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Preface

Superconductivity in graphene is an elusive phenomenon. It has been shown to exist in alkali
intercalation compounds of graphite and more recently in bilayers of graphene twisted by a
small angle. In the latter case, the superconducting state is believed to be originated from the

flat band in the electronic band structure of the material.

In the flat band region, many body interactions dominate the system, suppressing kinetic
energy down to zero. Apart from twisted bilayer graphene, flat band electronic structure was
also observed in rhombohedral or also known as ABC graphite. In this configuration, the
conduction and valence band have diverged effective mass charge carriers at K point unlike
massless particles in monolayer graphene. Due to high number of intersection points, large
density of states at Fermi level can be observed. On top of that, ABC stacked graphene is
surface state system since vertical coupling of atomic sublattices leaves top and bottom atoms
with free electrons in p, orbitals. This makes ABC graphene to be attractive to be investigated
with scanning tunneling microscope which is surface sensitive instrument, with the ultimate

goal of identifying the nature of the Fermi surface instability in ABC graphite.

In this thesis, experimental work using scanning tunneling microscope on bulk graphite with
ABC stacking order is presented. My interest on ABC graphite investigation arises due to no
literature published attesting flat band presence in such system to the best of my knowledge.
| reveal flat band in ABC stacked region by measuring the sample containing 21 layers forming
both ABA and ABC stacking order. | plot the measurements with colormap to demonstrate
domain interface of the sample. The extent of flat band can be extracted by the size of the
peak in density of states plot which in my case, the bandwidth was found to be 140 meV. From
this number, we could compare with other literature about how much number of graphene

layer influences the flat band size.

| start this thesis by introducing graphene in general and discuss its electronic band structure
and density of states in Chapter 1. This followed by other configurations of graphene such as

bilayer, trilayer and twisted bilayer graphene. In Chapter 2, | present experimental methods



and characterization technique to investigate the material. The results of the investigation are
analyzed and discussed in Chapter 3. Finally, | conclude my findings and give

recommendations for future work in Chapter 4.
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Chapter 1

Introduction

Solid state physics has played a central role in the design of the modern electronic device.
Conductor, semiconductor and insulator for example, are determined by the band structure
of the material. The crystal and atomic configurations of the material define the electronic
band structure intrinsically. This classical structure however was broken by the newly found

graphene in 2004.

Graphene is a two-dimensional material which has a very different electronic properties from
the bulk crystal (graphite). Even though the study on two-dimensional material had begun for
decades, the exploration in this field was restricted due to the impossibility to prepare two-
dimensional material in the real world especially following arguments of famous physicist
Landau and Peierls who suggested no two-dimensional material could exist because of
thermodynamic instabilities [1]. The theory suggests that atoms could be displaced at low
dimensional crystal lattices as the thickness comparable to the interatomic distance. Mermin
further supported this theory with many observable effects in his experimental works [2].
Though the existence is yet to be proven, the idea of having two-dimensional material has

III

been agreed as an “academic material” to describe various phenomena such as fullerene and
nanotube [3]. In 2004, Andre Geim and Nosolevov had successfully isolated one to few layers
of carbon atoms from graphite, and after many experiments, confirmed the existence of two-
dimensional material in the form of graphene. Graphene was found to host relativistic Dirac

charge carriers which was never found in any material before [4].

The electronic properties of graphite are determined by the p; orbitals of carbon, with charge
carrier hopping in the honeycomb planes of the graphene layers and intralayer hopping
between layers [5]. The lack of intralayer hopping, along with the honeycomb lattice of
graphene is responsible for the appearance of Dirac quasiparticles as charge carriers. If two

layers of graphene are stacked on top of each other, interlayer hopping dominates the system.



This can be observed in AB or also known as Bernal configuration where massive Dirac
guasiparticles act as charge carriers with the possibility of opening a band gap in a transverse
electric field [6]. This bilayer graphene if stacked at some twisting angle with mismatch of the
order 0.5 - 1° could result a flat band near the Dirac point and the material becomes a
superconductor at partial filling of the flat band [7]. Third graphene layer if added on top of
AB configuration gives two possibilities for stacking: ABA and ABC, as explained in the next
chapters. ABC stacking, also called rhombohedral graphite, again due to the different
interlayer hopping pattern has a very different electronic structure to Bernal stacked (ABA)
graphite. In ABC configuration, the bulk is gapped with the top and bottom graphene layers
hosting a flat surface state that is prone to Fermi surface instabilities [8], with a bandwidth
that decreases with the number of layers, N [9]. Thus, ABC graphite presents a new platform
to study many body instabilities in a flat electronic band, without the need to stack graphene

layers at a precise angle, as in twisted bilayer graphene.

Thick layers of ABC graphite (N > 10 layers) have been investigated by angle resolved
photoemission (ARPES) and charge transport measurements, but the surface state has not
been studied on the atomic scale by scanning tunneling microscopy (STM). In my thesis |
present the first steps towards investigating thick ABC graphite crystals by STM, including
sample preparation, contacting of the graphite flakes and first STM investigations at room

temperature.

1.1 Graphene: An Overview

In nature, carbon is the key ingredient that forms many important molecules in both living
and non-living things. Being the sixth most abundant element in the universe, carbon appears
in various morphologies including in mineral form of diamond and graphite which comprises
carbon atoms arranged in different ways. Graphite is made of a linked hexagonal network of
carbon atom forming layers, connected with Van der Waals bonds between adjacent layers.
The isolation of one layer of graphite with very high crystallinity and purity is called graphene.
This can be achieved by mechanical exfoliation and was proven to be feasible by Andre Geim

and Nosolevov in 2004. Their experiment revealed remarkably unique properties of graphene



where charge carriers behave as Dirac fermions [4]. This discovery awarded them with Nobel

Prize in 2010.

Since the discovery, more synthesis methods have been tried and reported in the literature
such as unzipping carbon nanotube [10], chemical exfoliation of graphite [11], CVD technique
[12] and thermal decomposition of SiC [13]. CVD for example has entered the mass production
stage but still faces some challenges especially to produce high quality graphene to be used

in electronic devices.

Graphene possesses extremely high charge carrier mobility exceeding 15 000 cm? Vst even
at room temperature due to zero-overlap of conduction and valence band which make them
semimetal by nature [3]. Electrons near the Dirac point have zero effective mass. By
manipulating the stacking to form bilayer, trilayer or twisted bilayer graphene, electronic
properties change distinctively which suggest possibilities to be used as a superconductor
[7]1[14] and topographical insulator [15]. Besides that, graphene also known for being the
material with highest strength to weight ratio. This could be understood by the single sheet
of carbon atoms which hold each other with strong o-bond. The Young’s modulus of graphene

was recorded on the order of 1 TPa and its intrinsic strength around 130 GPa [16].

Graphene is made up of honeycomb lattice with each unit cell made from two carbon atoms
with non-equivalent sublattices labeled as A and B as shown in Figure 1. These atoms are
connected by o bonding through hybridization of three atomic orbitals s, px, and p, forming
strong sp? bonds. At the top and bottom of the layer, p; orbitals with one electron each are
unpaired allowing for m-bond to contact another atom from the neighboring layer. The energy
in o-bond is huge as the electronic bands are filled completely compared to mt bands. This is
the reason why graphene possesses high mechanical strength. The interatomic distance of
adjacent C-C atom is § = 0.142 nm, lattice constant a = 0.246 nm and thickness of a layer is

approximately d = 0.335 nm.



Figure 1: Unit cell of graphene made up from two non-equivalent atom, A and B. Primitive lattice vector is described by a,
and nearest neighbor vector by 6,. Image reproduced from ref [17].

The Bravais lattice for graphene has primitive lattice vectors a; and a, described as:
a a
al = 5(3,\/5), az = 5(3, _\/§)

The reciprocal lattice vectors in the Brillouin Zone (BZ) are spanned by:

21 21
b, = =—(1.V3), b, = 5 (1,—V3)

The Brillouin Zone (BZ) of graphene is a hexagon as shown in Figure 2. With two inequivalent
sublattices, all six points in each corner can be grouped as two non-equivalent corners which

are labeled as K and K’.

Figure 2: Brillouin Zone of graphene is hexagonal with two different edges labelled as K and K’. The reciprocal lattice vector
is represented by b,. Image ref [18].



1.2 Monolayer Graphene (MLG)

The calculations to describe electronic band structure of graphene using tight-binding
approximation as described by McCann are briefly presented here [5]. We start with

Schrodinger equation which defines the behavior of electrons behavior in the crystal.
Alw) = E|P)

where H is the Hamiltonian operator, |¥) is wavefunction and E is total energy of the electron

in the system. By only considering nearest-neighbor interaction, the Hamiltonian reads:

A

—t Z(aﬁb] + b]-Tai)
(ij)

where t is nearest neighbor intralayer hopping energy, ai' is fermionic operator that creates
electron in the A sublattice and aj the one that do the electron annihilation. Similarly for b

and b; for the B site. We then use:

1 .
a_'l- — Zelk.ri a T
i r—N/Z k

k

where N/2 is the number of sites for A sublattice and similarly for B sublattice using bi*. We
take 6 as sum of nearest-neighbor vector of 81, 8; and 83 as shown in Figure 1. The sum over

nearest neighbor then can be rewritten as:

Z(ai”’j +b;"a) = Z Z(ainHs +bi,5a;)

(ij) ieA &

Combining all these, we get Hamiltonian for graphene as:

N t i(k—k').ri K. +
H= N/ZZ Z(e e ayg bk,+H.C)

i€ed § kK’

We substitute

. 12 N
Z e!t g = Eskk/

i€EA



Then, our Hamiltonian become:

il = —tz (e=%8 2, b, + H. )
5k

= —t (e_ik's akT bk + eik'8 bk-r ak)

We can express Hamiltonian to a more general form as:

A= $'ho
k

where

P = (;D' ¢t =(a bt), hE& = -t <A(1)<* A0k> and A = Z ok

with h(k) is the matrix representation for monolayer graphene. Ay can be calculated for each
term of 8 as:

. i3k V3
= elkxa [1 +2¢" %2 cos <7kya>l

With eigenvalue E; = tt\/A A", we calculate energy band as follow.

3 V3 V3
Ei(k) = it\/l + 4 cos (E kxa) cos <7 kya> + 4 cos? <7 kya>

This normally simplified as E; = *t,/3 + f(K) where:

f(k) =2 cos(\/gkya) + 4 cos (; kxa> cos <? kya>
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Figure 3: (a) Energy band structure of graphene showing linear dispersion near K point, (b) image showing all Dirac point in
the six edges of Brillouin Zone and (c) Dirac cone showing intersection of conduction band and valence band. Image
reproduced from ref [19]

The calculation of the energy band within the tight binding approximation shows the linear
band crossing near the K point. In kx and ky, space, we obtain conical shape of the band
structure which famously known as Dirac cone. The total number of intersections are six at
the edge of Brillouin Zone. Electrons near the Fermi level can be considered as massless Dirac
fermions which means the particles have zero rest mass and travel with the Fermi velocity,

which is analogous to the speed of light.

0.6

-8 i -3 0 3 i ]

Energy (eV)
Figure 4: Density of states of monolayer graphene is linear close to Fermi level and vanishes as it approaches zero. Image
reproduce from ref [20].
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The density of states (DOS) of single layer graphene is shown in Figure 4 with the DOS going
to zero at Fermi level. This indicates the semi-metallic properties of graphene where
conduction and valence band overlap at a point. The description for this curve is true for

undoped and perfectly layered graphene with no defects on the sheet.

1.3 Bilayer Graphene (BLG)

In the case of two-layers of graphene, we can either place the second layer atoms directly on
top of first layer atoms (AA) or place one sublattice of the bottom layer on top of the other
sublattice in the top layer (AB). While the distance between in-plane carbon atoms is the same
for both AA and AB stacking which is 0.142 nm, the separation between layers was found to
be different, which is 0.359 nm for AA and 0.331 nm for AB stacking [21]. This can be
understood by how the positioning of carbon atoms in the structure affects the van der Waals

interactions as shown in Figure 5 below.

Figure 5: Bilayer graphene with stacking order (a) AA and (b) AB. Image reproduced from ref [22].

This difference in positioning of atoms directly affects its electronic properties as the overlap
of the p; orbitals differs for the two stackings. AB-stacking has the lowest energy and thus is

the most stable phase among other stacking orders [23].

To calculate the band structure, | present the results of tight binding calculation done by
Tabert et al. [24], which includes interaction with the nearest atoms hopping parameter. The
energy dispersion relation of AB stacking when plotted shows parabolic curve which touches

Fermi level at the K point instead of a Dirac cone like in the case of monolayer graphene (see

11



Figure 6). Near the Fermi level, the charge carriers in bilayer graphene can be considered as

massive Dirac fermions.

AA stacking on the other hand poses linear band structure similar to monolayer graphene,
with the difference being that the intersections at the K point are found to be shifted in energy.
To understand the origin of this comparison, we should look into the unit cell of AA stacked
graphene which contains four atoms with two atoms are identical and placed directly vertical

to each other as shown in Figure 5a. The energy bands as described by Tabert is given as:
En(k) = i[lf(k)l tYn

where n is graphene layer in top or bottom position, |f(k)| is the energy dispersion for
monolayer graphene and Y is nearest neighbor interlayer hopping parameter . From this, we

observe the bands structure of monolayer graphene are shifted in energy by -Y and +Y.

(a) (b)
3 e

-3 L. P [ .
21 0123 321101 2 3

A

Figure 6: Electronic band structure calculated using tight-binding approximation considering only nearest neighbour
parameter of (a) AB stacked graphene showing parabolic curve with conduction and valence band touches at Dirac point, (b)
AA-stacked graphene gives linear dispersion with intersection shifted in energy from Fermi level by +y . Image ref [24].

As for the density of states (DOS) for AB stacking, the calculation of Tabert indicates that near
the Fermilevel, the DOS is non-zero unlike in monolayer graphene due to the effect of nearest-
neighbor hopping parameters from the second layer. This finite DOS is a result of parabolic
energy dispersion. This is similar to AA stacking with the exception the function is flat near

Fermi level E = 0 as shown in Figure 7.
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Figure 7: (a) DOS of AB stacked graphene shows non-zero DOS unlike in monolayer graphene band structure. (b) Calculated
DOS for AA stacked graphene with flat function near the Fermi energy. Image ref [24].

1.4 Few layer Graphene (FLG)

Let us consider adding more layers to the crystal structure of graphene to understand the
influence of the number and stacking arrangement of the layers on the electronic properties.

For the third layer, energetically favored stacking configurations are ABA and ABC.

ABA is famously known as Bernal stacking, which is energetically the most stable stacking
order. In this configuration, the atoms in the third layer are directly located perpendicular to
atoms in the first layer, thus repeating the sequence every two layers. The carbon atoms in
the third layer of ABC stacking which also known as rhombohedral stacking on the other hand
are positioned at nearest neighbor distance away with respect to the layer labeled A (See

Figure 8).

Figure 8: Atomic configuration of (a) ABA and (b) ABC stacked trilayer graphene. Red and blue atom represent two
sublattices of graphene unit cell. Dashed line indicates the atomic interlayer interaction. Image ref [8].

Here, | present the result of tight binding calculation of trilayer graphene done by Que et al.

[25] to explain the electronic properties of multilayer graphene. In Figure 9, the band structure
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of ABA stacking shows linear band in magenta, crossing at the Dirac point at K, similar to the
band structure of monolayer graphene. The green parabolic curve representing the
conduction and valence bands touch at Dirac point. These intersections result in a v-shaped
DOS, having a finite minimum value at the Fermi level. In ABC stacking on the other hand, one
pair of conduction and valence bands touch at the K point and forming a flat band. This flat
band dispersion results in a higher value of the DOS close to Fermi level which can be seen as
a peak at zero energy. In both side of DOS vs Energy curve, we can see another pair of small
peaks at higher energies. This is the result of intersection of two band in the K point but at

higher energies above and below the Fermi level.

24 4

) (a) ] (b)
= 14 _
s ] _
50 :
g ] ]
(5 -1 .
24 ] U7 L 1
-0.1 0.0 0.1-0.1 0.0 0.1
k, (2n/a) k, (2n/a)
(c) (d)

DOS (a. u.)

04 02 00 02 04 04 -02 00 02 04
Energy (eV) Energy (eV)
Figure 9: Image showing (a) calculated electronic band structure of ABA and (b) ABC graphene, density of states for (c) ABA
and (d) ABC graphene respectively. Image ref[25].

Min and MacDonald [9] have calculated the band structure of ABC stacked graphene as a
function of the number of layers using m-continuum model. From the stacking order (see
Figure 8b), we may notice the presence of vertical hopping from all red sublattice (a) from top
layer and all blue sublattice (B) from bottom layer. By assuming low energy case where
interlayer hopping is zero, the a-B pair would form symmetric-antisymmetric doublet (shaded
region) with energies +t; which then makes the only possible low energy states exists in top
and bottom unpaired a and B as shown in Figure 10c. The effective Hamiltonian of ABC

stacked N-layer graphene is:

N
H;ff(k) = —t; <(‘3N (VO) >
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where k is momentum and v is Fermi velocity. The corresponding energy spectrum then:

v|K|

N
+
i = 20 (14)

We can observe that near the Fermi level, the energy has a power law dependence on the
number of layers, N. This means that the band gets flatter with wider range of momentum as
we increase N. Figure 10 shows the difference between (a) trilayer and (b) tetralayer ABC
stacked graphene where adding just one more layer signifies observable effect on the

overlapping of conduction and valence band.

(b) o4

(a) o4

o

Figure 10: N-dependent electronic property of ABC
graphene as calculated using rt-continuum model
by Min and MacDonald [9]. In (a), electronic band
structure for trilayer and (b) tetralayer graphene.
(c) Schematic diagram showing sublattices a (red)
and B (blue) stacked along ABCA layers with shaded
region represent interlayer coupling.

However, other calculation with magnetic instabilities which include spin polarization using
first principle as described by Henck et al. [8] shows a gap opening in the flat band region. This
was proved with ARPES measurements on ABC graphene where the occupied part of the flat
band was found to bend away from Dirac point. The calculation with (see Figure 11a) and
without (Figure 11b) spin polarization using the CRYSTAL code proves this effect. The inclusion
of spin polarization in the band structure indicates many body interactions exists in ABC
graphite system with magnetic instabilities due to surface state of the system as shown in

Figure 10c above. The top and bottom layers are predicted to be antiferromagnetically

15



coupled whereas the spin state in-plane are ferrimagnetic [26]. The antiferromagnetic ground

state could be the source of the gap opening in the flat band region.

-0.10 -0.05 0.00 005 0.10 -0.10 -0.05 000 005 0.10
-1 -1
k,(A) k,(A)

Figure 11: ARPES electron intensity map showing band structure of ABC stacked graphene with N = 14 layers. Image ref [8].

1.5 Twisted Bilayer Graphene (TBG)

Another configuration where the flat bands can be achieved is twisted bilayer graphene (TBG).
This interesting attribute was discovered by Pablo Jarillo-Herrero and colleagues from MIT in
2018 with their observation of superconductivity by vertically stacked two sheets of graphene
with a mismatch (“magic”) angle of 1.16° [7]. This caught huge attention since the discovery

of graphene in 2004 because monolayer graphene is not superconducting on its own.

The hybridization of bands in bilayer graphene change the low energy band structure and by
twisting the graphene sheets, a quasiperiodic structure or hexagonal moiré pattern is formed
at larger length (15.2 nm) as compared to the graphene lattice constant, a = 0.246 nm [27].
Magic angle which is perfect twisting angle to form flat band near Fermi energy was firstly

calculated by Bistritzer and MacDonald exists at 6=1.1°[28].
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Figure 12: (a) Twisted bilayer graphene can be achieved by arranging two AB stacked bilayer graphene at some twisting

angle, ©. (b) Brillouin zone of twisted bilayer graphene is shown in grey whereas for each bilayer is shown in red and blue.
Image ref [29].

In the flat band region for different charge densities of the band, an insulating phase which
behaves like Mott insulator and superconductor is observed. In the case of the Mott insulator,
the material behaves like an insulator even though it is a metal because of strong electron-
electron interactions. The superconducting state is detected at temperatures below than 1.7K
[7]. Even though the experiment was done at low temperature, the observation of Mott
insulator phase next to the superconductor phase suggests that TBG behaves similarly to high

temperature superconductors, which are considered to be doped Mottt insulators.

Besides that, energy band structure in this region not just flat but was found to be separated
between conduction and valence band by single particle gaps with bandwidth in the range of
5 — 10 meV. Haddadi et al. [29] studies the electronic properties of TBG via tight binding
approximation (TB) and Density Functional Theory (DFT) calculations with interest to study
the evolution of band structure as twist angle changes. Figure 13a and 13b shows the band
structure of two different twist angles TBG for both calculation methods. In both cases, we
could observe a flat band near the K point with lower angles giving a wider range of dispersion
near K point. Another interesting remark in the DFT calculation is the opening of a gap in
between conduction and valence band near parabolic curve where they supposed to touch.
This was confirmed with TB model with inclusion of intrinsic symmetric polarization which

considers the lattice relaxation effects.

In figure 13c, the calculated DOS of TBG with twisting angle 6 = 1.05° in light blue line is shown.
For comparison, the DOS for two layers of freestanding graphene with no twisting angle and

interlayer interaction multiplied by 1000 is plotted together. Energy at Fermi level, Er is shown

in red dashed line calculated based on density n = —ns/z where ns is superlattice density.
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We could observe that the DOS of the flat band configuration gives two peaks about three
orders of magnitude higher than two layers. However, the energy required to fill half a band

does not coincide with the DOS peaks.

(a) 8=5.08" (b) B=245° (c)
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Figure 13: Band structure of TBG with twisting angle (a) 6 = 5.09 ° and (b) © = 2.45 ° calculated using DFT (green), TB
approximation (red) and TB with intrinsic polarization considered (blue). In (c), Energy vs DOS is shown for TBG with twisting
angle 6 = 1.05 °in light blue and two freestanding graphene stacked at zero twisting angle magnified by 1 000 as shown in
purple. Image ref [29].

1.7 Research Motivation

Interest in graphene research has accelerated ever since its discovery in 2004. The research
mainly focused on fundamental physics, characterization and real-world application. In the
previous subchapter, we discussed that flat bands host many body interactions driven ground
states. The reason for this is that the kinetic energy is suppressed with respect to many body
effects such as Coulomb interaction between electrons. This is the reason why the flat band
regime may potentially be useful in applications such as high temperature superconductors.
In addition to that, flat band overlapping between conduction and valence band could be
tuned to form bigger gap by application of transverse electric field which may suggest
prospective application in semiconductor device [6]. The physics behind this is still under
investigations. However, recent developments demonstrate that this can be explained with
stabilization of magnetics in the system [26]. The bulk graphite with ABC configuration is
gapped with the top and bottom layer left with antiferromagnetic like state since the interlayer

has strongly coupled between atoms that located vertically (see figure 10c). With this
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coupling, the only magnetic state presence is in-plane weak ferromagnetic. This causes
magnetic instabilities, which if stabilized by spin polarization can be the source of band gap

opening.

| have shown above that for graphene, the source of flat bands may come from two
configurations: ABC stacking and twisted bilayer graphene (TBG). Both cases pose different
challenges regarding the design of the devices and applications. In TBG, most of the challenge
lies in the fabrication of the phase where bringing the top layer to an intended angle could
not easily be done in mass production. The fabrication technique is still researched heavily
with some laboratories using the so-called ”tear-and-stack technique” [30]. On the other
hand, ABC stacking of graphite could be found at smaller percentage than ABA in nature and
in exfoliated graphite flakes. This is because the ABC stacked configuration is known to be less
thermodynamically metastable. While the stacking may change from ABC to ABA at
temperature higher than 1000°C, it was reported that molecular adsorption may reduce the
thermal barrier of reconfiguration down to 150°C [23]. Another interesting way to change the
stacking order is via shear stress applied across the layers as discussed by Nery et al [31] and
by using charge carrier doping which effectively modifies the energy difference between

different stackings [32].

Even with all these challenges, the potential that flat band dispersion promises is huge. As for
us, the investigation should also tackle the most abundant and stable form which is bulk
graphite. Bulk graphite represented as graphene with at least ten layers is much easier to
fabricate under controlled conditions. To our knowledge, there has been no investigation of
the density of states for ABC stacked bulk graphite using Scanning Tunneling Microscopy (STM)

even though STM is a surface sensitive technique and ABC graphite is surface state system.

To begin, we should confirm the presence of ABC stacking in the graphite. To do this, | prepare
the sample containing both ABA and ABC stacking. The different stacking regions are identified
by Raman spectroscopy. Then, | have used STM/STS technique to measure the density of

states of the samples.
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Chapter 2

Experimental and Characterization Technique

In this chapter, the procedures that have been used to conduct the experiments and
characterization techniques adopted to analyze the data are described. The chapter starts
with the method to prepare the graphite sample on a substrate using mechanical exfoliation.
Next, metal contacts preparation technique is discussed for which the contacts were used to
connect electrically the sample to the STM holder using two methods; Field’s metal based
micro-soldering and thermal evaporation of gold with a TEM grid acting as a stencil. Then,
optical microscopy is used for imaging of the sample. Similarly imaging at higher magnification
could be done using AFM by measuring the topography of the sample surface. Raman
spectroscopy was used to locate the ABC and ABA sections of the sample. Finally,
measurement using STM to study the electronic properties of the rhombohedral section is
described. The brief description on data processing method using Python is presented at the
end of the chapter. The exfoliation and initial Raman identification of ABC flakes was done by
Krisztidan Marity during his summer internship with our group, while my work involved testing
the various electrical contacting techniques, AFM investigation, subsequent Raman

measurements and STM measurements.

2.1 Material Preparation

2.1.1 Mechanical Exfoliation of Graphite Flake

In the first discovery of graphene, two scientists from the University of Manchester, Andre
Geim and Konstantin Novoselov realized the possibility to isolate a layer of graphene from
graphite [4]. This technique which also known as the “scotch tape” method exploits the weak
bonds between atomic planes of graphite. The van der Waals interactions between planes can
simply be countered with normal loads from the release of scotch tape while maintaining the
two-dimensional structure due to strong sigma bond between carbon atoms. By repeatedly

peeling the layers of graphite, it is possible to reach one layer of graphene.
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In our experiments however, the peeling of layers with scotch tape were made only few times
since our main interest is to study the thick graphite. The samples were prepared from natural
graphite (graphenium) purchased from NGS Naturgraphit GMBH. After few times of peeling
by the adhesive tape, we place the remaining layers onto Silicon Oxide SiO, wafer that act as

a substrate.

It is possible to observe the deposited layers of graphite under an optical microscope. This
might be the most important part of the material preparation, which is to identify the best
sample to be used in the experiment. Figure 14 shows some of graphite flakes on the
substrate. Here we could differentiate between one to few layers of graphene to thick graphite
by observing the color of the flake. Liew et al. [33] characterized the optical absorbance of
graphene at only 2.3% which means it is almost invisible with naked eyes on surface of
substrate. The more layers of graphene there are on the substrate, the more visible it is. Thick

sample could easily be identified with a solid and shiny color.

Figure 14: Different form of graphite flakes after peeled using scotch tape. (A) is graphene with number of layers N < 5, (B)
N < 20 and (C) is thick graphite containing N > 100 layers.

Other criteria to be considered is the size of the sample. Large size is preferred to make metal

contacts with at least 15x15 um? of area remaining for STM measurements.
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2.1.2 Metal Contact to Sample

In order to be used STM, the sample need to be electrically connected to sample holder. |
present in this thesis two methods which have been used and some of the challenges and

benefits for each.

Using Field’s Metal Contact

My first tested method consists of soldering to graphite flakes, using a very sharp metal spike.
The method is inspired by the technique developed in the Zettl group, using indium [34]. In
this method, Field’s metal which is a eutectic alloy of Bi, Sn and In was used. To effectively
achieve this, | prepared long and sharp spikes by pulling needles from a molten field’s metal
bead using a micro manipulator under an optical microscope. The speed of pulling as well as
the temperature is precisely controlled to yield good metal spike. As the melting point of
Field’s metal is 62°C, the temperature of the hotplate was raised to just about 3-5°C higher.
This is done to ensure the air just above hotplate quickly cooled to surrounding in order to
freeze the pulled field’s metal.

Needle

Solidified Field’s metal )
Molten Field’s metal

Heat pad

Figure 15: Preparation of Field's metal spike. End of needle is inserted into molten Field's metal bead and carefully pulled out
to form long and sharp tip.

After good spike was obtained, the sharp end was precisely positioned to the edge of graphite
flake. Then, once again temperature of the hotplate raised above the melting temperature of
Field’s metal but at slightly higher value approximately at 72°C, so that as the spike touches
the sample surface, it melts again forming a continuous wire of metal. Next, the substrate
containing the spike was cooled to room temperature, followed by applying conductive paint

on the other end of the spike all the way to the STM sample holder.
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While this procedure is fast and reproducible, the melted spike on the substrate was found to
detach at low temperature in the STM which in my case at 9 K. As a result, the graphite flake
is electrically disconnected from the STM sample holder. However, this contacting method is
recommended to be used for measurement done at room temperature. The sample which
will be discussed in this thesis was prepared using this method with the STM measurement

was done at temperature of 300 K (See Figure 16b).

Figure 16: Image shows (a) Long and sharp Field’s metal spike and (b) melted spike on top of graphite flake.

Thermal Evaporation of Gold

In this method, | masked the graphite flake using TEM grid that acts as a shadow/stencil mask
during a later metal deposition. The choice of TEM grid depends on the size of the sample and
its position on the substrate. My sample which is shown in Figure 17a is relatively small, about
the size of rectangle 50 x 25 um, therefore a thin TEM grid bar with a big hole is preferred. |
used Copper Grids 2120c manufactured by SPI Supplies with a bar width of 12 um and a hole
width of 113 um. To further enlarge the grid hole where the metal will be deposited, the bars

nearby were cut using sharp metal tweezer.

Next, the TEM grid was placed on a PDMS stamp which had been attached to a microscope
glass slide. For better viewing of the grid from the other side of the glass slide, a hole was cut
at the center of the PDMS stamp before placing the grid. Next, flux was applied on the edges
of the grid to temporarily hold the Field’s metal powder. The glass slide was then placed in the

transfer system upside down where the PDMS stamp with the TEM grid facing the sample. In
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Figure 17: (a) Optical image of graphite flake before masking, (b) after TEM grid placed on top of the flake leaving small area
exposed and (c) after gold particles deposited on the substrate

the transfer system, micromanipulator screws were used to accurately position the TEM grid
to the graphite flake on the substrate. The temperature of the hot plate which hold the
substrate was raised to 72°C to melt the Field’s metal powder and thus welding TEM grid to
the substrate. After the temperature decreased below 50°C, the glass slide was raised slowly

and the TEM grid started to detach from PDMS stamp.

Thermal evaporation technique had been tested with various materials and parameters to
ensure the contact of gold is continuous while minimizing the effect to the graphite flake. One
of the issues observed is particles diffusing on the graphite surface under the masked area as

depicted in Figure 18c.

(a) Gold Evaporation (b)

Clean area on graphite flake
I

TEM Grid : Evaporated gold layer

|
Graphite flake *
SiO; substrate *

(c)

Diffused gold

/
|

Figure 18: (a) Schematic diagram showing thermal evaporation of gold on graphite flake with TEM grid act as mask. (b) After
gold evaporation, clean area on the graphite flake is obtained. (c) Gold particles diffused to the masked area.
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| conducted simple experiments to study the effect of the rate of evaporation with different
materials. To observe the result of each set, | used tapping mode in Atomic Force Microscopy
(AFM) on the masked area of the graphite surface. Figure 19a-c shows the effect of material
evaporated to the surface where in (a) gold for 30 nm thickness, (b) titanium 5 nm followed
by gold 30 nm and (c) titanium 30 nm. Figure 19a shows long and thin particles in the direction
of flowing to bigger particles which indicates high mobility gold particles accumulating. In
Figure 19b on the other hand, as titanium is evaporated prior to gold, we can observe
significantly smaller mobility with only small traces of gold particle under the stencil. This is
because titanium attached better to the substrate and prevents gold particles from being
diffused into the masked area. We also tested titanium as the only material to be evaporated
as shown in figure 19c. Here we observe very clean surface with no particles except those
diffused within the boundary. This shows exceptional adhesion properties of titanium
particles which make it good to be the base layer for the deposition. Titanium was not made
as main material for metal evaporation due to their oxidative nature. This could affect
electrical contact if the titanium starts to oxidize in air. For preventative measures, it is advised

the sample evaporated with this method to be kept in an inert environment.

| have also experimented with the rate of evaporation of metal to the substrate. With same
materials and thickness, figure 19b shows sample evaporated at 3A/s whereas sample in
figure 19d was evaporated at slower rate which is 0.5A/s. The difference in the size and
dispersion of the particles demonstrates that faster rate gives cleaner surface. At a faster rate,
the building of layers is much faster leaving the gold particles less time to diffuse into the

masked area.

| made further cleaning of the surface from the small traces of gold particles using contact
mode of AFM at relatively small force. In order to minimize interacting with the surface of
graphite to avoid any possibility of stacking order change of the layers underneath. In my
experiment, the sample was cleaned using a cantilever with force constant of 1.2 N/m,
deflection setpoint at -2 V and engaging the surface at 0 V. Next, | contacted the end of the
gold pad which touches the graphite flake with carbon conductive paint to connect them with

the STM sample holder.
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Figure 19: AFM phase image showing surface of graphene undergone thermal evaporation experiment with
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parameters. In (a) gold is evaporated for 30 nm at 34/s, (b) titanium evaporated for 5 nm followed by gold for 30 nm at rate
34/s, (c) titanium evaporated for 30 nm at 34/s and (d) titanium evaporated for 5 nm followed by gold for 30 at 0.54/s.

2.2 Characterization Technique

2.2.1 Raman Spectroscopy

To identify ABC stacked graphite, the differing vibrational properties of carbon atoms in the

ABA and ABC stackings are exploited to determine which stacking order the graphene layers

built of by using Raman spectroscopy [35]. This technique has been widely used due to its

ability to provide information on lattice disorder, edge and grain boundaries, thickness, and

strain of the material [36]. For decades, Raman spectroscopy has been used in the

characterization of carbon samples either three-dimensional allotropes such as diamond and

graphite, two-dimensional such as graphene or even zero-dimensional such as fullerenes.
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The basis of Raman spectroscopy is the interaction of light with the material in the form of
inelastic scattering which is called Raman scattering. This is opposite to elastic scattering
(Rayleigh scattering) which can be observed at significantly higher intensity. Elastic scattering
happens when incident photons excite electrons to a higher level and fall back to same level,
thus producing photons with the same energy. If the excited electrons fall to different level
from its original state, different energy of photons will be produced. Two possible scattering
processes can be measured which are called Stokes transitions: when the photon loses energy
due to electron falling to a level higher than the original states; and anti-Stokes transition:
when the incident photon gains energy from the system related to vibrational mode of
electronic states as shown in Figure 20. We observe Stokes scattering with less probability

because the system is less likely to be vibrationally excited prior to irradiation.

Energy level
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Figure 20: Schematic diagram showing electrons excitation and relaxation after induced with photons. Different energy level
involved affect the energy of photon produced which described as Rayleigh scattering, Stokes and anti-Stokes scattering.
Image ref [37].

We can observe several Raman peaks which act as a fingerprint of graphene due to Stokes
energy shift of the laser excitation. The two peaks with largest intensity are called the G-band
which can be found at 1580 cm™ and 2D-band giving the biggest intensity at 2690 cm™. At
lower intensity, we could see the D-band which approximately lies at 1350cm™. Figure 21
shows the Raman spectroscopy of different carbon structure demonstrating the peak shape
and location for each band [38]. The reason for the narrow and sharp peaks in graphene and
wider distribution and less intense peak in graphite for example lies in the structure and
positioning of carbon atom in the material. Each band represents different characteristics of

the material.
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G-band provides information about in-plane vibration of sp? carbon atoms which technically
means the stretching behavior of C-C bond. The intensity and shape of G-band for both
graphene and graphite are nearly similar as they both have a planar structure. On the other
hand, the G-band of nanotube have wider distribution and two different peaks overlapped at
a small distance. This can be explained by the curvature of graphene layers that making up

the cylindrical tube structure.

The D-band represents the defects due to disordered structure of crystal. As graphene has a
very symmetric six-atoms rings of sp? carbon atom, there are no peak detected unless the

measurement is close to the edge of graphene flake or to point defects.
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Figure 21: Raman scattering spectra of different Carbon allotropes showing different features due to atomic configuration.
Image ref [38].

2D-band indicates the second order effect of D-band and does not require defect or edges to
be activated in Raman spectrum. The shape represents the stacking order in the structure.
This is the reason why we observe very high and sharp 2D peak in graphene as compared to
graphite which is a result of high level of order. Graphite on the other hand has roughly four
times lower intensity with broader peak and observable second peak much less level of order

due to many layers involved.

Henni et al. [39] studied the stacking effect on 2D peaks comparing ABA and ABC stacking of
few layers graphene. Figure 22 shows the 2D peak for ABA stacked (h0O) and ABC (h4). Even
though both samples have the same number of layers (N=15), the difference can easily be

identified where ABC stacked layers have a more intense second peak as indicated by the
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arrow. This second peak could be considered a unique fingerprint of ABC graphite [39][40]. By
fitting a Lorentzian to the measurements, we can distinguish stacking order easily for which

the width of the fitted peak being wider for ABC type graphite.
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Figure 22: Raman scattering spectra measured on ABC (orange) and ABA (black) stacking region showing two
distinct feature in the 2D band. Image ref [41].

2.2.2 Atomic Force Microscopy

The graphene flakes that we obtained can further be analyzed using Atomic Force Microscopy
(AFM) to map the topography of the sample surface, characterize the materials on the surface
for any foreign molecules/particles and surface cleaning. Samples especially that undergo

thermal evaporation will be cleaned in order to ensure the surface is free from dirt.

Conceptually, AFM is a simple technique that employs the interaction between a tip which is
attached to a flexible cantilever. The deflection of the cantilever is a measure of the tip-sample
force. The forces in atomic level can be divided into two categories: short range/repulsive and
long range/attractive (see Figure 23). Long range force includes van der Waals, capillary and
electrostatic force while short range force involves chemical bonds or Pauli repulsion forces.
Both forces exist approximately between 0.5 nm to 10 nm for long range and less than 0.5 nm

for short range [41].

The different effects of these forces can be used to obtain a wide range of information
regarding the mechanical properties of the sample surface. Therefore, different techniques

can be applied such as contact mode, non-contact mode and tapping mode.
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Figure 23: Interaction force versus distance between AFM tip and sample surface. AFM mode works differently relative to
distance. Image ref [42].

In my experiment, | used tapping mode for imaging purposes at various scan sizes, ranging
from 500 x 500 nm? to 50 x 50 um?. This helps determine if there are any dirt/particles on the
surface which might come from gold evaporation due to diffusion during thermal evaporation
or random dirt from air. The search for best area is challenging as my goal was to get a large
size of clean surface with at least 15 x 15 um? to allow safe landing of the STM tip onto the
flake. Therefore, | apply contact mode where constant force was applied between the tip and
sample. The scanning tip was used to drag any surface dirt away as depicted in Figure 24. The
cantilever used have the force constant of 1.2 N/m, deflection setpoint at -2 V and engaging
the surface at 0 V. After the surface cleaning was finished, the sample was inspected using
tapping mode at higher resolution to ensure no more dirt on the surface and to map the
surface topography. Finally, the sample was stored in an inert environment to avoid dust or

foreign molecule adsorption.
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Figure 24: Schematic diagram showing tapping mode where tip oscillating at some predefined frequency in the left and
contact mode being used for cleaning the surface.

The topographical map from tapping mode can be used to determine the profile of the

sample. We may observe surface defects on the sample, edges of graphene or ripples. On top
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of that, we can determine the sample height as shown in Figure 25. From this we can calculate
number of graphene layers that make up the sample by dividing height with graphene
thickness which is approximately d = 0.335 nm. Our sample as shown below was found to have

a height approximately 7 nm. This can be translated as 21 layers of graphene.
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Figure 25: (a) Topographical map of the investigated sample measured using Atomic Force Microscopy. (b) Height profile of
line 1 showing height of the flake approximately 7 nm which is equivalent to 21 graphene layers.

2.2.3  Scanning Tunnelling Microscopy

This subchapter will briefly discuss theories and general operation of Scanning Tunneling
Microscopy (STM) together with its pair, Scanning Tunneling Spectroscopy (STS). Main part of
this research relies on STM/STS for measurement of graphite flakes to investigate its electronic
properties especially density of states and band structure. Besides that, a lot of information

on the surface structure could be obtained by plotting the topographical map of the sample.

STM works based on the quantum tunneling effect in which probability of electron
penetrating a potential barrier larger than its kinetic energy is higher than zero. Main
component of STM are tip to form electrical contact with the sample, piezoelectric XY and Z

scanner to move tip, feedback system and computer for data collection and analysis.

In STM, the potential barrier is simply vacuum which separates tip from sample under
investigation. The height of the barrier is defined as the workfunction, ¢ which is how much

energy required by electron to climb up to escape from the Fermi level.
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Figure 26: (a) Schematic diagram of Scanning Tunnelling Microscope showing main components and (b) quantum tunnelling
of electron passing through potential barrier with height ¢. Image ref [43].

We can roughly estimate the workfunction of the system as the average of the of sample and
tip workfunctions [44]. Each material has different value of workfunction as it depends on the

atomic configuration at the surface of the material.

1
P = E ((I)sample + q)tip)

To introduce the working principle of STM, we consider the elementary model of the tunneling
process for the one-dimensional case. The solution of Schrédinger equation for an electron in

the potential barrier can be written with wavefunction ¥ (z) as:
Y(z)= ¥(0)e ™

v 2m(®—E)
h

where ¥(0) is the wavefunction at z =0, kK = is decay constant, m is mass of

electron, h is Planck’s constant, ¢ is potential barrier height and E is energy of electron.

Probability of observing electron at the end of potential barrier is:
P (2)|? = |¥(0)|>e~ 2

By applying a small bias voltage Vj, the electrons tunnel to complete the circuit with polarity

depending on which side Vj applied to. If the energy of electron is significantly smaller than

the workfunction, E << ¢, the decay constant could be simplified to k = szd). Assuming the

tunneling of electron flow is one-dimensional, we could observe the tunneling current, [ is
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exponentially decaying with the barrier thickness, z. This is advantageous for STM as the

system is highly sensitive to distance change.
I «<=|¥(0)|*e 2

Now we consider Bardeen’s description of tunneling which uses time-dependent perturbation
theory to get better insight into the physical nature of tunneling [45][46]. Both tip and sample
are treated independently by first assuming both bodies are far apart. Schrédinger equations

for both systems are:

(T+ Uy = Egs
(T+ U, = e

where T represents operator of the kinetic energy of the electron, Us and Ut is potential, W
and Wy is time-dependent wavefunction to describe the electron, and Eg and Et is kinetic

energy of electron for both sample and tip, respectively.

The amplitude of tunneling represented by the tunneling matrix element M(z) can be
determined by calculating overlapping of both wavefunction from a state ¥ of the sample to
the state y of the tip as they get closer. Bardeen introduced separation surface denoted by S
to replace z, which separates tip and sample in which the tip potential is assumed to be zero

in the sample and similarly sample potential is zero in the tip region.

h *dl/J dy*
M(z) = ﬂf (X - E) as

If we keep barrier thickness constant, we can measure tunneling current as sum of the density

of states for energy window eV}, by varying bias voltage, Vi, where e is charge of electron.

4 evy
== j IM(2)? [£(E) — £(E — eV;)] po(E) pe(E — eVy) dE
0

where f(E) is Fermi function and ps and p: are density of states of sample and tip, respectively.
In STM, the tip is made from metal which in our case is a platinum-iridium (80:20) alloy.

Therefore, p: is just some fixed number in the proximity of Fermi level. Matrix element M(z) is
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also independent of electron energy. Hence, we could further simplify tunneling current

equation to:

evy

4me

1= S5 M@ [ TR - (B - ev,)] py(B) dE
0

Here, we observe tunneling current is dependent only to two factors: tip-sample separation

and density of states of the sample. In STM, the measurement takes place in a point locally. In

a way, we actually measure Local Density of States (LDOS). To calculate LDOS, we simply

differentiate the above equation with respect to bias voltage. By rearranging, we obtain:

dl 4me?
av, h

|M(2)|? pe ps(eVp)

In our STM, when bias voltage is applied, the piezoelectric actuator slowly brings the tip closer
to the sample and the feedback system accurately adjust the position until current reaches
tunneling current that we have set earlier. To measure current-voltage /(V) spectrum, feedback
system is turned off and bias voltage is swept for a defined range and the current reading is
measured. This method is called Scanning Tunneling Spectroscopy (STS). While it is possible
to differentiate the /(V) curve to yield dI/dV} directly, the numerical derivative includes noise
in the calculation. This noise may come from various sources such as mechanical noise,

thermal noise and flicker noise.

To get better insight into true LDOS, we use a lock-in amplifier to eliminate noise and extract
signal using a modulation frequency [47]. A wave generator is used to produce small high-
frequency sinusoidal signal which then superimposed to bias voltage. This produces a
response to tunneling current which will be recorded by the lock-in amplifier and is called the
lock-in current. The component in-phase with the sample bias will be amplified and out-of-
phase signals will be diminished. The recorded lock-in current can be read as di/dV, directly,
and thus representing LDOS. The modulation frequency | used for experiment was 1.3 kHz and

the modulation amplitude 20 mV, for room temperature measurements.

Another measurement that can be done with the STM is I(z) spectroscopy. This method

involves testing the tip quality by measuring tunneling current versus tip-sample separation

34



[48]. The exponential decay function to describe tunneling current is being used in this
technique. Good tip will show exponential decay curve whereas bad tip which may hold

foreign material at the end or with damaged end will result in imperfect decay curve.

On top of that, STM is also famously used to map the surface of the material especially at the
atomic scale. With the correct setup, we are able to see atomic resolution of the material. This
helps a lot especially in our case where different stacking need to be measured. While we do
not see the stacking underneath top surface directly, we may determine the region by
observing the difference in height or arrangement of atom. In some cases, we can see stacking
defect such as ripples, wrinkles or crumples of the graphene sheet which contributed from
various sources such as thermal vibration, dislocations, or surface tension during sheet
formation [49]. Figure 27a shows our topographical measurement of graphite flake surface
with creases and surface boundaries spotted. This surface structure is also confirmed with
LDOS measurement using lock-in current with bias voltage set at 700 mV. Further investigation
which will be discussed in Chapter 3 reveals that each region made from either ABA or ABC

stacking.

All experiments in this thesis were performed in ultrahigh vacuum (UHV) chamber with base
pressure below 1 x 108 Torr at room temperature. To reduce thermal effect due to daily
temperature change, we keep the room closed and continuously measure the sample for few
days. This will leave the sample stabilized and reduce movement due to thermal drift of the

tip - sample assembly.
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Figure 27: Scanning Tunnelling Microscope measurement on the sample showing (a) topographical map and (b) LDOS map
plotted using Gwyddion after measured with V,, = 700 mV, | = 300 pA and lock-in current 50mV.
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2.3 Data Processing

Our STM data recorded were processed using Python programming for visualization and data
analysis purposes. We obtained LDOS by applying bias voltage V, in a predefined range and
recorded the corresponding lock-in current along the line on the surface. The measured line
spectra can be plotted directly with Python. We may observe two distinct shape which
indicate the measured point is either ABA or ABC stacked region (see Figure 29c, d). As for
ABA region, the LDOS spectra is almost v-shaped with minimum indicating the Dirac point
where conduction band and valence band meet. The ABC region on the other hand has a
visible peak close to the Dirac point. To distinguish both spectra, we apply 6™ degree
polynomial to fit the background data with an exception the range where ABC peak is
observed. Then, we subtract the background polynomial curve and obtain a peak if the spectra
is ABC and no peak if otherwise. The peak is then fitted with a Gaussian function to analyze
the features in the form of full width half maximum (FWHM) and peak position in bias voltage.
We use FWHM, peak height and peak position in bias voltage to characterize the scanned area

for which we could map using these features to observe the interface of the stacking domain.
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Chapter 3

Flat Band Properties of ABC Stacked Graphite

In this thesis, the experimental results of thick graphite flakes (N = 21 layers) are presented
with the aim of determining the region between ABC and ABA stacked graphene by examining
their electronic structure using STM/STS. The stacking regions were identified by Raman
spectroscopy mapping to mark our area of interest where we can observe different stacking

order in the sample.

As for my sample, Raman scattering intensity at each point on the flake was measured. The
2D peak in the spectra can be categorized as having two different shapes, where the red curve
are wider with the peak intensity fluctuating around CCD counts = 1300, whereas the blue
curves have two peaks with differing intensity, the smaller intensity is recorded at 2710 cm™
and more intense peak can be found at 2750 cm™ (see figure 28a). This difference in Raman

intensity was explained in Chapter 2.2.1 with the red curve associate to ABC stacked graphene

and the blue curve to ABA.

The peak can be fitted with a Lorentzian function. The calculated full width half maximum is
plotted in a color map as shown in Figure 28b. Alongside the map, | show AFM topographical
image of the sample for comparison. The size of the ABC area is quite large, up to almost 50%
of the whole sample and located just next to an ABA area. We can clearly distinguish the
boundary due to big difference in the width of Lorentzian fit. This advantageous difference

allows us to analyze the density of states near the boundary, using STM.

Next, we turn to the STM measurements on the sample. The Lock-In Current from STS spectra
recorded along a line is plotted against bias voltage showing two distinct shapes (see Figure
29). As for ABA region, we could see near v-shaped spectra with minimum value close to 0 V.
This behavior precisely described the density of states of bulk graphite. However, Dirac point
is found to exist at negative voltage bias, V» = -0.06 V indicating either locally or the whole

sample is doped with higher density of electrons. This might arise from Field’s metal spike or
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Figure 28: (a) Raman scattering intensities shows different curve shape of 2D band between ABA and ABC region. Each curve
is fitted with Lorentzian function to determine FWHM and then mapped as shown in (b). Red curve with bigger FWHM
represented by (1) with brighter color indicating ABC stacking underneath whereas blue curve represented by (2) with dark
region suggests ABA stacking. In (c), AFM topographical map is shown for comparison.

other impurities on the sample which attached during material preparation. In the ABC region
on the other hand, the density of states is found to have peak in the middle at slightly more

negative bias voltage than the Fermi level.

Next, LDOS across different regions were measured as shown by the red dotted line where we
could observe the evolution of spectra (see Figure 29b). | plot the spectra in a map with the
color intensity indicating the height of lock-in current recorded. With ABA and ABC spectra
known, we could also observe a mixed region where creases appear within distance
approximately 220 nm to 330 nm. This mixed region is identified by observing the sudden

change in spectra shape.

To investigate possible inhomogeneities in the local doping, | fit the spectra with 6% degree
polynomial and exclude the peak region of ABC approximately between -0.25 V to 0 V. A shift
of the Dirac point with respect to the Fermi level (V» = 0) is a measure of the local doping in

the sample. The fitting curve is shown in Figure 29¢c-d with red dashed line. My measurement
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Figure 29: (a) Topographical map of the sample, (b) corresponding LDOS map measured at V, =-200 mV, | = 500 pA and lock-
in current 20 mV showing dark region for ABA stacked graphene and bright region for ABC . (c) LDOS spectra measured using
STS on ABA region and (d) ABC. (e) Evolution of LDOS spectra as measured along red dotted line.

in Figure 30 shows the minimum point where Dirac point is considered to exist lies very close
to each other within range of -0.07 V to 0 V. Measured points between 45 to 63 where we find
the ABA region however, are shifted more to the negative side with the average -0.06 V and

standard deviation 0.009 V whereas ABC region were averaged at -0.04 V and distributed
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within standard deviation of 0.013 V. Therefore, we could assume the sample is
homogeneously doped with minor difference between ABA and ABC. In subchapter 1.4, |
discussed that many body interactions create a gap in the flat band. Unfortunately, we could
not observe this many body phenomenon since the sample is doped, bringing Dirac point and

flat band below the Fermi level.
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Figure 30: Distribution of minimum for LDOS spectra vs voltage bias.

Next, | fit a Gaussian curve to the flat band peak, such that | can calculate the full width half
maximum (FWHM) to see the evolution of spectra by how much FWHM changes along the
point in the measured line. My main interest is the mixed area close to the boundary. Figure
31 shows LDOS spectra with different peak sizes. As for smaller peak, the Gaussian width is
much bigger. | also calculated the voltage bias where peaks are observed. Along the ABC

region, we found that the peak is shifted to -0.135 V from Fermi energy.
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Figure 31: Gaussian curve shown in red after fitting to the peak in LDOS spectra. Different size of peak is observed in different

point of measurement.
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| then plotted FWHM along the measured line as shown in Figure 32a. The figure denotes that
points close to the border have bigger FWHM. Since the width in energy of the flat band
decreases as the number of ABC layers increased, we could expect an increase in the FWHM
of the LDOS peak, since we expect the ABA — ABC boundary to host a mixture of stackings.
Similarly, the Gaussian peak height when plotted shows the decrease in the height from inner
region of ABC to the boundary (see Figure 32b). By segregating the region into two groups
where the first group containing data for measured point 0 to 32 and the other group holds
32 to 45 points, | calculate the percentage change. Indeed, we observe an increase in the
FWHM by 11.7% and decrease in peak height by 37.8%. However, the FWHM and peak height
as shown in below figure shows irrational behavior at the very edge of the boundary. This can
be explained by the transition of stacking causes wrinkles to the surface which can be found

in Figure 29b.
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Figure 32: (a) Full width half maximum of calculated Gaussian function from LDOS spectra and (b) Gaussian peak height.

Another measurement on the sample but different area was made. But instead of measuring
the spectra across the border, | made two-dimensional measurement of 32 x 32 points to show
the area with different stackings more clearly. | show the map of Gaussian peak height which
distinguishes peak of pure ABC and mixed stacking more clearly than FWHM. The

topographical feature measured with STM is shown together in Figure 33.

In the topographical map, we can observe a quarter circle region in the top left corner and a
lot of boundary trenches around this quarter circle. There is another few trench across the
area in the lower scanning area that runs horizontally. We can see that the ABC region are

separated by wrinkles in the surface from the ABA regions. This is expected since shift in the
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local stacking is needed to transform ABC to ABA. It is more energetically favorable for the
system to relax this shift by an out of plane buckling of the graphene sheets, leading to a

wrinkle.

After all the measured spectra are fitted with a Gaussian function, we can see the map reveals
the previously mentioned region. In this calculated map where peak height is plotted as shown
in Figure 33b, ABC stacking region where Gaussian peak can be obtained were displayed with
brighter color whereas those without peak were set at zero value. However, there are a lot of
pixel shown with Gaussian features even though they exist in ABA stacking region. This once
again shows how much mixing of different stacking takes place near the border. | show few
examples of LDOS spectra obtained on the marked area showing the shape and Gaussian peak

features.

The distinction between the LDOS of ABA and ABC stacking in the form of line spectra as
previously presented reveals many information in their electronic structure. The main feature
of ABC stacking region is the existence of peak close to Dirac point. This peak could be
translated as a flat band in the electronic band structure. In Brillouin Zone, this is the region

where the number of allowed electron states significantly higher.

The average FWHM of my sample was found to be at 140 meV. This number is actually quite
large compared with Henck’s where their measurement found that FWHM is just at 50 meV
[8]. However, few factors need to be considered to compare both findings side by side. Three
main factors that affect the difference are statistical thermal broadening, instrumental setting,
and the sample itself. For STM measurements the broadening of LDOS features is given by the

empirical formula:

SE = \J(3.3kgT)? + (eVioa)?

where kg is Boltzman constant, T is temperature, e is electron charge and Vmoq is modulation
voltage used in the lock-in amplifier. My measurement was done using STM at room
temperature Vmos = 20 mV while Henck’s sample was measured at 90 K using ARPES. True
FWHM for STM measurement was calculated to be 48 meV whereas by only considering

thermal broadening in the case of the ARPES measurement, we get 25 meV. The broadened
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peak both enlarged by high temperature and big

factor by measuring the sample at low temperature and with small Vmod to minimize the

broadening effect. The difference between true FWHM between our findings may be intrinsic

to the sample.
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Chapter 4

Conclusion

In this thesis, | present the STM measurements of the interface between ABC and ABA stacked
graphite. My work is the first in the literature to discuss the measurement of ABC properties
in bulk graphite. | demonstrate the agreement between Raman spectroscopy and Scanning

Tunneling Microscopy to map the stacking order from the sample surface.

As for ABC stacked region, | found the peak in LDOS close to Fermi level with the flat band
filled below the Fermi level by 135 meV. This peak represents flat band in electronic band
structure of the sample. ABA stacked region on the other hand possesses no visible peak with
spectra is v-shaped. The sample doping may stem from adsorbates on the surface, impurities

in the graphite itself or, from the Field’s metal spike used to contact the sample.

From data analysis, | found that the bandwidth is 140 meV from LDOS spectra fitting. However,
after considering broadening of peak, | calculate that true bandwidth is 48 meV. Though this
is twice the bandwidth as found by Henck et al. [8], | could consider the difference is intrinsic
to the sample and the possible source being stacking disorder, leading to a broader peak then

what is expected from the number N =21 layers.

To continue the research, future work should include the STM measurement at low
temperature to reduce the thermal broadening effect and to improve stability of the sample,
allowing for atomically resolved spectroscopy measurements. Future work should also include
gating of the flat band to the Fermi level in order to investigate many body physics that ABC

graphite offered.
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