.

Table 2.1: Summary of studies of H-plasma etching of graphene. The technique used in this
work is the same as that in Ref. [28]. In all cases a frequency frr = 13.56 kHz was used to
generate the plasma.

Summary of studies of H-plasma etching of graphene

Work Sample T (°C) P (Pa) Wgp (W) ¢ (min)

Xie et. al [25]  Graphene/Si 300 40 20 60

Yang et. al [24]  Graphite, 200-700 ~45 50, 100 20-120
Graphene/SiO,

Diankov et. al [26] Graphene/SiOy 500 ~53 20 10

Hug et. al [27]  Graphene/SiOy 200-600 40-170 30 >60

Matsui et. al  [28] Graphite, 200-700 13-590 10-50 20-60
Graphene/SiO,

Xie et. al [25] found that exposing graphene to H-plasma under certain conditions
selectively etches the edges, while leaving the terraces pristine. The termination of
graphene nanoribbons on Au(111) was studied after the same H-plasma treatment [29].
For this study, chiral nanoribbons were first prepared by unzipping carbon nanotubes in
an organic solution by sonification [88]. After 15 min exposure to H-plasma, it was found
by STM that the nanoribbon widths decreased and zigzag, armchair and chiral edges
were formed. However, zigzag edges were apparently not preferentially created. The
edge type only depended on the original direction of the nanoribbons. Comparisons of
first-principles LDOS calculations of the thermodynamically favorable structures in the
presence of hydrogen to the STM images are shown in Fig. 2.25. Simulations of zigzag,
chiral and armchair edges passivated by a single hydrogen atom, shown in Fig. 2.25(f)-
(h), yield good agreement with the STM measurements (c)-(e). In Fig. 2.25(i), the
calculated energy of zigzag edge termination by a one and two hydrogen atoms is shown
at different chemical potentials of hydrogen py. The STM images of graphene show that
py remains below the threshold to hybridize with the bulk terrace during the H-plasma
treatment (ug < —0.2 eV). In this range, termination by a single hydrogen per edge atom
is most stable according to the calculation (this is also the case for armchair and chiral
edges). Thus, the H-plasma etching seems to produce single hydrogen edge terminations.

Yang et. al [24] confirmed that the preferential etching inside graphene layers can
produce hexagonal nanopits with edges aligned in the zigzag directions of the graphene
lattice. The etching rate is similar on multi-layer graphene and graphite, but it is in-
creased on monolayer graphene [24, 25, 27]. Etching may be faster on single layers
because of an increased roughness that can be induced in graphene by the substrate.
This would provide a higher defect density that serve as nucleation points for nanopit
growth. Nevertheless, on both the single-and multi-layer graphene samples anisotropic
step-edges were obtained, that posses the monatomic height of a single graphene layer.

However, the study by G. Diankov et. al [26] found that the same H-plasma etching
conditions that etch multi-layer graphene anisotropically, can etch single-layer graphene
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| zigzag

Figure 2.25: (a)-(e) STM images at room temperature of nanoribbons on Au(111) after H-
plasma treatment. (c)-(e) are higher resolution images at areas indicated in (a)(b). (f)(g) show
simulated LDOS from first-principles calculations on the edge shapes of (c)-(e), respectively.
The STM parameters are V. = —0.97 V, I = 0.05 nA. (i) Calculated graphene zigzag edge
formation energy per unit length versus chemical potential of hydrogen (uy) calculated from
first principles. Blue/red line marks the range where termination by one/two hydrogen per edge
atom is more stable. In the shaded range graphane is more stable then graphene. Reprinted
with permission from Zhang et al. [29]. Copyright 2013 American Chemical Society.

isotropically. In that case, round graphene nanopits with mixed zigzag and armchair
edges were created on top of SiO,, instead of hexagonal nanopits. The reason that
etching occurs differently on single and multi-layer graphene in this study is unclear.
The work by Hug et al. [27] and that by Matsui et al. [28] independently and concur-
rently studied the parameter dependencies of the etching process and reached consistent
conclusions. The latter study was conducted in our laboratory with the same etching
technique used in this work, thus it will be discussed in the following chapter.
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Chapter 3

Experimental

In this work three different types of samples were studied, namely graphite (HOPG
and Kish graphite), epitaxially grown multi-layer graphene on SiC(0001) (abbreviated
as graphene/SiC(0001)) and epitaxially grown single-and bilayer graphene on SiC(0001)
(abbreviated as graphene/SiC(0001)). The preparation of the samples is described in
Section 3.1. All samples were treated by anisotropic hydrogen plasma etching to create
hexagonal nanopits with zigzag edges of monatomic height. The samples were probed
by Scanning Tunneling Microscopy and Spectroscopy (STM/STS) at low temperatures.
The STM/STS measurement system is discussed in Section 3.2.

3.1 Hydrogen Plasma Etching

3.1.1 Sample preparation technique

. RF Power
Pressure gauge P Thermocouple T, Matching box generator ' FF
Copper coil Flow meter

—.— @®
G < ::

~ 400 mm = H,
inlet

Figure 3.1: Schematic view of the hydrogen plasma etching setup [28, 89, 90].

Rotary
< pump

Sample / Sample boat

The plasma etching apparatus is schematically shown in Fig. 3.1 [28, 89, 90]. The
etching occurs inside a quartz tube with an inner diameter of 42 mm, an outer diameter
of 45 mm, and a length of 1200 mm. The tube is connected to a gas inlet with a gas flow
meter on one side and to a rotary pump on the other side. During the etching, gas flows
into the tube through the inlet, flows through the length of the tube, and is evacuated
on the other end by the rotary pump [91]. The direction of the gas flow is thus from
right to left in Fig. 3.1. While gas flows through the quartz tube it passes first through
a copper radio frequency (RF) coil and then through a furnace [92], which surround the
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3.1 Hydrogen Plasma Etching

Table 3.1: Summary of etching processes and etching parameters used to prepare the samples
studied in this work. All etching processes were performed by H-plasma, except for HOPG
P110, which was initially etched by O-plasma. Subsequent etching processes on the same
sample were performed without removing it from the vacuum.

Graphite samples
Sample ID T (°C) P (Pa) Wgp (W) ¢ (min) Comment

HOPG-P18 600 110 20 50
HOPG-P33 600 110 20 50
Kish-P40 600 110 20 50
HOPG-P65 600 11 20 15 Lower P
600 220 20 30 Higher P
HOPG-P79 600 110 20 10 with 120710-2-1
HOPG-P110 30 110 30 3 O-plasma
600 110 20 40
HOPG-P123 600 110 20 10 with G1213

Few-layer epitaxial graphene on SiC(0001) samples

Sample ID T (°C) P (Pa) Wgp (W) ¢ (min) Comment
G1212 600 110 20 30 in append. B.1
G1213 600 110 20 10

Epitaxial graphene on SiC(0001) samples
Sample 1D T (°C) P (Pa) Wgp (W) ¢t (min) Comment
120710-2-1 600 110 20 10

tube and have a center-to-center distance of 400 mm along the tube length. The copper
RF coil, with a wire diameter of 3.5 mm, possesses 15 windings with a coil diameter
of 50 mm and a coil length of 300 mm. It is connected to a matching box and a RF
generator. The RF generator [93] with a power output of Wgp produces an alternating
electronic field with a frequency frr = 13.56 MHz, which is applied to the Hy gas. The
matching box [94] is connected in series between the RF generator and the copper coil
to match the impedances and maximize the power transfer between the two.

The sample is inserted into the quartz tube and positioned at the center of the furnace,
then the closed tube is evacuated by the rotary pump until the pressure becomes stable
below about 1 Pa. The furnace is heated to a temperature T over the course of one
hour. After T is reached, Hy gas is introduced, the inlet is adjusted to let the pressure
at the sample position be P. After a few minutes, when the gas flow has stabilized, the
RF power generator is activated to produce H-plasma during an exposure time ¢, which
will be referred to as the etching time. When Wgp is turned on the H-plasma glow is
confirmed visually. After etching, the gas flow is stopped and the quartz tube continues
to be evacuated by the rotary pump until the temperature decreases to T~ 50°C. The
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3.1 Hydrogen Plasma Etching

graphene and graphite samples studied in this work were prepared by H-plasma etching
with different parameters, which are summarized in table 3.1.

3.1.2 Hydrogen plasma etching parameters

As mentioned earlier previous attempts to measure spin-polarization often failed to pro-
vide clear answers due to difficulties in fabricating clean samples. In a breakthrough
development this laboratory succeeded in significantly improving reliable fabrication of
graphene samples exhibiting precise zigzag edges (Sato et al. in 2015 [89]). The method,
which is based on H-plasma etching, succeeded in identifying the critical parameters to
create the create anisotropic features on graphene samples. This is a precondition for the
study of zigzag edge states in the present work. Afterwards, the etching parameter space
was further explored by Kita et al. [90]. A wider comprehensive study of the etching
parameters, including earlier results, was made by Matsui et al. [28]. In that study, the
etching parameters of the samples were chosen to optimize the zigzag edge fabrication.
This is based on the etching parameter study, which is briefly discussed in the following.

Exposure time (t) dependence
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Figure 3.2: (a)-(e) STM images of graphite surfaces etched by H-plasma with different etching
times and P = 30 Pa, T' = 600 °C, and Wgrpr = 20 W. (f) Areal fraction of the top layer (S7),
the second (S2), and third layer (S3) below that after etching with different ¢, extracted from
STM images. (g) Maximum hexagonal nanopit diameter (Dyax) after etching for different t.
Reprinted with permission from T. Matsui, et al., The Journal of Physical Chemistry C 123,
22665 (2019). Copyright (2019) American Chemical Society [28].

The etching results on the surface of graphite after different exposure times t are
shown in Fig. 3.2 [28]. At the chosen parameters hexagonal are formed. Their density
and size was evaluated from the areal fraction of the second and third top layers (So
and S3), which are exposed by nanopits in the upper layer, shown in (f). Furthermore,
their size was evaluated by the maximum nanopit diameter (D), which is shown after
different ¢ in (g). At shorter etching times, D,,.x increases with t. However, for longer
etching times it can be reduced, if sufficiently large nanopits completely remove the top
layer. Thus, Dy can be expected to not increase significantly after a certain t. For
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3.1 Hydrogen Plasma Etching

t larger than about 30 min D,,,, becomes scattered, which may depend on detailed
sample and etching conditions that cannot be easily controlled. Nevertheless, there
seems to exist a offset time fogsey Of 10-15 min, marked in (g), before nanopit growth
commences. In (f), it can be seen that there is an offset time of 30-40 min before nanopits
in the third layer appear. This time delay during etching is suggestive of the nanopit
formation mechanism. It may support the results of molecular dynamics simulations [95—

97] that suggest that extended exposure to H-ions is necessary before covalent C-bonds
are broken.
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Figure 3.3: STM images of graphite surfaces etched by H-plasma at the indicated P and
T =500 °C, t = 40 min, and Wiy = 20 W. (b) is a magnified image of the region indicated by
the square in (a). (i) Cross sectional profile along the solid line in (b), and (j) relation between
the terrace height and the step number showing that the nanopit steps are of monolayer height.
(f) Areal fraction of the top layer (S7), the second, third, or lower layer below that (Sa, Ss,
Sn<a) after etching with different P, extracted from STM images. (g) Maximum hexagonal
nanopit diameter (Dyax) after etching for different P. Reprinted with permission from T.
Matsui, et al., The Journal of Physical Chemistry C 123, 22665 (2019). Copyright (2019)
American Chemical Society [28].

Figure 3.3 shows STM results of etched graphite surfaces with progressively increased
etching pressure P from 13 to 590 Pa [28]. By increasing P the etching nature changes
from irregular isotropic to anisotropic etching and the number of nanopits decreases.
Thus, at lower pressures round craters across many graphene layers are created (a)(b).
The line profile across a crater created by low P, shown in (i), still shows the step-edges
due to the graphene layers. (j) shows the height difference of the step-edges exposed by
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the etching, which have an average height of 0.369 4 0.003 nm, thus they are monatomic
layers. The STM height is calibrated from the known height of naturally existing graphite
step edges. Figures (k) and (1) show the areal fractions of different layer and the Dy,
respectively, similar as in Fig. 3.2. At low P, the first layer does almost not appear, but
by increasing P beyond about 60 Pa etching within a single layer becomes dominant,
thus the fraction of higher layers increases as well. Furthermore, the nanopit shape
becomes more hexagonal, thus D, of the hexagonal nanopits increases from about
0 nm at 13 Pa in (a)(b) to a maximum of about 600 nm at 350 Pa in (g). At the same
time, the density of nanopits decreases, which results in a decrease of the areal fractions
of lower terraces seen in (k). The decreased density indicates that nanopits are formed
less frequently. The nanopits that are observed are likely created from the least stable
graphene sites, such as initial defects. The increase of Dy, is likely a consequence of
the reduced nanopit formation. This is because the nanopits are formed at especially
unstable graphene sites are likely created near the beginning of the etching process,
thus increasing the average growth time. Moreover, the decreased density reduces the
overlapping that would obscure large nanopits at lower P with higher nanopit densities.
At higher P the nanopit formation does not appear to occur, for example no nanopits
are observed in (h), which was etched at P = 590 Pa. Both the study in our laboratory
and the one by Hug et al. [27] found consistent results of the etching dependence on
P. The etching processes at different P are consistent with a model of a "glow” and a
"remote” plasma mode [27, 28]. The glow mode, which includes the glowing region of
the plasma, roughly represents the spatial extension of the different H-ions inside the
plasma. Inside the glow mode the high-energy H-ions create defects on the graphene
surface. At P = 13 Pa, the sample is well inside the glow mode, thus isotropic craters
are formed that extend to deeper layers than is found at higher P. By increasing P of
the plasma the glow mode region shrinks, because more frequent collisions reduce the
life time of the H-ions, and the sample is exposed to a lower concentration of H-ions.
Outside the glow mode, in the remote mode, lower-energy H-radicals are present, which
are responsible for the anisotropic growth at defects in the bulk terrace. However, in
this mode new defects, that can act as nuclei for nanopit growth, are not likely to be
formed, thus no nanopits appeared in the STM image of graphite etched at P = 590 Pa
(in (h)) [28]. At intermediate pressures (the results of P = 60 to 350 Pa are shown
in (c)-(g)) both the anisotropic etching mechanism of the glow mode and the isotropic
mechanism of the remote mode are at work. Thus, in this P range hexagonal nanopits
are formed, whose number and size can be controlled by adjusting P.

The nanopit growth depends on the etching temperature 7" as well. The results with
parameters P = 110 Pa, t = 40 min, Wrr = 20 W are shown in Fig. 3.4 [28]. The STM
images in (a)-(f) reveal that nanopits are created for 7" > 200 °C. Nanopit formation is
suppressed at low T' presumably because the thermal energy is insufficient for etching
reactions to occur. The nanopits that appear at 300 °C in (b) are round, but their shape
becomes more hexagonal at 400 °C in (c¢). For an increased 7" at 500 °C, shown in (d), the
surface is drastically changed. The in-plane etching is purely anisotropic and forms fewer
large hexagonal nanopits. By increasing T further the size of the hexagonal nanopits
becomes smaller, as seen in (e)(f). At higher T the etching may be suppressed due to
desorption of H from the surface before etching can occur [98], or due to the instability
of the presumed product of the etching: CHy [87, 99]. The arial fraction of the different
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Figure 3.4: STM images of graphite surfaces etched by H-plasma at the indicated 7" and
P =110 Pa, t = 40 min, and Wrr = 20 W. (g) Areal fraction of the top layer (S1), the second,
third, lower layers below that (S2, S3, Sn<a) after etching with different T', extracted from
STM images. (h) Maximum hexagonal nanopit diameter (Dyayx), including results by Yang et
al. [24], after etching for different T. Reprinted with permission from T. Matsui, et al., The
Journal of Physical Chemistry C 123, 22665 (2019). Copyright (2019) American Chemical
Society [28].

layers in (g) indicate that deeper layers are exposed the most for 7' ~ 450 — 500 °C.
This is also reflected in (h), which shows that Dy, is largest at a similar range of T,
however the D,,.. obtained in our laboratory showed a sudden transition by a factor
of 2-3 in between T =~ 450 and 500 °C. This transition occurs only in D, and is not
reflected in the arial fractions of the second layer S in (g). Thus, the total etched surface
seems to change relatively smoothly with 7', despite the observed transitional jump of
Dy.x. This indicates a strong suppression in the formation of new nanopits occurring
between T' = 450 and 500°C, for reasons that were discussed in the previous paragraph.
In previous studies, such as ref. [24] shown in (h), such a transition of Dy,.x was not
observed.

To increase the density of nanopits it is possible to first create defects via an isotropic
etching process. This can be done, for example, by H-plasma etching at lower P to
etch graphene in the plasma glow mode, or by O-plasma etching, which also etches
anisotropically. Both of these methods were used on certain graphite samples before the
anisotropic H-plasma etching (details are shown in table 3.1). In Ref. [28], successive
low P (LP, 13 Pa) and middle P (MP, 190 Pa) etching trials were investigated by STM,
AFM and Raman spectroscopy. Raman spectroscopy measures the inelastic scattering
of a monochromatic light source, which allows the determination of vibrational modes
of different molecules. Graphene has several modes that feature as characteristic peaks
in the Raman spectrum. The so-called the D band peak at a wavelength of about
1350 cm™! only appears if there is interaction between the electronic states of the two
graphene sublattices, thus it is observed if there are armchair edges, or lattice disorder,
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Figure 3.5: Raman spectroscopy on multilayer graphene flakes on SiOs that are: pristine,
etched by H-plasma LP etching, etched by LP and then MP etching. LP etching parameters
are T = 600°C, Wrr = 20 W, and for LP: P = 13 Pa, t = 15 min, for MP: P = 190 Pa,
t = 30 min. The inset is a magnification of the spectra around the D band peak. Reprinted
with permission from T. Matsui, et al., The Journal of Physical Chemistry C 123, 22665 (2019).
Copyright (2019) American Chemical Society [28].

but it is not observed at zigzag edges. Therefore, the D peak indicates isotropic etching,
its absence anisotropic etching. Since Raman spectroscopy can include larger areas than
STM in a measurement, it is a useful tool to evaluate whether a high concentration
of zigzag edges is presence on a graphene or graphite surface after etching. Figure
3.5 shows Raman spectra on two few-layer graphene flakes, that were exfoliated onto
SiO9 and etched by H-plasma at LP and successively at LP and MP, respectively [28].
The D band peak appears after LP etching, since the isotropic nanopits include many
armchair edge segments. After LP+MP etching, the D peak is significantly reduced.
This confirms that the anisotropic MP etching removes most armchair edges so that the
surface is dominated by zigzag edges. STM images on graphite after LP+MP etching
confirms that the density of hexagonal nanopits is increased compared to simple MP
etching [90].

3.2 Scanning Tunneling Microscopy and Spectroscopy

v STM tip

/I =V

/\'f\/ Sample

Figure 3.6: Schematic of a STM tip and sample between which a bias voltage V is applied and
a tunneling current I flows.

The samples in this work are studied by Scanning Tunneling Microscopy (STM) and
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by Scanning Tunneling Spectroscopy (STS). To investigate the spatial dependence of
electronic properties at the sample surface combined scanning tunneling microscopy and
spectroscopy measurements are used (STM/STS). By STM/STS, both information of
the sample topography and its LDOS can be obtained. This is done by applying the
voltage V' and controlling the tip height while measuring the tunneling current I between
the STM tip and sample (see Fig. 3.6). I depends on the electronic states on the tip and
sample at energies between the Fermi energy and e x V' and on the tunneling probability
between the two. Thus, it is proportional to the integral of piip X psample times the tip-
sample transition probability 7', which in turn is proportional to the tip-sample distance
L (see eq. 3.1).

Lo /OO [fip(E) = fsampie(E + €V)] - psampie(E + V) - pup(E) - T(L) dE (3.1)

Thus, if the electronic states on the tip and sample and the transition probability
(Ptip, Psample; and T'(L)) are relatively constant, then [ is only sensitive to L and it
is possible to measure sample height with sub-angstrom precision. This allows STM
measurements of the sample topography. Furthermore, if L is kept constant and the tip
is chosen so that py;, remains constant within the applied V, then sample LDOS pgampie
becomes proportional to the derivative of I with respect to the voltage:

dl
W X psample(E) (32)

By varying V at a constant L and measuring I the differential current dI/dV is
obtained, which can be used to measure the LDOS of the sample. This allows tunnel-
ing spectroscopy measurements to probe the electronic properties of the sample surface.
Before each measurement at one position, L is determined by setting a certain I at an
applied V. This is done before each point measurement, because L gradually drifts and
the sample height itself can vary at different positions. From the /-V data the gradient
can be numerically extracted to yield dI/dV. However, a higher energy resolution can
often be obtained with a so-called AC method, which is used for the tunneling spec-
troscopy measurements in this work. d//dV is measured during a step-wise V' sweep
across the measurement voltage range while applying a modification voltage Vj,,q with
frequency fuoa = 1.2343 kHz. When a step of V' is reached and a delay time has passed,
then the I is measured for a certain acquisition time by a lock-on method that detects
signals with the same frequency as f,0q. After the delay time and acquisition time have
passed V is swept to the next predetermined step. The measured difference of I at the
opposite amplitudes of a relatively small V},0q is used to linearly approximate d/dV as
AT /Vioaq at different values of V. The value of V.4 is usually chosen so that the linear
approximations of d//dV cover the whole sweeping range of V. By choosing a sufficiently
small V},0q, the energy resolution is mainly limited by thermal noise (at T'= 78 K: =~ 6.7
mV, at T = 4 K: = 3.4 mV). STS measurements, including both sample height and
dI/dV, usually include multiple measurements along lines that are either at identical
positions or removed from each ether by small intervals. To reduce random noise, often
the data of consecutive scans are averaged. However, especially for STS at T'= 78 K,
the thermal drift is sufficient to gradually shift the X-Y position of the STM tip relative
to the sample between measurement lines during the data acquisition time. To correct
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the error due to lateral drift the position coordinates are shifted when necessary, and
an average of the shifted height and d/dV values was calculated (see appendix A).The
STM/STS data is analyzed using original programs, as well as the free-to-use software
WSxM [100].

In this work, a STM head manufactured by UNISOK Co., Ltd. was operated by a
commercial controller (model SMP100, RHK Technology, Inc.) at room temperature
and atmospheric conditions (RT-STM). A different machine was used to take STM/STS
measurements at lower temperatures (60 mK < 7' < 78 K). These were taken by a
home-made ultra-low temperature multi-functional scanning probe microscope (ULT-
SPM) [101]. The cooling system is based on a 3He-4He dilution refrigerator (Kelvinox-
100, Oxford Instruments). The SPM head was also specially manufactured by UNISOK
CO.,LTD. and was operated by a commercial controller (VME Workstation from OMI-
CRON Vakuumphysik GmbH with software SCALA). This system originally used the
STM head, which is currently used in the RT-STM, and was described in Ref. [101].
Now, the STM head was exchanged with the SPM head. The upgrade of the ULT-STM
to a ULT-SPM system was described in Ref. [102]. The ULT-SPM was used for measure-

(a) (b) =
/ Rf-shielded box
e WG b P Elevation system for DR
£ Lig.
§ He sk : . Air spring/damper
3 shield HHH !/
3 BiiE > Super-insulated dewar
u OVC [T | ' L Dilution refrigerator (DR)
Mixing Bellows for i i
chamber\ ™ vertical motion U Superconducting magnet
» . . A 4
Copper =  IVC (thin stainless
support rods | _ steel tube) | STM head
3 7| Preparation/Analysis
STM head | i'T pclViCilbeionsitar ” chamber
(- ' thermal isolation) |
Superconducting k l‘!l,‘ | 1 N/ ,Arion sputter &
magnet 1 ¥ —— 30 mK shield || I Y| / Resistive heater
el | 30 mK baffie LNZ/H? flow Sample/Tip loading

‘L =] = | _E-beam heater
= © (e
5 K baffle

Thermal
isolation tail ] £ ] -8 Precooling
ik UHV (<108 Pa) S LEE Load lock
Precooling ghamber
Gate valve oicoette Rharoer ‘Turbo-moleculal
lon pump & pump
From precooling chamber Ti-sublimafion pump
Pit = im -
A AL - Loo

Figure 3.7: Diagrams of the ULT-SPM system (formerly a STM head was installed, as shown
here, which has been replaced by a multi-functional SPM head). (a) experimental chamber,
dilution refrigerator and bath are shown. (b) a wider region is shown, including all four UHV
chambers and the part shown in (a). Figures were published in Ref. [101].

ments below room temperatures, including all STS measurements in this work. STM
tips made of W and Ptlr were used and no difference between the results obtained by the
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different materials was found. The SPM head is designed to take STM/STS, AFM and
transport measurements. However, in this work only STM/STS capabilities are used,
except that the transport capability was used to soft anneal the epitaxial graphene on
SiC samples in vacuum via a tungsten filament installed on the sample holder below
the sample. The ULT-SPM system is schematically shown in Fig. 3.7. It is designed to
take measurements under three extreme conditions simultaneously: in ultra-high vacuum
(UHV, P < 1078 Pa), at ultra-low temperatures (ULT, T' > 60 mK), and in high mag-
netic fields (B < 13 T). It includes four vacuum chambers that are shown in Fig. 3.7(a),
between which samples and STM tips can be transferred in sequence through gate valves
via transfer rods (see the magenta arrows in Fig. 3.7(b)). The Load lock chamber is used
to insert and extract samples and STM tips into the vacuum. Next, they are transferred
into the main chamber, in which the epitaxial samples were annealed via a transport
stage that uses leads on the sample holders. After transfer into the Precooling chamber,
where in this work samples and tips were pre-cooled by liquid Nitrogen, they are trans-
ferred into the Experimental chamber to the SPM head. As shown in Fig. 3.7, flexible
welded bellows are used to connect the RT and ULT parts, thereby reducing the thermal
conduction. By taking STS measurements over longer times at lower temperatures the
drift of the STM tip position during the measurement is reduced. Magnetic fields can
be applied via the superconducting magnet surrounding the SPM head in the bath.
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Chapter 4

Results on H-plasma Etched
Graphite Surface

The contents of this chapter will be published elsewhere, the chapter will be made avail-
able in three years.
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Chapter 5

Results on H-plasma Etched
Graphene/SiC(0001)

The contents of this chapter will be published elsewhere, the chapter will be made avail-
able in three years.
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Chapter 6

Results on H-plasma Etched
Graphene/SiC(0001)

On graphene/SiC(0001), unpassivated Si bonds on the substrate surface interact strongly
with epitaxial layers and strongly modifying their electronic properties. Thus, the edge
states can be expected to be changed, and the study of them on this sample may yield new
insights. The monolayer graphene/SiC(0001) sample fabrication and hydrogen plasma
(H-plasma) etching is explained in Section 6.1. After etching, the sample was probed
via STM/STS. In addition to the expected nanopits, elevated terraces were created as
well. Measurements of these elevated terraces are discussed in Section 6.2. Results of
the nanopits formed by the etching are discussed in Section 6.3. Section 6.4 summarized
Chapter 6.

6.1 Sample Preparation

The single-layer graphene sample (sample ID 120710-2-1) was epitaxially grown on 4H-
SiC(0001) by H. Hibino at NTT laboratories. Different from graphene grown on the
C-face, on the Si-face the first layer of C-atoms is partly bonded to the substrate, pro-
ducing the so-called buffer layer. Furthermore, more even layer growth and no rota-
tional defects between epitaxial graphene layers is obtained. The number of layers was
checked by atomic force microscopy image phase contrast by H. Hibino as well. Be-
fore H-plasma etching, we probed the sample by STM. To remove adsorbates before
STM measurements, the sample was heated in UHV by a W-filament at < 600°C for
5 min on the STM sample holder. A (6 x 6) lattice was observed that is expected
for graphene/SiC(0001) [50]. Additionally, a few deep crevices with several tens of nm
length were observed. The sample was etched for 10 min using the parameters opti-
mized for creating zigzag edges on graphite (7" = 600°C, Py = 110 Pa, Wgrr = 20 W)
the etching parameters are identical to those used for the epitaxial C-face sample G1213
(all parameters are shown in Table 3.1).
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6.2 Elevated Terraces on the Etched Sample

6.2 Elevated Terraces on the Etched Sample

After etching, STM images taken at T' = 78 K revealed that the sample surface was sig-
nificantly modified. Nanopits of monatomic depth were created. These are partly hexag-
onal nanopits, including some well-defined hexagonal shapes aligned in zigzag directions,
as well as mixed zigzag and armchair edges, as in the case of etching graphene/SiC(0001)
with the same parameters. Furthermore, elevated, smooth terraces with irregular bound-
aries, with a height of 0.12 £+ 0.03 nm, that is less than that of a graphene layer, were
obtained on more than half of the sample surface. Figure 6.1 shows a STM image of an
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Figure 6.1: (a) STM image of graphene/SiC(0001) at T = 78 K (sample 120710-2-1). (b)
Height profile along the green line in (a). (¢) STM image of the area in the green rectangle in
(a) with greater magnification. Additional lines, rectangles and symbols in (a) refer to mea-
surements shown in Figs. 6.2 and 6.3. The STM measurement parameters are V = (a) 500 mV,
(b)(c) 250 mV, and I = (a) 0.05 nA, (b)(c) 0.06 nA. Copyright 2019 The Japan Society of
Applied Physics [117].

area on the boundary between the elevated and non-elevated areas. As shown in (a) and
(c), the elevated regions are smoother than the lower ones, this is also clear in the height
profile of (b). The magnified image of the boundary reveals that the atomic corrugation
continues across the boundary, showing that both elevated and non-elevated terraces are
covered by the same graphene sheet, as shown in (c).

Atomically resolved STM images and STS results on the elevated and the lower
terraces is shown in Figs. 6.2(a)-(d). On the lower terrace in (a), a hexagonal atomic
lattice and the (6 x 6) corrugation is clearly observed, as on the sample before etching,
which stems from the (6v/3 x 61/3) R30° lattice of the buffer layer. The dI/dV spectrum
on the lower terrace in (b) features an asymmetric spectrum with respect to the Fermi
energy, with lower d//dV, at negative V. This is probably due to the strong n-type
doping by the and buffer layer, which was present before etching as well. Such tunnel
spectrum is expected on graphene/SiC(0001) and similar to published results, one of
which [56] is shown in Fig. 6.2(b). The STM image of the elevated terrace in (c) shows
one sublattice much clearer than the other, and the (6 x 6) lattice does not appear. By
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6.2 Elevated Terraces on the Etched Sample
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Figure 6.2: STM/STS measurements (at 7' = 78 K) on the etched graphene/SiC(0001) (a)(b)
elevated and (c)(d) lower terraces. (a)(c) STM images from the positions of the rectangles
indicated in Fig. 6.1(a), the FFT of (c) is included as an inset. (b)(d) dI/dV spectra from
the positions of the symbols with matching color drawn in Fig. 6.1(a). For comparison, (b)
includes a published result from Ref. [56]. The STM/STS parameters are V = (a) 500 mV,
(c) 300 mV, I = (a) 0.05 nA, (c) 0.06 nA, and Vj,oq = (b)(d) 3 mV. Vi, is identical with the
bias voltage V. Copyright 2019 The Japan Society of Applied Physics [117].

Fast Fourier Transform (FFT) a superlattice with a (\/3 X \/§) unit cell was revealed
instead, as shown in the inset of (c¢). A different type of tunnel spectrum is obtained on
the elevated terrace in (d). The dispersion is more symmetric, indicating that doping was
reduced and that the Dirac point is closer to V' = 0. In a range of about —100 < V < 100,
the dispersion is relatively low, whereas is is much higher at larger values of |V|, which
could indicate an electronic gap. Since the (6 x 6) corrugation is absent on the elevated
terrace, but a triangular lattice was obtained, it seems that two AB stacked layers are
present instead of one graphene layer, which was there before etching. The gap-like
LDOS feature can be formed on bilayer graphene due to the electrostatic potential of
the substrate, thus it is consistent with a two-layers being present.

To obtain two graphene layer in the elevated regions, the former buffer layer must
be decoupled from the substrate before forming an additional graphene layer. In that
case the dangling Si-bonds must have been passivated by hydrogen atoms during the
H-plasma etching. As a result, bilayer quasi-free-standing (qFS) graphene was created.
This is known to occur during atomic H treatment of Graphene/SiC(0001) (see Section
2.1.3) and the elevation height, as well as the other features obtained here are consistent
with published results [62, 118].

On the gFS bilayer, the spectra feature several peaks near V' = 0 inside the gapped
region, which depend on position, but usually remain constant within distances of about
10 nm, as seen in the next figure (6.3). Such dI/dV peaks near V = 0, as well as
the (\/g X \/§) pattern that is often observed indicate the presence of localized defect
states [14, 69]. Defect states may originate from an inhomogeneous distribution of defects
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6.2 Elevated Terraces on the Etched Sample

or dangling bonds below the sample, since nothing is directly observed by STM they
cannot be present on the surface layer. On single qFS graphene with strong p-type
doping, clusters of dangling Si bonds on the substrate, that are not passivated by H, can
induce defect states that do appear in STM images [119]. On the other hand, in the
present study, the doping on the qF'S graphene is weaker and no clusters were observed
by STM. It should be noted that our sample became bilayer graphene after etching, thus
the STM signature of such clusters may not be observable on the surface. However, the
observed weaker doping, compared to published data, is consistent with an incomplete
passivation of dangling bonds. Furthermore, the presence of dangling bonds is in term
consistent with defect states that are indicated by the tunnel spectra. The qFS terraces
thus feature an incomplete substrate passivation with some dangling bonds below bilayer
graphene.

Figure 6.3 shows STM/STS results along lines that cross from the elevated to the
lower terraces. Changes of the d//dV similarly to Fig. 6.3 are typically observed across
the boundary of these two terraces. Close to the boundary (near distance x = 0 nm)
from elevated to lower terrace, the dI/dV spectra change from the more symmetric
one with small peaks near the Fermi energy to the strongly asymmetric one without
peaks. This shows that weak doping and defect state peaks appear specifically on the
elevated, and n-type doping on the lower terrace. However, at the location of the data
in Fig. 6.3(c) and (d), across a peninsular shaped elevated region, the transition of the
dI/dV spectrum follows the topographic change less closely. Instead, an intermediate
region exist between 0 < x < 3 nm in which the spectrum changes gradually. Thus,
the morphology of the elevated terrace and the electronic structure of the lower one are
obtained on this special region.
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Figure 6.3: STM/STS measurements (at 7' = 78 K) on the etched graphene/SiC(0001). (a)(c)
STM image, (b)(d) height profile and dI/dV colormap across the boundary of the elevated
and lower terraces. (a)(b) are taken along the diagonal and (c)(d) along the vertical white
line in Fig. 6.1(a). The STM/STS parameters are V = (a)(c)(d) 300 mV, (b) STM: 300 mV,
(b) STS: 500 mV, I = 0.06 nA, and Vj,o,q = 5 mV. Copyright 2019 The Japan Society of
Applied Physics [117].

On this sample regions with incomplete intercalation were obtained, such as the
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6.3 Nanopits on the Etched Sample

ones shown here, as well as regions with uniform intercalation or no intercalation. On
the opposing sides of a substrate edge, often different types of intercalation appeared,
indicating that substrate steps hinder the propagation of H below the surface, an example
is shown later (Fig. 6.5(a)).

6.3 Nanopits on the Etched Sample

H-plasma etching was successful in creating hexagonal nanopits with zigzag edges on
the graphene/SiC(0001) sample. Figure 6.4 shows nanopits that were formed on the
epitaxial graphene (a)-(c) and on graphite (d)-(f), etched at the same time. The epitaxial
graphene surface shown in Fig. 6.4(a) consists mostly of elevated, qF'S graphene terraces.
The presence of small, enclosed lower regions make the surface morphology rough. The
nanopits on graphene/SiC(0001) have a larger maximum diameter (about 50 nm) and
a higher density than on graphite. It suggests that on mono-layer graphene there are
more defects, resulting in earlier nanopit formation during the etching process, which is
consistent with published studies of anisotropic etching of mono-and few-layer graphene
by H-plasma [24, 26]. However, they are often less hexagonal than nanopits of the same
size obtained on graphite (e.g. the left-hand nanopit in Fig. 6.5(a)). This is similar to
the results on graphene/SiC(0001), shown in Section 5.2.2.
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Figure 6.4: (a)(b)/(d)(e) STM images (taken at 7" = 78 K) and (c)/(f) height profile, along the
line indicated in (b)/(e), of hexagonal nanopits on graphene/SiC(0001) (sample 120710-2-1) /
graphite etched at the same time (sample HOPG-P79). The STM measurement parameters
are V = (a)(d)-(f) 500 mV, (b)(c) —400 mV, I = (a)-(c) 0.06 nA, (d)-(f) 0.1 nA. Copyright
2019 The Japan Society of Applied Physics [117].

The interlayer distance between the two graphene layers was investigated by STM
on nanopits in the qFS regions. The nanopit edges have a height of 0.350 nm, which is
less than on the other two samples in this work (0.369 nm on graphite and 0.375 nm on
graphene/SiC(0001)). Due to such a lower height a stronger interaction with the lower
layer can be expected on this sample.

Figure 6.5 shows a larger STM image in (a) consisting of two images scanned next
to each other, together with a schematic cross-section of this surface in (b). This figure
illustrate the combinations of qFS graphene and (partly) hexagonal nanopits that were
created by H-plasma etching.
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Figure 6.5: (a) STM images of nanopits on graphene/SiC(0001) (at T' = 78 K) after H-plasma
etching (sample 120710-2-1), and (b) schematic horizontal cross-section near the center of the
STM image in (a). The green, blue and red circles represent carbon, silicon and hydrogen
atoms, respectively. The graphene nanopit edges are expected to be H-terminated, but this is
not shown. The STM parameters are V = 500 mV, I = 0.06 nA. Copyright 2019 The Japan
Society of Applied Physics [117].

A feature that is often observed at nanopits on qF'S terraces is a nanopit in the center
of a larger hexagonal nanopit.

Examples of this are visible in Fig. 6.4(b) and at the right-hand side of Fig. 6.5(a).
It is notable that small nanopits to the deeper (3rd) layer often appear in the center oof
upper layer nanopits. On graphite (after longer etching times), lower layer nanopits are
usually randomly distributed inside of upper layer nanopits. It suggests that a defect
on the lower or both layers, may have served as a nucleation center for both the upper
and lower layer nanopits. Furthermore, it is noteworthy that all nanopits in the lower
graphene layer (the former buffer layer) are surrounded by quasi-free-standing terraces.
It suggests that the passivation of the substrate by H is promoted by direct access of the
H-plasma to the SiC from that small nanopit.

In Fig. 6.5, the left-hand side is only partially intercalated and the 3rd layer is not
exposed. The right-hand side is completely intercalated and the 3rd layer is exposed. As
discussed before, movement of H-atoms across the substrate step that separates these
two terraces is apparently hindered.

Since both anisotropic etching and H-intercalation occur during the H-plasma treat-
ment on this sample, different types of zigzag-aligned graphene edges are obtained. These
are edges on the buffer layer, on the passivated SiC(0001) and on qFS graphene. Of
these the last one was most frequently obtained and can be seen in the STM images
of Figs. 6.4(a)(b) and Fig. 6.5(a)). We took preliminary measurements on single zigzag
edges on qFS graphene, which are not shown here.
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6.4 Summary of Chapter 6

H-plasma etching of the epitaxial monolayer graphene on SiC(0001) was investigated for
future studies of the edge states under different substrate conditions. Its surface features
a (6 x 6) superlattice that is induced by the lower C-rich buffer layer. After H-plasma
etching, nanopits with monatomic depth were created, with hexagonal or rounded edges.
They are less aligned in zigzag-direction than on graphite. The maximum nanopit size
is similar as for the C-face sample and larger than on graphite. The differences of the
etching results to those on graphite, likely stem from a higher density of initial defects.
Most of the nanopits appeared on elevated terraces, where the nanopit height depth was
found to be 0.35 nm.

In addition, elevated terraces with height of 0.12 4 0.03 nm were created where the
(6 x 6) pattern does not appear and a triangular atomic lattice is observed. This suggests
the presence of another graphene layer below the originally monolayer graphene. STS
reveals that the Dirac point is shifted close to the Fermi energy, and that the LDOS
close by the Dirac point is suppressed, which can indicate bilayer graphene. The fea-
tures of the elevated terraces are consistent with hydrogen (H) intercalation, as a result,
we obtained quasi-free standing (qFS) bilayer graphene on the H-terminated SiC(0001)
substrate. Thus, the nanopit depth on qFS regions corresponds to the interlayer dis-
tance between two graphene layer, which is less than on etched graphite or multi-layer
graphene/SiC(0001).

Within the suppressed LDOS range, position-dependent peaks appear. These LDOS
peaks, as well as the presence of a (v/3 x v/3) superlattice, indicate localized electronic
states on the elevated terraces. They are likely induced by dangling Si-bonds, which
should be managed for STS studies of the edge states.
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Chapter 7

Conclusions

In this work, the electronic states of graphene zigzag edges, obtained by hydrogen plasma
(H-plasma) etching, were examined. Using H-plasma etching anisotropic nanopits with
monatomic height were fabricated on the surface of graphite and on graphene. During
the etching graphene step-edges that are aligned in the zigzag directions are created, thus
hexagonal nanopits are formed in the exposed graphene layers. In this study, the surface
of graphite, as well as few-layer graphene samples epitaxially grown on the C-face and on
the Si-face of SiC, were investigated by scanning tunneling microscopy and spectroscopy
(STM/STS). At room temperatures and atmospheric conditions only STM experiments
were performed, and at temperatures between 78 K and 60 mK in ultra-high vacuum
both STM and STS were employed. The main aim is to investigate the existence of
spin-polarized edge-states. This was achieved by probing the electronic graphene edge
states of zigzag graphene nanoribbons (zGNR) on samples with different interactions
with substrates. On such zGNRs, spin-polarization is expected, but was not conclusively
shown so far. The zigzag edge states are known to be sensitive to substrate influence,
thus different graphene samples are investigated to clarify the different influences on such
a state.

On all three systems zigzag edges could be fabricated by H-plasma etching using the
same etching parameters and only varying the etching time. On the two few-layer epi-
taxial graphene samples the nanopits grew more rapidly during etching than on graphite
and less well-shaped hexagonal pits were created. Both differences probably stem from
a higher rate of nanopit formation on the few-layer samples due to a higher density
of initial defects. On graphene/SiC(0001), the C-face, etching also removed rotational
defects that existed before. However, the most significant additional effect occurred on
graphene/SiC(0001), the Si-face, where large terraces became quasi-free standing (qFS)
after etching due to hydrogen atoms passivating dangling bonds on the substrate. At
the etched nanopits on the surface of graphene/SiC(0001) the interlayer distance was
0.377 nm and it was 0.350 nm on qFS graphene/SiC(0001), which suggests a decreased
and an increased interaction with the substrate, respectively, compared to that on etched
graphite (with distance 0.369 nm).

On graphite and on graphene/SiC(0001), STM/STS measurements showed single
LDOS peaks near the Dirac point, together with LDOS depressions, that decay expo-
nentially with distance from the edge. This indicates that the etched hexagonal nanopit
edges host localized electronic states that conform with the single layer expectations of
a zigzag edge state. Such results were obtained on graphene/SiC(0001), too, despite
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the presence of different morphologies, of strong doping, and of the apparent presence
of localized states on some terraces. Zigzag edge states were observed on all types of
terraces, showing the robustness of the edge states on this sample. A difference to the
states on graphite is a wider energy range of the edge state LDOS.

Between etched hexagonal nanopits narrow zGNRs with widths from 4 to 42 nm are
formed and the edge states at these were probed on graphite and on graphene/SiC(0001)
by STM/STS down to 60 mK. In previous reports of spin-polarization, several limita-
tions were always present, such as insufficient edge quality and termination, unknown
substrate interaction, inability to vary the graphene nanoribbon width and limited sta-
tistical data, which hindered conclusive experimental confirmation of spin-polarization.
Our measurements were able to avoid most of these problems by preparing nanoribbons
by anisotropic H-plasma etching on the surface of graphite, where the substrate effect
is well studied, and on graphene/SiC(0001), where we can compare single isolated and
nanoribbon edge states. This allows us to obtain clear results of the edge states and
their location and sublattice dependence.

STS at zGNRs on graphite revealed that its edge states become split where edge
states on different sublattices are in close proximity on nanoribbons with zigzag edges.
This suggests that interaction between states on different sublattices is necessary for
the split. Furthermore, the edge state splitting depends on the nanoribbon width (W)
and the substrate influence, since the split energy is inversely proportional to W and
a slightly greater splitting is observed on the edge with weaker interactions with the
lower layer. The observed edge state features are semi-quantitatively consistent with
theoretical expectations of spin-polarization, by taking into account the effect of graphene
substrate.

Indications of spin-splitting with larger LDOS peak separation were obtained on
few-layer graphene/SiC(0001) as well. However, vastly different edge state features were
obtained for different zGNRs, which may reflect the variety of different surface environ-
ments here. This result again shows the important role that the substrate plays for the
edge states and may suggest a possible transition among different magnetic edge states,
which could modify the edge states. Since the split edge states were observed in the
presence of some edge disorder, and possibly on the doped graphene/SiC(0001), these
result show their robustness in these conditions.

Future Prospects

In this work, clear indications for spin-polarization on graphene nanoribbons were ob-
tained and several conditions for their occurrence were demonstrated. This opens the
door towards future works and the application of tailor-made spin-polarized junctions,
for example in novel spintronic devices. The potential of different substrates to modify
spin-splitted edge states was demonstrated as well.

In the future, the most important work on zigzag graphene nanoribbons is the direct
observation of the edge magnetism, which may be achieved by a spin-polarized STS tech-
nique. An important step towards this goal is the observation of the transition between
different edge state spin alignments, e.g., between a non-magnetic state, a gapped or
semi-metallic antiferromagnetic spin alignment and a metallic ferromagnetic spin align-
ment on the edge states, on graphene nanoribbons fabricated by hydrogen plasma etch-
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ing. Such a transition can be induced by varying the several control parameters. These
can be the applied magnetic field, gate voltage, doping and temperature, as well as the
nanoribbon width and length to tune the energy differences between the different states
and the crossover temperature below which the thermally activated fluctuations are sup-
pressed or magnetic domain walls are trapped by defects. If the transition between
different types of edge states can be induced by applying a magnetic field, this could
directly show the magnetic property of the split edge states even by using a regular STS.
For such an experiment, nanoribbons fabricated on the graphite surface are a suitable
system. An additional verification of the results in this work can be obtained by checking
that single hydrogen atoms passivate the etched edges, which may be done by electron
energy loss spectroscopy or inelastic tunnel spectroscopy.

We hope that this work may spark new studies into spin polarization of graphene
zigzag nanoribbons and the effect of the substrate, as well as may enable the development
of novel graphene-based spintronic devices.
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Appendix A

Correction of Drift for Scanning
Tunneling Spectroscopy Data

In this work, STM/STS measurements are utilized to probe the LDOS of samples. In
each measurement, scans are made along lines across the sample surface, where the STM
tip height and d7/dV spectrum is measured at regular intervals (with unit distance ;).
Usually, we chose to measure fewer points along a line by STS than by STM, since the
required time for measurements at each point is longer. After completing scanning along
a line, another line with equal length is scanned, until the scan is completed. Subsequent
lines can be scanned at the same position (line mode), or at a parallel position, that is
shifted by the distance z,,;; orthogonally to the previous line. By shifting the scanning
line, measurements are taken in a rectangular grid, which form a two-dimensional map.
The positions of the data thus form lines and columns. Both the scanning direction and
the number of lines and of points on a line can be adjusted.

Since the STS measurement time is longer than for STM, gradual drift of the STM
tip relative to the sample during measurements is more significant. To correct the drift,
we have shifted the positions of measurements on different lines or columns. To deter-
mine the appropriate shift, we compare the STM image acquired during the STM/STS
measurement to the STM images that are taken before and after every STM/STS mea-
surement and that are less-affected by drift due to shorter measurement times.

An example of lateral drift adjustment for a line mode STM/STS measurement with
four lines across a graphene edge is shown in the height profile in Fig. A.1(a). It is
clearly seen that the edge position is shifted between measurement lines. To analyze
such data, the lateral positions of the measured height and d//dV values were shifted
to compensate for drift. The correction was done to match the height profiles to the one
of the line initially measured, as shown in (b). The shifted positions were matched to
the neighboring distance coordinates of the initial sweep by making a weighted average
of the dI/dV measurement at each position. This is shown in the schematic distance
coordinates of two subsequent measured lines in (¢) and (d). Therefore the number of
averaged data points is reduced around both ends of the scan line. In the case of a
shifted coordinate being out of range of the initial line position coordinates, that value
is discarded, and the number of data points in the averages is reduced at the scan line
ends. This was done in order to be able to make averages of the dI/dV of all sweeps
while continuing to use the same distance coordinates.
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Figure A.1: (a) Height profile measured at T' = 78 K across an etched nanopit edge on graphite
(sample Kish-P40). Four lines were measured (order of measurements: black, red, blue, green
symbols) during line mode STM/STS. The edge position shifted in positive x direction on
each subsequent line. (b) The height profile of (a) was shifted, such that the three subsequent
lines (red, blue, green symbols) best match the initial one (black symbols) to correct the drift
between them. (c) Schematic representation of the data averaging for the original datasets.
(d) Schematic representation of the weighted averaging for data shifted by distance Az. To
make averages at the same = coordinates, the dI/dV values were multiplied by the weight w
or (1 —w) and included in the dI/dV average of the closest neighbor on the left or right.
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Appendix B
Graphene/SiC(0001)

B.1 Comparison of H-plasma Etching Trials

The STM/STS results of etched graphene/SiC(0001) that are discussed in Chapter 4
were obtained on sample G1213 after etching it for 10 min. An identical sample (G1212)
was etched for 30 min, after which poor surface conductivity made it difficult to probe it
by STM/STS. Such difficulties did not occur when probing the sample etched for 10 min.
This is because the epitaxial graphene is completely removed on some regions of G1212
after etching for 30 min, which can be confirmed by Raman spectroscopy.

Figure B.1 shows the Raman spectra obtained on sample G1212 before etching and
after a 30 min treatment and of sample G1213 after 10 min etching. In the wavenumber
range 1460 — 1940 cm~! the Raman intensity is increased due to the SiC substrate. The
presence of graphene on these samples is indicated by the G and the G’ peaks at about
1576 cm™! and between 2690 — 2735 cm ™!, respectively [120]. For each case, two curves
are shown, that are representative of areas with stronger (black curves) or with weaker
graphene signatures (blue curves). Both of these peaks clearly appear on all regions of
the samples before etching and after 10 min etching, however, after 30 min etching in
some regions they do not (blue curve after 30 min etching). This indicates that there are
relatively large regions on the sample after 30 min etching that are no longer covered by
graphene. The absence of epitaxial graphene in some areas can cause the sample surface
to not be conductive (since the SiC substrate posses a band gap).
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Figure B.1: Raman spectra taken on graphene/SiC(0001), before etching (sample G1212),
after 10 min etching (sample G1213), after 30 min etching (sample G1212) for two different
regions (black and blue) for each sample. The Raman intensity of each spectrum is normalized
at 1517 ecm~!. The G peak (at about 1576 cm~!) and the G’ peak (at 2690 — 2735 cm™1)
indicate the presence of graphene, their range is shaded. The sample surface is not completely
homogeneous area with higher intensity graphene signature peaks (black curves) and with lower
intensity peaks (blue curves) are observed.

B.2 Tunneling Spectroscopy on Bulk
Graphene/SiC(0001)

Measured dI/dV were, which are position-dependent on the bulk terraces of epitaxial
graphene on SiC(0001). These are discussed here in more detail. The main results
obtained on that sample are discussed in Section 5, the tunneling spectra on bulk terraces
are discussed in Section 5.2.2, where these features were only briefly mentioned.

An example is shown in Fig. B.2, where the results of STS measurements on a bulk
terrace are shown, on which dI/dV peaks appear. These measurements were taken
on a H-plasma etched surface and nanopits are created at the top and bottom area
in (a). In Fig. B.2(b), the d//dV maps on the terrace at three different bias voltages
are shown. At the higher (V = —84 mV) and the lower (V = —254 mV) voltages
only a weak spatial dependence of the LDOS is observed. However, at V' = —172 mV,
clearly an increased d//dV value was measured in the center of the terrace. The STM
image (B.2(a)) reveals several bright spots, but they apparently do not correspond to
the position of of the tunnel spectrum features. The colormap in Fig. B.2(c) shows
the tunnel spectra along the arrow in (a), revealing a peak in the center of the probed
area. This is not due to an edge state, since its intensity increases farther away from
the edge, as seen in (b). Figure B.2(d) shows the average tunnel spectra in the range
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Figure B.2: STM/STS on a flat terrace on etched graphene/SiC(0001) (sample G1213, PtIr
STM tip). (a) STM image, the dI/dV maps in (b) were taken in the black rectangle at
three different V. (c) dI/dV colormap along the blue arrow in (a). (d) dI/dV curves of
the averages indicated by brackets and dashed lines in (c) with corresponding colors. The
STM/STS parameters are V' = —350 mV, I = nA, V,,q = 3.9 mV.

of (c) between 0 nm < z < 5.7 nm (black curve), 21.3 nm < z < 31.2 nm (purple
curve) and 46.8 nm < x < 50 nm (gray curve). In the three regions, different LDOS
peaks apparently appear in the graphene bulk terrace. The peak in the center, at about
17 nm < x < 36 nm, is shown by the purple curve at V= —171.6 3.9 mV. Beyond this
range this peak’s intensity gradually decreases and it shifts to higher energies. At the
position of the gray curve, the center peak has mostly disappeared and different, smaller
peaks appear instead at V' = —62.6,20.6 and 97.9 + 3.9 mV. At the position of the black
curve, the energy-shifted center peak continues to appear with a reduced intensity, as
well as a small bump at V' =~ 90 mV.

These LDOS features indicate states that do not stem from edges or vacancy states
on the surface graphene layer, since they do not correspond to any features we observed
on the surface by STM. Instead, they may be related to features that lie below the
surface and were not seen by STM.

In addition to the spatial variations inside bulk terraces, these LDOS peaks also
change spatially close to graphene edges. In Fig. B.3(a), the STM image of an etched
nanopit on a rough graphene region are shown. dI/dV spectra were taken across one
nanopit edge shown in (a) in the height profile shown in (c¢) and d//dV colormap in
(d). This includes results on the lower terrace, on the edge and on the upper terrace
bulk region. Averaged tunnel spectra from these three regions are shown in (d). In the
bulk region of the upper terrace, a single peak clearly appears for x > 10 nm at at
V' =49.5 £ 3.6 mV (blue curve in (d)), but interestingly, it decays in the vicinity of the
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Figure B.3: STM/STS measurement on etched graphene/SiC(0001) across a nanopit edge at
T =2 K (sample G1213, PtIr STM tip). (a) STM image of a hexagonal nanopit on graphene
in a rough surface region. (b) Height profile and dI/dV colormap along the black line in (a)
across the nanopit edge. (c) dI/dV spectra taken at the positions of the circles in (a) and the
brackets and dashed lines in (b) with the corresponding colors. The Dirac point on the upper
terrace is estimated from the fitted blue lines to be at V' = 466.0 £ 3.6 mV. The STM/STS
parameters are V = 350 mV, I = 0.04 nA, Viy0q = 3.6 mV.

edge. On the upper terrace near the edge, for about 5 < x < 10 nm, a different LDOS
peak appears at V = 94 mV (red curve in (d)). This is relatively close in energy to the
Dirac point, which is estimated at about V' = 66.0 £+ 3.6 mV. The peak is most intense
at the edge, gradually decays with distance on the upper terrace, and does not appear
on the lower terrace. This indicates that this peak appears due to an edge state, which
is expected at the zigzag edges of the etched nanopits. On the lower terrace, a smaller
peak appear at different bias voltage of V' = 112 mV, thus the two LDOS peaks can
be distinguished and it is clear that the peak on the bulk terrace does not appear on
the edge. Instead, this peak decays, even as the edge state intensity gradually increases,
such a behavior has been confirmed near other edges as well. Therefore, the LDOS peaks
that are observed on nanopit edges are probably indicating edge states, as is the case
here.

Along the whole measured distance, an additional small d//dV peak was measured
at V = 134 mV. Since this small peak appears in both bulks and even while the tip was
moving across the edge, this peak is unlikely to t indicates a bulk or an edge state that
belongs to either layer.

A different type of LDOS peak was observed on the sample surface before etching on
Moiré superlattices with large lattice constants (ayp > 10 nm), such as the one shown
in the STM images of Fig. B.4(a) with ayp = 11.8 nm (expected inter-layer rotation
is 1.2°). The STS measurements in (b) were taken across several of the bright Moiré
spots [121]. The tunnel spectra reveal three peaks, at V' = —63 mV, —124 mV, and
—142 mV, the middle ones clearly smaller than the other two. The peaks increase and
decrease in intensity following the Moir’e pattern. The averaged spectra on top of two
adjacent AA areas, and one from between them is shown in (c). The peaks appear
much more intense on the AA regions. From the spectrum with smaller peaks, the Dirac
point energy is estimated, yielding a value of V' = —113 mV, which lies between the
two stronger peaks. These two strong LDOS peaks likely appear because of van Hove
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Figure B.4: STM/STS measurements across a Moiré pattern on graphene/SiC(0001) before
etching. (a) STM image of the Moiré region and magnified image inside of it, showing the
position of (b) the STM height profile and dI/dV colormap. (c) Averaged tunnel spectra on
(orange, red curves) and between (black curve) the AA stacked regions of the Moiré pattern.
Linear fits of the black curve at higher values of V' are plotted by dashed lines. The STM/STS
parameters are V = 300 mV, I = 0.06 nA, V04 = 3.0 mV.

singularities that exist due to the rotation between the top two graphene layers. While
not exactly symmetric on this sample, their position on both sides of the Dirac point, and
their increased intensity on the AA regions are consistent with this [115]. The additional,
weaker LDOS peak seems to be related too, since it exhibits a similar spatial periodicity,
but its origin is not clear.

These van Hove singularity peaks are different from the peaks that were observed on
some bulk terraces in that their spatial dependence follows the periodicity of a Moiré
superlattice and that they appear in pairs, as was observed. This was however not seen
for the bulk peaks, which did not show a spatial periodicity, and usually appeared as a
single peak. Furthermore, the van Hove peaks would only appear nearby the Dirac point
if there is a large rotation angle, resulting in large ayp. It is conceivable that one van
Hove peak appears near the Fermi energy, if there is both a sufficiently large doping and
a smaller rotation angle. This is unlikely to have been the case, since the Dirac point
was always obtained within the observed spectral range, and because smaller rotations
form smaller Moiré lattices that are easier to observe by STM. The bulk peaks discussed
here did not occur in a region with a visible Moiré pattern, thus they are probably not
related. Finally, bulk peaks appear before and after etching, during which the Moiré
patterns were removed. Thus these peaks are not related to inter-layer rotation and
originate from a different source, which are possibly defect states that are induced by
structures on lower layers.

B.3 Large Etched Nanopits on Graphite

On the graphite sample, that was etched together with the graphene/SiC(0001) sample
for ¢ = 10 min (and etching parameters T = 600°C, Py = 110 Pa, Wgrr = 20 W), an
unusual area was observed, where a high density of hexagonal nanopits appeared along
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Figure B.5: STM images of the surface of graphite (sample HOPG-P123) that was etched
by H-plasma together with the graphene/SiC(0001) (sample G1213). (b) shows a magnified
images of area indicated in (a), and show height profiles along the position of the arrows drawn
in the STM images. All measurements were obtained at room temperature in atmospheric
conditions. STM parameters are V = 0.5 V, [ = 0.1 nA.

a line (Figs. B.5(a)(b)). These were probably created along a line of initial defects that
were present before etching. These nanopits were not only unusual due to their high den-
sity, but also due to their larger size. In this unusual area, the largest nanopit diameter
was about 38 nm, which is about 50% larger than observed elsewhere on this graphite
sample, but very similar to the diameter of the large nanopits on graphene/SiC(0001).
Since similar sizes were produced on both samples by the same etching process, it seems
that the nanopit growth rate is nearly identical. However, the nanopits on the epitaxial
sample form more quickly than on pristine graphite. In fact, the formation time seems
to be similar as for the special case of initial defects on graphite. This indicates that
faster nanopit formation, but not faster nanopit growth, accelerates the etching.
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